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Integrin-Mediated Cell Adhesion and Spreading Engage
Different Sources of Reactive Oxygen Species
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ABSTRACT

The tightly regulated production of intracellular reactive oxygen species (ROS) participates in several bio-
logic processes such as cellular growth, programmed cell death, senescence, and adhesion. It is increasingly
evident that the same enzymatic processes that were originally linked to ROS generation during host defence
or apoptosis execution are also involved in redox-mediated signal transduction. We investigated in murine
NIH3T3 fibroblasts the contribution of a variety of redox-dependent events during signal transduction initi-
ated by integrin engagement due to fibronectin stimulation and report that a mitochondrial ROS release oc-
curs, strictly confined to the early phase of extracellular matrix (ECM) contact (10 min). Besides, 5-lipoxyge-
nase (5-LOX) is engaged by integrin receptor ligation as another ROS source, contributing to the
more-intense, second ROS burst (45 min), possibly orchestrating the spreading of cells in response to ECM
contact. To define a potential mechanism for ROS signaling, we demonstrate that on integrin recruitment, the
Src homology-2 domain–containing phosphatase 2 (SHP-2) undergoes a reversible oxidization/inactivation to
which mitochondrial and 5-lipoxygenase ROS contribute differentially. In keeping with a key role of oxidants
during integrin signaling, the inactivation of SHP-2 prevents the dephosphorylation and inactivation of SHP-
2 substrates (p125FAK and SHPS-1), thus enabling the continued propagation of the signal arising by integrin
engagement. Antioxid. Redox Signal. 9, 469–481.
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INTRODUCTION

IT IS CURRENTLY RECOGNIZED that reactive oxygen species
(ROS) are not only a toxic by-product of aerobic metabo-

lism but, when produced at lower and regulated levels, can act
as second messengers involved in the transduction of mito-
genic, differentiation, and adhesion signals (18–20). The pro-
duction of ROS on neutrophil activation involves both
NADPH oxidase and myeloperoxidase generation of superox-
ide anions in a phenomenon called the “oxidative burst” (38).
In nonphagocytic cells, cytosolic oxidases produce ROS at

the plasma membrane during stimulation with epidermal
growth factor (1), platelet-derived growth factor (44), an-
giotensin-II (23), thrombin (16), lysophosphatidic acid (9,
16), interleukin-1, tumor necrosis factor-� (51), and trans-
forming growth factor-�1 (3). During the transduction of
these signaling events, inhibition of protein-tyrosine phos-
phatases (PTP) potentiates tyrosine kinase phosphorylation,
thus promoting the propagation of the mitogenic stimulus (1,
29). During tumor necrosis factor-� stimulation, Rac1-
dependent ROS production is blocked by inhibition of 5-
lipoxygenase (5-LOX), suggesting that ROS generation is de-
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pendent on synthesis of arachidonic acid and its subsequent
metabolism to leukotrienes by 5-LOX (49). Furthermore,
Peppelenbosch et al. (3, 36) demonstrated that Rac is essen-
tial for EGF-induced arachidonic acid production and subse-
quent generation of leukotrienes, and Chiarugi et al. (14) re-
cently suggested that 5-LOX is the main source of ROS
during integrin-mediated cell adhesion. A further source of
intracellular ROS is the mitochondria compartment where
oxygen is converted to O2

•� by ubiquinone-mediated one-
electron reduction (5). Mitochondrial ROS production was
originally associated only with apoptosis execution (6), but
more recently it has been linked to tumor necrosis factor-�
(41), hypoxia (8), and integrin signaling (48).

Several lines of evidence demonstrate that these intracellu-
larly produced ROS are specific second messengers able to
affect protein phosphorylation by the reversible modification
of cytosolic targets (1, 44). The key targets of ROS action are
cysteine residues that can be oxidized to cysteine sulfenic
acid or disulfide and then readily reduced to cysteine by vari-
ous cellular reductants. Several molecules identified as vul-
nerable to oxidation by hydrogen peroxide include the nuclear
factor �B (43), activator protein-1 (33), hypoxia-inducible
factor (47), p53 (37), and several members of the PTP family
(31). Several reports have delineated that PTPs are the targets
of reversible oxidation by ROS produced during both mito-
genic and integrin signaling (11, 13). In particular, PTP1B is
oxidized during EGF stimulation in A431 cells (1), Src ho-
mology domain phosphatase-2 is transiently oxidized in re-
sponse to platelet-derived growth factor and T-cell–receptor
activation (28, 31), and low-molecular-weight PTP (LMW-
PTP) is reversibly oxidized during both PDGF and integrin
signaling (12, 14). The oxidation of PTPs is due to the pres-
ence of an invariant Cys residue in the signature motif of the
active-site cleft of the PTPs members. Such modification re-
sults in inhibition of activity because the oxidized Cys can no
longer function as a phosphate acceptor during the first step
of the PTP-catalyzed reaction. It is generally thought that the
production of ROS during stimulation with growth factors
and the consequent inactivation of PTP may contribute to en-
hanced or extended tyrosine phosphorylation–dependent sig-
naling, thereby promoting a burst of protein tyrosine kinase
activity (50).

In this report, we dissect the specific contribution of differ-
ent ROS metabolic events to early and late cell adhesion. We
identify SHP-2 as a target of ROS production during integrin
recruitment and propose that its reversible oxidation/inhibi-
tion enhances the propagation of integrin signaling.

