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ADP plays critical signaling roles in the vascular endothelium. ADP receptors are targeted by several cardiovas-
cular drugs, yet the intracellular pathways modulated by ADP are incompletely understood. These studies
have identified important roles for the phosphatase PTEN in ADP-dependent modulation of the endothelial iso-
form of nitric oxide synthase (eNOS) as well as of lipid and protein kinase pathways in endothelial cells. We find
that ADP-promoted eNOS activation as well as phosphorylation of p38 MAPK are enhanced by siRNA-mediated
Keywords: PTEN knockdown. However, the increase in ADP-dependent eNOS activation promoted by PTEN knockdown is
ADP abrogated by siRNA-mediated knockdown of p38 MAPK. These findings indicate that PTEN tonically suppresses
both p38 phosphorylation as well as ADP-stimulated eNOS activity. A key enzymatic activity of PTEN is its role as
a lipid phosphatase, catalyzing the dephosphorylation of phosphoinositol-3,4,5-trisphosphate (PIP3) to
phosphoinositol-4,5-bisphosphate (PIP,). We performed biochemical analyses of cellular phospholipids in endo-
thelial cells to show that siRNA-mediated PTEN knockdown leads to a marked increase in PIPs. Because these
complex lipids activate the small GTPase Rac1, we explored the role of PTEN in ADP-modulated Rac1 activation.
We used a FRET biosensor for Rac1 to show that ADP-dependent Rac1 activation is blocked by siRNA-mediated
PTEN knockdown. We then exploited a FRET biosensor for PIP5 to show that the striking ADP-dependent increase
in intracellular PIP; is entirely blocked by PTEN knockdown. These studies identify a key role for PTEN in the
modulation of lipid mediators involved in ADP receptor-regulated endothelial signaling pathways involving
eNOS activation in vascular endothelial cells.
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1. Introduction

The nucleotide ADP plays a key role as an extracellular signaling mol-
ecule and binds to a family of G protein-coupled receptors that modulate
diverse biological processes including platelet aggregation, vascular tone,
and neurotransmission. ADP is released by red blood cells and by activat-
ed platelets in response to both physiological and pathophysiological
stimuli [1]. ADP receptor antagonists are widely used in cardiovascular
therapeutics [2], yet the pathways whereby extracellular ADP modulate
endothelial function are incompletely understood. We recently identified
some of the signaling pathways connecting P2Y1 ADP receptors with the
endothelial isoform of nitric oxide synthase (eNOS). Studies in bovine aor-
tic endothelial cells (BAEC) showed that P2Y1 is the principal purinergic
receptor subtype that mediates ADP signaling responses [3]. eNOS is a
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key determinant of vascular tone, and is dynamically regulated by a
broad range of cell surface receptors that elicit increases in intracellular
calcium levels. The enzymatic activity of eNOS is critically influenced by
enzyme phosphorylation at multiple serine, threonine, and tyrosine resi-
dues [4-6]. The protein kinase and phosphoprotein phosphatase path-
ways that regulate eNOS phosphorylation are complexly regulated; the
phosphatidylinositol 3-kinase (PI3K)/kinase Akt pathway has been clear-
ly implicated in eNOS signaling responses. ADP treatment of endothelial
cells promotes the receptor-dependent activation of numerous protein ki-
nases, including the AMP-activated protein kinase. The eNOS phosphory-
lation pathways that are modulated by endothelial P2Y1 receptors for
ADP are particularly enigmatic: ADP-dependent eNOS activation requires
the expression but not the activity of several protein kinases in endothe-
lial cells [3]. Our search for other signaling pathways that might dynami-
cally regulate ADP-modulate eNOS phosphorylation led us to study the
lipid and protein phosphatase PTEN.

