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Integrin-associated focal adhesions not only provide adhesive links between cellular actin and extracellular
matrix but also are sites of signal transmission into the cell interior. Many cell responses signal through focal
adhesion kinase (FAK), often by integrin-induced autophosphorylation of FAK or phosphorylation by Src
family kinases. Here, we used an interfering FAK mutant (4-9F-FAK) to show that Src-dependent FAK
phosphorylation is required for focal adhesion turnover and cell migration, by controlling assembly of a
calpain 2/FAK/Src/p42ERK complex, calpain activation, and proteolysis of FAK. Expression of 4-9F-FAK in
FAK-deficient fibroblasts also disrupts F-actin assembly associated with normal adhesion and spreading. In
addition, we found that FAK’s ability to regulate both assembly and disassembly of the actin and adhesion
networks may be linked to regulation of the protease calpain. Surprisingly, we also found that the same
interfering 4-9F-FAK mutant protein causes apoptosis of serum-deprived, transformed cells and suppresses
anchorage-independent growth. These data show that Src-mediated phosphorylation of FAK acts as a pivotal
regulator of both actin and adhesion dynamics and survival signaling, which, in turn, control apparently
distinct processes such as cell migration and anchorage-independent growth. This also highlights that dynamic
regulation of actin and adhesions (which include the integrin matrix receptors) is critical to signaling output
and biological responses.

Elevated expression of the nonreceptor tyrosine kinases Src
and focal adhesion kinase (FAK) correlates with malignancy
potential and poor clinical prognosis in colon and breast tu-
mors (2, 19, 20, 71, 90, 91). Recent studies monitoring focal
adhesion dynamics in cells deficient for FAK and Src implicate
Src and FAK as critical mediators of integrin adhesion turn-
over that promote cell migration (97). Cells devoid of FAK
exhibit impaired migration and have large peripheral focal
adhesion structures (58), while cells lacking the three ubiqui-
tous Src family members Src, Fyn, and Yes also demonstrate
altered distribution of focal adhesions and impaired cell mi-
gration (64, 94). Src kinase activity is clearly necessary for focal
adhesion turnover and cell motility, presumably by tyrosine
phosphorylation of key focal adhesion substrates, such as FAK
(22, 34). The extracellular regulated kinase (ERK)/mitogen-
activated protein kinase (MAPK) pathway is also important in
regulating focal adhesion dynamics during cell motility (39, 63,
69, 99, 100), and it is likely that ERK/MAPK contributes to
Src-induced focal adhesion turnover. We have recently re-
ported that ERK/MAPK, which is recruited to focal adhesions
following v-Src activation, is required for maximal activity of
the protease calpain 2 promoting focal adhesion turnover and
migration of v-Src-transformed cells (17, 35). ERK/MAPK-
induced activation of calpain 2 is also required for epidermal
growth factor-induced substrate deadhesion and cell motility
(40, 41).

The calpains are a highly conserved family of intracellular
calcium-dependent proteases (for a review, see reference 42).

Calpain was first implicated in cell migration by studies utiliz-
ing pharmacological inhibition of calpain activity, which im-
paired retraction at the rear of the cell and decreased cell
movement (55, 72). Further studies on calpain-null cells con-
firmed a role for calpain in regulating focal adhesion turnover,
which is necessary for cell migration (29). Several components
of the focal adhesion complex, including FAK (15, 16, 18, 25,
89, 95, 105), paxillin (103), talin (104), �-actinin (85), and
�3 integrin (30), are known substrates for calpain-mediated
proteolysis, suggesting that calpain cleavage of one or more of
these components contributes to focal adhesion disassembly.

The relationship between Src and FAK activity and the
precise mechanisms by which FAK promotes cell migration
remain elusive. Several studies suggest that FAK promotes cell
migration by activating multiple signaling pathways involving
Src family kinases and phosphatidylinositol (PI) 3-kinase or by
phosphorylation of p130CAS, paxillin, or other focal adhesion
substrates (21, 45, 79, 86, 88). FAK-dependent cell motility
may also require its adaptor protein function, as it is reported
that FAK expression, but not its kinase activity, is required for
both platelet-derived growth factor- and epidermal growth fac-
tor-stimulated cell motility (86). A recent study demonstrated
that FAK can also act upstream of calpain, suggesting a novel
role by which FAK promotes focal adhesion turnover and cell
motility (28). In this regard, we have also shown that FAK can
act as an adaptor protein that permits the assembly of a com-
plex consisting of calpain 2 and its upstream activator p42ERK,
promoting calpain activity at the membrane (17).

FAK also plays a role in suppressing cell apoptosis, partic-
ularly in response to cell detachment (anoikis) (5, 31, 38, 54,
73, 101). Indeed, a previous study suggested that FAK may
transmit extracellular matrix (ECM)-derived survival signals
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that suppress p53-mediated apoptosis (57). However, the up-
stream mechanisms that regulate FAK-mediated survival sig-
nals are not understood.

The question of how tyrosine phosphorylation of FAK con-
tributes to its biological functions has not been addressed di-
rectly. Six major tyrosine phospho-acceptor sites have been
identified on FAK, at positions 397, 407, 576, 577, 861, and 925
(13, 14, 83, 84). Tyr 397 becomes phosphorylated (presumed by
autophosphorylation) upon integrin engagement (82). This
leads to the formation of a consensus binding site for the Src
SH2 domain (32), promoting association between Src and
FAK (82). Phosphorylation of the remaining tyrosine residues
on FAK is considered to be Src-dependent (13, 14, 83, 84).

In the present study we have generated a FAK mutant
(4-9F-FAK) in which each of the putative Src-induced ty-
rosine phosphorylation sites (Tyr 407, 576, 577, 861, and
925) has been mutated to a phenylalanine (Phe). We found
that v-Src-induced phosphorylation of FAK on tyrosine res-
idues is necessary to enhance the adaptor function of FAK
with regard to assembly of the calpain 2/FAK/p42ERK com-
plex. Src-induced phosphorylation of FAK is also required
for FAK to undergo proteolytic cleavage by calpain in v-Src-
transformed cells and is necessary for calpain-mediated fo-
cal adhesion turnover during transformation and cell migra-
tion. In addition, we show for the first time that Src-induced
phosphorylation of FAK also regulates F-actin assembly and
cell spreading. We further demonstrate a role for Src-in-
duced tyrosine phosphorylation of FAK in survival and an-
chorage-independent growth of transformed cells. These
studies demonstrate that Src-induced tyrosine phosphoryla-
tion of FAK is a key event that simultaneously regulates
actin and adhesion dynamics and cell survival.

MATERIALS AND METHODS

Cell culture. Primary chicken embryo fibroblasts (CEFs) were cultured as
previously described (36). Low-density cultures were transfected with replica-
tion-competent avian retroviral constructs, SFCV-v-src encoding the tempera-
ture-sensitive (ts) LA29 v-Src mutant or the kinase-defective ts LA29KD1 mu-
tant. Transfected CEFs were cultured at the permissive temperature of 35°C
until cells were uniformly infected and expressing v-Src protein. For analysis of
v-Src-induced transformation, cells were cultured at the restrictive temperature
(41°C) and then examined following a shift to the permissive temperature (35°C).
FAK-null (FAK�/�) mouse embryo fibroblasts (MEFs) were maintained in Dul-
becco’s modified Eagle’s medium supplemented with 10% fetal calf serum, 2 mM
L-glutamine, and nonessential amino acid supplements and cultured at 37°C.
Wild-type FAK (wt-FAK)- and 4-9-F-FAK-reconstituted FAK�/� cells were
cultured in the same medium containing 1 mg of hygromycin per ml.

Construct design and expression. Myc-tagged wt-FAK and the 4-9F-FAK
construct containing selected tyrosine residues mutated to phenylalanine were
constructed as previously described (3), using the Stratagene Quick-Change
site-directed mutagenesis kit. After sequencing, the constructs were subcloned
into the RCAS avian retroviral vector. CEFs were cotransfected with SFCV-v-
Src and either RCAS-wt-FAK or RCAS-4-9F-FAK constructs. For expression in
FAK�/� cells, wt-FAK and 4-9F-FAK constructs were subcloned into the pWZL
retroviral expression vector. Phoenix ecotropic cells were transfected with
pWZL-wt-FAK or -4-9F-FAK. The virus supernatant was then collected and
used to infect FAK�/�cells. FAK�/� cells stably expressing either wt-FAK or
4-9F-FAK were selected by hygromycin resistance. Virtually 100% of cells in
selected cultures expressed each of the FAK mutants as determined by immu-
nocytochemistry with an anti-Myc antibody.