MATERIALS AND METHODS

Materials

Unless specified, all reagents were obtained from Sigma
(St. Louis, MO). NIH3T3 mouse fibroblasts were purchased
from ATCC (ATCC). �-[32P]ATP, Sepharose G-50 column,
protein A Sepharose, and Enhanced Chemi-Luminescence
kit were from Amersham Pharmacia Biotech (Milan, Italy);
PVDF membrane was from Millipore (Bedford, MA); anti-
SHP-2 and anti-FAK antibodies were from Santa Cruz

Biotechnology (Santa Cruz, CA); and anti-SIRP�1/SHPS-1
and anti-phosphotyrosine, clone 4G10, were from Upstate
Biotechnology, Inc. (Charlottesville, VA). TRITC-phal-
loidin, DCF-DA, tetramethylrhodamine, ethyl ester, perchlo-
rate (TMRE), and N-(biotinoyl)-N�-(iodoacetyl)-ethylenedi-
amine (BIAM) were obtained from Molecular Probes
(Milan, Italy); avidin-HRP conjugate was from BIO-RAD
(Carlsbad, CA); BCA protein assay reagent was from Pierce
(Rockford, IL). wtSHP-2 and dnSHP-2 cDNA in PJ3omega
were gifts from Dr. M. Lackmann (Monash University, Aus-
tralia); and pBABE-GFP-RacN17 and RacV12 were gifts
from Dr. C. Deroanne (Nice, France). 2-(12-Hydroxydodeca-
5,10-diynyl)-3,5,6-trimethyl-1,4-benzoquinone (AA-861)
was from Biomol Int (U.S.A.)

Cell culture and transfection

NIH3T3 were routinely cultured in DMEM supplemented
with 10% fetal calf serum (FCS) in 5% CO2 humidified at-
mosphere. For transient transfections, pBABE-GFP-RacN17,
pBABE-GFP-RacV12, wtSHP-2PJ3omega, and dnSHP-
2PJ3omega plasmids were purified by using QIAfilter Plas-
mid Midi kit (Qiagen, Italy) and transfected by using Lipo-
fectamine 2000 (Invitrogen, CA) according to the
manufacturer’s instructions. The efficiency of transient trans-
fections was measured by flow-cytometry analysis with a
BD-LSR cytofluorimeter.

Cell adhesion

In total, 106 cells were serum starved for 24 h before de-
taching with 0.25% trypsin for 1 min. Trypsin was blocked
with 0.2 mg/ml soybean trypsin inhibitor, and cells were re-
suspended in 3 ml/10-cm dishes of fresh medium, main-
tained in suspension for 30 min at 37°C, and then directly
seeded onto precoated dishes treated overnight with 10
µg/ml human fibronectin. Control cells were kept in suspen-
sion and then plated onto dishes pretreated with 10 µg/ml
polylysine.

Determination of intracellular H2O2 
in in vivo assay

The 3 � 105 NIH3T3 cells were kept for 30 min at 37°C in
suspension and then directly seeded onto fibronectin pre-
coated glass-bottom dishes for confocal analysis. Then 5
µg/ml DCF-DA was added, and ROS production observed
during the following 45 min by using a laser scanning confo-
cal microscope (model LEICA TCS SP2 with Acusto-Optic
Beam Splitter DMIRE2) equipped with an Ar laser and two
He/Ne lasers (543 and 633 nm). Time-lapse image acquisition
was performed by using Leica LCS software, whereas subse-
quent image processing was done with Unlead Video Studio
software, version 7. To ensure complete signal separation,
DCF-DA and TMRE channels were recorded by sequential
(between-lines) scanning. For experiments performed in the
presence of rotenone to block mitochondrial release of ROS,
cells were treated as previously described, except for the pres-
ence of 5 µM rotenone from the beginning of suspension. For
mitochondrial labeling, 250 nM TMRE was added 10 min be-
fore seeding the cells.
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In vitro assay

Intracellular production of H2O2 was assayed as described
previously (35). Three min before the end of adhesion or sus-
pension, cells were treated with 5 µg/ml DCF-DA. After PBS
washing, cells were lysed in 1 ml of RIPA buffer (50 mM
Tris-HCl, pH 7.5, 150 mM NaCl, 1% Triton X-100, 2 mM
EGTA, 1 mM sodium orthovanadate, 1 mM phenyl-methane-
sulphonyl fluoride, 10 µg/ml aprotinin, 10 µg/ml leupeptin),
and analyzed immediately with a fluorescent spectropho-
tometer at 510 nm. Data were normalized to total protein
content.

NBT staining

NIH3T3 cells were kept in suspension and then plated
onto polylysine- or fibronectin-coated dishes in DMEM with-
out phenol red. Then 0.5 mg/ml of NBT was added for 30
min. To quantify NBT precipitation, cells were washed twice
with 70% methanol and fixed for 5 min in 100% methanol.
After the wells were allowed to air dry, the formazan was sol-
ubilized with 120 µl 2 M KOH and 140 µl DMSO. The OD
was read in a plate reader at 590 nm (40).Values were normal-
ized to total protein content.

Immunoprecipitation and Western blot analysis

Cells were lysed for 20 min on ice in 1 ml of complete
RIPA lysis buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl,
Triton X-100, 2 mM EGTA, 1 mM sodium orthovanadate, 1
mM phenyl-methanesulphonyl fluoride, 10 µg/ml aprotinin,
10 µg/ml leupeptin). Lysates were clarified by centrifugation
and immunoprecipitated for 4 h at 4°C with 2 µg of the spe-
cific antibodies. Immunocomplexes were collected on protein
A-Sepharose, separated by SDS-polyacrylamide gel elec-
trophoresis, and transferred onto PVDF membrane. Im-
munoblots were probed first with specific antibodies in 1%
bovine serum albumin, 0.05% Tween 20 in TBS buffer (10
mM Tris, pH 7.5, 100 mM NaCl), and then with secondary
antibodies conjugated with horseradish peroxidase, washed,
and developed with the enhanced chemiluminescence kit.
Quantity-One software (Bio-Rad Laboratories) was used to
perform quantitative analyses.