PTEN (“phosphatase and tensin homolog on chromosome 10”)
catalyzes the dephosphorylation of phospholipids as well as phos-
phoproteins (for reviews see refs. [7,8]). PTEN is the protein most
commonly mutated in human malignancies, and the regulation of
this key enzyme has been extensively analyzed in studies of cell
transformation. PTEN contains the signature sequence motif of the
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protein tyrosine phosphatase family, but the major targets of PTEN in
most cells are not phosphoproteins. Instead, the principal PTEN sub-
strate is the phospholipid second messenger phosphatidylinositol
3,4,5-trisphosphate (PIP3), which is dephosphorylated by PTEN to
yield phosphatidylinositol 4,5-bisphosphate (PIP,). Changes in the
levels of these complex lipids second messengers influence diverse
cellular pathways, including alterations in cell growth, differentia-
tion, apoptosis, metabolism, and motility [9,10]. These responses
are initiated by the binding of phosphoinositides to proteins that
possess highly specific phosphoinositide-binding pleckstrin homol-
ogy domains that selectively bind PIPs, PIP,, and other structurally
related bioactive complex lipids [11]. PTEN-mediated catabolism of
PIP; to PIP, antagonizes signaling through the PI3K pathway, with
important consequences for the phosphorylation of kinase Akt and
the regulation of eNOS [12]. PTEN modulates not only the abundance
of PIP; but also the temporal and spatial distribution of this lipid and
related biologically active phosphoinositides [13]. PTEN is widely
distributed in mammalian tissues, and its enzymatic activity is con-
trolled both by reversible phosphorylation and by cellular redox
state [10,14,15]. An active interplay between phosphorylation and
redox pathways permits PTEN activity and targeting to be precisely
regulated within the cell. PTEN phosphorylation occurs on several
threonine and serine residues located in a polybasic domain in the
protein's C terminus, leading both to PTEN translocation as well as
a decrease in enzymatic activity. The protein kinase pathways that
modulate PTEN phosphorylation are less well understood and a con-
nection between ADP signaling and PTEN has not previously been
established. The phosphoprotein phosphatase substrates of PTEN in-
clude diverse protein kinases, including the focal adhesion kinase,
Shc [16-19], as well as p38 MAP kinase [20]. The reversible phos-
phorylation of p38 MAPK has been implicated in a broad range of in-
tracellular responses [21-23], including key roles in endothelial
signaling pathways [24].

These studies have explored the role of PTEN in ADP-modulated
eNOS activation in vascular endothelial cells. We exploited novel bio-
sensors and used both RNA interference and biochemical approaches
to provide evidence showing that PTEN is dynamically regulated by
ADP pathways in vascular endothelial cells. These studies help to es-
tablish a critical role for lipid second messengers in ADP-modulated
signaling to eNOS in the endothelium.

2. Materials and methods
2.1. Reagents

Fetal bovine serum (FBS) was purchased from HyClone Lab-
oratories (Logan, UT). All other cell culture reagents, media, and
Lipofectamine 2000 were from Invitrogen (San Diego, CA). PD169316
was from Calbiochem (San Diego, CA). PIP3 Grip was from Echelon
Bioscience (Salt Lake City, UT). Protease inhibitor cocktail tablets
were purchased from Roche (Indianapolis, IN). Polyclonal antibodies
against phospho-eNOS (Ser1177), p38 MAPK, PTEN, phospho-PTEN
(Ser380/Thr382/383), Akt, actin, and phospho-Akt (Ser473) were
from Cell Signaling (Danvers, MA). Monoclonal antibody phospho-
p38 MAPK (Thr180/Tyr182) was from Cell Signaling, monoclonal anti-
body against eNOS was from BD Transduction Laboratories (San Jose,
CA), and GST monoclonal antibody from GenScript (Piscataway, NJ).
SuperSignal chemiluminescence detection reagents and secondary an-
tibodies conjugated with horseradish peroxidase were from Pierce Bio-
technology. All other reagents were from Sigma-Aldrich (St. Louis,
MO).

2.2. Cell culture and transfection

BAEC were obtained from Genlantis (San Diego, CA) and maintained
in culture in Dulbecco's modified Eagle's medium supplemented with

fetal bovine serum (10%, v/v) as described [25]. Cells were plated onto
gelatin-coated culture dishes and studied prior to cell confluence be-
tween passages 6 and 8. siRNA transfections were performed as de-
scribed previously [26]. BAEC were transfected with 30 nM siRNA
24 h after cells were split at a 1:8 ratio using Lipofectamine 2000
(0.15%, v/v), following the protocol provided by the manufacturer.
Lipofectamine 2000 was then removed by changing into fresh medium
containing 10% FBS 5 h after transfection.