Antibodies and reagents. Antibodies for Western blot detection and immu-
nocytochemistry included 354-534N-pp125FAK (Transduction Laboratories),
N-pp125FAK (Santa Cruz), paxillin (Transduction Laboratories), calpain 2 (Re-
search Diagnostics, Inc.), anti-Myc 9E10 (Sigma), anti-avian Src EC10 (Upstate
Ltd.), anti-phospho-ERK (Cell Signaling), anti-�-tubulin (Sigma), anti-p130cas

(Transduction Laboratories), anti-�-actinin (Sigma), antiphosphotyrosine (Trans-
duction Laboratories), and anti-phosphotyrosine397-FAK (BioSource UK). An-
ti-mouse and -rabbit peroxidase-conjugated secondary antibodies were pur-
chased from New England Biolabs, Inc.

Protein immunoblotting. Cells were washed twice with phosphate-buffered
saline (PBS) and lysed in lysis buffer (10 mM Tris [pH 7.4], 150 mM NaCl, 0.5%
NP-40, 1 mM EDTA, 1 mM EGTA, 1 mM dithiothreitol, 0.5 mM NaF, 10 mM
�-glycerophosphate, 10 mM Na4P2O7, 100 �M NaVO4, and protease inhibitors
[1 mM phenylmethylsulfonyl fluoride {PMSF}, 10 �g of leupeptin per ml, and 10
�g of aprotinin per ml]). Lysates were clarified by high-speed centrifugation at
4°C, supplemented with sodium dodecyl sulfate (SDS) sample buffer, separated
by SDS–10% polyacrylamide gel electrophoresis (PAGE), and immunoblotted
with specific antibodies.

Protein IP. Cells were washed twice with PBS and lysed in modified radioim-
munoprecipitation assay buffer (0.5% NP-40 with inhibitors [1 mM PMSF, 100
�M NaVO4, 10 �g of benzamidine per ml, 10 �g of leupeptin per ml, and 10 �g
of aprotinin per ml]). The lysates were clarified by high-speed centrifugation at
4°C and incubated overnight with 8 �g of anti-Myc, 3 �g of anti-calpain 2 (Cal-
biochem), and 2.5 �g of antiphosphotyrosine, antipaxillin, and anti-p130cas at
4°C. Either anti-mouse immunoglobulin G (IgG) conjugated to agarose beads or
protein A-Sepharose (for anti-calpain 2 immunoprecipitations [IPs]) was added
to the reaction mixtures and left for 1 h at 4°C with constant mixing prior to
washing three times with radioimmunoprecipitation assay buffer. IP reaction
products were resuspended in SDS sample buffer, and separated by SDS-PAGE,
transferred to a membrane, and immunoblotted with specific antibodies.

Immunocytochemistry. Cells were cultured on Permanox plastic chamber
slides (Nalge Nunc International). Cells were fixed in 3.7% formaldehyde for 10
min at room temperature, permeabilized in 0.5% NP-40 in PBS for 10 min at
room temperature, and washed serially in PBS, 0.15 M glycine–PBS plus 0.02%
NaN3, and PBS. Cells were blocked in 10% fetal calf serum–PBS prior to 1 h of
incubation at room temperature with primary antibodies, affinity-purified mono-
clonal antipaxillin (Transduction Laboratories), antivinculin (Sigma), and anti-
Myc epitope clone 9E10 (Sigma). Primary antibody incubation was followed by
several washes in PBS and subsequent incubation with fluorescein isothiocya-
nate-labeled secondary antibodies (Jackson Immunoresearch Laboratories). Ac-
tin stress fibers were monitored following staining with FITC-labeled phalloidin
(Sigma). Immunostaining and phalloidin staining of cells were analyzed by con-
focal microscopy.

Wound-healing migration assay. CEFs (2 � 105)expressing ts LA29 v-Src in
combination with Myc-tagged wt-FAK or 4-9F-FAK mutants were cultured at
41°C in 60-mm-diameter dishes until 70 to 80% confluent. The cell monolayers
were wounded by scoring with a sterile micropipette tip, and the cultures were
incubated at 35°C for a further 12 h. FAK�/� cells and wt-FAK- and 4-9F-FAK-
reconstituted FAK�/� cells (2 � 105) were also cultured until 70 to 80% con-
fluence prior to generation of a wound in the monolayer and subsequent culture
for 12 h at 37°C. For each sample three defined areas along the wound were
monitored, the area of wound remaining after 12 h was calculated, and results
were expressed as mean percentage of wound closure.

FAK assay. Myc-tagged 4-9F-FAK, wt-FAK, and kinase-defective (kd)-FAK
were immunoprecipitated from cells as described above. After washing in lysis
buffer, FAK immunoprecipitates were washed twice in kinase buffer (20 mM Tris
[pH 7.2], 10 mM magnesium chloride, 100 �M sodium orthovanadate). The FAK
immunoprecipitates were resuspended in kinase buffer containing 20 �M ATP
and incubated with a FAK peptide encompassing amino acids 361 to 463. This
peptide fragment contains the autophosphorylation site of FAK (tyrosine 397)
and also tyrosine 407, which was mutated to phenylalanine so that the ability of
FAK to phosphorylate tyrosine 397 alone could be measured. The reaction was
started by addition of 5 �Ci of [�-32P]ATP and, after 10 min at 30°C, was stopped
by addition of 2� Laemmli buffer. The phosphorylated peptide was then de-
tected by autoradiography following separation by SDS–15% PAGE. Levels of
immunoprecipitated FAK in each reaction were monitored by immunoblotting
with anti-FAK antibody.

Calpain activity assays. Analysis of calpain activity in total cell lysates ex-
tracted from FAK�/� cells and wt- and 4-9F-FAK-reconstituted FAK�/� cells
was performed with a calpain activity assay kit from (BioVision Inc.) according
to the manufacturer’s instructions. The calpain activity assay kit consists of a
fluorogenic peptide calpain substrate (Ac-LLY-AFC). Briefly, clarified cell ly-
sates were incubated with fluorogenic peptide calpain substrate for 1 h at 37°C in
the dark. Upon cleavage by calpain, the fluorogenic portion (AFC) of the peptide
is released, emitting UV light at a wavelength of 505 nm, which was measured by
using a FLEXstation fluorescent plate reader (Molecular Devices). Results are
expressed as relative fluorescence units.
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Sensitivity to trypsin-induced cell-substrate detachment. FAK�/� cells reex-
pressing wt-FAK or 4-9F-FAK were cultured on uncoated tissue culture-treated
plastic dishes for several days prior to washing twice with PBS and incubation
with trypsin (0.25-mg/ml solution). The number of cells detached from the
substrate cells at sequential time points following trypsin incubation was quan-
tified by counting suspended cells with a CASY 1 cell counter.

Isolation of G-actin and F-actin pools. Triton-soluble and -insoluble pools of
G-actin and F-actin, respectively, were prepared as previously described (27).
Briefly, 2 � 106 cells were cultured on 90-mm-diameter uncoated tissue culture
plastic dishes for 8 h prior to being rinsed twice in CSK buffer [10 mM pipera-
zine-N,N�-bis(2-ethanesulfonic acid) (PIPES; pH 6.8), 50 mM NaCl, 3 mM
MgCl2, 300 mM sucrose] and then treated as follows.

For G-actin isolation, cells were then incubated with 0.5 ml of lysis buffer 1
(CSK buffer with 1% Triton X-100, 1 �g of phalloidin per ml, 10 �g of leupeptin
per ml, 10 �g of pepstatin A per ml, and 1 mM PMSF). The cells were gently
mixed with lysis buffer on a rotatory shaker for 5 min at room temperature.
Supernatants containing the G-actin pool were collected, and an SDS solution
was added to give a final concentration of 2%.