In-gel phosphatase assay

For detection of PTP activity, we prepared a 10% SDS-
polyacrylamide gel containing 105 cpm/ml of [32P]-labeled
substrate as described previously (4). In brief, 0.3 mg of sub-
strate [poly-(glutamate:tyrosine)] was dissolved in kinase
buffer (150 mM NaCl, 2 mM MgCl2, 12 mM Mg acetate,
0.02% Triton, 5% glycerol, 50 mM Hepes pH 7.4, 0.1 M ATP)
and incubated with 200 µCu of �-[32P]ATP, 2.5 U EGF recep-
tor, and 500 ng EGF for 18 h at 37°C. The substrate was then
precipitated by adding an equal volume of 20% trichloro-
acetic acid. After centrifugation at 12,000 g for 10 min, the
pellet was resuspended in 100 µl of 2 M Tris, pH 7.2, and pu-
rified via a Sepharose G-50 column equilibrated with 50 mM
imidazole, pH 7.2. Cells were lysed in 25 mM sodium acetate,
1% Nonidet P-40, 150 mM NaCl, 10% glycerol, 100 µg/ml
catalase, and protease inhibitor cocktail, as described earlier.
In the modified version of the technique, used to detect oxi-
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dized PTPs, 10 mM iodoacetic acid was added to the samples,
after degassing the buffer (31). Then 15 µg of total protein
was loaded onto the radiolabeled gel. After electrophoresis,
gels were sequentially washed for the indicated times at room
temperature in ~200 ml of the following buffers: buffer 1
(overnight): 50 mM Tris, pH 8, and 20% isopropanol; buffer 2
(twice, for 30 min): 50 mM Tris, pH 8, and 0.3% �-mercap-
toethanol; buffer 3 (90 min): 50 mM Tris, pH 8, 0.3% �-
mercaptoethanol, 6 M guanidine hydrochloride, and 1 mM
EDTA; buffer 4 (three washes for 1 h each): 50 mM Tris, pH
7.4, 0.3% �-mercaptoethanol, 1 mM EDTA, and 0.04%
Tween 20; buffer 5 (overnight): 50 mM Tris, pH 7.4, 0.3% �-
mercaptoethanol, 1 mM EDTA, 0.04% Tween 20, and 4 mM
DTT. Gels were then stained with Coomassie brilliant blue,
destained in 40% methanol and 10% acetic acid, dried, and
analyzed by using a Cyclone system (Perkin Elmer).

Immunohistochemistry 

Presuspended NIH3T3 was seeded onto coverslips,
washed with PBS, and fixed in 3% paraformaldehyde for 20
min at 4°C. Fixed cells were permeabilized with three washes
with TBST (50 mM Tris/HCl, pH 7.4, 150 mM NaCl, 0.1%
Triton X-100) and then blocked with 5.5% horse serum in
TBST for 1 h at room temperature. Cells were incubated for 1
h with 50 µg/ml phalloidin-TRITC in TBS (50 mM Tris/HCl,
pH 7.4, 150 mM NaCl). After extensive washes in TBST, cells
were mounted with glycerol plastine and observed under a
laser scanning confocal microscope (model LEICA TCS SP2
with Acusto-Optic Beam Splitter) equipped with a five-line
Ar laser and two He/Ne lasers (lines 543 and 633).

Statistical analysis

All experiments were done at least in triplicate. Data are
expressed as mean ± standard deviation. Statistical analysis
of the data was performed by Student’s t test; p values �0.05
were considered statistically significant.

RESULTS

ROS production during cell adhesion

Cell adhesion onto extracellular matrix (ECM) is a physi-
ologic event reported to be linked to considerable production
of intracellular ROS. Therefore, we followed the kinetics of
ROS production during integrin-mediated cell adhesion with
two different redox-sensitive probes: 2�,7�-dichlorofluores-
cein diacetate (DCF-DA), selectively responsive to hydrogen
peroxide, and nitroblue tetrazolium (NBT), which is sensitive
to superoxide (21) (Fig. 1A and B). Both superoxide and hy-
drogen peroxide generation have similar kinetics, as they in-
crease after 10 min of adhesion, reach a peak at 45 min, and
then decrease back to basal level within 2 h. Recently we
demonstrated that integrin-induced cell spreading correlates
with a 5-LOX–dependent oxidant increase and that these
ROS play a key role as integrin signaling messengers (14). In
addition, the involvement of a mitochondrial metabolism dur-
ing integrin-receptor engagement has been linked to a Rac-
dependent increase in intracellular ROS (48). To investigate
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the contribution of both ROS sources during cell adhesion
and spreading onto ECM ligands, we evaluated by real-time
confocal microscopy ROS production using the DCF-DA
probe (Fig. 1C). During the early phase of cell adhesion
(within 10 min), ROS are produced in multiple, closed, and
defined compartments. In contrast, thereafter, oxidant pro-
duction becomes more diffuse in the cytosol at greatly en-
hanced concentrations. The involvement of a mitochondrial
source during integrin-receptor engagement has been further
linked to a Rac-dependent increase in intracellular ROS (48).
To test the possibility that the compartments for the early pro-
duction of ROS may be mitochondria, we used rotenone (rot),
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a selective inhibitor of mitochondrial superoxide production.
As shown in Fig. 1D, incubation of fibroblasts with rotenone
during cell adhesion completely prevents the formation of
ROS within these intracellular compartments, whereas cyto-
plasmic oxidant production is only marginally affected (not
shown). Furthermore, double-labeling confocal analysis was
carried out during cell spreading, by using the redox-sensitive
probe DCF-DA and the mitochondrial tracker tetramethylrho-
damine ethyl ester, perchlorate (TMRE). Superimposition of
the two images suggests that during the early contact between
cells and ECM, mitochondria are involved in ROS production
(Fig. 1E).

