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Src tyrosine kinases are central components of adhesive responses and are required for cell spreading onto
the extracellular matrix. Among other intracellular messengers elicited by integrin ligation are reactive oxygen
species, which act as synergistic mediators of cytoskeleton rearrangement and cell spreading. We report that
after integrin ligation, the tyrosine kinase Src is oxidized and activated. Src displays an early activation phase,
concurrent with focal adhesion formation and driven mainly by Tyr527 dephosphorylation, and a late phase,
concomitant with reactive oxygen species production, cell spreading, and integrin-elicited kinase oxidation. In
addition, our results suggest that reactive oxygen species are key mediators of in vitro and in vivo v-Src
tumorigenic properties, as both antioxidant treatments and the oxidant-insensitive C245A and C487A Src
mutants greatly decrease invasivity, serum-independent and anchorage-independent growth, and tumor onset.
Therefore we propose that, in addition to the known phosphorylation/dephosphorylation circuitry, redox
regulation of Src activity is required during both cell attachment to the extracellular matrix and tumorigenesis.

The activation of integrins by the binding of ECM ligands
(i.e., fibronectin, vitronectin, and laminin) induces many cel-
lular responses, including attachment, spreading, migration,
proliferation, and survival (27). Recently, we demonstrated
that integrin engagement induces a transient increase in intra-
cellular reactive oxygen species that peaks at 45 min of cell
adhesion. This oxidative burst is at least threefold greater than
that arising after growth factor stimulation (10). Intracellular
ROS generated following integrin engagement are necessary
for integrin signaling during fibroblast adhesion and spreading.
5�-LOX is mainly responsible for integrin-mediated ROS gen-
eration, with NADPH oxidase playing a marginal role. ROS
are also central to the integration of signals from integrin and
GFs, acting as synergistic mediators for each signaling pathway
through both p125FAK (10) and Rho (24) redox regulation.

Important observations on the role of ROS as physiological
regulators of tyrosine kinase receptor signaling cascades have
shed new light on the possible mechanisms underlying the
growth-regulating and tumor-promoting activities of ROS and
on the antiproliferative and antitumoral action of some anti-
oxidant agents (1). A growing body of evidence indicates that
GF-induced oxygen species are necessary for optimal propa-
gation of mitogenic and antiapoptotic signals through mecha-
nisms that are incompletely understood.

The effect of ROS production is the reversible oxidation of
proteins (13). Thiols, by virtue of their ability to be reversibly
oxidized, are recognized as key targets of oxidative stress. Re-

dox-sensitive proteins include protein tyrosine phosphatases,
as their active-site cysteines are the targets of specific oxidation
by various oxidants, including H2O2. This modification can be
reversed by intracellular reducing agents (35). The inhibition
exerted by ROS on PTPs helps to propagate receptor tyrosine
kinase signals mediated by protein tyrosine phosphorylation,
generally associated with a proliferative stimulus (7, 8).

Besides PTP inhibition, ROS up-regulate intracellular pro-
tein tyrosine phosphorylation by specific oxidation of cysteine
SH groups on protein tyrosine kinases, thus inducing a con-
formational change necessary for their activation. H2O2 has
been shown to mediate the activation of the epidermal GF
receptor in lysophosphatidic acid-treated HeLa cells (12), the
activation of Janus kinases in platelet-derived GF-treated
Rat-1 cells (28), and the activation of protein kinase B in
angiotensin II-treated vascular smooth muscle cells (32). The
kinase-activating role of H2O2 in these cells was demonstrated
by blocking H2O2 production with an NADPH oxidase inhib-
itor, namely, diphenylene iodonium, by preventing H2O2 ac-
cumulation with N-acetylcysteine or PEG catalase, or by intro-
ducing exogenous H2O2. ROS production induced by UV
irradiation caused the dimerization and activation of the re-
ceptor tyrosine kinase Ret (22). This event is mediated by the
formation of a disulfide bond between the Cys720 residues of
each monomer, leading dimerized receptors to autophosphor-
ylation resulting in their activation. This cysteine residue is
highly conserved in various nonreceptor protein tyrosine ki-
nases, including Abl, Src, and Lck, suggesting that it might also
play a role in the activation of these enzymes.

Src family kinases are critically involved in the control of
cytoskeletal organization and in the generation of integrin-
dependent signaling responses in fibroblasts, inducing tyrosine
phosphorylation of many signaling and cytoskeletal proteins
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(31). The activity of the Src family of tyrosine kinases is tightly
controlled by inhibitory phosphorylation of a carboxy-terminal
tyrosine residue (Tyr527 in chicken c-Src). This phosphoryla-
tion induces an inactive conformation in the kinase through
the subsequent intramolecular binding with its SH2 domain.
The closed/inactive state is converted to the open/active state
through Tyr527 dephosphorylation (11). While the dephos-
phorylation of the inhibitory tyrosine in lymphocytes appears
to be performed by CD45 tyrosine phosphatase (19), during
integrin-mediated responses the receptor protein tyrosine
phosphatase � is responsible for Src family kinase activation by
the dephosphorylation of Tyr527 (29). After the dephosphor-
ylation of Tyr527, the conformational change promotes auto-
phosphorylation at Tyr416 which, in turn, leads to enhanced
Src kinase activity and to its complete activation (5, 36). SH3
domain interaction with the linker connecting the SH2 domain
with the catalytic domain, leading to negative control of activ-
ity, has been proposed as a third mode of regulation of Src
kinase (15).

We report here that c-Src is oxidized in response to cell
attachment to the ECM and that this modification enhances
kinase activity. We also show that the oxidation of v-Src is a key
step in the acquisition of invasivity and anchorage/GF-inde-
pendent growth in v-Src-transformed cells.

MATERIALS AND METHODS

Abbreviations. BIAM, N-(biotinoyl)-N�-(iodoacetyl)ethylenediamine; DTT,
dithiothreitol; DCF-DA, 2�,7�-dichlorofluorescein diacetate; ECM, extracellular
matrix; GF, growth factor; G/O, glucose oxidase; IAA, iodoacetic acid; 5�-LOX,
5�-lipoxygenase; PEG, polyethylene glycol; PTP, protein tyrosine phosphatase;
NDGA, nordihydroguaiaretic acid; NAC, N-acetyl cysteine; ROS, reactive oxy-
gen species; R-PTP�, receptor PTP�; MMP, matrix metalloprotein; PIPES,
piperazine-N,N�-bis(2-ethanesulfonic acid); SDS, sodium dodecyl sulfate;
PAGE, polyacrylamide gel electrophoresis; HRP, horseradish peroxidase; RIPA,
radioimmunoprecipitation assay; cRIPA, complete RIPA; wt, wild type; FCS,
fetal calf serum; FBS, fetal bovine serum; PBS, phosphate-buffered saline; SD,
standard deviation.