For F-actin isolation, cellular protein remaining on the dishes was washed
three times with CSK buffer and then incubated with 0.5 ml of lysis buffer 2 (lysis
buffer 1 containing 2% SDS) and mixed on a rotatory shaker for 5 min at room
temperature. Lysates were then scraped from dishes and collected. The lysates
were sheared by being passed through a 1-ml syringe with a 25-gauge needle
three times. Lysates were supplemented with SDS sample buffer prior to sepa-
ration by SDS-PAGE.

G-actin and F-actin pools were also isolated from cells following 12 h of pre-
incubation with the calpain inhibitor N-acetyl-leucine-leucine-norleucinyl-CHO
(ALLN; 50 �M) prior to plating on plastic for 8 h in the presence of ALLN (50
�M).

Cell adhesion assay. The adhesion of FAK�/� cells expressing wt-FAK and
4-9F-FAK to fibronectin was assayed as previously described (12). Briefly,
FAK�/� cells expressing either wt-FAK, 4-9F-FAK, or empty vector were ra-
diolabeled with chromium 51. Labeled cells (104) were then plated on to non-
tissue culture-treated wells of a flexible plastic 96-well assay plate coated with
either bovine serum albumin (BSA) as control or 1 �g of fibronectin per cm2. At
30 and 60 min following cell plating, cells were washed twice with PBS and briefly
air dried. The wells were removed from the plate, and counts per minute cor-
responding to adherent chromium 51-labeled cells were measured with a gamma
counter. The percentage of cells adherent to fibronectin was calculated by re-
lating counts per minute of cells attached to wells to 104 cells in suspension. The
percentage of cells adherent to BSA-coated plates was subtracted from the
percentage of cells adherent to fibronectin-coated plates to monitor specifically
adhesion to fibronectin.

Analysis of sub-G1 DNA content and annexin V-FITC staining to detect
apoptotic cells. Flow cytometric analysis was used to obtain cell cycle profiles as
previously described (62). Briefly CEFs coexpressing either wt-FAK or 4-9F-
FAK with ts v-Src were cultured under serum-free conditions for 24 h at restric-
tive (41°C, v-src off) and permissive (35°C, v-src on) temperatures for v-Src
activity. Cells were harvested, fixed in 70% ethanol, and resuspended in PBS
containing RNase A (250 �g/ml) and propidium iodide (10 �g/ml). The cells
were incubated for 30 min in the dark prior to analysis by flow cytometry. The
percentage of cells containing sub-G1 DNA was recorded as the proportion of
apoptotic cells.

Cell apoptosis was also monitored by using the annexin V-FITC apoptosis
detection kit I (BD PharMingen) according to the manufacturer’s instructions.
Briefly, CEFs coexpressing either wt-FAK or 4-9F-FAK with ts v-Src were cul-
tured under serum-free conditions for 24 h at restrictive and permissive temper-
atures for v-Src activity. Cells were washed twice with cold PBS and resuspended
in 1� binding buffer. The cells were then incubated with FITC-conjugated
annexin V and propidium iodide prior to analysis by flow cytometry.

Anchorage-independent growth assay. Anchorage-independent growth assays
were performed as previously described (46). Briefly, 60-mm-diameter bacterial
culture dishes were coated with 0.5% base agar supplemented with normal CEF cul-
ture medium as described above. CEFs (2 � 105) coexpressing ts v-Src with either
wt-FAK or 4-9F-FAK were suspended in double-concentrated CEF growth me-
dium and added to an equal volume of 0.6% molten top layer agar. Cell-agar prep-
arations were added to base agar dishes and cultured at permissive culture temper-
atures for v-Src activity. Following several days in culture, top layer agar containing
cells was overlaid with base agar supplemented with culture medium. Fourteen days
after seeding, the formation of cell colonies was quantified as the number of col-
onies (defined as four or more cells) per high-power field (magnification, �25).

RESULTS

A major obstacle in the study of focal adhesion dynamics is
that in migrating cells, focal adhesion structures are in a con-
stant equilibrium between assembly and disassembly. To ex-
amine the mechanisms that regulate focal adhesion disassem-
bly specifically, we have used a ts mutant of v-Src (ts LA29) (98)
expressed in CEFs, a well-established model for studying Src-
dependent focal adhesion turnover (34, 37). Activation of v-Src
by culture at the permissive temperature (35°C) shifts the bal-
ance of focal adhesion assembly and disassembly to almost
complete focal adhesion disassembly, resulting in an extreme
transformed cell phenotype (34, 36). We have recently used
this model system to demonstrate that Src-induced disassembly
of focal adhesions and morphological transformation is accom-
panied by calpain-mediated cleavage of FAK (15, 18).

v-Src kinase activity is required for FAK proteolysis and
focal adhesion disassembly during v-Src transformation. Src is
a nonreceptor tyrosine kinase that also contains SH2 and SH3
domains, thus functioning not only as a kinase but also as an
adaptor molecule to exert its biological effects (37). To deter-
mine whether FAK proteolysis and focal adhesion disassembly
associated with Src are consequences of v-Src’s kinase activity,
we examined focal adhesion disassembly and cell morphology,
first following activation of ts v-Src in the absence or presence
of a general inhibitor of tyrosine kinases, herbimycin A, and
second by activation of a kinase-defective mutant ts v-Src (ts
LA29KD1) (Fig. 1). As expected, treatment with herbimycin A
(1 �M) prevented focal adhesion disassembly, morphological
transformation, and substrate detachment (Fig. 1A, middle
panels [compare with left panels]). In contrast to the case for
ts LA29 v-Src, shift of the kinase-defective ts LA29KD1 v-Src-
expressing cells to the permissive temperature did not result in
focal adhesion disassembly or in morphological transformation
and detachment (Fig. 1A, right panels). Treatment with her-
bimycin A (1 �M) also prevented v-Src-induced proteolytic
cleavage of FAK (Fig. 1B, middle panels [compare with upper
panels]). Shift of the kinase-defective ts LA29KD1 v-Src cells
to the permissive temperature also did not result in FAK pro-
teolysis (Fig. 1B, bottom panels). These results clearly demon-
strate that the tyrosine kinase activity of v-Src is required for
initiating the proteolytic cleavage of FAK that accompanies
disassembly of focal adhesions during transformation.

Mutation of tyrosines Y407, Y576, Y577, Y861, and Y925 of
FAK inhibit v-Src-induced tyrosine phosphorylation of FAK.
To address whether FAK was a critical substrate for v-Src, we
generated a FAK mutant (4-9F-FAK) that does not undergo
further tyrosine phosphorylation upon v-Src activation. Specif-
ically, each of the recognized Src-specific phospho-acceptor
sites (Tyr 407, 576, 577, 861, and 925) was mutated to non-
phosphorylatable phenylalanine (F). These sites are shown
relative to other FAK domains in Fig. 2A. Myc-tagged wt- and
4-9F-FAK proteins were coexpressed with ts LA29 v-Src. When
wt- and 4-9F-FAK were immunoprecipitated with an anti-Myc
antibody at nonpermissive and permissive temperatures and
immunoblotted with antiphosphotyrosine antibody, we found
that tyrosine phosphorylation of 4-9F-FAK was not enhanced
upon v-Src activation compared to that of wt-FAK (Fig. 2B).
This indicates that the 4-9F-FAK is refractory to v-Src-induced
phosphorylation. The residual phosphotyrosine signal exhibit-
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ed by 4-9F-FAK is most likely due to tyrosine phosphorylation
on Tyr 397. We examined the ability of 4-9F-FAK to undergo
phosphorylation in response to cell adhesion to fibronectin.
Following adhesion of nontransformed CEFs to fibronectin for
1 h, Myc-tagged wt-FAK or 4-9F-FAK was immunoprecip-
itated as described above and subsequently immunoblotted
with antiphosphotyrosine antibody and a site-specific anti-
phosphotyr397-FAK antibody (Fig. 2C). We found that the

4-9F-FAK mutant is phosphorylated on tyrosine 397 following
adhesion to fibronectin. However, total tyrosine phosphoryla-
tion of 4-9F-FAK following adhesion to fibronectin is signifi-
cantly reduced compared to that of wt-FAK. These data indi-
cate that in response to adhesion both wt-FAK and 4-9F-FAK
become autophosphorylated on Tyr 397. This phosphorylation
event is likely to recruit the SH2 domain of Src, resulting in
further phosphorylation of wt-FAK on Src-dependent tyrosine