FIG. 1. In vivo ROS production during cell adhesion. (A) 106 cells were serum starved for 24 h before detaching and main-
taining in suspension with gentle agitation for 30 min at 37°C. Cells were then seeded onto polylysine- or fibronectin-coated
dishes for the indicated times. The 5 µM DCF-DA was added 3 min before the end of each incubation period. After lysis, a fluori-
metric analysis was performed. Values were normalized on the basis of protein content. #p < 0.005 vs. polylys; *p < 0.001 vs.
polylys. (B) Cells were treated as in A, except that 5 mg/ml NBT was added for 30 min before the end of each incubation period.
Reduced NBT was quantified as described in Materials and Methods. Values were normalized on the basis of protein content. One
of three experiments is shown. §p < 0.01 vs. polylys; *p < 0.001 vs. polylys. (C) An NIH3T3 cell suspension was plated onto glass
confocal dishes precoated with fibronectin. The 5 µg/ml DCF-DA was added, and the kinetics of ROS production was observed in
real time under a laser scanning confocal microscope (model Leica TCS SP2 with Acusto-Optic beam Splitter). Single images
show 1, 5, 10, 30, and 45 min of adhesion. Bar, 10 µm. (D) A similar experiment was performed in the absence or presence of 5
µM rotenone added at the initiation of suspension. Bar, 5 µm. (E) An adhesion experiment was performed as in C, except for the
presence of 250 nM TMRE. The superimposition of the DCF-DA signal (green fluorescence) and TMRE signal (red fluorescence)
is indicated by yellow fluorescence. The results are representative of three independent experiments. Bar, 10 µm.
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Recently we demonstrated that integrin-induced cell
spreading is correlated with a 5-LOX–dependent oxidant in-
crease and that these ROS play a key role as integrin-signal-
ing messengers (14). To characterize the cellular locales in-
volved in ROS production during the early and late phases of
cell adhesion, we analyzed the effect of selective inhibitors of
both mitochondrial- and 5-LOX–derived ROS within adher-
ing NIH3T3 cells. For this purpose, we used nordihydrogua-
iaretic acid (NDGA) and 2-(12-hydroxydodeca-5,10-diynyl)-
3,5,6-trimethyl-1,4-benzoquinone (AA-861) to block 5-LOX,
and rotenone and antimycin A to inhibit mitochondrial ROS
release. Based on the main effectiveness of these inhibitors at
10 or 45 min after adhesion (Fig. 2A), we conclude that mito-
chondria contribute mainly to the early phase of ROS genera-
tion, whereas 5-LOX is responsible for both phases of inte-
grin-mediated oxidant production, although it contributes
more strongly to the late phase of signaling.

Several lines of evidence underscore the involvement of
the small GTPase Rac-1 in ROS production by either 5-LOX
or NADPH oxidase pathways during both growth factor and
integrin stimulation (27, 49). Furthermore, Werner et al. (48)
suggest that the mitochondrial pathway involved in ROS pro-
duction during the engagement of integrin receptors is mainly
Rac dependent. To investigate the involvement of the small
GTPase Rac during early and late adhesion, we analyzed the
production of ROS in NIH3T3 transiently overexpressing the
constitutively active and the dominant negative Rac1 mu-
tants, RacV12 and RacN17, respectively. The percentage of
cells expressing RacV12 and RacN17 was 58.4% and 44%,
respectively, as evaluated by flow cytometry analysis. Our re-
sults demonstrate that Rac1 is involved mainly in the late
burst of ROS, although a minor Rac dependency occurs in
early, mitochondrial-mediated oxidant synthesis (Fig 2B).
These findings enforce the idea that, at least in our cellular
model, Rac is involved in both mitochondrial and 5-LOX–
dependent ROS production.

Taken together, these results indicate that on integrin stim-
ulation, two different phases are apparent: an early step char-
acterized mainly by a release of ROS from both mitochondria
and 5-LOX, and a later phase in which ROS production is
mainly cytoplasmic and driven exclusively by 5-LOX.

Mitochondrial and cytoplasmic ROS differently
contribute to cell adhesion

To investigate the role of mitochondrial and cytoplasmic
ROS during integrin-mediated cell adhesion and spreading,
we selectively inhibited the activity of each ROS pathway
throughout both the early and late phases of adhesion. Figure
3A shows that cell spreading is affected mainly by NDGA
and AA-861, because in the presence of these 5-LOX in-
hibitors, cells remain round and are not completely spread. In
contrast, in cells treated with rotenone and antimycin A, the
cell body appears to be less elongated, suggesting a defective
cytoskeletal organization. Analysis of cytoskeleton architec-
ture by phalloidin staining for actin fibers confirms that
NDGA and AA-861 treatment completely impairs the overall
cytoskeleton organization, whereas rotenone and antimycin A
administration leads to incomplete and delayed spreading,
characterized by defects in F-actin stress fiber formation
(Fig. 3B). Furthermore, the contribution of the mitochondrial
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FIG. 2. Mitochondrial and cytoplasmic ROS are produced
during different phases of cell adhesion. (A) Cells were
serum starved for 24 h before detaching and maintaining in sus-
pension with gentle agitation at 37°C for 30 min. The 3 x 104 cells
were plated into individual wells of a polylysine- or fibronectin-
coated 96-multiwell plate for the indicated times. The 10 µM
NDGA, 15 µM AA-861, 1 µM antimycin A, or 5 µM rotenone was
added for 20 min during the early and late phases of adhesion: for
early adhesion, inhibitors were added 10 min before the end of
suspension; for late adhesion, inhibitors were added 10 min after
adhesion. Hydrogen peroxide production was evaluated with
DCF-DA as described in Materials and Methods. Values were
normalized on the basis of protein content. The bar graphs repre-
sent the ratio between the ROS content of fibronectin- and
polylysine-seeded cells. Values are expressed as mean ± SD of
triplicate samples. *p < 0.001 vs. FN at the same time; ‡p � 0.05
vs. FN at the same time. (B) NIH3T3 cells were transiently trans-
fected with pEGFP-RacV12, pEGFP-RacN17, and pEGFP
alone. At 24 h after transfection, cells were serum starved for 24 h
before detaching and maintaining in suspension for 30 min at
37°C. Cells were then plated onto polylysine- or fibronectin-
coated dishes for 10 or 45 min. Hydrogen peroxide production
was evaluated with DCF-DA, as described in Materials and
Methods. Values were normalized on the basis of protein content.
The efficiency of transfection was evaluated by anti-Rac Western
blot and flow-cytometry analysis. Values are expressed as mean ±
SD of quadruplicate samples. *p < 0.001 vs. mock at the same
time; #p < 0.005 vs. mock at the same time or vs. mock on
polylys.
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and 5-LOX oxidant pathways appears to affect different
phases of integrin-mediated cell adhesion. In particular,
NDGA and AA-861 inhibit both early adhesion and late cell
spreading, suggesting a role of 5-LOX–derived ROS in both
the early contact of cells with ECM and in orchestrating the
cytoskeleton organization during spreading of cells in re-
sponse to ECM contact. Conversely, rotenone and antimycin
A appear to affect mainly the early adhesion in response to
ECM ligands, indicating mitochondrial ROS as mediators of
the initial steps of cell contact with ECM. Taken together,
these results indicate that on integrin stimulation, two differ-
ent phases are apparent: an early step, mainly driving focal
adhesion contacts, correlates with mitochondrial release of
ROS. Later on, a following phase is concurrent with cell
spreading and the organization of actin stress fibers, in which
ROS production is mainly cytoplasmic.

