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Tac-b1 inhibits FAK activation and Src signaling
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Abstract

The binding of integrins to extracellular matrix triggers signals that promote cell spreading. We previously demonstrated that expres-
sion of the integrin b1 cytoplasmic domain in the context of a chimeric transmembrane receptor with the Tac subunit of the interleukin-2
receptor (Tac-b1) inhibits cell spreading. To study the mechanism whereby Tac-b1 inhibits cell spreading, we examined the effect of
Tac-b1 on early signaling events following integrin engagement namely FAK and Src signaling. We infected primary fibroblasts with
adenoviruses expressing Tac or Tac-b1 and found that Tac-b1 prevented FAK activation by inhibiting the phosphorylation of FAK
at Tyr-397. In contrast, Src activation was maintained, as phosphorylation of Src at Tyr-419 and Tyr-530 were not responsive to expres-
sion of Tac-b1. Importantly, adhesion-induced tyrosine phosphorylation of the Src substrates p130Cas and paxillin was inhibited, indi-
cating that Src signaling was blocked by Tac-b1. These Src-dependent signaling events were found to require FAK signaling. Our results
suggest that Tac-b1 inhibits cell spreading, at least in part, by preventing the phosphorylation of FAK at Tyr-397 and the assembly of
signaling complexes necessary for phosphorylation of p130Cas and other downstream effectors.
� 2008 Elsevier Inc. All rights reserved.
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Integrin receptors are a/b heterodimeric transmembrane
proteins that cluster within sites of cell–matrix contact and
transmit signals across the cell membrane in response to
matrix adhesion [1]. These signals promote protrusion of
the cell membrane during cell spreading to allow formation
of new actin-associated adhesion sites [1]. The integrin b
subunit cytoplasmic domain (b tail) contributes to these
processes by linking integrins to the actin cytoskeleton
and to intracellular signaling cascades [2–6].

To study the role of the integrin b tail in regulating cell
adhesion and signaling, we expressed the integrin b1
cytoplasmic domain (b1 tail) in the context of a Tac-b1 chi-
meric receptor containing the transmembrane and extracel-
lular domain of the Tac (a) subunit of the human
interleukin-2 receptor [7]. We previously demonstrated that
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clustering Tac-b1 on the surface of suspended cells triggers
the tyrosine phosphorylation of FAK, p130Cas, and paxil-
lin and the GTP-loading of Rac1, indicating that clustering
protein(s) associated with the integrin b tail is sufficient to
activate these signaling pathways [3,4]. Importantly, Tac-
b1 expressing cells are inhibited in cell spreading when they
are re-adhered to an integrin ligand, suggesting that Tac-b1
titrates proteins from endogenous integrin b tails that
normally activate signals to promote cell spreading [3,7].
Consistent with this hypothesis, we demonstrated that con-
stitutively active PI 3-kinase or Rac1 restored spreading in
cells expressing Tac-b1 [8].

The activation of signaling by the cytoplasmic tyrosine
kinases FAK and Src are early events following integrin
engagement [9,10]. The autophosphorylation of FAK at
Tyr-397 results in the recruitment of signaling proteins,
such as Src, and the activation of multiple signaling path-
ways. The Src-dependent phosphorylation of either
p130Cas or paxillin promotes the formation of signaling
complexes containing the adaptors CrkII and DOCK180,
which can lead to Rac1 activation and cell spreading
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[9,10]. Our current study examined whether Tac-b1 inhibits
adhesion-induced FAK and/or Src signaling. Using aden-
oviral expression of Tac (control) and Tac-b1 in primary
human foreskin fibroblasts (HFFs), we demonstrate that
Tac-b1 inhibits the tyrosine phosphorylation of both
p130Cas and paxillin. We further show that FAK activa-
tion but not Src activation is inhibited by Tac-b1. Our data
support a model in which FAK activation is proximal to
the b1 tail and initiates signaling events requiring Src
kinases to promote cell spreading.
Materials and methods

Cell culture and adenovirus infection. Primary human foreskin fibro-
blasts (HFFs) were purchased from VEC technologies and cultured as
previously described [8]. Adenoviral vectors directing the expression of
Tac, Tac-b1, GFP, and GFP-FRNK were gifts from Drs. Eva Hammer
and Allen Samaral [11], respectively. High titer viruses were prepared and
purified as previously described [12]. The volume of the purified virus
needed for 80–98% infection was determined empirically. For adenoviral
infections, 7.5 � 105 HFFs were seeded in serum-containing DMEM
overnight. The cells were washed with PBS and virus was added in serum-
free DMEM and incubated for 2 h at 37 �C in 5% CO2 and then with 10%
FBS overnight. GFP-FRNK and GFP adenoviruses were preincubated
with 0.1 mM antennepedia peptide (kindly provided by Dr. H. Singer) as
previously reported [13]. The infection efficiency was determined by flow
cytometry [14]. Tac and Tac-b1 surface expression was detected with a
phycoerythrin-conjugated anti-CD25 monoclonal antibody (Becton–
Dickinson).

