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Abstract
Interactions linking the Eph receptor tyrosine kinase and ephrin ligands transduce 

short-range repulsive signals regulating several motile biological processes including 
axon path‑finding, angiogenesis and tumor growth. These ephrin‑induced effects are 
believed to be mediated by alterations in actin dynamics and cytoskeleton reorganiza-
tion. The members of the small Rho GTPase family elicit various effects on actin structures 
and are probably involved in Eph receptor‑induced actin modulation. In particular, some 
ephrin ligands lead to a decrease in integrin‑mediated cell adhesion and spread. Here 
we show that the ability of ephrinA1 to inhibit cell adhesion and spreading in prostatic 
carcinoma cells is strictly dependent on the decrease in the activity of the small GTPase 
Rac1. Given the recognized role of Rac‑driven redox signaling for integrin function, 
reported to play an essential role in focal adhesion formation and in the overall organi-
zation of actin cytoskeleton, we investigated the possible involvement of oxidants in 
ephrinA1/EphA2 signaling. We now provide evidence that Reactive Oxygen Species 
are an integration point of the ephrinA1/integrin interplay. We identify redox circuitry in 
which the ephrinA1‑mediated inhibition of Rac1 leads to a negative regulation of integrin 
redox signaling affecting the activity of the tyrosine phosphatase LMW‑PTP. The enzyme 
in turn actively dephosphorylates its substrate p190RhoGAP, finally leading to RhoA 
activation. Altogether our data suggest a redox‑based Rac‑dependent upregulation of Rho 
activity, concurring with the inhibitory effect elicited by ephrinA1 on integrin‑mediated 
adhesion strength.

Introduction
Integrins are heterodimeric glycoproteins that bind to extracellular matrix (ECM) 

ligands and transmit signals that inhibit apoptosis, regulate the progression through the 
G1 phase of the cellular cycle, and promote adhesion or migration.1‑4 In non-transformed 
cell lines the disruption of this connection to the extracellular matrix has deleterious effects 
on cell survival, causing a peculiar type of apoptosis called anoikis. ECM‑engaged integrins 
elicit signals which mostly overlap those activated from receptor tyrosine kinases (RTKs) 
that bind soluble growth factors and cytokines. However, integrated cross‑talk between 
integrins and RTK signaling is necessary for cell proliferation, survival and migration. 
The integration between integrin and RTK signaling is mainly carried out at two levels: 
(1) a direct interaction between integrins and membrane receptors that amplify signaling 
through mechanisms that involve posttranslational modifications and integrin structural 
changes leading to activation; and (2) the activation of intracellular soluble messengers 
that can be commonly regulated by integrins and RTKs.

Much evidence supports the idea that Reactive Oxygen Species (ROS) act as second 
messengers modulating the activity of signaling proteins upon growth factor and cytokine 
stimulation. They are generated after integrin engagement in a Rac1‑dependent manner 
and these oxidant intermediates play an instrumental role in integrin signaling during 
fibroblast adhesion and spreading, acting on redox‑sensitive substrates such as phos-
photyrosine phosphatases, namely Low Molecular Weight‑Protein Tyrosine Phosphatase 
(LMW‑PTP)5 and Src Homology‑2 Phosphatase (SHP2).6 It has been reported that 
integrin activation is joined to a Rac‑dependent generation of ROS specifically acting 
on target proteins such as LMW‑PTP,5 SHP26 and other cytoskeletal proteins.7‑8 The 
reversible oxidation of these proteins has a profound effect on cell spreading onto ECM, 
through indirect activation of both Focal Adhesion Kinase and the small GTPase Rho, 
thus suggesting that ROS act as second messengers in the cytoskeletal organization in 
response to integrin engagement.9‑11
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Eph receptors have been reported as a family of RTKs strongly 
influencing cell adhesion and migration and are therefore indicated 
as regulators of integrin activity. Eph receptors and their ligands, 
ephrins, are involved in the establishment of organ boundaries, cell 
shape and positioning, angiogenesis and repulsive guidance of cell 
migration during development. Differently from most RTKs, whose 
activation sustains cell proliferation, Ephs elicit anti‑proliferative 
and de‑adhesive responses. In particular, activation of endogenous 
EphA2 kinase induces an inactive conformation of integrins, inhibits 
cell spreading, migration, integrin‑mediated adhesion12 and induces 
cell rounding and retraction fiber formation.13 The reorganization 
of cell morphology during adhesion and detachment is mainly regu-
lated by signals derived from cell adhesion receptors and requires 
the disruption of focal adhesion complexes and reorganization of 
the actin/myosin cytoskeleton. In this process members of the Rho 
family of small GTPases exert a key role.14 Several recent reports 
indicate that GTPases are engaged in a signal transduction cascade 
elicited by Ephs; for instance the small GTPase Rho is involved in 
EphA receptor‑induced cytoskeleton remodelling and increase in 
acto‑myosin contraction.15‑17 In addition Rac1 GTPase has been 
involved in ephrinA1‑induced inhibition of vascular smooth cell 
spreading18 and R‑Ras is inactivated through both phosphorylation 
and increased GTP hydrolysis during ephrinB‑mediated inhibition 
of cell‑matrix adhesion.19

In this paper we provide evidence that ROS are an integration 
point of the ephrinA1/integrin interplay. We propose that the 
ephrinA1‑mediated inhibition of Rac1 leads to a down‑regulation 
of integrin redox signaling, affecting the activity of LMW‑PTP. The 
activated tyrosine phosphatase in turn dephosphorylates its substrate 
p190RhoGAP, finally leading to RhoA activation, cell rounding and 
de‑adhesion from ECM.