SHP-2 is a target of adhesion-dependent 
ROS production

Previous reports demonstrated that intracellular ROS gen-
erated on integrin engagement are essential molecules acting
as signal-transducing messengers (14). Protein tyrosine phos-
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phatases (PTPs) are redox-sensitive proteins due to the pres-
ence of the active site cysteine and are among the possible tar-
gets of ROS originated in response to integrin engagement.
The reversible oxidation and hence inactivation of PTP family
members was demonstrated for PTP1B (29), LMW-PTP (12),
and SHP-2 in response to growth factor stimulation (31) and T
cell–receptor activation (28). Recently, LMW-PTP has been
indicated as a target for redox signaling after integrin engage-
ment (14). To explore the possible involvement of other PTPs
in redox signaling during cell adhesion, we analyzed the redox
state of other intracellular PTPs. To this purpose, we per-
formed a modified PTP in-gel assay in which the active site
cysteine of the in vivo reduced PTPs is irreversibly alkylated
with iodoacetic acid, whereas oxidized PTPs are not alkylated.
In the assay, the cell lysate was subjected to modified SDS-
PAGE, in which a radioactively labeled PTP substrate was cast
and the proteins in the gel were renatured in the presence of
reducing agent. Under these conditions, only the activity of
those PTPs that were oxidized on integrin engagement was re-
covered and visualized by the appearance of a clear, white area
of dephosphorylation in the gel. A kinetic analysis of PTP
redox regulation during cell adhesion shows that after 10 min
of adhesion, many PTPs were oxidized (Fig. 4A). The oxida-

FIG. 3. Differential role of mitochondrial and cytoplasmic ROS during early and late adhesion. (A) 105 cells were serum
starved for 24 h, detached, and kept in suspension at 37°C for 30 min. The 10 µM NDGA, 15 µM AA-861, 1 µM antimycin A, or
5 µM rotenone was added 10 min before seeding the cells onto fibronectin-coated dishes. Photographs of cells were taken with a
phase-contrast microscope (Nikon) 2 h after adhesion. Bar, 40 µm. (B) Cells were treated as in A, except that 10 µM NDGA,
15 µM AA-861, 1 µM antimycin A, or 5 µM rotenone was added for 20 min during the early and late phases of adhesion: for early
adhesion, inhibitors were added 10 min before the end of suspension; for late adhesion, inhibitors were added 10 min after adhe-
sion. Cells were fixed, labeled with TRITC-phalloidin, and observed under a laser scanning confocal microscope. Bar, 20 µm.
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FIG. 4. SHP-2 is oxidized and inactivated during cell adhesion. (A) NIH3T3 cells were serum starved for 24 h before de-
taching and maintaining in suspension with gentle agitation for 30 min at 37°C. Cells were then seeded onto polylysine- or
fibronectin-coated dishes for the indicated times. Lysates were prepared in the presence of 10 mM IAA and subjected to in-gel
PTP assay. The results shown are representative of three independent experiments. (B) Cells were treated as in A, except that
SHP-2 was immunoprecipitated from total cell lysate and then subjected to in-gel PTP assay. One of three experiments is shown.
(C) Cells were treated as in A, except that they were lysed in RIPA buffer plus 40 µM BIAM. SHP-2 was immunoprecipitated
from total cell lysates. Samples were divided in half: an HRP-avidin and an anti-SHP-2 immunoblot were performed. A bar graph
obtained from densitometry analysis of triplicate experiments normalized relative to loading controls is shown. *p < 0.001 vs.
polylys; #p < 0.005 vs. polylys. (D) Cells were treated as in A, except that 10 µM NDGA or 5 µM rotenone was incubated for 20
min during the early and late phases of adhesion: for early adhesion, inhibitors were added 10 min before the end of suspension;
for late adhesion, inhibitors were added 10 min after adhesion. Cells were lysed in RIPA buffer plus 40 µM BIAM. SHP-2 was im-
munoprecipitated from total cell lysates, and an avidin-HRP immunoblot was performed. The blot was stripped and reprobed with
anti-SHP-2 antibodies. A bar graph obtained from densitometry analysis of triplicate experiments normalized to loading controls
is shown. *p < 0.001 vs. polylys; **p < 0.001 vs. FN at the same time.
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tion/inactivation reaches a peak within 45 min of adhesion and
then returns to the resting level almost completely within 1 h.
We focused our attention on a PTP of ~70 kDa that is strongly
oxidized during cell adhesion and may be a candidate in the
regulation of cell spreading. Because the Src homology-2
domain–containing phosphatase (SHP-2) is required for
integrin-evoked cell spreading, migration, and extracellular
signal-regulated kinase (ERK) activation (52), we speculated
that this 70-kDa PTP might be SHP-2. The analysis of SHP-2
immunoprecipitates with the modified in-gel PTP assay con-
firms our hypothesis, showing that SHP-2 is transiently inacti-
vated on integrin engagement (Fig. 4B). This inactivation
starts at 10 min, is maximal at 45 min, and then returns to
basal levels within 2 h of adhesion.