Cell lines, reagents and constructs. Unless otherwise specified, all reagents
were obtained from Sigma-Aldrich. NIH 3T3 cells were from the American Type
Culture Collection. R-PTP��/� and R-PTP� wild-type cells, a generous gift of
Jan Sap (New York University School of Medicine), are embryonic fibroblasts
derived from R-PTP� knockout mice and normal (control) mice, respectively.
All antibodies were from Santa Cruz Biotechnology, except for the specific
anti-phospho-Src (Tyr416) and anti-phospho-Src (Tyr527) antibodies, which
were from Cell Signaling, and for the anti-phosphotyrosine 4G10 and anti-c-Src
immunoglobulin G used for c-Src kinase assay, which were from Upstate Bio-
technology. BIAM and 5�-iodoacetamide fluorescein were obtained from Mo-
lecular Probes. HRP-streptavidin was from Bio-Rad. The eukaryotic expression
vector encoding the chicken c-Src was a generous gift of Andrea Graziani
(University of Novara).

Site-directed mutagenesis and transfections. Site-directed mutagenesis was
performed using the QuikChange site-directed mutagenesis kit (Stratagene) and
confirmed by sequencing. Codons for five cysteine residues in the coding
sequence of pSG5c-Src (C238, C245, C400, C487, and C498) were replaced
by alanine codons. In addition, C245 and C487 were mutated to alanines in
the coding sequence of pSG5c-SrcY527F. wt c-Src, its oncogenic mutant
c-SrcY527F, and their Cys-to-Ala mutants, inserted into the pSG5 vector, were
transiently or stably transfected into NIH 3T3 cells using PolyFect transfection
reagent (QIAGEN) according to the manufacturer’s protocol. The efficiencies of
transient transfections were equalized, and overexpression was maintained in the
range of 8- to 10-fold by transfecting 4 �g of DNA/10-cm dish.

Cell cultures. NIH 3T3 cells and NIH 3T3 cells stably overexpressing the
oncogenic form v-Src (3T3 v-Src) were routinely cultured in Dulbecco’s modified
Eagle’s medium supplemented with 10% FCS at 37°C in a 5% CO2 humidified
atmosphere. R-PTP� wt and R-PTP��/� cells were cultured in Dulbecco’s
modified Eagle’s medium supplemented with 10% FBS at 37°C and 10% CO2.

Cell adhesion. NIH 3T3 or 3T3 v-Src cells (1 � 106) were serum starved for
24 h before detaching with 0.25% trypsin for 1 min. Trypsin was blocked with 0.2
mg/ml soybean trypsin inhibitor, and cells were resuspended in 2 ml/10-cm dish
of serum-depleted medium, maintained in suspension for 30 min at 37°C, and
then directly seeded for the times indicated below onto 10-cm dishes precoated
overnight with 10 �g/ml human fibronectin and washed twice with PBS. Control
cells were kept in suspension by plating them onto dishes pretreated with 1
mg/ml of bovine serum albumin in culture medium, thus preventing cell adhesion
to the dish.

Assay of intracellular H2O2. Intracellular production of H2O2 was assayed as
previously described (10). Five minutes before the end of the incubation time,
adherent or suspended cells were treated with 5 �g/ml DCF-DA. After PBS
washing, cells were lysed in 1 ml of RIPA buffer and analyzed immediately by
fluorescence spectrophotometric analysis at 510 nm. Data were normalized to
total protein content.

Immunoprecipitation and immunoblot analysis. NIH 3T3 cells (1 � 106) were
seeded in 10-cm plates in Dulbecco’s modified Eagle’s medium supplemented
with 10% FCS. Cells were serum starved for 24 h and then stimulated with or
without 100 mU/ml G/O for 15 min. Alternatively, serum-starved cells were
detached, resuspended, and replated onto fibronectin-coated dishes as described
above. Cells were then lysed for 20 min on ice in 0.5 ml of cRIPA lysis buffer (50
mM Tris-HCl, pH 7.5, 150 mM NaCl, 1% Triton X-100, 2 mM EGTA, 1 mM
sodium orthovanadate, 1 mM phenylmethylsulfonyl fluoride, 0.1% SDS, 0.5%
sodium deoxycholate, 10 �g/ml aprotinin, and 10 �g/ml leupeptin). All samples
were divided into two halves used for direct immunoblot analysis and for nor-
malization. For each immunoblot experiment, 25 �g of total protein was used.
Each sample (1 mg/ml) was immunoprecipitated with 2 �g of specific antibodies.
Immunocomplexes were then separated by SDS-PAGE and transferred onto
nitrocellulose. Immunoblots were incubated in 1% bovine serum albumin, 10
mM Tris-HCl, pH 7.5, 1 mM EDTA, and 0.1% Tween 20 for 1 h at room
temperature; probed with specific antibodies; and developed with an enhanced
chemiluminescence kit. Densitometric analysis of the results was performed with
Chemidoc quantitation analysis software (Bio-Rad).

Detection of Src oxidation by carboxymethylation. NIH 3T3 or 3T3 v-Src cells
were cultured at 60% confluence in 10-cm dishes (1 � 106 per dish) and then
exposed to the above-mentioned stimuli (G/O and cell adhesion). The medium
was then removed, and the cells were frozen rapidly in liquid nitrogen. The
frozen cells were then exposed to 0.5 ml of lysis buffer (50 mM Tris-HCl, pH 7.5,
150 mM NaCl, 0.5% [vol/vol] Triton X-100, 10 �g/ml aprotinin, and 10 �g/ml
leupeptin; the buffer was rendered free of oxygen by bubbling with nitrogen gas
at a low flow rate for 20 min) containing 100 �M BIAM. After sonication in a
bath sonicator for three periods of 1 min each separated by 30-s intervals, the cell
lysates were incubated for 15 min at room temperature. Lysates were then
clarified by centrifugation and subjected to immunoprecipitation with c-Src spe-
cific antibodies.

For double carboxymethylation with IAA and BIAM labeling, NIH 3T3 cells
were treated as described above, with the exceptions that the lysis buffer con-
tained 30 mM IAA instead of BIAM and that the incubation was for 15 min at
37°C. Cells were treated as described above, and Src kinase immunoprecipitated
with c-Src specific antibodies. After the washings, immunoprecipitated Src pro-
tein was denatured with the addition of 200 �l of lysis buffer containing 8 M urea
and 30 mM IAA and incubated for 15 min at 37°C to assure the carboxymethy-
lation of nonexposed reduced cysteines. Proteins were precipitated with cold
acetone/HCl/H2O (at a ratio of 92:2:10) to remove IAA. After centrifugation, the
pellets were resuspended in 50 �l lysis buffer containing 8 M urea. Thereafter, 3.5
mM dithiothreitol was added to half of each sample, and the second carboxy-
methylation with biotinylated probe (10 mM BIAM in lysis buffer for 15 min at
37°C) was performed to detect previously oxidized cysteines. Immunocomplexes
labeled with BIAM were detected with HRP-conjugated streptavidin and ECL.