FIG. 1. v-Src kinase activity is required for FAK proteolysis and focal adhesion disassembly during v-Src transformation. (A) CEFs expressing
ts LA29 v-Src with and without herbimycin A treatment and CEFs expressing kinase-defective ts LA29KD1 v-Src were cultured at the permissive
temperature for v-Src activity for 24 h. Cell morphology and distribution of focal adhesions were evaluated by phase-contrast microscopy
(magnification, �200) and confocal microscopy (magnification, �400) following immunocytochemistry with an antipaxillin antibody. (B) Cell
lysates were prepared at sequential time points following v-Src activation (by a shift to the permissive temperature of 35°C) from CEFs expressing
ts LA29 v-Src (upper panels), CEFs expressing ts LA29 v-Src following pretreatment with 1 �M herbimycin A (middle panels), and CEFs
expressing ts LA29KD1 v-Src (lower panels). FAK protein levels were detected by SDS-PAGE and immunoblotting with anti-FAK antibody. Equal
protein loading was determined by immunoblotting with anti-�-tubulin antibody.
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FIG. 2. Mutation of tyrosines Y407, Y576, Y577, Y861, and Y925 of FAK inhibits v-Src-induced tyrosine phosphorylation of FAK. (A) Illus-
tration of FAK protein domains, indicating locations of autophosphorylation and Src-regulated phosphotyrosine sites. (B) CEFs coexpressing ts
LA29 v-Src with either wt- or 4-9F-FAK mutant (Myc tagged) were cultured at restrictive (�) and permissive (�) temperatures for v-Src activation.
Total cell lysates were prepared from these cells, followed by IP with anti-Myc antibody. Tyrosine phosphorylation of wt-FAK and 4-9F-FAK (both
125 kDa) was detected following separation of anti-Myc IPs by SDS-PAGE and immunoblotting with antiphosphotyrosine antibody (pTyr).
(C) Total tyrosine phosphorylation status and specific phosphorylation of the tyrosine 397 site on wt- and 4-9F-FAK was monitored 1 h following
adhesion of nontransformed cells to fibronectin. Anti-Myc IPs were separated by SDS-PAGE and immunoblotting with antiphosphotyrosine
antibody and a site-specific anti-phosphotyrosine397-FAK (397Y). (D) The kinase activities of wt- and 4-9F-FAK were directly compared by kinase
assay following IP with anti-Myc antibody and incubation with substrate in the presence of [�-32P]ATP. kd-FAK was also immunoprecipitated and
included in the kinase assay as a negative control. Levels of each FAK mutant used in the kinase assay were monitored by immunoblotting of
immunoprecipitates with anti-FAK antibody.
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residues. In contrast to wt-FAK the 4-9F-FAK mutant cannot
undergo further phosphorylation at Src-dependent sites, re-
sulting in a reduced level of total tyrosine phosphorylation.

We next monitored the kinase activity of the 4-9F-FAK
mutant by using a fragment of FAK that contains the autophos-
phorylation Tyr 397 site as a substrate. The kinase activity of
immunoprecipitated 4-9F-FAK was compared with that of wt-
FAK and kd-FAK as a negative control (Fig. 2D). This analysis
clearly indicates that 4-9F-FAK retains a readily detectable
amount of kinase activity; however, kinase activity is reduced in
comparison to that of wt-FAK.

Src-induced tyrosine phosphorylation of FAK is necessary
for FAK proteolysis during v-Src-induced transformation.
Previous studies have reported that Src-mediated tyrosine phos-
phorylation of cortactin, spectrin, and the NR2 subunits of
N-methyl-D-aspartate receptors influences the ability of
these proteins to be cleaved by calpain (6, 52, 70). To deter-
mine whether Src-induced tyrosine phosphorylation of FAK
influences its stability, we monitored total protein levels of
exogenous wt-FAK, in comparison with 4-9F-FAK, following
activation of ts LA29 v-Src. Total cell lysates were prepared at
sequential time points following v-Src activation. The lysates
were then immunoblotted with anti-Myc antibody to deter-
mine protein levels of exogenous FAK proteins, or �-tubulin
as a control (Fig. 3). Consistent with the kinetics for endog-
enous FAK degradation (15, 36), wt-FAK levels decreased at
4 h following v-Src activation and were substantially dimin-
ished after 24 h. However, unlike endogenous FAK (Fig. 1A),
exogenous wt-FAK protein was not completely degraded fol-
lowing v-Src activation, presumably due to the high level of
overexpression. In contrast to those of exogenous wt-FAK, the
protein levels of the 4-9F mutant FAK did not decrease fol-
lowing v-Src activation and appeared to accumulate at later
time points (Fig. 3). As we have previously shown that proteo-
lytic cleavage of FAK following v-Src activation is dependent
on calpain activity (15, 18), these results suggest that Src-
induced phosphorylation of tyrosine residues (Tyr 407, 576,
577, 861, and 925) is required for FAK to undergo calpain-
mediated proteolysis in v-Src-transformed cells in vivo.

Src-induced tyrosine phosphorylation of FAK is required
for focal adhesion turnover and migration of v-Src-trans-
formed cells. We previously demonstrated that v-Src-induced
proteolytic cleavage of FAK occurs in parallel with focal ad-
hesion disassembly and morphological transformation of CEFs

(15). We analyzed v-Src’s ability to initiate focal adhesion dis-
assembly in cells coexpressing wt- or 4-9F-FAK. We monitored
the localization and loss of wt- FAK and 4-9F-FAK proteins
from focal adhesion sites prior to and following v-Src activa-
tion. CEFs coexpressing the Myc-tagged FAK proteins with
ts v-Src were cultured at the restrictive (41°C) or permissive
(35°C) temperature for v-Src activation. Cells were analyzed by
confocal microscopy with an anti-Myc antibody to visualize
exogenous FAK protein (Fig. 4A). At the restrictive tempera-
ture, cell morphology and distribution of FAK-containing focal
adhesions appeared similar for cells expressing wt-or 4-9F-
FAK proteins. The wt- and 4-9F-FAK proteins were both ef-
ficiently expressed and targeted to focal adhesion sites (Fig.
4A). Following v-Src activation, cells expressing wt-FAK be-
came morphologically transformed and wt-FAK was redis-
tributed from focal adhesion sites to a diffuse cytoplasmic
localization. In contrast, cells expressing 4-9F-FAK were not
efficiently transformed at 24 h following v-Src activation. At
this time point, the 4-9F-FAK mutant protein was maintained
at peripheral focal adhesion sites (Fig. 4A). The persistence of
4-9F-FAK at focal adhesion sites is consistent with increased
stability of this mutant protein (Fig. 3). The reduction in v-Src-
induced focal adhesion disassembly exhibited by cells express-
ing 4-9F-FAK mutants was also confirmed by antivinculin
staining (results not shown).

Since we have previously shown that Src-induced focal ad-
hesion disassembly is required for cell migration (15, 34), we
next examined whether cells expressing the more stable 4-9F-
FAK protein exhibited a reduced capacity to migrate. Wound
repair assays were performed on CEFs coexpressing ts v-Src
with either wt-FAK or 4-9F-FAK (Fig. 4B). After wounding,
CEFs were cultured for 12 h at the permissive temperature.
Following activation of v-Src, CEFs expressing 4-9F-FAK mu-
tants demonstrated a visibly reduced capacity to migrate into
the wounded area compared to CEFs expressing wt-FAK (Fig.
4B).

v-Src-induced tyrosine phosphorylation of FAK enhances
the association of calpain 2 with FAK, p42ERK, and v-Src. We
recently identified a novel function for FAK as an adaptor
molecule that recruits both calpain 2 and p42ERK (an up-
stream activator of calpain 2) to focal adhesion sites (17). This
adaptor function of FAK is required for assembly of a calpain
2/FAK/p42ERK complex, which, in turn, activates calpain 2 at
the cell periphery and promotes proteolysis of FAK, focal

FIG. 3. Src-induced tyrosine phosphorylation of FAK is necessary for FAK proteolysis during v-Src-induced transformation. Cell lysates were
prepared at sequential time points following v-Src activation from CEFs coexpressing, Myc-tagged wt-FAK and 4-9F-FAK with ts LA29 v-Src.
Protein levels of Myc-tagged wt-FAK and 4-9F-FAK were detected by SDS-PAGE and immunoblotting with anti-Myc antibody. Equal protein
loading was analyzed by immunoblotting with anti-�-tubulin antibody.