Material and Methods
Materials. Unless specified, all reagents were obtained from Sigma. 

PC3 cells were from ATCC; recombinant mouse Fc and ephrinA1‑Fc 
chimera were from R & D Systems, anti‑phosphotyrosine (clone 
4G10) and anti‑EphA2 antibodies were from Upstate Biotechnology 
Inc., anti‑p190Rho‑GAP, anti‑Rac1 antibodies and the Rho GTPase 
assay kit were from Becton Dickinson, anti‑RhoA antibodies 
were from Santa Cruz Biotechnology, rabbit anti‑LMW‑PTP anti-
bodies were obtained from our Department. LMW‑PTP siRNA 
(5'‑AAGTCCGTGCTGTTTGTGTGT‑3') and a negative control 
siRNA sequence corresponding to nucleotides 695–715 of the firefly 
luciferase (U31240) were obtained from Qiagen. Wild type and 
mutant Rac1 (wt, N17 and V12) were a gift of Dr. C. Deroanne 
(University of Marseille).

Cell culture, stimulation, RNA interfering protein over-
expression. PC3 prostatic carcinoma cells were cultured in Ham’s 
F12 medium supplemented with 10% fetal calf serum in 5% CO2 
humidified atmosphere. For studies using soluble ephrinA1, cells in 
the logarithmic growth phase were always stimulated with 1 mg ml‑1 
Fc or ephrinA1‑Fc for the indicated times. PC3 cells were transiently 
transfected using Lipefectamine 2000 (Invitrogen) as described by the 
manufacturer. Cells were transfected with 4 mg of siRNA or RacV12, 
RacN17, Racwt plasmid DNA per 60 mm dish. siRNA efficiency 
was tested by anti‑LMW‑PTP immunoblot: although at 48 hours we 
detected an appreciable inhibition of LMW‑PTP expression, the best 
efficiency was observed 72 h after transfection. Rac wt and mutant 
efficiency of transfection were tested by anti‑Rac1 immunoblot after 

48 h of transfection. Protein content was evaluated by Bradford assay 
and normalized for each experiment.

Integrin‑mediated cell adhesion assay. 106 cells were serum‑starved 
for 24 h before detaching with 0.25% trypsin for 1 min. Trypsin was 
blocked with 0.5 mg/ml soybean trypsin inhibitor, and cells were 
resuspended in 3 ml/10 cm dish of fresh medium, maintained in 
suspension for 30 minutes at 37˚C, and then directly seeded onto 
precoated dishes treated overnight with 10 mg/ml human fibronectin. 
Control cells were kept in suspension by plating them onto dishes 
pretreated with 1 mg/ml of polylysine in culture medium, thus 
preventing adhesion to the dish.

Immunoprecipitation and Western blot analysis. One x 106 cells 
were lysed for 20 min on ice in 500 ml of complete RIPA lysis buffer 
(50 mM Tris‑HCl, pH 7.5, 150 mM NaCl, 1% Nonidet P‑40, 2 mM 
EGTA, 1 mM sodium orthovanadate, 1 mM phenyl‑methanesulpho-
nyl‑fluoride, 10 mg/ml aprotinin, 10 mg/ml leupeptin). Lysates were 
clarified by centrifuging and were immunoprecipitated for 4 h at 4˚C 
with 1‑2 mg of the specific antibodies. We used either anti‑EphA2 
antibodies or 1 mg ml‑1 ephrinA1‑Fc fusion protein for anti‑EphA2 
immunoprecipitation. Immune complexes were collected on protein 
A Sepharose, separated by SDS/PAGE, and transferred onto PVDF. 
The 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, and were probed first with specific antibodies, 
then with secondary antibodies. Quantity‑One software (Biorad) was 
used to perform quantitative analyses.

In vitro three‑dimensional migration assay. The in vitro motility 
assays were performed using the Transwell system of Costar, equipped 
with 8‑mm pore polyvinylpirrolidone‑free polycarbonate filters 
(diameter, 13 mm). Cells were loaded into the upper compartment 
(5 x 105 cells in 500 ml) in serum‑deprived growth medium, with or 
without 1 mg ml‑1 of ephrinA1‑Fc. The upper chambers were placed 
into 6‑well culture dishes containing 1 ml of medium with 50 ng/ml 
human EGF as chemoattractant. After 24 h of incubation at 37˚C, 
non-invading cells were removed mechanically using cotton swabs, 
and the microporous membrane containing the invaded cells was 
stained with DiffQuick solution (Medion Diagnostics). Chemotaxis 
was evaluated by counting the cells that had migrated to the lower 
surface of the polycarbonate filters. For each filter the number of cells 
in ten randomly chosen fields was determined, and the average was 
then calculated (mean ± S.D.).

Assay of intracellular H2O2. Intracellular production of H2O2 was 
assayed as previously described.20 Five minutes before the end of the 
incubation time, cells were treated with 5 mg/ml 2',7'‑dichlorofluores-
cein diacetate (DCF‑DA). After PBS washing, cells were lysed in 1 ml 
of RIPA buffer and analyzed immediately by fluorimetric analysis at 
510 nm. Data have been normalized on total protein content.