2.3. siRNA preparation

We designed small interfering RNA duplex oligonucleotides targeting
constructs, which were purchased from Ambion. The following sense se-
quences were used: siRNA-p38, 5'-GGUCUCUGGAGGAAUUCAALtt-3’;
siRNA-PTEN, 5’-GUAUAGAGCGUGCAGAUAALt-3’; and siRNA-Akt1, 5'-G
GA CGU GUA CGA GAA GAA GdTdT-3".

2.4. Cell treatments and immunoblot analysis

Culture medium was changed to serum-free medium overnight prior
to all experiments. ADP was dissolved in water and stored at — 20 °C.
PD169316 was solubilized in dimethyl sulfoxide (DMSO) and stored in
the dark at —20 °C. Where indicated, dimethyl sulfoxide 0.1% (v/v)
was used as vehicle control. After drug treatments, BAEC were washed
with PBS and incubated for 20 min in lysis buffer (50 mM Tris-HCI,
pH 7.4, 150 mM NaCl, 1% Nonidet P-40, 0.25% sodium deoxycholate,
1 mM EDTA, 2 mM Na3VO,4 1 mM NaF and protease inhibitor cocktail
tablets (following the instructions provided by the supplier). After cells
were harvested and lysed, immunoblot analyses of protein abundance
and phosphorylation were processed as previously described [27].

2.5. Lipid extraction

Cells cultured in 6-well plates were transfected as described above;
48 h after transfection, cells were scraped into 0.3 ml of 0.5 M sodium
carbonate, pH 11 and homogenized in a Dounce homogenizer followed
by sonication. After sonication, triplicate 50 pl aliquots were spotted on
a nitrocellulose membrane and dried; the membranes were washed
twice with PBS-5% Tween, blocked with PBS-3% BSA for 1 h at room
temperature, incubated with the GST-tagged “PIP3-Grip”, washed ex-
tensively, and detected using the GST antibody.

2.6. eNOS activity assay

eNOS activity was quantitated by measuring the formation of L-[>H]
citrulline from 1-[*HJarginine as described previously [28]. The
basal eNOS activity in these experiments ranged from 0.3 to
0.7 pmol/mg protein/min. Briefly, the reaction was initiated in cultured
BAEC by adding r-[*H]arginine (10 uCi/ml, diluted with unlabeled
L-arginine to give a final concentration of 10 uM) plus various drug
treatments. Each treatment was performed in triplicate cultures,
which were analyzed in duplicate.

2.7. Fluorescent resonance energy transfer (FRET) measurement

Monitoring of PIP; production and Racl activation were performed
by the use of specific FRET biosensor probes, as described in detail [29].
Briefly, the FRET biosensor for PIP3 consists of the PIP3 binding domain
flanked by CFP and YFP sequences in a conformation that does not
allow FRET between the fluorophores. When PIP3 accumulates in the
plasma membrane, the biosensor binds to PIP3, resulting in a conforma-
tional change that leads to an increase in FRET efficiency. BAEC were
transfected with duplex siRNA targeting constructs along with either
the PIP; or Rac1 biosensor plasmids. 48 h after transfection, living cells
were imaged in an Olympus DSU fluorescence microscope. Agonists
were added after 5 min, and fluorescence images were captured every
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minute for 1 h following agonist addition. Analysis was performed using
MetaMorph software (Universal Imaging, Downingtown, PA).