8118 WESTHOFF ET AL. MOL. CELL. BIOL.



adhesion turnover, and cell migration and transformation (17).
To determine whether v-Src-induced tyrosine phosphorylation
of FAK affects complexing with calpain and p42ERK, we im-
munoprecipitated calpain 2 from CEFs coexpressing ts v-Src
with either Myc-tagged wt- or 4-9F-FAK, at either restrictive
or permissive temperatures (Fig. 5A). When v-Src is inactive,
only a small amount of calpain 2 associates with either wt-FAK

or the 4-9F-FAK mutant protein (only visible following long
exposures) (results not shown). However, at 24 h following
v-Src activation, calpain 2 strongly associates with wt-FAK
(Fig. 5A, lane 2). The association between calpain 2 and the
4-9F-FAK mutant is also enhanced following v-Src activation
(Fig. 5A, lane 4), but to a lesser extent than when wt-FAK is
expressed even though 4-9F-FAK expression is greater (Fig.

FIG. 4. Src-induced tyrosine phosphorylation of FAK is required for focal adhesion turnover and migration of v-Src-transformed cells. (A)
CEFs coexpressing Myc-tagged wt-FAK or 4-9F-FAK with ts LA29 v-Src were cultured under restrictive conditions (41°C, v-Src off) or permissive
conditions (35°C, v-Src on [24 h; two representative fields are shown]) for v-Src activity. The cell morphology and distribution of Myc-tagged wt-
FAK or 4-9F-FAK were evaluated by confocal microscopy (magnification, �600) following immunocytochemistry with an anti-Myc antibody. (B) CEFs
coexpressing ts LA29 v-Src with wt-FAK or 4-9F-FAK were initially cultured at the restrictive temperature of 41°C. Once cells were preconfluent,
a wound was generated, and wound size was recorded at time zero. Cells were subsequently incubated for 12 h at the permissive temperature (35°C)
for v-Src activation, and cell migration into the wound was analyzed by phase-contrast microscopy (magnification, �50). The percent distance of
wound closure at 12 h following wound generation was calculated from three separate areas and expressed as mean plus standard error.
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FIG. 5. v-Src-induced tyrosine phosphorylation of FAK enhances the association of calpain 2 with FAK, p42ERK, and v-Src. (A) CEFs
coexpressing ts LA29 v-Src with either wt-FAK or 4-9F-FAK were cultured at the restrictive (�) or permissive (�) temperature for v-Src activation.
Total cell lysates were prepared from these cells, followed by IP with anti-calpain 2 antibody. Calpain 2-associated v-Src, phospho-p42ERK, and
Myc-tagged FAK mutants were detected after SDS-PAGE, transfer to membranes and immunoblotting (top). Direct Western blots of the same
total cell lysates used for IP experiments are also shown (bottom). Control IPs with normal rabbit IgG are shown on the right. (B) The fractions
of wt-FAK, 4-9F-FAK, phospho-p42ERK, and v-Src coimmunoprecipitating with calpain 2 following v-Src activation in relation to total levels
present in cell lysates were calculated from three separate experiments. Values were quantified by densitometry using NIH3 image software and
represent mean values plus standard errors.
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5A, lane 2). This suggests that v-Src-induced phosphorylation
of FAK on tyrosine is not absolutely required but enhances its
ability to associate with calpain 2. The association of calpain 2
with activated p42ERK is also induced following v-Src activa-
tion in cells expressing wt-FAK (Fig. 5A, lane 2). However, the
v-Src-induced association between calpain 2 and p42ERK is
reduced in cells expressing the 4-9F-FAK mutant (Fig. 5A,
lane 4). These results suggest that while Src-induced phosphor-
ylation of FAK enhances its ability to function as an adaptor
protein linking calpain 2 to its upstream activator p42ERK, it
is not absolutely required for complex formation. Although a
complex between 4-9F-FAK, calpain 2, and p42ERK forms fol-
lowing v-Src activation, this is apparently not sufficient to pro-
mote the cleavage of 4-9F-FAK (Fig. 3), implying that v-Src-
induced tyrosine phosphorylation of FAK is also required for
it to act as an efficient proteolytic substrate for calpain 2.

The relative proportions of Myc-tagged wt-FAK, 4-9F-FAK,
phospho-p42ERK, and v-Src coprecipitating with calpain 2
relative to total protein levels found in cell lysates were calcu-
lated by densitometric analysis from three separate experi-
ments (Fig. 5B). This analysis demonstrates that calpain 2
association with v-Src is not significantly altered following ex-
pression of 4-9F-FAK, suggesting that this interaction may be
independent of FAK phosphorylation. Control IPs performed
with nonspecific normal rabbit IgG antibody did not coprecipi-
tate Myc-tagged FAK proteins, p42ERK, or v-Src (Fig. 5A,
right panels). Western blot analysis on lysates performed with
anti-Myc antibody demonstrates expression of exogenously ex-
pressed wt- and 4-9F-FAK proteins as well as p42ERK, v-Src,
and calpain 2 (Fig. 5A). Calpain 2 protein levels were not
affected by 4-9F-FAK protein expression.

4-9F-FAK impairs v-Src-induced phosphorylation of paxil-
lin and �-actinin but not p130cas. Previous studies indicate
that expression of FAK-related nonkinase, a C-terminally trun-
cated form of FAK that lacks kinase activity, can impair v-Src-
induced phosphorylation of p130cas (48). We examined the
role that Src-induced phosphorylation of FAK has in phos-
phorylation of other Src substrates, including p130cas, paxillin,
and �-actinin. The tyrosine phosphorylation status of p130cas,
paxillin, and �-actinin was monitored following activation of ts
v-Src in cells coexpressing either wt- or 4-9F-FAK (Fig. 6).
These data show that expression of 4-9F-FAK significantly
impairs v-Src-induced phosphorylation of paxillin and may also
slightly reduce v-Src-induced phosphorylation of �-actinin. In
contrast, v-Src-induced phosphorylation of p130cas was not
affected by expression of 4-9F-FAK. These results suggest that
Src-induced phosphorylation of FAK is required for mediating
maximal phosphorylation of paxillin and also, to a lesser de-
gree, that of �-actinin in v-Src-transformed cells. The reduced
levels of paxillin and �-actinin phosphorylation in cells express-
ing 4-9F-FAK may contribute to the impaired morphological
transformation and reduced motility exhibited by these cells.

4-9F-FAK does not restore calpain activity in FAK�/� cells.
Recent studies demonstrate that FAK�/� MEFs have reduced
levels of calpain proteolytic activity (17, 28). We have reported
that FAK may contribute to calpain activity by acting as an
adaptor protein linking calpain 2 with its activator p42ERK at
the plasma membrane (17). Our data demonstrate that expres-
sion of the 4-9F-FAK mutant protein reduced the physical
association of calpain 2 with p42ERK in v-Src-transformed

cells (Fig. 5). Thus, we addressed whether Src-induced phos-
phorylation of FAK influenced total cellular calpain activity by
measuring calpain activity in FAK�/� MEFs following reex-
pression of either wt-FAK or 4-9F-FAK. Quantification of
total cellular levels of calpain activity in cell extracts showed
that reexpression of wt-FAK promotes calpain activity to a
substantially greater extent than reexpression of 4-9F-FAK
(Fig. 7A). wt- and 4-9F-FAK were expressed at relatively equal
levels, and expression of 4-9F FAK did not influence the pro-
tein levels of calpain 2 (Fig. 7B). These data demonstrate that
the linked activities of Src and FAK are upstream of calpain
activity.