Determination of Rac1 activity. 106 PC3 cells were directly 
lysed in RIPA buffer, the lysates were clarified by centrifugation 
and Rac1‑GTP was quantified. Briefly, lysates were incubated with 
10 mg of p21 activated kinase (PAK)‑GST fusion protein absorbed 
on glutathione‑Sepharose beads. Immunoreactive Rac1 precipi-
tated by PAK‑GST was then quantified by anti‑Rac1 western blot 
analysis. Lysates were normalized for Rac1 content by anti‑Rac1 
immunoblot.

Determination of RhoA activity. 106 PC3 cells were directly 
lysed in RIPA buffer, the lysates were clarified by centrifugation 
and RhoA‑GTP was quantified using the specific assay kit from 
Becton Dickinson, according to the manufacturer’s instructions. 
Briefly, lysates were incubated with 10 mg of Rhotekin‑Rho binding 



www.landesbioscience.com	 Cell Adhesion & Migration	 35

H2O2 Regulates EphA2/Integrin Cross-Talk

was performed by adding 100 ml of 10 mM p‑nitrophenyl phosphate 
(PNPP) at 37˚C for 1 h. The production of p‑nitrophenol was 
measured colorimetrically at 410 nm. The results were normalized 
on the basis of LMW‑PTP content analyzed by anti‑LMW‑PTP 
immunoblot.

Results

ephrinA1 induces a delay in adhesion and inhibits cell spreading. 
In a recent paper we reported that in PC3 cells, a human prostatic 
carcinoma cell line highly expressing EphA2, ephrinA1 stimulation 
causes cell body rounding and retraction fiber formation. In 
addition, cell adhesion on ephrinA1‑coated slides is slowed and 
spreading inhibited.13 To further confirm that ephrinA1 influences 
integrin-dependent cell adhesion and spreading, PC3 cells were 
allowed to adhere to fibronectin (FN)‑coated dishes during ephrinA1 

Figure 2. EphrinA1‑induced decrease in intracellular hydrogen peroxide 
content is Rac‑dependent: (A) ROS content measurement: 1 × 106 PC3 cells 
were serum‑starved for 24 h and then stimulated with Fc or ephrinA1‑Fc 
for the indicated times. Hydrogen peroxide production was evaluated with 
2',7'‑dichlorofluorescein diacetate (DCF‑DA). Five minutes before the end of 
ephrinA1‑Fc stimulation, cells were treated with 5 mg/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 normal-
ized on total protein content. Results are means ± SD of four independent 
experiments. #p < 0.005 vs Fc; *p < 0.001 vs Fc. (B) Rac activity after ephri-
nA1‑Fc stimulation: 1 x 106 PC3 cells were treated as in A and Rac‑GTP was 
analyzed by a pull‑down assay performed with PAK‑GST‑agarose beads. The 
total amount of Rac‑1 was then quantified by anti‑Rac immunoblot. The mean 
ratio between the two values obtained from three independent experiments 
and SD are reported in the plot. §p < 0.01 vs Fc; ‡p < 0.05 vs Fc.

Figure 1. EphrinA1‑Fc treatment inhibits adhesion and spreading of PC3 
cells. Twenty-four hours after starvation, PC3 cells were detached and 
presuspended for 30 minutes in serum‑free medium. Cells were stimulated 
with ephrinA1‑Fc or Fc 1mg/ml and allowed to adhere to FN‑coated dishes 
(10 mg/ml) for the indicated times and then were observed under a phase 
contrast microscope. After 6 hours of adhesion cells were detached with 
trypsinization and replated onto FN‑coated dishes in serum‑free medium; 
photographs were taken after 6 hours of adhesion.

domain fusion protein absorbed on glutathione‑Sepharose beads. 
Immunoreactive RhoA precipitated by Rhotekin‑GST was then 
quantified by anti‑RhoA western blot analysis. Lysates were 
normalized for RhoA content by anti‑RhoA immunoblot.

In vivo 5'‑fluoresceinated‑iodoacetamide (5'‑F‑IAA) labelling. 
Suspended and adherent PC3 cells were lysed in RIPA buffer in 
which 5'‑F‑IAA was added from freshly prepared stock to a final 
concentration of 5 mM. The lysates were maintained for 10 min at 
37˚C for the labeling step and then were treated for immunoprecipi-
tation with anti‑LMW‑PTP antibodies. Reduced protein sulfidryls 
were assayed by anti‑fluorescein immunoblot.