For spreading and signaling experiments, cells were resuspended at a
density of 2 � 105 cells/ml in serum-free DMEM and allowed to recover
for 30 min [3,8]. PP2 (Calbiochem), PP3, and DMSO were added at the
start of the recovery period. Adenovirus-infected cells were used 16–18 h
post infection. After recovery, cells were replated onto Col I (Vitrogen,
20 lg/ml)-coated dishes and incubated at 37 �C in 5% CO2. For
spreading assays, attached cells were fixed [8] and analyzed by phase
contrast microscopy. For signaling assays, replated cells were washed
with PBS and lysates were generated and analyzed as previously descri-
bed [3].

Antibodies. Rabbit polyclonal antibodies to FAK pTyr-397, Src pTyr-
418 (human Tyr-419), Src pTyr-529 (human Tyr-530), and pan Src were
from Biosource, and to the C-terminus of FAK and the human interleu-
kin-2 receptor a subunit from Santa Cruz Biotechnology. Mouse mono-
clonal antibodies to non-phosphorylated Src-Tyr-530 (clone 28) were
kindly provided by Dr. Hisaaki Kawakatsu [15] and monoclonal anti-
bodies to p130Cas and paxillin were from BD Transduction Laboratories,
to vinculin from Sigma, and to phosphotyrosine (clone 4G10) from
Upstate Biotechnology.

Western blotting and immunoprecipitation. Lysates were prepared and
analyzed by Western blotting as previously described [3]. p130Cas and
paxillin were immunoprecipitated from 200 lg of lysate by incubation
with 2 lg of antibody to p130Cas or paxillin, recovered with anti-mouse
IgG agarose beads (Sigma) and then analyzed for phosphotyrosine by
Western blotting.
Results

Tac-b1 inhibits the adhesion-induced phosphorylation of

FAK at Tyr-397

The levels of protein tyrosine phosphorylation increase
in response to cell attachment to the ECM. These changes
have been attributed to the regulation of cytoplasmic
tyrosine kinases, FAK and Src, by integrins [9,10]. Both
FAK and Src can bind directly to the integrin b tail
[6,16]. Thus, Tac-b1 may titrate FAK and/or Src from
endogenous b tails and prevent their activation by inte-
grin engagement. To determine whether Tac-b1 inhibits
adhesion-induced tyrosine phosphorylation, we first tested
whether Tac-b1 inhibits FAK activation in response to
cell adhesion. Primary human dermal foreskin fibroblasts
(HFFs) were infected with adenoviruses that express
either Tac or Tac-b1. Infected cells were replated onto
collagen I (Col I) for 15, 30, and 60 min and the levels
of phosphorylation at FAK’s autophosphorylation site
(Tyr-397) were assayed by Western blotting. Expression
of Tac-b1, but not Tac, significantly decreased the levels
of phosphorylation at Tyr-397 (pTyr-397) at all time
points assayed (Fig. 1A and B). Consistent with our pre-
vious studies, cells expressing Tac-b1 were inhibited in
spreading on Col I (Fig. 1C). Thus, the mechanism by
which integrins activate FAK is disrupted by expression
of Tac-b1.

Tac-b1 does not alter Src phosphorylation at Tyr-419 or

Tyr-530

Since Src activation is usually accompanied by the
dephosphorylation of Tyr-530 and phosphorylation of
Tyr-419 in Src’s activation loop [17], we compared levels
of phosphorylation at these residues. Tac and Tac-b1
infected cells were replated onto Col I. The status of phos-
phorylation at Tyr-530 was assayed using antibodies spe-
cific for non-phosphorylated Tyr-530 (Fig. 2A) and
phosphorylated Tyr-530 (Fig. 2B). Expression of Tac-b1
did not alter the levels of phosphorylation at this Tyr resi-
due. In addition, Tac-b1 did not inhibit the phosphoryla-
tion of Tyr-419 in the activation loop of Src, even at
higher doses of Tac-b1 (Fig. 2C). Thus, Tac-b1 inhibited
FAK, but not Src activation when HFFs were replated
onto Col I.