In vitro Src kinase assay. An in vitro c-Src kinase assay was performed using
enolase as a substrate as described elsewhere (2). Briefly, 1 � 106 suspended or
adherent NIH 3T3 cells were lysed in 0.5 ml cRIPA lysis buffer, and c-Src was
immunoprecipitated from 1 mg of total protein with anti-c-Src immunoglobulin
G (Upstate Biotechnology). Each immunoprecipitate was assayed for c-Src ki-
nase activity by incubating with 10 �l of reaction buffer (20 mM PIPES, pH 7.0,
10 mM MnCl2, 10 �M Na3VO4), 1 �l of freshly prepared acid-denatured enolase
(Sigma) (5 �g of enolase and 1 �l of 50 mM HCl incubated at 30°C for 10 min
and then neutralized with 1 �l of 1 M PIPES, pH 7.0), and 10 �Ci of [�-32P]ATP.
After 10 min of incubation at 30°C, reactions were terminated by the addition of
2� SDS sample buffer, and samples were subjected to 10% SDS-PAGE. Coo-
massie staining was performed to confirm the presence of equal amounts of
enolase. The gel was dried and analyzed with a Cyclone system (Perkin-Elmer).
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Alternatively, c-Src kinase activity was evaluated by analysis of the Tyr416 au-
tophosphorylation level with specific anti-phospho-Src (Tyr416) antibodies.

Zymography. Metalloprotease zymography was assessed as described else-
where, with minor modifications (23). Briefly, 3 � 105 cells of the indicated type
were allowed to grow for 72 h in culture medium alone or supplemented every
24 h with 10 �M NDGA. Twenty microliters of culture medium was collected
every 24 h and added to sample buffer (0.4% SDS, 2% glycerol, 10 mM Tris-HCl,
pH 6.8, 0.001% bromphenol blue). The samples were separated on an 8% SDS
gel containing 0.1% gelatin. After electrophoresis, the gel was washed twice with
2.5% Triton X-100 and once with reaction buffer (50 mM Tris-HCl, pH 7.5, 200
mM NaCl, 5 mM CaCl2). The gel was incubated overnight at 37°C with freshly
added reaction buffer and stained with Coomassie blue solution.

In vitro invasion assay. The in vitro invasion assays were carried out as
described previously (37). 3T3 v-Src cell invasion was assayed with the Transwell
system of Costar, equipped with 8-�m-pore-size polyvinylpyrrolidone-free poly-
carbonate filters (diameter, 13 mm). Matrigel (BD Biosciences) was diluted (30
�g in 100 �l of H2O), added to the top chamber, allowed to solidify for 1 h at
37°C, and air dried for 16 h. The Matrigel barrier was reconstituted with 100 �l
of Dulbecco’s modified Eagle’s medium for 2 h at 37°C prior to use. Cells were
loaded into the upper compartment (5 � 104 cells in 300 �l) in serum-deprived
growth medium. The Matrigel invasion chambers were placed into six-well cul-
ture dishes containing 1 ml of Dulbecco’s modified Eagle’s medium with 20%
serum as a chemoattractant. After 24 h of incubation at 37°C, noninvading cells
and the Matrigel layer were mechanically removed using cotton swabs, and the
microporous membrane containing the invaded cells was fixed in 96% methanol
and stained with Diff-Quick staining solutions. Chemotaxis was evaluated by
counting the cells that migrated to the lower surfaces of the polycarbonate filters.
The numbers of cells in six randomly chosen fields were determined for each
filter, and the counts were averaged (means � SD).

Serum-independent cell growth assay. NIH 3T3 or 3T3 v-Src cells (2 � 104)
were seeded in gelatin-coated 24-multiwell plates in 0.5% serum with or without
10 �M NDGA or 20 mM NAC. Fresh NDGA and NAC were added daily. Cell
growth was stopped by removing the medium and adding a 0.5% crystal violet
solution in 20% methanol. After 5 min of staining, the fixed cells were washed
with PBS and solubilized with 200 �l/well of 0.1 M sodium citrate, pH 4.2. The
absorbance at 595 nm was evaluated using a microplate reader.

Soft agar assay. For measurement of anchorage-independent growth, 4 � 104

3T3 v-Src cells were suspended in 0.3% Bacto agar (Difco) growth medium
containing 10% FBS in the presence or absence of antioxidants (20 mM NAC
and 10 �M NDGA), seeded onto a solidified base of growth medium containing
0.6% agar, and overlaid with 1 ml of growth medium. After 24 h, media con-
taining 10% FBS were added to each 35-mm dish and renewed twice weekly. The
antioxidants were added to the solid underlay, the overlay agar media, and the
liquid top layer. Colonies were scored after 2 weeks, and all values were deter-
mined in triplicate. Photographs were taken with a phase-contrast microscope
(Nikon).

Tumorigenicity assay. Tumorigenicity was assayed by the injection of 105 cells
into nude mice (NIH 3T3 nu/nu, female, and 6 weeks of age) subcutaneously
over the lateral thorax. Animals were examined twice weekly and sacrificed 20
days later. Lung metastases and the neoplastic nature of local tumors were
confirmed by histologic examination.

RESULTS

c-Src is oxidized in vivo. A powerful tool for the identifica-
tion of redox-regulated proteins during integrin-mediated cell
adhesion is the labeling of cells with BIAM. BIAM is a sulf-
hydryl-modifying reagent that selectively probes the thiolate
form of cysteine residues in the reduced state. NIH 3T3 cells
were exposed to an exogenous oxidative stress generated by
G/O treatment, and then the lysates were labeled with BIAM.
c-Src was immunoprecipitated, and the biotinylated/reduced
fraction of the kinase was revealed with an HRP-streptavidin
immunoblot. The results indicate that c-Src is directly oxidized
during G/O treatment (Fig. 1A). To analyze the redox state of
the kinase in response to integrin-mediated cell adhesion, cells
were exposed to fibronectin. We previously reported that ROS
are maximal at 45 min after integrin engagement (10). Our
results indicate that during integrin-mediated cell adhesion,

c-Src is markedly oxidized (Fig. 1B). We verify the redox sen-
sitivity of c-Src by use of an additional SH-modifying agent,
namely, 5�-iodoacetamide fluorescein, and with antifluorescein
immunoblotting (9), obtaining similar results (data not shown).
To confirm this observation and exclude the possibility that
BIAM labeling was affected by cysteine accessibility, we ana-
lyzed BIAM labeling on urea-denatured proteins. We utilized
an additional method which probes oxidized cysteines instead
of the reduced moieties, based on a two-step carboxymethyla-
tion. We first treated cell lysates with IAA to block reduced
cysteines, and then c-Src was immunoprecipitated from all
samples and denatured by 8 M urea. Each sample was then
treated or not with DTT in order to reduce the cysteines that
were oxidized in vivo and not carboxymethylated with the first
treatment with IAA. Finally, the samples were treated with
BIAM to label the newly reduced cysteines. The omission of
DTT treatment before BIAM labeling completely abolishes
the streptavidin signal (data not shown). The results show a
large increase in BIAM labeling due to cell adhesion, confirm-
ing that c-Src is oxidized during integrin engagement (Fig. 1C).