LMW‑PTP activity assay. The tyrosine phosphatase activity 
was measured as previously reported.21 Briefly, cells were lysed in 
RIPA buffer and LMW‑PTP was immunoprecipitated from lysates. 
Immunoprecipitates were then resuspended in 100 ml of 0.1 M 
sodium acetate, pH 5.5, 10 mM EDTA. Phosphatase activity assay 
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Figure 3. EphrinA1 inhibits integrin‑dependent hydrogen peroxide genera-
tion. (A) Evaluation of hydrogen peroxide during adhesion in concomitance 
with ephrinA1‑Fc stimulation. Twenty-four hours after starvation PC3 cells 
were detached, presuspended for 30 minutes in serum‑free medium and 
kept in suspension or seeded onto fibronectin (FN)‑coated dishes in the 
presence or not of 1 mg/ml ephrinA1‑Fc for the indicated times. Hydrogen 
peroxide production was measured as in Figure 2. Results are means ± SD 
of four independent experiments. #p < 0.005 vs suspension; *p < 0.001 vs 
suspension (B) Rac‑1 regulates ephrinA1‑dependent inhibition of integrin‑me-
diated hydrogen peroxide generation. Rac wt, Rac V12 (constitutive active 
mutant) and Rac N17 (dominant negative) were overexpressed in PC3 cells. 
After 24 hours of starvation, PC3 were detached, presuspended for 30 min-
utes in serum‑free medium and kept in suspension or plated onto FN‑coated 
dishes for 45 minutes in the presence or not of ephrinA1‑Fc. ROS production 
was measured as in Figure 2. Means and SD of four independent experi-
ments are indicated in the graph. #p < 0.005 vs suspension; *p < 0.001 vs 
suspension. Transfection efficiency of Rac mutants was evaluated by Western 
blot. (C) Rac‑1 regulates ephrinA1‑dependent inhibition of integrin‑mediated 
cell adhesion. Rac wt, Rac V12 and Rac N17 expressing plasmids were 
overexpressed in PC3 cells. After 24 hours of starvation, the cells were 
detached, presuspended for 30 minutes in serum‑free medium and plated 
onto FN‑coated dishes in the presence or not of ephrinA1‑Fc. Photographs 
were taken with a phase contrast microscope at the end of the adhesion time. 
Transfection efficiency of Rac mutants was evaluated by Western blot.

a key role on cell adhesion.5,10,22 Given the inhibitory effect of 
ephrinA1 on integrin function, inducing a delay in cell adhesion and 
an inhibition of cell spread, we speculated that the cross‑talk between 
integrin and Ephs could be mediated by hydrogen peroxide. The 
evaluation of ROS content reveals that the amount of intracellular 
H2O2 rapidly decreases after ephrinA1 stimulation, later returning 
to basal level (Fig. 2A).

The small GTPase Rac1 mediates ligand‑dependent generation 
of ROS in a variety of physiological settings through modulation of 
oxygen radical sources.23,24 Although the effect of Rac1 regulation 
by ephrins is still debated, there is a large body of evidence that Eph 
activation leads to Rac1 inhibition.17,25 In agreement with these 
previous reports, we observed an early decrease in GTP‑bound (i.e., 
active) Rac1 upon ephrinA1 stimulation, paralleling the decline in 
H2O2 content (Fig. 2B).

To evaluate whether ephrinA1 inhibition of integrin‑mediated 
adhesion could be due to an ephrin‑dependent modulation of H2O2, 
we measured H2O2 during FN contact. We observed that the peak of 
hydrogen peroxide production, corresponding to 45 min of adhesion, 
is completely abolished when adhesion is concomitant with ephrinA1 
stimulation (Fig. 3A). We then provided evidence that the counter-
acting effect of ephrinA1 on integrin‑dependent H2O2 generation is 
mediated by Rac1. We genetically modified Rac1 activity through 
transfection of the constitutive active RacV12 and the dominant 
negative RacN17. We observed that cells overexpressing RacV12 
are insensitive to the inhibition of H2O2 production induced by 
ephrinA1, while the overexpression of Rac N17 also inhibits the 
adhesion‑dependent production of H2O2 (Fig. 3B). In keeping 
we observed that modulation of H2O2 production through the 
overexpression of Rac mutants similarly influences cell adhesion and 
spreading (Fig. 3C).

To further confirm the role of ROS in ephrin‑induced inhibition of 
cell adhesion and spreading, we exogenously modulated the intracellular 
ROS content using antioxidants such as Nor‑dihydroguaiaretic acid 
(NDGA) and N‑acetylcysteine (NAC). NAC is a general scavenger 
of oxidant species, while NDGA specifically inhibits 5‑lipoxygenase 
(5‑LOX), the cytosolic oxidase that is mainly involved in H2O2 

stimulation. The results evidence that ephrinA1 induces a dramatic 
delay in cell adhesion and spreading upon ECM contact (Fig. 1). The 
inhibition of integrin‑mediated cell adhesion elicited by ephrinA1 
is reversible since ephrinA1‑treated cells, after re-seeding onto fresh 
FN‑coated dishes, regain the capability to properly adhere and 
spread (Fig. 1).

ephrinA1 stimulation inhibits integrin‑dependent H2O2 
generation. Integrin engagement is recognized as being linked to a 
transient increase in intracellular hydrogen peroxide, which exerts 
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reversed and adhering cells spread correctly, thus confirming that 
the inhibitory effect of ephrinA1 on cell adhesion is actually due to 
down‑regulation of H2O2 production (Fig. 4B). We have excluded 
ligand inactivation due to oxidation, as the ability of ephrinA1 to 
activate EphA2 is indeed unchanged by H2O2 pretreatment of the 
ligand (Fig. 4C).