To confirm this finding, we analyzed the redox state of
SHP-2 by using the redox-sensitive probe N-(biotinoyl)-N�-
(iodoacetyl)-ethylenediamine (BIAM), which specifically la-
bels molecules containing low-pKa cysteine residues. After
BIAM labeling of the whole-cell lysate, SHP-2 was immuno-
precipitated, and an HRP-avidin blot was performed to detect
biotin-labeled, hence reduced, SHP-2. Within 10 min after
cell adhesion, SHP-2 is oxidized and then by 2 h is reduced
(Fig. 4C). Strikingly, the kinetics of SHP-2 redox regulation
overlaps the oxidant burst during integrin-mediated signal-
ing, suggesting that SHP-2 redox control might play a major
role in focal adhesion formation and subsequent cytoskeleton
remodeling after integrin stimulation. To explore the contri-
bution of ROS produced in the early and late phase of adhe-
sion, we analyzed the effect of the inhibitors rotenone and
NDGA on the redox state of SHP-2. Our results show that
SHP-2 oxidation within 10 min of adhesion is mediated by
ROS produced by both mitochondria and 5-LOX, whereas in
the late phase of adhesion, 5-LOX–mediated ROS production
predominates in SHP2 oxidation (Fig. 4D).

Downstream effects of SHP2 oxidation 
during integrin-mediated adhesion

It has been proposed that increased production of ROS
may contribute to enhanced tyrosine phosphorylation–depen-
dent signaling (1, 2, 44) by transiently suppressing the enzy-
matic activity of members of the PTP family, thereby promot-
ing a burst of protein tyrosine kinase activity (18, 19). Recent
reports demonstrate that SHP-2 is involved in signaling inac-
tivation because fibroblasts lacking a functional SHP-2 dis-
play reduced FAK dephosphorylation (52). Furthermore,
cells overexpressing the dominant negative form of SHP-2
exhibit a larger number of focal adhesion contacts than did
wild-type cells, suggesting that SHP-2 activity participates in
the integrin-deactivation process (25). In addition to FAK,
SHPS-1 has been reported to be among SHP-2 substrates.
SHPS-1 is a transmembrane glycoprotein that becomes tyro-
sine phosphorylated in response to ECM contact (32, 46) and
is required for Rho activation and cell motility in response to
integrin stimulation (26). Hence, we analyzed the phosphory-
lation level of both FAK and SHPS-1 on integrin engagement
(Fig. 5). Consistent with the kinetics of SHP-2 oxidation, dur-
ing early adhesion, FAK tyrosine phosphorylation is sensitive
to both NDGA and rotenone, thus suggesting that both mito-
chondria and 5-LOX–derived ROS are involved in this phase.
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Conversely, during late adhesion, FAK phosphorylation is
sensitive mainly to NDGA and only to a lesser extent to
rotenone, thus confirming that the main ROS pathway during
late adhesion is 5-LOX rather than mitochondria (Fig. 5A).
Antioxidant treatment on SHPS-1 phosphorylation on inte-
grin-mediated stimulation gave similar results, although the
contribution of mitochondrial ROS appears more relevant
with respect to FAK phosphorylation (Fig. 5B). These find-
ings suggest that transient SHP-2 inactivation by ROS may
regulate cellular adhesion through an increase in tyrosine
phosphorylation of specific signal-transduction proteins.

On the basis of these findings, we investigated the effect of
intracellular ROS levels on cell adhesion and downstream tar-
gets, as p125FAK and SHPS-1 phosphorylation. Figure 6A
shows the effect of the exogenous modulation of oxidants on
integrin-mediated cell adhesion: the spreading of cells is in-
creased during H2O2 treatment and decreased by NDGA ad-
ministration, suggesting a key role of oxidants in the modula-
tion of spreading. These results are in agreement with the
already proposed role for H2O2 as second messenger during
integrin-mediated cell adhesion affecting p125FAK phospho-
rylation through redox inhibition of p125FAK phosphatases
(14). Moreover, H2O2 and NDGA treatments accordingly af-
fect the phosphorylation level of p125FAK (Fig. 6B). To con-
firm that transient SHP-2 inactivation during cell adhesion
is required for integrin-mediated cell spreading, we overex-
pressed both wild-type (wt) and the inactive dominant nega-
tive (dn) mutant of SHP-2 in ECM adhering cells. Regulation
of SHP-2 enzymatic activity severely affects cell spreading,
because cells overexpressing dnSHP-2, which mimics the ef-
fect of H2O2 treatment, display a marked increase in cell ad-
hesion and spreading onto ECM ligands at 45 min when com-
pared with wtSHP2-expressing ones (Fig. 6C). To support the
key role of SHP-2 inactivation for correct cell spreading we
analyzed the contribution of NDGA treatment to adhesion of
cells overexpressing the inactive dnSHP2. We reported the
ratio between NDGA-untreated and -treated samples in mock
and dnSHP2 cells during cell adhesion. Figure 6D shows that
in mock cells, NDGA cause a twofold increase in the ratio,
whereas in dnSHP2 cells, the ratio is decreased to 1.4-fold,
suggesting a strong, although incomplete, contribution of
SHP2 redox inactivation to cell spreading. It is therefore
likely that other redox-sensitive proteins involved in cy-
toskeleton rearrangement are targets of integrin-mediated
ROS production. We recently reported that c-Src kinase and
�-actin (17, 22) undergo redox regulation during cell adhe-
sion, likely accounting for the SHP2-independent role of oxi-
dants in the dynamic of cell spreading.

We then analyzed the phosphorylation level of SHP-2 sub-
strates (p125FAK and SHPS-1) in cells overexpressing dn or
wtSHP-2. In agreement with the observed phenotypic effect,
during integrin-mediated cell adhesion, we detected an in-
creased phosphorylation level of these substrates in cells over-
expressing the dnSHP-2 mutant with respect to control cells.
Conversely, the overexpression of wtSHP-2 leads to the oppo-
site effect (Fig. 6E). Taken together, our results show that SHP-
2 inactivation, either through oxidation or due to inactivating
mutagenesis, similarly affects cell adhesion, leading to a faster
and enhanced spreading. Hence, the inhibition of SHP-2 activ-
ity is instrumental for the correct cell adhesion and spreading.