We recently reported that 5�-LOX is the predominant sys-
tem involved in oxidant generation during integrin-mediated
cell adhesion (10). The use of the LOX-specific inhibitor
NDGA prevents the oxidation of c-Src in response to integrin
engagement, suggesting the role of cell adhesion-generated
ROS in the oxidation of the kinase (Fig. 1D). In order to
confirm a direct role of ROS produced in response to cell
adhesion, we report that PEG catalase treatment during inte-
grin-mediated cell adhesion prevents Src oxidation (Fig. 1E).

Integrin-mediated c-Src oxidation is associated with an in-
crease in kinase activity. The regulation of c-Src kinase activity
has been much discussed. The current literature depicts the
PTP-mediated dephosphorylation of Tyr527 as the activation
step necessary to switch kinase activity on and the autophos-
phorylation of Tyr416 as an essential event for the completion
of activation (11). To assess the role of Src oxidation in its
enzymatic activity, we analyzed the cell adhesion-dependent
autophosphorylation of Src Tyr416 during NDGA treatment.
As indicated in Fig. 2A, the inhibition of the integrin-mediated
ROS burst reduced the autophosphorylation of Tyr416 to its
basal level. An in vitro kinase assay on immunoprecipitated
c-Src confirms that NDGA treatment eliminates the enhance-
ment of kinase activity during cell adhesion (Fig. 2B). To-
gether, these findings implicate the oxidants produced by in-
tegrin engagement as coregulators of Src tyrosine kinase
activation. To investigate a regulatory function for Src oxida-
tion during cell adhesion, we analyzed (i) the association be-
tween Src and the focal adhesion tyrosine kinase (p125FAK)
and (ii) p125FAK tyrosine phosphorylation during NDGA
treatment (Fig. 2C). Once again, blockage of the ROS-gener-
ating system during cell adhesion abolishes p125FAK recruit-
ment and activation, reinforcing our hypothesis of a key role
for Src oxidation in the transduction of the adhesive signal.

Identification of the redox-regulated cysteines in c-Src. To
identify the cysteine(s) responsible for Src oxidation, we chose
Cys238, -245, -400, -487, and -498 as mutation targets on the
basis of their strict conservation among all Src family members.
Site-specific mutagenesis was performed, and wild-type and
mutant c-Src kinases were expressed in NIH 3T3 cells. Sus-
pended and adherent cells were labeled with BIAM and re-
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duced. c-Src was quantified by HRP-streptavidin immunoblot-
ting. As shown in Fig. 3A, wt and Cys238, Cys400, and Cys498
mutants are oxidized after 45 min of cell adhesion. In contrast,
two mutants, i.e., Cys245 and Cys487, are insensitive to the
oxidative burst produced in response to adhesion onto fi-

bronectin. Analysis of oxidized c-Src during ECM contact by
double carboxymethylation with IAA and BIAM confirms that
the Cys245 and Cys487 mutants are not oxidized in response to
adhesion (Fig. 3B). Consistent with their role in Src oxidation
during adhesion, the Cys245 and Cys487 mutants are not ac-

FIG. 1. c-Src is oxidized during G/O treatment and integrin-mediated cell adhesion. (A) NIH 3T3 cells were serum starved for 24 h and then
treated with or without G/O for 15 min. Cell lysates were labeled with BIAM, and c-Src was immunoprecipitated (IP) from each sample.
HRP-streptavidin immunoblotting was performed to evaluate the reduced form of c-Src. With a half of each sample, Western blotting (WB) with
anti-c-Src antibodies was performed for normalization. (B) NIH 3T3 cells were serum starved for 24 h and then detached and maintained in
suspension with gentle agitation for 30 min at 37°C. Cells were then kept in suspension or replated onto fibronectin-precoated dishes for 45 min.
c-Src was immunoprecipitated from BIAM-labeled cell lysates. HRP-streptavidin and c-Src immunoblotting was performed. (C) NIH 3T3 cells
were serum starved for 24 h, detached, and maintained in suspension for 30 min at 37°C. Cells were then kept in suspension or replated onto
fibronectin-precoated dishes for 45 min. Prior carboxymethylation with IAA was carried out, and urea-denatured c-Src was immunoprecipitated
from subsequent BIAM-labeled cell lysates. Samples were treated with DTT before BIAM labeling. HRP-streptavidin and anti-c-Src immuno-
blotting was performed. (D) NIH 3T3 cells were treated as described for panel B (right lanes), except that they were pretreated for 30 min before
adhesion with or without 10 �M NDGA to inhibit the 5�-LOX-mediated synthesis of ROS. (E) NIH 3T3 cells were treated as described for panel
B (right lanes), except that they were treated during adhesion with 1 �g/ml of PEG catalase. Cell lysates were labeled with 40 �M BIAM, and c-Src
was immunoprecipitated from each sample. The samples were split in two, and HRP-streptavidin and anti-Src immunoblotting was performed. All
data are representative of at least three independent experiments.
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tivated upon cell adhesion on ECM, as indicated by anti-P416
immunoblotting (Fig. 3C). We also report that the Cys245 and
Cys487 mutants are not activated upon in vitro hydrogen per-
oxide treatment (see Fig. S1 in the supplemental material). We
further analyzed the sensitivity to Tyr527 dephosphorylation of
Src mutants. The results demonstrate that all Src mutants
remain perfectly independent from integrin-elicited Tyr527 de-
phosphorylation, suggesting that these cysteines do not play
any role in this step (Fig. 3D). Finally, we show that Src oxi-
dation of these particular cysteines has a key role in down-
stream signaling control, as the Cys245 and Cys487 mutants fail
to activate p125FAK (Fig. 3E). Taken together, these results
identify Cys245 and Cys487 as the main targets of c-Src oxida-
tion during cell adhesion and the engagement of integrins by
the ECM.