Collectively, these results indicate that ephrinA1, by inducing a 
down‑regulation of Rac1 activity, leads to modulation of intracellular 
H2O2 content. This decrease in H2O2 amount is correlated to 
the inhibition of cell spreading and to the preservation of round 
morphology.

ephrinA1/EphA2 redox signaling plays a pivotal role in the 
regulation of cell motility. Besides its role in the regulation of 
integrin signaling, we speculated that the modulation of H2O2 
content by ephrinA1 may be significant for the motility response 
induced by the repulsive factor. We therefore studied the effect of 
ephrinA1 on epidermal growth factor (EGF)‑induced chemotaxis, 
during H2O2 or antioxidant treatments. H2O2 treatment strongly 
reverses the inhibitory effect of ephrinA1 on EGF‑induced migra-
tion (Fig. 5A) while NAC or NDGA antioxidant treatments mimic 
ephrinA1‑mediated inhibition of cell motility, and slightly syner-
gize with ephrinA1 (Fig. 5B). The key role of Rac1 signaling in 
ephrinA1‑mediated motility response is confirmed by analysis of 
EGF‑induced migration in cells overexpressing either RacV12 or 
RacN17. Indeed, overexpression of the constitutive active RacV12 
blocks the inhibitory effect of ephrinA1 on cell motility, while Rac 
N17 overexpression synergizes with ephrinA1‑mediated inhibition of 
cell motility (Fig. 5C).

Low molecular weight‑protein tyrosine phosphatase (LMW‑PTP) 
is the molecular target of the redox‑mediated cross‑talk between 
EphA2 and integrins. The effect of the intracellular production of 
ROS is the reversible oxidation of many redox sensitive proteins.28 
Thiols, for their ability to be reversibly oxidized, are recognized as 
key targets of H2O2. Redox sensitive proteins include PTPs, enzymes 
that possess one or two cysteines in the catalytic site that can be 
reversibly oxidized and inhibited by H2O2.29‑32 These proteins play 
a pivotal role in receptor tyrosine kinase (RTK) signal transduction, 
controlling their phosphorylation level, and therefore the activation of 
many downstream signaling molecules. Of the redox sensitive PTPs, 
we focused our attention on LMW‑PTP, due to its involvement in 
both cytoskeleton rearrangement, acting on p190RhoGAP9,11 and 
focal adhesion kinase,33 and in ephrinA1/EphA2 signaling regulation 
through the dephosphorylation of EphA2.13,34 We analyzed the redox 
state of LMW‑PTP in ephrinA1 stimulated cells by selective carboxy-
methylation of reactive Thiols.21,35 Our results show that ephrinA1 
induces an increase in the amount of reduced LMW‑PTP, peaking at 
15 min of stimulation, in agreement with the kinetics of H2O2 and 
Rac1 activity decline (Fig. 6A). The reduction of LMW‑PTP thiols 
by ephrinA1/EphA2 signaling is paralleled by its transient enzymatic 
activation (Fig. 6B).

Furthermore, in agreement with our previous observations,5 
LMW‑PTP is oxidized during adhesion as a consequence of the strong 
ROS burst, but concomitant stimulation with ephrinA1 protects 
LMW‑PTP from this modification, thus maintaining the phospha-
tase in its reduced/active state (Fig. 6C). The involvement of Rac1 
in LMW‑PTP redox regulation is confirmed by the results obtained 
with genetic manipulation of Rac1 activity: RacV12 overexpression 
prevents LMW‑PTP reduction by ephrinA1/EphA2 signaling, while 
RacN17 prevents its oxidation in response to integrin signaling and 
enhances ephrinA1 response (Fig. 6C).

Figure 4. Antioxidant and H2O2 treatment influences ephrinA1‑dependent 
inhibition of cell adhesion and spreading. (A) Effect of antioxidant treatment: 
24 h after starvation PC3 cells have been detached and presuspended for 
30 minutes in serum‑free medium. Cells were then treated with 20 mM NAC 
and 5 mM NDGA or stimulated with ephrinA1‑Fc and then allowed to adhere 
to FN‑coated dishes for 45 minutes. Afterward the cells were observed under 
a phase contrast microscope (B) Effect of hydrogen peroxide treatment. 
Cells were treated as in A except that before adhesion they were treated 
with hydrogen peroxide at the indicated doses and/or with ephrinA1‑Fc 
1 mg/ml. After 45 minutes of adhesion, photographs were taken under a 
phase contrast microscope. (C) Activation of EphA2 induced by stimulation 
with ephrinA1‑Fc or a mixture of ephrinA1‑Fc plus hydrogen peroxide. In 
order to exclude that the effect of oxidant treatment could be due to ligand 
inactivation we stimulated PC3 cells with ephrinA1‑Fc or with a previously 
prepared mixture of ephrinA1‑Fc 1 mg/ml/H2O2 1 mM for 15 minutes. An IP 
with ephrinA1‑Fc was performed followed by Western blot with anti‑phospho-
tyrosine‑specific antibodies. The membrane was then stripped and reprobed 
with anti‑EphA2 specific antibodies for normalization.