Tac-b1 inhibits the tyrosine phosphorylation of p130Cas and

paxillin

Src-dependent tyrosine phosphorylation of p130Cas
provides a pathway linking the regulation of tyrosine
kinase activity to the activation of downstream effectors
such as Rac1 during cell spreading. Previous studies from
our laboratory indicated that clustering Tac-b1 is sufficient
to induce the tyrosine phosphorylation of p130Cas, indi-
cating that protein interactions with the b tail are sufficient
to trigger this signaling event. Thus, we determined
whether Tac-b1 could inhibit the tyrosine phosphorylation
of p130Cas in response to cell adhesion, even when Src
activation is not altered. For these studies, HFFs were
infected with adenoviruses for Tac and Tac-b1 and the
tyrosine phosphorylation of p130Cas was assayed after
15 and 60 min of adhesion on Col I. Phosphorylation of
p130Cas was observed at 15 min after replating in Tac
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Fig. 1. Tac-b1 inhibits adhesion-induced FAK pTyr-397. (A) HFFs were mock-infected (M) or infected with adenoviruses expressing Tac (T) or Tac-b1
(b1). Infected cells were either kept in suspension or replated for 15, 30, and 60 min onto a Col I-coated substratum and the levels of FAK pTyr-397 in
20 lg of lysate were examined by Western blotting. Blots were stripped and reprobed for FAK, vinculin (vinc), and then IL2-Ra to detect Tac (*) and Tac-
b1 (**) expression. The levels of Tac-b1 are higher in suspension compared to the attached samples since cells expressing high levels of Tac-b1 do not attach
[7,14]. (B) The levels of FAK pTyr-397 under different experimental conditions were normalized to levels in Tac expressing cells adhered for 15 min.
Plotted are the results from three independent experiments ± SD. (C) Tac (left) and Tac-b1 (right) adenovirus-infected cells were replated onto Col I for
60 min and representative phase contrast images of their morphologies are shown.
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Fig. 2. Tac-b1 does not inhibit Src activation. (A,B). Tac-b1 does not alter the levels of phosphorylation at Tyr-530 (Src-pY530). HFFs were mock-
infected (M) or infected with adenoviruses expressing Tac (T) or Tac-b1 (b1). Cells were harvested and either incubated in suspension or replated onto Col
I for 15, 30 or 60 min as indicated. Twenty micrograms of lysate was analyzed by Western blotting with monoclonal antibody clone 28 that recognizes non-
phosphorylated Tyr-530 (A) or with antibodies specific for Src-pY530 (B) [15]. Blots were stripped and reprobed for Src, vinculin, and IL2-Ra (Tac) (A) or
for Src and FAK (B). The data shown are representative of three independent experiments. (C) Tac-b1 does not inhibit phosphorylation of Src at Tyr-419.
HFFs infected with the Tac (T) or increasing doses of the Tac-b1 (b1) adenovirus (1, 4, and 7 lL of purified viral stock) were harvested and replated on Col
I. The levels of Src-pY419 were analyzed in 20 lg of lysate. The blot was stripped and reprobed for Src and then Tac. Even the highest level of Tac-b1
expression did not inhibit the phosphorylation of Src at Tyr-419. The data shown are representative of three independent experiments. (D) Infection
efficiencies of the Tac virus and increasing doses of Tac-b1 (4, 7, and 9 lL of virus) were analyzed by flow cytometry. Thirty-seven percent of the cells
infected with 1 lL of virus expressed Tac-b1 (not shown). (E) Inhibition of cell spreading by increasing doses (4, 7, and 9 lL) of Tac-b1.
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expressing cells, which correlates with the onset of cell
spreading (Fig. 3A). Expression of Tac-b1 inhibited
p130Cas phosphorylation at both 15 and 60 min after
replating (Fig. 3A). Tac-b1 also significantly inhibited
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Fig. 3. Tac-b1 and PP2 each inhibit the adhesion-induced tyrosine phosphorylation of p130Cas and paxillin. (A,B) HFFs were infected with adenoviruses
expressing Tac or Tac-b1. Infected cells were incubated in suspension or replated onto Col I for 15 and 60 min. p130Cas (A) and paxillin (B) were
immunoprecipitated from 250 lg of lysate and then analyzed for phosphotyrosine. Blots were stripped and reprobed for p130Cas or paxillin (pax). Plotted
is the comparison of levels of phosphorylated p130Cas in cells expressing Tac or Tac-b1 under the various conditions normalized to the levels of
phosphorylated p130Cas in Tac expressing cells adhered for 15 min (A), and the level of phosphorylated paxillin in cells expressing Tac-b1 normalized to
Tac expressing cells adhered for 60 min (B). (C–E) HFFs were placed in suspension and treated with 10 lM PP2, PP3 or DMSO, and then either kept in
suspension or replated onto Col I for 15 and 60 min. p130Cas (C) and paxillin (D) were immunoprecipitated as above and analyzed for phosphotyrosine.
Blots were stripped and reprobed for p130Cas or paxillin (pax). Plotted are the levels of phosphorylated p130Cas or paxillin under various experimental
conditions normalized to the levels of phosphorylated p130Cas or paxillin in Tac expressing cells after 15 min of adhesion (E). Cells were treated with PP2
and replated onto Col I for 60 min. Shown are representative fields of control and PP2 treated cells. (F) Cells were treated with PP2 or PP3 and replated
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results were obtained in two independent experiments.
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adhesion-induced tyrosine phosphorylation of paxillin
(Fig. 3B).