Early and late Src activation during ECM cell adhesion. To
investigate the function of ROS generated during integrin en-
gagement in Src activation, we compared the phosphorylation
of both c-Src regulatory tyrosines, namely, Tyr527 and Tyr416,
during early and late integrin-mediated cell adhesion. Phos-
phorylation of Tyr416 displays an early increase at 10 min and
a second and more pronounced boost at 45 min, followed
thereafter by a definitive decrease (Fig. 4). Conversely, the
phosphorylation of inhibitory Tyr527 displays a decrease con-
current with early ECM contact (10 min) and recovers only
after the cells have completely spread (90 to 120 min). We
previously reported that in NIH 3T3 cells the generation of
ROS due to integrin engagement peaks at 45 min after ECM
contact, when cells are spreading and organizing their cytoskel-
etons (10). Overall, there is temporal concordance of addi-
tional Tyr416 phosphorylation, continued Tyr527 dephosphor-
ylation, and initiation of cell spreading with ROS production
and Src oxidation at 45 min.

The dephosphorylation of the inhibitory P-Tyr527 in re-
sponse to ECM contact is in agreement with previously re-
ported data describing a role of R-PTP� in the early activation
of Src (29, 33). We herein provide further evidence of the role
of R-PTP� in the early activation of Src tyrosine kinase upon
integrin-mediated cell adhesion. We confirmed a role of R-
PTP� in the early dephosphorylation (i.e., 10 min) of the
Src-inhibitory Tyr527 by comparing fibroblasts derived from
R-PTP�-deficient mice (R-PTP��/�) with those from
R-PTP�-expressing mice (R-PTP� wt) (Fig. 5A). In addition,
R-PTP��/� cells exhibited a dramatic reduction of c-Src
Tyr416 autophosphorylation in the early phase of cell adhesion
compared to R-PTP� wt cells (Fig. 5B), in agreement with the
proposed role of R-PTP� in the Tyr527 dephosphorylation-
mediated transition of the kinase to an open/active conforma-
tion (29, 39). In contrast, the late activation of c-Src occurs in
both cell lines, although the extent of kinase activation after 45
min of ECM contact is decreased in R-PTP��/� fibroblasts.
These findings indicate the involvement of R-PTP� mainly in
the early phase of Src activation, in agreement with the kinetics
of phosphorylation of its target P-Tyr.

To analyze the role of ROS-mediated oxidation in both the
early and late activations of c-Src due to integrin-mediated cell
adhesion, we analyzed the redox state of c-Src in cells upon
ECM contact. Figure 5C shows that c-Src oxidation is very low
during early adhesion (10 min) and reaches a maximum during
late cell adhesion (45 min) and that it returns to baseline when

FIG. 2. c-Src activity and downstream signaling greatly increase
upon adhesion-dependent ROS production. (A) NIH 3T3 cells (1 �
106) were serum starved for 24 h before detaching and maintained in
suspension for 30 min at 37°C with or without 10 �M NDGA. Cells
were then either kept in suspension or seeded onto fibronectin-treated
dishes for 45 min. Integrin stimulation was stopped by collecting cells
in 0.5 ml of cold cRIPA lysis buffer. Twenty-five micrograms of total
protein for each sample was separated by 10% SDS-PAGE, and im-
munoblotting (WB) was performed with anti-phospho-Src (Tyr416)
and anti-Src antibodies (for normalization). (B) NIH 3T3 cells (1 �
106) were treated as described for panel A, except that c-Src was
immunoprecipitated (IP) from 1 mg of total protein. Each immuno-
precipitate was assayed for c-Src kinase activity on enolase. The sam-
ples were subjected to 10% SDS-PAGE, and the gel was then dried
and analyzed with a Cyclone system (Perkin-Elmer). A Coomassie
staining analysis was also performed to confirm equal amounts of
enolase present, and an anti-Src immunoblotting was performed for
normalization. (C) To evaluate the amount of Src/p125FAK associa-
tion and the level of p125FAK phosphorylation, cells were treated as
described for panel A, except that p125FAK was immunoprecipitated
from 1 mg of total protein. Immunoprecipitates were split in two and
loaded in 10% SDS-PAGE gels, and anti-Src and anti-phosphotyrosine
4G10 immunoblotting was performed. The anti-4G10 blot was then
stripped and reprobed with anti-p125FAK antibodies for normaliza-
tion. All the reported experiments are representative of three others
with similar results.
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FIG. 3. Role of conserved cysteines in c-Src redox regulation. (A) NIH 3T3 cells were transiently transfected either with pSG5 encoding wt
c-Src, with the five conserved cysteine-to-alanine mutants of the kinase (C238A, C245A, C400A, C487A, and C498A), or with the vector alone as
a control. Twenty-four hours after transfection, cells were serum starved for an additional 24 h before being detached and maintained in suspension
for 30 min at 37°C with gentle agitation. Cells were either kept in suspension or seeded onto fibronectin-treated dishes for 45 min. Cell lysates were
labeled with BIAM, and c-Src was immunoprecipitated from each sample. Anti-HRP-streptavidin immunoblotting (WB) was performed to
evaluate the wt and mutant c-Src redox states. (B) Cells were treated as described for panel A, except that double carboxymethylation with IAA
and BIAM was performed to detect oxidized Src. Prior carboxymethylation with IAA was carried out, and urea-denatured c-Src was immuno-
precipitated from subsequent BIAM-labeled cell lysates. HRP-streptavidin immunoblotting was performed. The blot was then stripped and
reprobed with anti-c-Src antibodies for normalization. (C) To analyze Src activation, cells were treated as described for panel A, except that they
were lysed in 0.5 ml of cold cRIPA lysis buffer. Twenty-five micrograms of total protein for each sample was separated by 10% SDS-PAGE, and
immunoblotting was performed with anti-phospho-Src (Tyr416) antibodies. (D) To analyze Tyr527 dephosphorylation, cells were treated as
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cells have already spread (120 min). Furthermore, when inte-
grin-stimulated cells were treated with the antioxidant NDGA,
which specifically inhibits the integrin-elicited ROS burst (10),
there is no change in early Src activation, but the late phase of
Src activation is completely eliminated (Fig. 5D). Therefore,
ROS act only in the late phase of integrin-mediated cell adhe-
sion, namely, when cells are spreading on the ECM. In addi-
tion, we analyzed the kinetics of c-Src activation in Cys245 and
Cys487 mutants in response to ECM contact with respect to
the wild-type enzyme. Early activation of c-Src, i.e., at 10 min
from ECM contact, was maintained in both Cys245 and Cys487
mutants, while the late activation of the tyrosine kinase (45 min
of cell adhesion) was dramatically impaired in both Cys245 and
Cys487 mutant c-Src kinases (Fig. 5E). Taken together, these
findings demonstrate a role of Src oxidation in the late activa-
tion of the kinase strictly concomitant with the peak of ROS
production due to ECM contact.