production after integrin engagement.5 Our results show that both 
antioxidants mimic the effect of ephrinA1 stimulation, inducing 
cells to acquire a round‑shape and inhibiting cell spreading (Fig. 
4A). Control cells, in which integrin signaling through the proper 
increase in H2O2 production activates the mechanisms necessary 
for correct cytoskeleton organization, are normally able to spread 
in response to FN contact. We further treated adhering cells with 
physiological doses of H2O2 (similar to those produced during adhe-
sion to FN).26,27 In the presence of H2O2 the effect of ephrinA1 is 
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may be an integration point in the cross‑talk between ephrinA1 and 
integrin signaling. We first analyzed p190RhoGAP phosphorylation 
in response to ephrinA1 and observed an initial increase in its 
phosphorylation after 5 min of stimulation (Fig. 7A). The sensitivity 
to the Src inhibitor PP2 of this early phosphorylation (data not 
shown) suggests an early involvement of this kinase in ephrinA1/
EphA2 signaling. Afterwards, p190RhoGAP is strongly dephosphor-
ylated. The concomitance between p190RhoGAP dephosphorylation 
and LMW‑PTP reduction/activation by ephrinA1/EphA2 signaling, 
suggests that this phosphatase plays a role in p190RhoGAP dephos-
phorylation. This idea was confirmed by the abolition of LMW‑PTP 
expression by RNA interference: we observed that in the absence of 
LMW‑PTP, the phosphorylation level of p190RhoGAP persists also 
at 15 and 30 minutes of stimulation (Fig. 7B). The involvement 
of redox signaling is further confirmed by H2O2 treatment of 
ephrinA1 stimulated cells, where we again observed a persistence of 
p190RhoGAP phosphorylation (Fig. 7C).

Given the recognized role of phosphorylated p190RhoGAP as 
a strong inhibitor of RhoA, we analyzed the effect of H2O2 and 
antioxidant treatments on ephrinA1‑induced activation of the 
small GTPase RhoA. In agreement with several other reports,16,18 
we observed that ephrinA1 is able to elicit strong RhoA activation, 
as indicated by the increase in its GTP‑bound form. Hydrogen 
peroxide treatment, that counteracts the effect of ephrinA1, inhibits 
RhoA activation, while the addition of antioxidant enhances GTPase 
activation (Fig. 7D). These results suggest that ephrinA1 acts on 
cytoskeleton rearrangement through a redox modulation of Rho 
activity, exerted by a LMW‑PTP‑mediated dephosphorylation of its 
inhibitor p190RhoGAP.

Discussion
A decrease in adhesion strength is a broad outcome of several 

biological processes, including the destabilization of blood vessel 
structures during angiogenesis40 and the movement and targeting 
of metastatic cells.41 Reducing ECM attachment forces prompts cell 
rounding and transition towards ameboid cell movement, uniformly 
generating a rounded yet dynamic cell shape.41 Ameboid motility is 
characterized by weak cell‑ECM adhesion, a dependence on movement 
by Rho/Rock activation and acto‑myosin contractile force which 
squeezes the cell body within the matrix.42 Various studies evidence 
that the adhesive properties of cells are modulated by Eph/ephrin 
function in many conditions. Both receptor‑ and ligand‑mediated 

Figure 5. EphrinA1‑induced inhibition of PC3 cell migration depends on 
the intracellular redox state. Cells were loaded into the upper compartment 
(5 x 105 cells in 500 ml) in serum‑deprived growth medium, with or without 
1 mg/ml of ephrinA1‑Fc. The upper chambers were placed into 6‑well 
culture dishes containing 1 ml of medium with 50 ng/ml human EGF as 
chemoattractant. After 24 h of incubation at 37˚C, non-invading cells were 
removed mechanically using cotton swabs, and the micro‑porous membrane 
containing the invaded cells was stained with DiffQuick solution. In the 
experiment reported (A) the cells were treated with H2O2 1 mM and (B) the 
cells were treated with NAC 20 mM or NDGA 5 mM. In the experiment 
reported (C) the cells were previously transfected with Rac wt, Rac V12 and 
Rac N17. Chemotaxis was evaluated by counting the cells that had migrated 
to the lower surface of the polycarbonate filters. For each filter the number 
of cells in ten randomly chosen fields was determined, and the average and 
SD were then calculated. #p < 0.005 vs control (untreated cells for experi-
ment A and B and EGF‑stimulated cells for experiment C); *p  <  0.001 vs 
control (untreated cells for experiment A and B and EGF‑stimulated cells 
for experiment C). Transfection efficiency of Rac mutants was evaluated by 
Western blot.

LMW‑PTP redox regulation affects the tyrosine phosphorylation 
level of p190RhoGAP and Rho activation. Previous works 
have demonstrated that LMW‑PTP is involved in cytoskeleton 
rearrangement through the regulation of p190RhoGAP phosphory-
lation, finally leading to activation of RhoA.9,11,36 Rho belongs to 
the family of small GTPases that, in response to several extracellular 
stimuli‑including growth factors and integrins‑control actin filament 
dynamics during important cellular events such as migration, 
adhesion and detachment.37‑39 We therefore speculated that RhoA 
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molecules is the role of ROS, and of hydrogen peroxide in particular, 
as essential downstream messengers modulating cell responses 
through the transient and reversible oxidation of key intracellular 
sensitive protein targets.50,51 Rac1 signaling has been convincingly 
shown to contribute to ROS increase during several biological 
outcomes as mitogenic signaling,52‑54 survival,55 oncogenic H‑Ras 
activation,56,57 contact‑inhibition of cell growth20 and adhesion to 
ECM. In particular Rac1 activation is a necessary step for optimal 
focal adhesion assembly and cell spreading.5,11 Our data identify the 
small GTPase Rac1 as a key signaling convergence point between 
integrin and ephrin cues: upon concomitant stimuli elicited by 
ephrin and ECM, the small GTPase integrates the multiple signals 
and consequently affects downstream outcomes. We focus on 
Rac1‑mediated redox signaling and especially on reported redox 
sensitive targets of integrin signaling. LMW‑PTP has been reported 
to be the target of the Rac1‑dependent integrin redox signaling, 
thereby affecting the downstream tyrosine phosphorylation of its 
substrate p190RhoGAP.5,11 These data identify LMWPTP as the 
molecular target of integrin‑ephrin interplay, as ephrinA1 stimulation 
prevents LMW‑PTP oxidation/inactivation through integrin‑elicited 
Rac/ROS signaling, thereby maintaining its tyrosine phosphatase 
activity and providing p190RhoGAP dephosphorylation.