Inhibition of Src-family kinases with PP2 inhibits cell
spreading and the tyrosine phosphorylation of p130Cas and

paxillin, but not the phosphorylation of FAK at Tyr-397

Since expression of Tac-b1 inhibited the phosphoryla-
tion of Src substrates, yet had no detectable effects on Src
activation, we tested whether PP2 a pharmacological inhib-
itor of Src kinase activity would similarly disrupt cell
spreading and the tyrosine phosphorylation of p130Cas
and paxillin. HFFs were treated in suspension with
10 lM PP2, PP3 or DMSO and then plated on Col I for
the indicated times. PP2 inhibited the tyrosine phosphory-
lation of p130Cas and paxillin (Fig. 3C and D) and cell
spreading (Fig. 3E), but did not prevent the adhesion-
induced phosphorylation of FAK at Tyr-397 (Fig. 3F).
These data indicate that Src signaling plays a central role
in regulating cell spreading and suggest that Src-dependent
phosphorylation of p130Cas and/or paxillin are important
downstream of integrins in this process.
Disruption of FAK signaling inhibits cell spreading and the

tyrosine phosphorylation of p130Cas and paxillin

Our data suggest that b tail function and Src activity are
necessary for the tyrosine phosphorylation of p130Cas and
paxillin. However, the contribution of FAK signaling to
these tyrosine phosphorylation events was unclear. Current
evidence suggests that the requirement for FAK in the
tyrosine phosphorylation of p130Cas depends on the inte-
grin-heterodimer mediating adhesion [18]. In particular,
the role of FAK in regulating the phosphorylation of
p130Cas in HFFs adhered to Col I was not known. To
examine the contribution of FAK in our system, we
expressed the recombinant form of the naturally occurring
FAK inhibitor, FAK related non-kinase (FRNK), previ-
ously reported to inhibit endogenous FAK signaling [19].
HFFs were infected with adenoviruses that directed the
expression of GFP or a GFP-FRNK fusion protein and
effects on cell spreading and adhesion signaling were
assayed. GFP-FRNK inhibited the activation of endoge-
nous FAK (Fig. 4A), the tyrosine phosphorylation of
p130Cas (Fig. 4B) and cell spreading (Fig. 4D). Addition-
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ally, FRNK inhibited the expression of paxillin (Fig. 4C).
These results demonstrate that FAK signaling is required
for integrins to promote the tyrosine phosphorylation of
p130Cas and paxillin, and HFF spreading on Col I.

Discussion

The major findings of the current study are the follow-
ing: (1) Tac-b1 inhibits adhesion-induced FAK activation,
but does not alter Src activation; (2) Tac-b1 prevents the
Src-dependent phosphorylation of p130Cas and paxillin;
and (3) FAK signaling is required for these phosphoryla-
tion events. These findings support a model in which the
integrin b tail coordinates the activation of FAK and Src
downstream signaling to p130Cas and paxillin when HFFs
are adhered to Col I.