The role of ROS in v-Src oncogenic properties. The produc-
tion of large amounts of oxidants in tumor cells, including
human tumors, in which the activation of Src has been causally
linked to their tumorigenic potential, has been previously re-
ported (3, 16, 30). We therefore analyzed the role of kinase
activation via oxidation in the tumorigenic properties of the
v-Src oncoprotein. In v-Src-transfected NIH 3T3 cells, the
basal (not induced by cell adhesion) ROS level is increased by
up to twofold, although it is only partially dependent upon
ECM contact (Fig. 6A).To evaluate the role of ROS in v-Src-
induced cell transformation, we analyzed the effect of both
oxidative stress and antioxidant treatment on v-Src NIH 3T3
cells. v-Src is oxidized during the generation of an exogenous
oxidative burst by G/O treatment, and the reversal of the redox
potential by PEG catalase treatment leads to protein rereduc-
tion (Fig. 6B). v-Src oxidation, in agreement with the behavior
of its cellular counterpart, c-Src, is likely associated with kinase
activation, as indicated by the increase of Tyr416 autophos-
phorylation (Fig. 6C).

v-Src expression has been causally linked to the specific gain
in tumorigenic properties in nontransformed fibroblasts. The
expression of this oncoprotein leads to an invasive phenotype
through increased expression of MMPs (17) and to the ability
to grow in the absence of growth factor-supported media,
ECM support, or both (14, 26). To address the possibility that
ROS affect the invasivity of v-Src cells, we analyzed the sus-
ceptibility of both MMP expression and the ability of cells to
move through a reconstituted Matrigel lamina to NDGA (Fig.
7A and B). In addition, the involvement of ROS in the regu-
lation of Src-induced migration is confirmed by its sensitivity to
PEG catalase (see Fig. S2 in the supplemental material). Our
results suggested that ROS greatly affect the expression of
MMPs and three-dimensional cell motility, thus defining a role
for ROS in v-Src-induced invasivity potential. Serum- and an-
chorage-independent growth of v-Src3T3 was analyzed in the
presence or absence of antioxidant treatments to determine

the significance of ROS in relation to cell transformation. We
used both NAC, a common cell-permeable ROS scavenger,
and NDGA, which inhibits LOX-mediated ROS generation.
Antioxidant treatments markedly reduced serum-independent
cell growth (Fig. 7C) and both the number and size of the foci
formed by v-Src NIH 3T3 cells after 10 days of growth in soft
agar (Fig. 7D). Loss of cell viability and toxicity of NAC and
NDGA were not observed in the MTT and lactate dehydroge-
nase assays, respectively (data not shown). Since in vitro cell
proliferation does not always correlate with cell growth in vivo,
solid tumor formation was analyzed by the subcutaneous in-
jection of cells into athymic nude mice (Fig. 7E). v-Src expres-
sion causes the formation of large tumors which become evi-
dent at 8 days postinjection, whereas control NIH 3T3 cells did
not form tumors. The daily treatment of mice with NDGA

FIG. 4. Tyrosine phosphorylation of Tyr527 and Tyr416 during
ECM contact. NIH 3T3 cells (1 � 106) were serum starved for 24 h
before being detached and maintained in suspension for 30 min at
37°C with gentle agitation. Cells were either kept in suspension or
seeded onto fibronectin-treated dishes for the indicated times. Twenty-
five micrograms of total lysate in cRIPA buffer was separated by 10%
SDS-PAGE, and immunoblotting (WB) was performed with anti-
phospho-Src (Tyr416 or Tyr527) or with c-Src antibodies for normal-
ization. Normalized values for the phosphorylation of each tyrosine are
reported in the plot. S, suspended cells; A, adherent cells. The times
(in min) of adherence are indicated.

described for panel C, except that immunoblotting was performed with anti-phospho-Src (Tyr527) antibodies. S, suspended cells; A, adherent cells.
(E) To analyze the phosphorylation of p125FAK, cells were treated as described for panel A, except that p125FAK was immunoprecipitated.
Immunoprecipitates were separated by 8% SDS-PAGE, and antiphosphotyrosine immunoblotting was performed. The blot was then stripped and
reprobed with anti-p125FAK antibodies for normalization. The histogram shows the data obtained from the densitometric analysis of both blots.
Susp, suspended cells; Adh 45, adherent cells. All these data are representative of at least three independent experiments.
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FIG. 5. Early and late Src activation due to ECM contact: differential role of Tyr527 dephosphorylation and ROS. (A) R-PTP��/� cells and
R-PTP� wt cells (1 � 106) were serum starved for 24 h. After detachment and 30 min of suspension at 37°C, cells were kept in suspension or seeded
onto fibronectin-treated dishes for 10 min. Twenty-five micrograms of total lysate in cRIPA buffer was separated by 10% SDS-PAGE, and
immunoblotting (WB) was performed with anti-phospho-Src (Tyr527) or with c-Src antibodies for normalization. (B) R-PTP��/� cells and
R-PTP� wt cells (1 � 106) were serum starved for 24 h. After detachment and 30 min of suspension at 37°C, cells were kept in suspension or seeded
onto fibronectin-treated dishes for the indicated times. Twenty-five micrograms of total lysate in cRIPA buffer was separated by 10% SDS-PAGE,
and immunoblotting was performed with anti-phospho-Src (Tyr416) or with c-Src antibodies for normalization. The bar plot shows the normalized
data obtained from the densitometric analysis of both blots. (C) NIH 3T3 cells were serum starved for 24 h and then detached and maintained
in suspension with gentle agitation for 30 min at 37°C. Cells were then kept in suspension or replated onto fibronectin-precoated dishes for the
indicated times. c-Src was immunoprecipitated from BIAM-labeled cell lysates. HRP-streptavidin and anti-c-Src immunoblotting was performed.
(D) NIH 3T3 cells (1 � 106) were treated as described for panel C, except that they were pretreated for 30 min until adhesion with or without
10 �M NDGA to inhibit the LOX-mediated synthesis of ROS. Cells were lysed in 0.5 ml of cold cRIPA lysis buffer. Twenty-five micrograms of
total protein for each sample was separated by 10% SDS-PAGE, and immunoblotting was performed with anti-phospho-Src (Tyr416) or with c-Src
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causes both a delay in tumor onset and a decrease in tumor
volume.

To confirm the role for the oxidation of Cys245 and Cys487
in the oncoproperties of v-Src kinase, we stably overexpressed
the SrcY527F oncoprotein and its C245 and C478 mutants
(Y527F-C245A and Y527F-C487A, respectively) in NIH 3T3
cells (Fig. 8A). The production of ROS in Y527FSrc NIH 3T3
cells is actually very similar to that in v-Src NIH 3T3 cells (see
Fig. S3 in the supplemental material). The substitution of these
two cysteine residues completely abolishes the oncoproperties
of SrcY527F, namely, the round shape of the cell (Fig. 8B),
serum-independent growth (Fig. 8C), anchorage-independent
growth (Fig. 8D), and invasivity (Fig. 8E). Taken together,
these results support the conclusion that ROS-mediated oxi-
dation of v-Src is required for its tumorigenic properties, such
as invasiveness through basal laminas, anchorage- and serum-
independent growth, and tumor formation in vivo.