Figure 6. EphrinA1 stimulation influences the redox state of LMW‑PTP. (A) Evaluation of reduced LMW‑PTP during ephrinA1‑Fc stimulation. PC3 cells after 
24 hours of starvation were stimulated with ephrinA1‑Fc 1 mg/ml for the indicated times. Cells were then lysed in the presence of 5 mM 5'‑F‑IAA. LMW‑PTP 
was immunoprecipitated and its redox state was evidenced by an anti‑fluorescein immunoblot. An anti‑LMW‑PTP immunoblot was also performed for 
normalization. (B) LMW‑PTP activity during ephrinA1 stimulation. Cells were treated as in A except that the activity of immunoprecipitated LMW‑PTP was 
quantified by pNPP enzymatic assay. Half of each sample was used in an anti‑LMW‑PTP immunoblot for normalization and the normalized values obtained 
in three independent experiments are reported in the plot with SD. *p < 0.001 vs Fc. (C) Effect of genetic modulation of Rac activity on the redox state of 
LMW‑PTP. Rac wt, Rac V12 and Rac N17 were overexpressed in PC3 cells. After 24 hours of starvation cells were detached, presuspended for 30 minutes 
in serum‑free medium and kept in suspension or seeded onto FN‑coated dishes for 45 minutes with or without ephrinA1‑Fc. Cells were then treated as in (A) 
and an anti‑fluorescein and anti‑LMW‑PTP were performed.

signaling can regulate adhesion, spreading or migration of various cell 
types, and accumulating evidence suggests that this effect is mediated 
through alteration of integrin function.12,43‑47 For example, EphB2 
elicits a de‑adhesion signal through the Src‑mediated phosphoryla-
tion of Tyr 66 of the small GTPase R‑Ras, that makes this protein 
unable to support integrin activity48,49 and through the activation of 
p120RasGAP.19 In agreement with previous findings reporting that 
EphA activation inhibits integrin function in vascular smooth muscle 
cells and in epithelial cells,12,18 we now propose ephrinA1 as a key 
negative regulator of prostate carcinoma cell adhesion and spreading. 
In the present study we have shown that the morphological effects of 
ephrinA1 are associated with inhibition of the small GTPase Rac1. 
The key role of this GTPase in ephrinA1‑mediated inhibition of 
ECM‑adhesion and spreading is supported by the rescuing of effects 
by constitutive activation of Rac1 or mimicry of integrin inhibi-
tion by Rac1 dominant negative. In agreement with this finding 
Deroanne reported a downregulation of Rac1 during ephrinA1/
EphA2 signaling in vascular smooth cells.18

Besides R‑Ras modulation of integrin function, we now propose 
redox regulation of RhoA activation through Rac1 modulation, as 
an additional de‑adhesion signal elicited by ephrins. An emerging 
theme in signal transduction by growth factor receptors and adhesion 
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Although for many other Ephs the mechanism for RhoA activation 
remains to be established,47,63‑65 for EphB4 an indirect mechanism 
involving inhibition of R‑Ras has been proposed.19 Our data identify 
p190RhoGAP as involved in late ephrinA1/EphA2 signaling, and we 
propose that redox signaling, mediated by LMW‑PTP dephospho-
rylation of the GAP, is responsible for inactivation of the negative 
regulator of RhoA. We propose that this effect is responsible for the 
activation of the GTPase Rho by ephrinA1, although the concomitant 
activation, probably redox independent, of a GEF for Rho, is highly 
feasible. Investigations are now in progress to analyze the implications 
of some of the above mentioned GEF proteins in our model.

In the current model the inhibitory effect of oxidant species on 
protein tyrosine phosphatases is known to restrain both the strength 
and duration of growth factor and integrin signalling.66‑68 Our data 
now suggest an additional role for ROS: besides their action in the 
interplay between growth factor and integrin signal transduction, due 
to positive synergistic modulation of their intracellular content, they 
also function in the interplay between repulsive/de‑adhesive receptors 
and integrins, thanks to antagonistic modulation of their amount. It is 
well established that for both proliferative and adhesive signals elicited 
by growth factors and integrins, the redox regulation of LMW‑PTP 
represents a conserved component of the biochemical machinery 
triggered by ligands. On the contrary, we now report that during 
the repulsive/de‑adhesive signaling elicited by ephrinA1 the redox 
regulation which LMW‑PTP undergoes is opposite that observed 
during growth factor or integrin receptor signal transduction, with a 
transient shift towards the reduced/active form. In our opinion this 
feature is in agreement with the ability of ephrins to contrast both 
the proliferative GF‑elicited signal and the adhesive integrin‑elicited 
message.12,69,70 Once again repulsive Eph receptors behave opposite 
the proliferative GF‑receptors: while “­positive” GF‑receptors and 
integrin receptors exert a positive feedback loop based on PTP redox 
downregulation, that guarantee the proper cytoskeleton dynamics 
thus allowing cell spreading, the “negative” Eph repulsive receptors set 
up a negative feedback loop, based on PTP redox upregulation, that 
impedes the cell spreading mechanisms.