Reexpression of wt-FAK but not 4-9F-FAK rescues motility
of FAK�/� cells and facilitates cell deadhesion. FAK�/�

MEFs exhibit a distinctive phenotype with larger focal adhe-
sions and impaired cell motility compared to wild-type MEFs
(58). Reexpression of FAK in FAK�/� cells rescues the mo-
tility defect (86, 87). These studies and others indicate that
FAK plays a role in promoting focal adhesion turnover that
facilitates cell-substrate deadhesion and cell motility. To de-
termine whether Src-induced tyrosine phosphorylation of FAK
contributes to focal adhesion turnover and cell motility of

FIG. 6. 4-9F-FAK impairs v-Src-induced phosphorylation of paxil-
lin and �-actinin but not p130cas. The tyrosine phosphorylation status
of paxillin, p130cas, and �-actinin was monitored prior to and 3 h
following activation of v-Src in cells coexpressing wt-FAK and 4-9F-
FAK. p130cas and paxillin were immunoprecipitated with specific an-
tibodies and then separated by SDS-PAGE and immunoblotted with
antiphosphotyrosine (pTyr) antibody. To detect tyrosine phosphoryla-
tion of �-actinin, antiphosphotyrosine was used to immunoprecipitate
phosphorylated proteins, which were then separated by SDS-PAGE
and immunoblotted with anti-�-actinin antibody.
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nontransformed cells, we reexpressed wt-FAK or 4-9F-FAK in
FAK�/� cells. As previously reported, reexpression of wt-FAK
rescued the migration of FAK�/� cells into a wounded mono-
layer (Fig. 8A, middle panels). In contrast, reexpression of
4-9F-FAK at similar levels (Fig. 7B) did not promote cell mi-
gration to a similar extent (Fig. 8A, right panels). To determine
whether Src-induced phosphorylation of FAK facilitates cell-
substrate deadhesion, we quantified the number of wt-FAK-
and 4-9F-FAK-reconstituted FAK�/� cells that detached from
their substrate at sequential time points following incubation
with trypsin (Fig. 8B). These results clearly demonstrate that
4-9F-FAK-expressing cells are more resistant to trypsin-in-
duced substrate detachment than wt-FAK-expressing cells.

4-9F-FAK disrupts the normal F-actin/G-actin ratio and fails
to rescue actin stress fiber assembly, cell attachment, and spread-
ing of FAK�/� cells. Previous studies suggested an important

role for FAK in regulating the actin cytoskeleton, an effect that
is mediated in part by downstream signaling to the Rho family
of small GTPases (24, 106). To determine whether Src-induced
tyrosine phosphorylation of FAK plays a particular role in
influencing F-actin assembly and/or maintenance, we isolated
pools of G-actin and F-actin from FAK�/� cells reconstituted
with wt-FAK or 4-9F-FAK. We found that cells expressing
4-9F-FAK protein possessed substantially less F-actin relative
to G-actin compared to cells expressing wt-FAK or control
FAK�/� cells (Fig. 9A). This implies that the 4-9F-FAK mu-
tant acts to reduce levels of F-actin, possibly through seques-
tration of an essential component of actin polymerization. Be-
cause assembly of F-actin is required for cell adhesion and
spreading, we next addressed whether Src-induced phosphor-
ylation of FAK was associated with integrin-dependent cell
adhesion and spreading. Relative to expression of wt-FAK,

FIG. 7. 4-9F-FAK does not restore calpain activity in FAK�/� cells. wt-FAK and the 4-9F-FAK mutant were stably expressed in FAK�/� MEFs.
(A) Total cellular levels of calpain activity were measured in cell lysates extracted from FAK�/� MEFs and FAK�/� MEFs expressing either
wt-FAK or 4-9F-FAK. Calpain activity in cell extracts was determined by using a calpain activity assay kit (BioVision Inc.) that monitors
fluorescence emission induced by cleavage of a specific fluorogenic peptide substrate. Calpain activity was quantified with a fluorescence plate
reader, and results are expressed as relative fluorescence units (RFU). Data represent mean values plus standard errors from three separate ex-
periments. (B) Total cell lysates were prepared from FAK�/� cells or wt-FAK- and 4-9F-FAK-reconstituted FAK�/� cells. Lysates were separated
by SDS-PAGE and immunoblotted with anti-Myc, anti-calpain 2, and anti-�-tubulin antibodies.
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FIG. 8. Reexpression of wt-FAK but not 4-9F-FAK rescues motility of FAK�/� cells and facilitates cell deadhesion. (A) A wound was
generated in subconfluent monolayers of FAK�/� cells and wt-FAK- and 4-9F-FAK-reconstituted FAK�/� cells. Wound size was recorded
immediately following wound generation (time zero), and cell migration into the wound was monitored following incubation at 37°C for 12 h by
phase-contrast microscopy (magnification, �25). The percent distance of wound closure at 12 h following wound generation was calculated from
three separate areas and expressed as mean plus standard error. (B) The adhesive properties of FAK�/� cells reexpressing wt- or 4-9F-FAK were
assessed by monitoring trypsin-induced substrate detachment. Data represent mean values plus standard errors from three independent experi-
ments.
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expression of 4-9F FAK impaired cell attachment to a fibro-
nectin-coated substrate (Fig. 9B). In comparison to FAK-null
cells expressing empty vector, reexpression of 4-9F-FAK was un-
able to promote cell attachment to fibronectin to the same
extent as wt-FAK reexpression. The percentage of cells adher-
ing to BSA-coated substrates was subtracted prior to determin-
ing the values shown in Fig. 9B to specifically monitor adhesion
to fibronectin. Expression of 4-9F-FAK also delayed subsequent
cell spreading and formation of distinct focal adhesions and
actin stress fibers following adhesion to fibronectin (Fig. 9C).
After adhesion to fibronectin for 2 h, F-actin can be visualized
in both FAK�/� cells and counterparts expressing wt-FAK;
however, the F-actin is restricted to the cortex in FAK�/� cells
but is rapidly incorporated into stress fibers in cell expressing
wt-FAK. Attached cells expressing 4-9F-FAK eventually formed
some focal adhesions and spread on fibronectin by 18 h fol-
lowing adhesion (results not shown). These results indicate
that Src-induced phosphorylation of FAK promotes the for-

mation of actin stress fibers and focal adhesions, thus facilitat-
ing rapid cell attachment and spreading on fibronectin.

Actin stress fiber assembly and cell spreading mediated by
expression of wt-FAK is dependent on calpain activity. Since
calpain has been shown to promote initial cell adhesion and
spreading events, presumably by modulating proteolysis of pro-
teins that regulate the actin cytoskeleton (75), we addressed
whether the elevated calpain activity which follows reexpres-
sion of wt-FAK in FAK�/� cells is likely to contribute to
enhanced actin stress fiber assembly and cell spreading. We
treated FAK�/� cells expressing wt-FAK with an inhibitor of
calpain activity, ALLN (calpain inhibitor 1), and found it to
suppress F-actin levels (Fig. 10A). Preincubation with ALLN
also suppressed the spreading of wt-FAK cells plated on fi-
bronectin and impaired the formation of actin stress fibers and
focal adhesions (Fig. 10B). These studies imply that the ability
of the 4-9F-FAK protein to disrupt F-actin assembly and for-
mation of actin stress fibers and focal adhesions during cell

FIG. 9. 4-9F-FAK disrupts the normal F-actin/G-actin ratio and fails to rescue actin stress fiber assembly, cell attachment, and spreading of
FAK�/� cells. (A) Pools of G-actin and F-actin were isolated from FAK�/� cells and FAK�/� cells expressing either wt-FAK or the 4-9F-FAK
mutant. (B) Attachment of FAK�/� cells expressing either empty vector, wt-FAK, or 4-9F-FAK to fibronectin was quantified 30 and 60 min
following plating. Data represent mean values with BSA background subtracted plus standard errors from three separate experiments. (C) The
formation of actin stress fibers and focal adhesions in FAK�/� cells expressing wt- and 4-9F-FAK was monitored 2 h following adhesion to
fibronectin. Formation of actin stress fibers and organization of the actin cytoskeleton were detected by staining fixed cells with FITC-labeled
phalloidin. The distribution of focal adhesions and intracellular localization of exogenously expressed Myc-tagged FAK proteins were analyzed by
immunocytochemistry with antivinculin and anti-Myc antibodies, respectively. Cells were analyzed by confocal microscopy (magnification, �600).
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attachment and spreading may be due, in part, to reduced
calpain activity.