DISCUSSION

The current study contributes to the general idea of ROS as
key second messengers during cell adhesion and spreading. In
this report, we propose that the tyrosine kinase Src, along with
the previously described SH2 and SH3 displacement activation
switches, undergoes redox regulation during cell adhesion,
leading to its activation. These data lead to two major conclu-
sions. (i) The redox-dependent Src activation is concurrent
with the maximal integrin-elicited ROS burst during cell
spreading and contributes to the late activation of the kinase.
(ii) Src redox regulation is a key feature of the oncogenic
properties of the kinase, with both the in vitro invasiveness and
the transformation-dependent cell proliferation of the tyrosine
kinase being dependent upon ROS production.

We therefore propose a novel in vivo redox switch that,
along with the already known C-terminal tyrosine dephosphor-
ylation and SH2/SH3 recruiting activation systems (5, 15), acts
during cell adhesion to the ECM to organize the cytoskeleton.
We report that Src is directly oxidized in response to ECM
contact, strictly concomitantly with the ROS boost that hap-
pens 45 min after integrin receptor stimulation. This oxidation
leads to the enhanced activation of c-Src, as indicated by an
enzymatic assay and evaluation of the phosphorylation of
Tyr416 in the activation loop. Our data indicate that c-Src
oxidation involves two sulfhydryl groups, namely, Cys245 in the
SH2 domain and Cys487 in the kinase domain. We propose
that redox regulation is a central feature of Src function in
response to ECM contact, as the elimination of ROS by anti-
oxidant treatment almost completely abolishes Src activation.
This proposal is further supported by the ability of antioxidants
to inhibit p125FAK/Src association and p125FAK phosphory-
lation and is in agreement with previously reported data show-

FIG. 6. v-Src oxidation and activation. (A) v-Src NIH 3T3 and NIH
3T3 cells (1 � 106) were serum starved for 24 h before being detached
and maintained in suspension with gentle agitation for 30 min at 37°C.
Cells were then kept in suspension (Susp) or seeded onto plastic
culture dishes (Adh) for the indicated times. Hydrogen peroxide was
evaluated with DCF-DA as reported in Materials and Methods. (B) v-
Src NIH 3T3 cells (1 � 106) were serum starved for 24 h and then
stimulated with or without 100 mU/ml G/O for 15 min. In one sample,
the medium was changed and 1 �g/ml of PEG catalase was added for
30 min. Cell lysates were labeled with 40 �M BIAM, and v-Src was
immunoprecipitated from each sample. The samples were split in two,
and HRP-streptavidin and anti-Src immunoblotting (WB) was per-
formed. (C) To analyze Src activation, cells were treated as described
for panel A, except that cells were lysed in 0.5 ml of cold cRIPA lysis
buffer. Twenty-five micrograms of total proteins for each sample was
separated by 10% SDS-PAGE, and immunoblotting was performed
with anti-phospho-Src (Tyr416) and with anti-Src antibodies (for nor-
malization). All the reported experiments are representative of three
others with similar results.

antibodies for normalization. The bar plot shows the normalized data obtained from the densitometric analysis of both blots. All the reported
experiments are representative of three others with similar results. (E) NIH 3T3 cells (1 � 106) were transfected with pSG5 encoding wt c-Src,
C245A, or C487A. Twenty-four hours after transfection, cells were serum starved for an additional 24 h before being detached and maintained in
suspension for 30 min at 37°C with gentle agitation. Cells were either kept in suspension or seeded onto fibronectin-treated dishes for the indicated
times. Twenty-five micrograms of total lysate in cRIPA buffer was separated by 10% SDS-PAGE, and immunoblotting was performed with
anti-phospho-Src (Tyr416) or with c-Src antibodies for normalization. The histogram in panel E shows the normalized data obtained from the
densitometric analysis of both the blots. S, suspended cells; A, adherent cells (for panels A through D). Susp, suspended cells; Adh, adherent cells
(for panel E).
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ing that ROS are necessary for integrin signaling during fibro-
blast adhesion and spreading (10, 34).

The kinetics of Src activation in response to ECM contact
depicts an increase at 10 min after integrin engagement, which
we termed Src early activation, followed by a slight decrease

thereafter. At the time of maximal ROS production, we detect
a stronger Src activation, which we refer to as the late Src
response. These two phases temporally correlate with the for-
mation of focal adhesion and podosomes and with cell spread-
ing and reorganization of the cytoskeleton, respectively. The

FIG. 7. Effect of v-Src redox regulation on its oncogenic properties. (A) Cells (3 � 105) of the indicated types were allowed to grow for 72 h
in culture medium alone or supplemented every 24 h with 10 �M NDGA to inhibit the LOX-mediated ROS production. The medium was collected
at 24 h, 48 h, and 72 h and analyzed for MMP activity by gelatin zymography. Band intensities are proportional to the levels of MMP activity on
gelatin as substrate. (B) v-Src NIH 3T3 cells (1 � 105) treated with or without 10 �M NDGA were seeded into the upper chamber of a 2.5-cm
transwell precoated with a Matrigel layer. Cell were allowed to migrate for 24 h toward the lower chamber filled with growth medium supplemented
with 20% FCS. Cell migration was evaluated after Diff-Quick staining and reported in the histogram as the average number of cells counted in
six randomly chosen fields. (C) Cells (2 � 104) of the indicated types were seeded into gelatin-coated 24-multiwell plates in 0.5% serum with or
without 10 �M NDGA or 20 mM NAC. Cell growth was evaluated every 24 h by crystal violet staining. Values are means � SD from three
independent experiments. (D) Anchorage-independent cell growth in 0.3% soft agar on a solidified base was evaluated by plating 4 � 104 v-Src
NIH 3T3 cells in 10% serum with or without 20 mM NAC or 10 �M NDGA. Colony formation was scored after 2 weeks of culture. Magnification,
�20. All data are representative of at least three independent experiments. (E) Tumorigenicity assays were performed by subcutaneous injection
with 1 � 106 NIH 3T3 v-Src cells (six mice per treatment). Subcutaneous tumors were grossly visible at the site of injection after 6 to 8 days. Animals
were examined daily and sacrificed 20 days later. The volume of the tumor in each analyzed group is reported and the mean � SD is shown.
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early increase in Src activity is due mainly to the dephosphor-
ylation of C-terminal Tyr527 by membrane-associated PTPs.
Although many PTPs, such as PTP1B and SH2 domain PTP2,
have been indicated for this dephosphorylation (4, 38), in the
context of integrin-mediated cell adhesion, the role of R-PTP�

is strongly designated (29). Our data concerning the role of
R-PTP� in Src activation during cell adhesion reveal that early
and late activations of the kinase are two distinct phenomena.
In particular, we show that cells that are impaired for early Src
activation, i.e., R-PTP��/� cells, are nevertheless able to acti-