14386Tadd.pgs  1/29/07  4:01 PM  Page 476



DISCUSSION

During cell adhesion, intracellular ROS production from
both the mitochondrial respiratory chain and cytosolic 5-
LOX acts as specific second messenger. The contribution of
each pathway differs with respect to the kinetics of cell con-
tact with the ECM and the organization of cytoskeleton: in
the early phase of ECM contact, both ROS sources play a key
role, whereas only 5-LOX–driven oxidants appear to guide
the late phase of integrin-mediated cell spreading. Further-
more, we demonstrate that the increase in the intracellular
ROS level causes a transient oxidation of SHP-2 that leads to
an increase in tyrosine phosphorylation of its substrates FAK
and SHPS-1, thus extending the propagation of the integrin
signal. We believe that the novelty of our studies is joined to
the dissection of the single contribution of 5-LOX and the mi-
tochondrial respiratory chain during cell adhesion–mediated
ROS production. Furthermore, we underscore the relevance

DIFFERENTIAL ROS SOURCES DURING CELL ADHESION 477

of SHP-2 oxidation/inactivation for the correct execution of
integrin-mediated cell spreading, thus including this phos-
phatase among other redox-sensitive proteins leading to the
proper execution of cytoskeleton dynamics on ECM contact.

Recent reports demonstrated a key role for intracellular
ROS during cell adhesion (14, 48), although disagreement
exists about the metabolic pathway associated with oxidant
production. Our aim was to clarify the different functions, if
any, for mitochondrial- and cytosolic-derived ROS, which
have been previously indicated as contributing to integrin-
mediated cell adhesion. We demonstrate that mitochondrial
and 5-LOX–derived ROS have different kinetics, with mito-
chondrial ROS confined to the beginning phase of cell
spreading and 5-LOX–derived oxidants being extended all
along the whole cell-spreading process and orchestrating the
final cell shape. The physiologic significance of this distinct
compartmentalization and kinetics is still unclear. It is possi-
ble that the different localization and timing of ROS produc-
tion could be responsible for oxidation of distinct subsets of

FIG. 5. SHP-2 oxidation affects FAK and SHPS-1 phosphorylation level. (A) NIH3T3 cells were serum starved for 24 h be-
fore detaching and maintaining in suspension with gentle agitation for 30 min at 37°C. Cells were then seeded onto polylysine- or
fibronectin-coated dishes for the indicated times. The 10 µM NDGA or 5 µM rotenone was added for 20 min during the early and
late phases of adhesion: for early adhesion, inhibitors were added 10 min before the end of suspension; for late adhesion, in-
hibitors were added 10 min after adhesion. Cells were then lysed in RIPA buffer. p125FAK was immunoprecipitated from total
cell lysates, and an antiphosphotyrosine immunoblot was performed. The blot was then stripped and reprobed with anti p125FAK
antibodies for normalization. A bar graph obtained from densitometry analysis of triplicate experiments normalized to loading
controls is shown. ‡p < 0.05 vs. polylys; ‡‡p < 0.05 vs. FN at the same time; *p < 0.001 vs. FN at the same time; **p < 0.001 vs.
polylys. (B) Cells were treated as in A, except that SHPS-1 was immunoprecipitated from total cell lysates, and an antiphosphoty-
rosine immunoblot was performed. The blot was then stripped and reprobed with anti SHPS-1. A bar graph obtained from densit-
ometry analysis of triplicate experiments normalized to loading controls is shown. *p < 0.001 vs. polylys; **p < 0.001 vs. FN at
the same time.
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redox-regulated molecular targets involved in the early or late
phase of adhesion.

The differential effects of selective antioxidants on cell
spreading and cytoskeleton organization enhances the con-
cept that mitochondrial and cytoplasmic ROS play diverse
roles, likely acting in promoting different events during cell
adhesion. In particular, mitochondrial ROS could take part in
the first cellular contact with ECM and focal adhesion forma-
tion, whereas cytoplasmic ROS could act during both phases,
participating in the diffuse cytoskeleton remodeling and the
formation of actin stress fibers. Adhesion is a dynamic pro-
cess characterized by an initial phase promoted by interaction
with ECM that leads to integrin clustering and development
of small focal adhesions, followed by formation of more-sta-
ble and larger integrin-associated focal complexes, promoting
cell spreading (7). The joint role that we demonstrate for mi-
tochondrial and cytosolic ROS is in partial disagreement with
the report of Werner and colleagues (48). They proposed mi-
tochondria as the sole source of oxidants during integrin sig-
nal transduction, and in their cell model, rotenone alone is
able to inhibit the increase in ROS content. This apparent dis-
crepancy may be due to the different cellular models used in
the adhesion studies. Although we reproduce the entire cell-
adhesion process by seeding cells onto a physiologic ECM
ligand coated to plastic dishes, Werner et al. (48) study only
integrin-receptor ligation by soluble anti-�5 monoclonal anti-
bodies. We propose that the model of Werner et al. may be
helpful to investigate the early phase of cell adhesion (the en-
gagement of integrin receptors), but cannot address the sub-
sequent 5-LOX–dependent cell-adhesion steps, in particular
those orchestrating the organization of cytoskeleton. Our
findings indicate that oxidants exert their primary function
during this late phase of cell adhesion. This conclusion is
supported by the effect of antioxidant treatment of adherent
cells, which causes a complete impairment of cell spreading
and cytoskeleton rearrangement but allows cells to be firmly
attached to the ECM substratum.

We recently reported that LMW-PTP and the tyrosine ki-
nase c-Src are two redox-regulated proteins after integrin-me-
diated adhesion (14, 22). Herein we include in this group the
SHP-2 phosphatase. We focused our attention on PTPs owing
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to the well-known role of this family of enzymes in cy-
toskeleton rearrangement (15) and for their sensitivity to oxi-
dation of the active-site cysteine (10, 11, 31, 45). SHP-2 is a
crucial component of RTK and integrin signaling, being re-
cruited either to the receptors themselves or to receptor-asso-
ciated docking proteins. A recent report demonstrates that
SHP-2 is redox sensitive, because PDGF stimulation rapidly
oxidizes and inactivates the enzyme (31). Here we report that
SHP-2 is oxidized and hence inactivated during cell adhesion.
This oxidation is transient and reversible, in keeping with the
general idea of ROS generation as a tightly regulated event.
In agreement with our demonstration of different sources of
oxidants during early and late adhesion, we showed that both
mitochondria and 5-LOX contribute to early SHP-2 oxida-
tion, whereas the strongest oxidation of the phosphatase,
solely due to 5-LOX activation, is reached at the time of cy-
toskeleton rearrangement.