Src-induced phosphorylation of FAK is required for sur-
vival of serum-deprived v-Src-transformed fibroblasts. Be-
cause FAK transmits survival signals from the ECM and sup-
presses anoikis (detachment-induced apoptosis) (38, 54, 57,
101), we examined whether survival signaling mediated by v-
Src was attenuated in cells expressing the 4-9F-FAK mutant
protein. Previously we and others showed that v-Src primes
cells for apoptosis but provides survival signals that keeps them
viable when serum is withdrawn (61, 97). Thus, when v-Src is
switched off by transfer to the nonpermissive temperature,
serum-deprived transformed cells undergo rapid programmed
cell death (61). However, the immediate substrates that medi-

ate v-Src-dependent survival of serum-deprived transformed
cells were not identified. Thus, we addressed whether FAK
phosphorylation was involved. We found that under serum-
deprived conditions, activation of v-Src in cells expressing wt-
FAK promoted the typical transformed phenotype, whereas
expression of the interfering 4-9F-FAK mutant protein with
active v-Src caused rapid cell rounding and detachment (re-
sults not shown). To investigate this further, we analyzed the
proportion of cells with sub-G1 DNA content, which is indic-
ative of cell apoptosis. Following v-Src activation under serum-
deprived conditions, an increase in the proportion of cells with
sub-G1 DNA content was observed in cells coexpressing 4-9F-
FAK (Fig. 11A). In contrast, no increase in sub-G1 DNA con-
tent was detected following v-Src activation in cells coexpress-

FIG. 9—Continued.
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ing wt-FAK (Fig. 11A). Positive staining of exposed membrane
phospholipids, an early event during apoptosis, was detected
by annexin V-FITC staining as an independent monitor of apo-
ptosis (Fig. 11B). Under serum-deprived conditions, the per-
centage of annexin V-positive (apoptotic) cells was increased
following v-Src activation in cells coexpressing 4-9F-FAK but
not in cells coexpressing wt-FAK (Fig. 11B).

Therefore, these results imply that Src-induced tyrosine phos-
phorylation of FAK is required for the transmission of survival
signals that prevent v-Src-induced apoptosis of serum-deprived
transformed cells.

Src-induced phosphorylation of FAK promotes optimal an-
chorage-independent growth of v-Src-transformed cells. A

characteristic feature of cell transformation induced by v-Src is
the acquisition of anchorage-independent cell proliferation
(65). To date the link between actin and adhesion regulation
and survival signaling has not been elucidated. To determine
whether Src-induced phosphorylation of FAK is required for
anchorage-independent growth of v-Src-transformed cells, we
performed assays of colony formation in soft agar. Our results
indicate that CEFs coexpressing activated v-Src with wt-FAK
proliferate in agar, forming significantly more colonies than do
CEFs coexpressing activated v-Src with 4-9F-FAK (Fig. 12).
Thus, Src-induced phosphorylation of FAK is a key event in
promoting optimal anchorage-independent growth of v-Src-
transformed cells. This, together with our observation that Src-

FIG. 10. Actin stress fiber assembly and cell spreading mediated by expression of wt-FAK are dependent on calpain activity. (A) Pools of
F-actin and G-actin were isolated from FAK�/� cells reconstituted with wt-FAK, with or without preincubation with the calpain inhibitor ALLN
(50 �M). (B) FAK�/� cells reexpressing wt-FAK were preincubated with the calpain inhibitor ALLN (50 �M) prior to adhesion to fibronec-
tin (for 2 h). Formation of actin stress fibers, organization of the actin cytoskeleton, and formation of focal adhesions were monitored by
staining with FITC-labeled phalloidin or immunostaining with antivinculin antibody. Cells were analyzed by confocal microscopy (magnification,
�600).
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induced phosphorylation of FAK controls actin and adhesion
dynamics as well as survival signaling, implies that the induc-
tion of these events by v-Src inside the cell is permissive for
anchorage-independent growth.

DISCUSSION

Dynamic regulation of focal adhesion assembly and disas-
sembly is clearly necessary for cell migration (56) and for

signaling output that regulates a variety of cellular functions
(11). Here, we present a model whereby Src-induced phosphor-
ylation of FAK represents a single critical event in the regula-
tion of actin and adhesion dynamics and coordinates multiple
intracellular processes in both normal and transformed cells
(Fig. 13). Src-induced phosphorylation of FAK is needed for
actin stress fiber formation and focal adhesion assembly asso-
ciated with cell attachment and spreading on ECM. These
events are mediated, at least in part, by regulated activity of

FIG. 11. Src-induced phosphorylation of FAK is required for survival of serum-deprived v-Src-transformed fibroblasts. (A) Flow cytometric
analysis of propidium iodide-stained CEFs coexpressing ts v-Src with wt-FAK or 4-9F-FAK was used to determine the proportion of cells with a
sub-G1 DNA content (M1, indicative of apoptosis) in response to v-Src activation under serum deprivation conditions. (B) Flow cytometric analysis
was also used to determine positive staining of annexin V-FITC (M2) to the surface of apoptotic CEFs coexpressing ts v-Src with wt-FAK or
4-9F-FAK following v-Src activation under serum deprivation conditions.
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calpain proteases. Src-induced phosphorylation of FAK is also
required for focal adhesion turnover by calpain, as a result of
FAK-mediated recruitment of calpain and its upstream regu-
lator p42ERK to the membrane. Surprisingly, v-Src-induced
phosphorylation of FAK is also required for cell survival and
anchorage-independent growth of v-Src-transformed cells, ap-
parently by substituting for adhesion-derived growth and sur-
vival signals (Fig. 13). Thus, Src-induced phosphorylation of
FAK is a key event during v-Src-induced neoplastic transfor-

mation and subverts normal processes that are perturbed in
cancer cells.

F-actin assembly, cell attachment to fibronectin, and cell
spreading. It is widely accepted that autophosphorylation of
FAK on Tyr 397 recruits signaling molecules such as Src, PI
3-kinase, phospholipase C-�, and Grb7, which promote focal
adhesion assembly and cell adhesion and migration (23, 32, 47,
77, 87). We found that the Src-dependent tyrosine phosphor-
ylation sites on FAK were also required for optimal adhesion

FIG. 12. Src-induced phosphorylation of FAK promotes optimal anchorage-independent growth of v-Src-transformed cells. CEFs expressing
ts v-Src with either wt-FAK or 4-9F-FAK were cultured in soft agar at the permissive temperature (35°C) for v-Src activity. (A) Phase pictures
illustrate colony formation 14 days following cell seeding (two representative fields are shown). (B) Colony formation after 14 days was quantified
by counting the number of colonies per high-power field (magnification, �25). Values represent the mean number of colonies plus standard errors
from three separate fields.
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to fibronectin and initial assembly of focal adhesions and actin
stress fibers that facilitate cell spreading. Moreover, expression
of 4-9F-FAK, which blocked v-Src-induced phosphorylation of
FAK, reduced levels of F-actin, presumably by inhibition of the
normal processes that govern F-actin dynamics. The associa-
tion of FAK with GRAF (a RhoA-specific GTPase-activating
protein), ASAP1 (a GTPase-activating protein for Arf1 and
Arf6), and p190 RhoGEF (a guanine nucleotide exchange fac-
tor for Rho) provides important links between integrin-medi-
ated adhesion events and actin remodeling (106). Such links
may be modified by expression of the 4-9F-FAK mutant pro-
tein. Interestingly, impaired actin assembly and spreading may
also be a consequence of depleted levels of calpain activity

measured in cells expressing the 4-9F-FAK mutant. This is in
keeping with previous findings that calpain activity is required
for actin stress fiber formation and cell spreading following
substrate adhesion (67, 75). Calpain is both a positive and
negative regulator of actin and adhesion dynamics, by regulat-
ing the turnover of a number of proteins that modulate the
actin cytoskeleton, such as RhoA and FAK, and also the actin
binding proteins, cortactin, spectrin, and ezrin (51, 52, 66, 75).
Modulation of either F-actin or calpain activity has also been
shown to influence cell adhesion to ECM by regulating integrin
activity (7, 8, 104). Although Tyr 397 is still phosphorylated in
cells expressing the 4-9F-FAK protein, this is clearly not suf-
ficient for optimal cell attachment and spreading, indicating

FIG. 13. Src-induced phosphorylation of FAK coordinates adhesion dynamics, cell migration, survival, and anchorage-independent growth. A
model proposing Src-induced tyrosine phosphorylation of FAK as a crucial event at adhesion sites that coordinates multiple cellular processes is
shown. Src-induced phosphorylation of FAK is required for rapid actin stress fiber assembly and focal adhesion formation that promote initial cell
adhesion and spreading, events that are in part mediated by calpain activity. Src-induced phosphorylation of FAK also promotes focal adhesion
turnover and motility of cells via activation of calpain, most likely by linking calpain to upstream regulation by the ERK/MAPK pathway.
v-Src-induced phosphorylation of FAK also promotes cell survival and anchorage-independent growth of transformed cells by substituting for
integrin-derived growth and survival signals that are normally induced in response to cell-ECM adhesion and associated actin remodeling. These
signals are likely to involve activation of PI 3-K/Akt, STAT3, and c-Myc, which have previously been identified as downstream mediators of both
Src and FAK and are implicated in cell survival and anchorage-independent growth of transformed cells.
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that Src-induced tyrosine phosphorylation of FAK is also re-
quired for the actin and adhesion remodeling events that these
processes require.