FIG. 8. Effect of C245A and C487A mutations on Src oncogenic properties. (A) The expression levels of the indicated cell types were checked
by anti-Src immunoblotting (WB). (B) Cell morphology. Cells (3 � 105) of the indicated types were allowed to grow for 24 h, and then photographs
of paraformaldehyde-fixed cells were taken with a phase-contrast microscope. Bar, 100 �m. (C) Serum-independent growth. Cells (2 � 104) of the
indicated types were seeded into gelatin-coated 24-multiwell plates in 0.5% serum. Cell growth was evaluated every 24 h by crystal violet staining.
Values are means � SD from three independent experiments. (D) Anchorage-independent cell growth in 0.3% soft agar on a solidified base was
evaluated by plating cells in 10% serum. Colony formation was scored after 2 weeks of culturing. Magnification, �20. All data are representative
of at least three independent experiments. (E) Invasion assay. Cells (1 � 105) of the indicated types were seeded into the upper chamber of a 2.5-cm
transwell and precoated with a Matrigel layer. Cells were allowed to migrate for 24 h towards the lower chamber filled with growth medium
supplemented with 20% FCS. Cell migration was evaluated after Diff-Quick staining and reported in the histogram as the average number of cells
counted in six randomly chosen fields.

VOL. 25, 2005 Src REGULATION IN ANCHORAGE-DEPENDENT CELL GROWTH 6401



vate Src later on, in strict concomitance with the rise in ROS
levels. In keeping with the role of Src oxidation in the late
phase of integrin-mediated cell adhesion, we reported that
Cys245 and Cys487 Src mutants are dually resistant to oxida-
tion and late activation, yet still undergo early activation and
Tyr527 dephosphorylation, suggesting that these two cysteines
do not play any role in the early phase of cell adhesion. In this
sense, Cys245A and Cys487A Src mutants behave as ROS-
insensitive Src molecules.

An intriguing possibility that follows from our present data
is that the dephosphorylation-mediated early activation, al-
though a separate step, may facilitate the late ROS-mediated
Src activation. In fact, the extents of late Src activation differ
slightly between R-PTP�-deficient cells and wild-type cells,
suggesting that the switch to an open conformation achieved
upon Tyr527 dephosphorylation is a relevant step in the fos-
tering of the subsequent direct oxidation of the Src kinase

Integration of these findings with published reports on Src
activation allows us to propose a new comprehensive model of
Src activation during ECM contact (Fig. 9). In suspended cells,
Src is in its inactive form, phosphorylated at C-terminal
Tyr527. This closed structure positions the activation loop

Tyr416 so that it is unavailable for the kinase domain. The first
contact with the ECM induces the dephosphorylation of
Tyr527 by R-PTP� and the opening of the closed Src structure.
The SH2 domain is now free to recruit phosphorylated pro-
teins, driving the assembly of focal adhesions. The activation
loop contacts the kinase domain, and Tyr416 is autophospho-
rylated. This is a redox-independent Src activation step, which
we labeled early activation. Thereafter, continued integrin en-
gagement gives rise to an ROS increase and oxidation of Src
kinase and thus to Src activation through an increase of Tyr416
phosphorylation. This redox-dependent step in Src activation
overlaps with cell spreading. Upon a return to resting condi-
tions, the redox potential newly decreases, Src is rereduced,
and Tyr527 is rephosphorylated, leading Src to its closed inac-
tive form.

The functional role of Src redox regulation is underlined by
our findings on in vitro and in vivo tumorigenic properties of
v-Src tyrosine kinase. We demonstrated that the production of
ROS is crucial for MMP expression, chemoinvasivity, three-
dimensional cell motility, and serum- and anchorage-indepen-
dent growth induced by v-Src transformation. In keeping with
our hypothesis, the mutation of Cys245 or Cys487 dramatically

FIG. 9. Proposed model of Src activation due to ECM contact. In suspended cells, Src is in a closed inactive conformation, with the inhibitory
Tyr527 phosphorylated and engaged with the SH2 domain. This closed structure maintains the activation loop Tyr416 as unavailable for
autophosphorylation. At the early phase of integrin engagement by the ECM, activation by R-PTP� occurs, leading to the dephosphorylation of
Tyr527 and to the conversion of the kinase to an open conformation. Tyr416 is now accessible for autophosphorylation. Kinase activity increases
with the subsequent phosphorylation of several focal adhesion proteins and progress of focal adhesion formation. At this stage of adhesion, ROS
concentration is not high enough to induce redox control of the Src kinase. At a later phase of cell adhesion, there is a strong increase in ROS
production that leads to direct Src oxidation, which strongly increases kinase activity. This phase of Src redox regulation corresponds to cell
spreading. In resting conditions, Tyr527 is newly phosphorylated, inducing Src to return to a closed conformation. In addition, ROS decrease to
a basal level, thus inducing Src rereduction. Times of adhesion (in min) are indicated. C-ter, C terminus.
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reduces chemoinvasivity and GF- and anchorage-dependent
growth induced by oncogenic Y527FSrc. The lack of the C-
terminal Tyr527 in the v-Src oncoprotein leads to basal kinase
activation and has been indicated as the key effector of the
pleiotropic oncogenic effects of v-Src (18). In addition, in me-
tastases of human colon cancer, c-Src acquires transforming
ability due to mutations at the Tyr527 site (20, 25). Our results
shed now new light on the synergistic action of Src redox
regulation and C-terminal Tyr527 dephosphorylation as global
switches for Src-mediated cell transformation. We would like
to underline that, although integrin-dependent ROS are man-
datory for the full activation of c-Src kinase, needing both step
1 (dephosphorylation) and step 2 (oxidation), in v-Src the
kinase is basally activated for two reasons, namely, the lack of
P-Tyr527 inhibition and the high level of ROS observed in
v-Src transformed cells, and thereby induces the kinase oxida-
tion. In both cases, ROS cooperate to yield a fully active
kinase. We propose that excess ROS production associated
with cell transformation (6, 30) could initiate costimulatory
signals that are normally triggered by cell/ECM interaction and
may correlate with v-Src tumorigenic potential. Considering
that the anchorage-independent growth of Src-transformed
cells directly correlates with their metastatic potentials (21,
25), this report opens new avenues for antioxidant-based phar-
macological intervention in anchorage-independent Src-medi-
ated cell transformation.
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