The role of SHP-2 in integrin signaling has been controver-
sial. Yu et al. (52) reported that fibroblasts lacking a func-
tional SHP-2 were impaired in their ability to spread and mi-
grate on fibronectin when compared with wild-type cells,
suggesting a positive role of SHP-2 in promoting cell migra-
tion and spreading. In contrast, Schoenwaelder et al. (42)
demonstrated that SHP-2 negatively regulates RhoA activity.
RhoA is required for both formation and maintenance of
stress fibers and focal adhesions. In agreement with these
findings, they showed that inhibition of SHP-2 increases the
basal level of active RhoA, thus increasing cell adhesion.
Furthermore, Inagaki et al. (25) demonstrated that overex-
pression of a catalytically inactive mutant of SHP-2 increases
the number of actin stress fibers and focal adhesion contacts.
Moreover, Manes et al. (30) suggested a role for SHP-2 in the
integrin-deactivation process, based on the observation that
SHP-2 dominant negative overexpressing cells display a
larger number of focal adhesions. More recently, Kwon et al.
(28) demonstrated that Jurkat T cells overexpressing domi-
nant negative SHP-2 show an increase in T cell–receptor–
stimulated adhesion.

Our findings, in agreement with the Manes and Kwon re-
ports, show SHP-2 as a negative regulator of integrin signal-
ing. We propose that a key event for promoting cell adhesion

FIG. 6. Effect of ROS content and SHP-2 activity on cell spreading. (A) NIH3T3 cells were serum starved for 24 h before
detaching and maintaining in suspension with gentle agitation for 30 min at 37°C. Cells were then seeded onto fibronectin-coated
dishes for the indicated times with or without 1 µM H2O2 or 10 µM NDGA. Spread cells are counted in six randomly chosen fields
for each sample, and the means ± SD values are shown in the bar graph. *p < 0.001 vs. control at the same time; #p < 0.005 vs.
control at the same time. (B) Total cell lysates were prepared from cells treated as in A, and p125FAK was immunoprecipitated.
An antiphosphotyrosine immunoblot was performed. The blot was then stripped and reprobed with anti-p125FAK antibodies for
normalization. A bar graph obtained from densitometry analysis of triplicate experiments normalized to loading controls is
shown. *p < 0.001 vs. control at the same time. (C) The dnSHP-2– and wtSHP-2–overexpressing NIH3T3 cells were serum
starved for 24 h before detaching and maintaining in suspension with gentle agitation for 30 min at 37°C. Cells were then seeded
onto fibronectin-coated dishes for the indicated times. Spread cells are counted in six fields randomly chosen for each sample,
and the means ± SD values are shown in the bar graph. *p < 0.001 vs. mock at the same time; #p < 0.005 vs. mock at the same
time. (D) An adhesion experiment was performed. Mock and dnSHP-2–overexpressing NIH3T3 cells were treated with 10 µM
NDGA, and spread cells at 45 min are counted in six fields randomly chosen for each sample; the ratios between NDGA-
untreated and -treated samples are shown as means ± SD in the bar graph. #p < 0.005 vs. mock. (E) Total cell lysates were pre-
pared from cells treated as in C, and p125FAK and SHPS-1 were immunoprecipitated. Each sample was divided into two aliquots,
and antiphosphotyrosine, anti-p125 FAK, or SHPS-1 immunoblots were performed. Two bar graphs obtained from densitometry
analysis of triplicate experiments normalized to loading controls are shown. *p < 0.001 vs. mock cells on polylys; **p < 0.001 vs.
mock cells at 10 min on FN; ***p < 0.001 vs. mock cells at 45 min on FN; §p � 0.01 vs. mock cells at 10 min on FN.
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and spreading is the transient oxidation and inactivation of
SHP-2. Two lines of evidence support this idea. First, inte-
grin-mediated oxidation of SHP-2 upregulates both p125FAK
and SHPS-1 phosphorylation. These events contribute to the
propagation of the integrin signal, as both p125FAK and
SHPS-1 phosphorylation is involved in actin remodeling (34,
46). FAK is a nonreceptor tyrosine kinase involved in regulat-
ing cell spreading by modulating the turnover of focal adhe-
sions (24, 39). In addition, integrin-induced phosphorylation
of SHPS-1 mediates the recruitment and activation of SHP-2
(46). This SHP-2/SHPS-1 complex promotes a positive-feed-
back loop leading to Src and FAK activation during integrin
signaling (46). Second, either redox-independent modulation
of SHP2 activity or the modulation of intracellular ROS se-
verely affects cell spreading. For example, integrin-mediated
cell adhesion is decreased by either ROS removal or overex-
pression of active SHP-2, and this adhesion is increased by
either exogenous H2O2 treatment or dnSHP-2 overexpression.
Furthermore, we suggest that SHP-2 is the major redox-
regulated phosphatase involved in the control of p125FAK
and SHPS-1 phosphorylation during integrin engagement. In
cells overexpressing LMW-PTP, p125FAK tyrosine phospho-
rylation is regulated by a transient oxidation of this phos-
phatase during ECM contact and cell spreading (14). The
higher endogenous expression level of SHP-2, with respect to
LMW-PTP in NIH3T3 fibroblasts, confers to SHP-2 a main
role among these two phosphatases for p125FAK redox regu-
lation during integrin-mediated cytoskeleton organization.

In conclusion, we report that both mitochondria and 5-
LOX are engaged in ROS production during cell adhesion,
with distinct kinetics and function during early and late adhe-
sion. We also show that SHP-2 is one of the main PTPs tar-
geted by ROS during cell adhesion and that its oxidation and
inactivation are responsible for the organization of the cy-
toskeleton in response to ECM contact, exerting a positive
feedback on the remodeling of the actin cytoskeleton and
guaranteeing correct spreading.
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