Focal adhesion turnover and cell migration. A recent study
showed that calpain activity is significantly decreased in both
FAK�/� and MEKK1�/� cells, correlating with reduced cell-
substrate deadhesion and impaired cell motility (28). In addi-
tion, we demonstrated that FAK can act as an adaptor mole-
cule mediating the assembly of a calpain 2/FAK/p42 ERK
complex that enhances total cellular levels of calpain activity,
focal adhesion turnover, and cell motility (17). Here, we show
that Src-induced tyrosine phosphorylation of FAK, while not
essential for assembly of the calpain 2/FAK/p42ERK complex,
can enhance its formation. Furthermore, reexpression of wt-
FAK, but not 4-9F-FAK, in FAK�/� cells restores depleted
levels of calpain activity. These results confirm that FAK, par-
ticularly Src-mediated tyrosine phosphorylation of FAK, is up-
stream of calpain activation. Despite the residual association
between 4-9F-FAK and calpain 2, the 4-9F-FAK mutant re-
mains resistant to calpain-mediated proteolysis after v-Src ac-
tivation. This reduction in 4-9F-FAK association with calpain 2
may be sufficient to reduce its degradation, but it is equally
likely that v-Src-induced phosphorylation of FAK may be an
essential prerequisite for FAK to be cleaved by calpain.

Reexpression of 4-9F-FAK induced only a very slight resto-
ration of cell motility in FAK�/� cells compared to expression
of wt-FAK. These data provide the first direct demonstration
that phosphorylation of FAK at the Src-specific tyrosine resi-
dues is required to integrate signals from the MEK/ERK/
MAPK pathway to the calpain proteases that are necessary for
actin and adhesion assembly, adhesion turnover, and cell mi-
gration. Our results provide a mechanistic explanation for the
similar adhesion and motility defects shared by Src-, FAK-,
MEKK1-, and calpain-deficient cells (28, 29, 58, 64).

FAK survival signaling. Previous evidence demonstrated
that v-Src activation protects against apoptosis in part via ac-
tivation of Ras, PI 3-kinase, and STAT3 signaling pathways (1,
10, 61, 74, 93). However, when the Ras and PI 3-kinase path-
ways are inhibited, v-Src-transformed cells undergo apoptosis
to a greater extent than corresponding nontransformed cells
(96). These studies indicate that in a manner similar to that for
the c-Myc and E1A oncogenes (33, 76), activation of v-Src, in
the absence of survival signals, primes cells for apoptosis. We
show that coexpression of 4-9F-FAK with activated v-Src is
sufficient to induce apoptosis of serum-deprived transformed
cells, implying that phosphorylation of FAK is important for
v-Src-mediated cell survival. This is consistent with recent stud-
ies that suggest that Src and FAK act synergistically to suppress
apoptosis (43, 49).

Anchorage-independent growth. v-Src-induced activation of
a number of downstream regulators, including Ras-MAPK, PI
3-kinase-mTOR, STAT3, and c-Myc, has been proposed to
promote anchorage-independent growth by both maintaining
cell survival and promoting cell cycle progression (74, 92).
FAK expression alone is not sufficient to transform cells but
substantially potentiates anchorage-independent growth in-
duced by other oncogenes, notably v-Ras (78). FAK also sup-
presses transformation-associated anoikis of human breast
cancer cells and stimulates anchorage-independent growth
(102). While it is apparent that v-Src can stimulate anchorage-

independent growth by a variety of mechanisms, including
some acting independently of FAK (48, 68), our results dem-
onstrate that Src-induced phosphorylation of FAK can con-
tribute significantly to anchorage-independent growth of v-Src-
transformed cells.

Expression of FAK mutants in which each of the six tyrosine
residues (Tyr 397, 407, 576, 577, 861, and 925) has been mu-
tated to phenylalanine individually had no observable effect on
v-Src-induced morphological transformation or survival signal-
ing (results not shown). Mutation of the Tyr 397 site did inhibit
cell motility, while individual mutation of the other Src-depen-
dent tyrosine residues had no significant effect on cell migra-
tion. Reconstitution of the two C-terminal tyrosine residues
Tyr 861 and Tyr 925 can rescue the motility defect exhibited by
4-9F-FAK expressing cells (results not shown). These data
suggest that Src-dependent phosphorylation of at least two or
more tyrosine residues is required for the transmission of sig-
nals that mediate cell survival, morphological transformation,
and optimal cell migration of v-Src-transformed cells.

In contrast to our findings, recent studies in which v-Src was
introduced into FAK�/� cells suggest that FAK is not required
for v-Src-induced morphological transformation or anchorage-
independent growth (50, 81). However, characteristics unique
to FAK�/� cells may compensate for the role of FAK during
v-Src-induced transformation. First, FAK�/� cells have under-
gone adaptation to the absence of FAK by upregulating levels
of the FAK homologue PYK2. PYK2 phosphotyrosine content
is elevated following v-Src expression in FAK�/� cells (81),
and PYK2 has previously been shown to promote p42ERK
activation in FAK�/� cells (88), a signaling pathway that con-
tributes to both morphological transformation and anchorage-
independent growth of transformed cells (17, 26). Second,
FAK�/� cells are deficient in p53 (58), and FAK can induce
cell survival through inhibition of p53-dependent apoptosis
(58). Alternatively, it is possible that the primary CEFs used in
our study may differ from the MEFs used in the previous
studies in their requirements for FAK signaling. In addition,
while in mammalian cells FAK phosphorylation appears to be
required for signaling by endogenous Src family kinases, as
demonstrated by our studies on reexpression of wt-FAK and
4-9F-FAK in FAK�/� cells, FAK phosphorylation may not be
required to the same extent for transformation by overex-
pressed v-Src. Our evidence strongly suggests that in normal
primary cells, with endogenous FAK and p53, Src-induced
phosphorylation of FAK is required for v-Src-induced morpho-
logical transformation, survival, and anchorage-independent
growth. It is possible, however, that the dominant negative
effect of 4-9F-FAK on these pathways may be due, in part, to
sequestration of Src or some property other than resistance to
proteolysis.

The proliferation of normal nontransformed cells requires
both mitogenic signals and survival signals derived from cell-
ECM adhesion (53, 60). Previous studies using cytochalasin D
showed that the integrity of the actin cytoskeleton facilitates
cell cycle progression and also mediates cell survival after in-
tegrin engagement (9, 59, 80). Furthermore, c-Myc expression,
which contributes to cell cycle progression and anchorage-
independent growth (44), is increased following integrin-me-
diated adhesion through a mechanism dependent on Src and
actin reorganization (4). Here we show for the first time that
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regulation of actin and adhesion assembly and disassembly, via
Src-mediated phosphorylation of FAK, is tightly linked to sur-
vival signaling. More specifically, the same phosphorylation
events on FAK clearly integrate, and coordinately regulate,
actin and adhesion dynamics with survival signaling, consistent
with the idea that dynamic regulation of cellular actin and
adhesion networks, and structures containing the integrin-ma-
trix receptors themselves, is essential for signal output and
multiple downstream biological responses. We have previously
shown that calpain activity, an important regulator of actin
dynamics, is also required for stimulating anchorage-indepen-
dent growth of v-Src-transformed cells (18). Thus, v-Src-in-
duced phosphorylation of FAK may functionally substitute for
integrin-mediated cell adhesion to reorganize the actin cyto-
skeleton and induce signals that promote survival and anchor-
age-independent growth.

Since the status of integrin adhesion complexes and survival
signaling from these may jointly contribute to the anchorage-
independent growth that is a hallmark of oncogenic transfor-
mation, these findings may explain why high levels of Src and
FAK are selected for during cancer development.
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