Current models for FAK activation involve unleashing
inhibitory intramolecular interactions through conforma-
tional changes and protein unfolding reminiscent of mech-
anisms for Src activation. FAK contains an amino terminal
FERM domain, a central catalytic domain, and a carboxyl
terminal focal adhesion-targeting or FAT domain [9,10].
The FERM domain interacts with the catalytic domain
to repress FAK activation and autophosphorylation at
Tyr-397 [5,20]. Thus, protein interactions with the FERM
domain may activate FAK by preventing these autoinhib-
itory interactions [5,10,20]. Interestingly, FAK binds to
peptides modeled from the membrane-proximal region of
integrin b tails [16], suggesting that the binding of the b tail
may activate FAK. In fact, more recent studies demon-
strated that the binding of FAK to b tails in vitro is
sufficient to trigger FAK activation [5]. Thus, Tac-b1
may titrate FAK from b tails of endogenous integrins
and prevent FAK activation in response to cell adhesion.
However, if FAK is titrated by the direct binding of its
FERM domain to Tac-b1, then our data suggest that this
interaction is not sufficient to activate FAK in a cellular
context.

Integrins regulate the activation and signaling down-
stream of Src-family kinases by multiple mechanisms [9].
Src-family kinases can bind directly and specifically to indi-
vidual integrin b tails [6]. For example, c-Src binds directly
to the b3 tail and clustering b3 integrins increases Src acti-
vation [6]. Cell adhesion can also activate Src kinases inde-
pendent of b tail function [21]. Furthermore, the
mechanism by which b1 integrins increase Src activity is
integrin-heterodimer specific, occurring by FAK-depen-
dent and -independent pathways [18]. Our data indicate
that the expression of Tac-b1 in HFFs does not inhibit
Src phosphorylation at either Tyr-419 or Tyr-530 and that
the level of phosphorylation of Src is not significantly
altered in response to cell adhesion to Col I. Thus, HFFs
may have basal Src activity, which is regulated independent
of b1 integrins and which is sufficient to trigger tyrosine
phosphorylation events required for cell spreading.

The Src-dependent tyrosine phosphorylation of
p130Cas can occur by FAK-dependent and -independent
mechanisms [18]. Our results indicate that adhesion of
HFFs to Col I triggers the phosphorylation of p130Cas
by a mechanism that requires both FAK and Src activity.
Src is recruited to active FAK via the interaction of its
SH2 domains with pTyr-397 of FAK, while paxillin and
p130Cas can bind to the C-terminus of FAK resulting in
the formation of signaling complexes containing FAK,
Src, and p130Cas and/or paxillin [10]. Since FRNK con-
tains binding sites for both p130Cas and paxillin, it is likely
that FRNK disrupts the formation of these complexes.
Thus, Tac-b1 and FRNK may both titrate proteins
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required for the assembly of signaling complexes contain-
ing endogenous FAK, Src, and p130Cas. Furthermore,
the ability of FRNK to inhibit FAK phosphorylation at
Tyr-397 suggests that the activation of FAK in response
to cell adhesion requires protein interactions mediated by
the C-terminus of FAK. Thus, the b tail may regulate
FAK activation by coordinating protein interactions at
both the FERM and C-terminal domains of FAK.

We observed that FRNK inhibits the expression of pax-
illin protein in HFFs, similar to what has also already been
observed in normal rat ventricular myocytes [11]. The
mechanism by which FRNK inhibits the expression of pax-
illin is not yet understood; however, it is a cell-type specific
phenomenon, as FRNK does not inhibit paxillin expres-
sion in bovine pulmonary arterial endothelial cells [22].

Mechanisms that regulate FAK/Src signaling are impor-
tant since their downstream effectors are critical regulators
of cell migration, proliferation, survival, wound healing,
and tumor invasion [9,10]. Our studies focused on identify-
ing the mechanisms by which the integrin b tail regulates
FAK/Src signaling in primary fibroblasts on a two-dimen-
sional matrix. The highly contractile phenotype of fibro-
blasts on two-dimensional substrates resembles the
contractile property of fibroblasts within rigid three-dimen-
sional matrices of tumor stroma and wound tissue associ-
ated with scar formation [23]. Thus, the identification of
pathways that regulate FAK/Src signaling on two-dimen-
sional matrices are likely to provide insight into the molec-
ular pathways involved in disease states associated with
contractile fibroblasts in vivo and may lead to the identifi-
cation of new molecular targets for therapeutic
intervention.
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