This study provides new insight into the mechanism through which 
ephrinA1 counteracts integrin signaling, leading to a Rac‑mediated 
upregulation of Rho activity correlated to inhibition of both adhesion 

Figure 7. Role of redox signaling in 190RhoGAP phosphorylation dur-
ing ephrinA1 stimulation. (A) After 24 hours of starvation PC3 cells were 
stimulated with 1 mg/ml ephrinA1‑Fc for the indicated periods. Cells were 
then lysed in RIPA buffer and p190RhoGAP was immunoprecipitated. 
Anti‑phosphotyrosine (4G10) and anti‑p190RhoGAP immunoblots were 
performed. (B) Effect of LMW‑PTP RNA interfering on p190RhoGAP phos-
phorylation: cells were treated as in A except for the presence of H2O2 
1 mM (to promote the oxidation/inactivation of LMW‑PTP). (C) Effect of 
H2O2 on p190RhoGAP phosphorylation: PC3 cells were transfected with 
LMW‑PTP siRNA or scrambled siRNA and then treated as in (A). A western 
blot with anti‑LMW‑PTP specific antibodies was performed on cell lysates to 
check the silencing of the protein. D) Rho activity assay during ephrinA1/
EphA2 signaling: PC3 cells, after 24 hours of starvation, were stimulated 
with ephrinA1‑Fc in the presence or not of H2O2 1 mM. To create reducing 
conditions PC3 cells were pretreated with 20 mM NAC for 20 minutes, and 
then stimulated with ephrinA1‑Fc. Cells were then lysed in RIPA buffer and 
RhoGTP was analyzed by a pull‑down assay with Rhotekin‑GST‑agarose 
beads (B and D). A western blot with anti‑RhoA specific antibodies was 
performed on cell lysates for normalization. The values of Rho activation 
obtained in four independent experiments are reported in the graph. The SD 
is indicated. *p < 0.001 vs Fc of the same treatment; #p < 0.005 vs Fc of 
the same treatment.

p190RhoGAP is a negative regulator of RhoA, reportedly 
involved in activation of RhoA due to cell contact with integrin 
receptors.11,58 In keeping, we found a strong correlation between 
redox regulation of p190RhoGAP from ephrinA1 and the activa-
tion of the small GTPase RhoA. Several studies have demonstrated 
the ability of Eph receptors to activate different Rho‑GTPases.59‑61 
Beside RhoGAPs, the effects of Eph receptors on Rho GTPases 
can either be mediated through recruitment and/or activation 
of RhoGEFs, which promote exchange of GDP with GTP and 
activation of RhoGTPases. For example, ephrin‑A5 induces growth 
cone collapse in a RhoA‑dependent manner in retinal ganglion cells 
through recruitment and activation of the RhoGEF ephexin.16 In 
rat vascular smooth muscle cells, EphA4 receptor activates RhoA 
through the recruitment of another RhoGEF, Vms‑RhoGEF.62 
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and spreading onto ECM. These effects elicited by ephrinA1 may 
exert key regulatory outcomes on cell motility. Cancer cells with 
rounded morphology usually move through ameboid motility, 
correlated with increased Rho and decreased Rac activities,41,71 
whereas well spread cancer cells use a mesenchymal migration mode 
that depends on Rac activity and is independent on Rho activation.42 
Thus, ephrinA1 may control the migratory and invasive ability of 
epithelial cancer cells through inhibition of Rac and consequent 
redox activation of Rho. In agreement with the possibility that 
Rac‑dependent redox signaling is associated with mesenchymal 
motility, a clear increase in Rac‑dependent redox signals has been 
established during epithelial‑mesenchymal transition,72 a process 
recognized to be linked to Rho inhibition. Up to now there are no 
available data about the regulation of redox signaling during the shift 
towards the ameboid motility of cancer cells, a process characterized 
by the independence from extracellular constraints and from the 
activity of metalloproteases.71 Investigations are now in progress 
to analyze if ephrinA1 regulation of Rac‑mediated redox signaling, 
through release of integrin function/signaling, can induce a motility 
shift in prostatic carcinoma cells.

In conclusion the data presented herein lead us to propose a new 
model for ephrin‑mediated downregulation of cell adhesion (Fig. 8). 
The repulsive ephrinA1/EphA2 signaling inhibits a concomitant 
integrin‑elicited outcome forcing the adhering cell to acquire a 
rounded Rho‑dependent shape. In particular ephrinA1/EphA2 
signaling, through downregulation of Rac1‑dependent ROS 
production, prevents the oxidation of LMW‑PTP due to integrin 
ligation, thus guaranteeing the maintenance of its phosphatase 
activity. The active phosphatase, through the dephosphorylation 
of p190RhoGAP, leads to sustained Rho activation, which in turn 
induces cytoskeleton rearrangements leading to cell rounding and 
thus contrasting integrin‑mediated cell adhesion.
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