2.8. Confocal fluorescence microscopy

BAEC were grown on glass Lab-Tek Chamber Slides and transfected
with control or PTEN siRNA. 48 h after transfection, cells were fixed
with 4% paraformaldehyde in PBS for 20 min, permeabilized in 0.1% Tri-
ton X-100 for 15 min and blocked for 1 h with 10% goat serum. After in-
cubation with vinculin antibody at 4 °C overnight (1:400), cells were
washed three times in PBS and incubated for 2 h with an Alexa Fluor
568 antibody (1:2000). For staining of F-actin, Alexa Fluor 488
phalloidin was incubated together with the secondary antibody. Fixed
cells were washed to remove excess antibody and mounted on slides,
which were examined using an Olympus DSU microscope; images
were analyzed using Metamorph software.
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2.9. Scratch wound cell migration assay

BAEC were transfected with siRNA-targeting constructs and
grown for 24 h. Cells were added to each chamber of a 8-well cell
culture chamber slide (IBIDI, Munich, Germany) to adhere for 24 h
in Dulbecco's modified Eagle's medium with 1.0% FBS. The cell mono-
layer was scratched by a pipette tip and migration was recorded
using a 10X DIC objective on an inverted Olympus DSU microscope
for 30 h.

2.10. Statistical analysis
In the experiments involving multiple comparisons, ANOVA

was used; a p value of less than 0.05 was considered statistically
significant.
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Fig. 1. ADP-stimulated phosphorylation of PTEN and p38 MAPK. Lysates prepared from ADP-treated endothelial cells were analyzed in immunoblots probed with antibodies as
shown. Panel A, time course of PTEN phosphorylation in endothelial cells treated with ADP (25 uM); panels B and C (respectively), show time course and dose response (deter-
mined at t = 20 min) for ADP-stimulated p38 MAPK phosphorylation (pp38 MAPK). The blots shown are representative of at least three independent experiments that yielded

equivalent results; the graphs next to each blot represent quantification of pooled data.
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3. Results

3.1. ADP promotes reversible phosphorylation of PTEN and p38 MAPK in
endothelial cells

We first explored the effect of ADP on the phosphorylation of PTEN
and related signaling proteins in cultured endothelial cells. As shown in
Fig. 1A, physiological concentrations of ADP promote the robust phos-
phorylation of PTEN; phosphorylation of PTEN is associated with inacti-
vation of its lipid phosphatase activity [9,15]. We next explored the
effects of ADP on phosphorylation of p38 MAP kinase (p38 MAPK)
(Fig. 1B and C), a phosphoprotein that modulates multiple signaling re-
sponses in these cells [30]. As we found for PTEN, ADP also induces a re-
versible phosphorylation of p38 at its activation site (Thr180/Tyr182).

3.2. ADP-mediated eNOS and p38 MAPK activation are modulated by PTEN

PTEN is the principal negative regulator of PI3K/Akt pathway
[31,32], which in turn plays a key role in eNOS regulation [33-35].

2589

We designed and validated highly specific and potent duplex siRNA
targeting constructs for PTEN that yielded ~90% PTEN knockdown in
transfected endothelial cells, without affecting the abundance of
eNOS (Fig. 2A). As shown in Fig. 2A and B, siRNA-mediated PTEN
knockdown markedly increased basal as well as ADP-stimulated
eNOS phosphorylation at serine 1179 and led to an increase in basal
and ADP-stimulated eNOS activity. siRNA-mediated PTEN knockdown
also led to a marked increase in basal and ADP-stimulated p38 MAPK
phosphorylation (Fig. 2C).

3.3. p38 MAPK inhibition blocks ADP-dependent eNOS activation

We developed and validated a duplex siRNA targeting construct to
knock down p38 MAPK; this targeting construct promoted the potent
and specific knockdown of p38 MAPK in endothelial cells (Fig. 3A). Al-
though four different isoforms of p38 MAPK have been described in
mammals (o, B, Y and 6), the cardiovascular importance of p38« is
the best characterized [36-38]. As shown in Fig. 3A (lower panel),
siRNA-mediated p38 MAPK-knockdown markedly suppressed ADP-
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Fig. 2. Effects of siRNA-mediated PTEN knockdown on eNOS phosphorylation and enzyme activity. Immunoblots in panels A and panel C show representative time course experiments in
which endothelial lysates were prepared from control or PTEN siRNA-transfected cells that were treated with ADP (25 puM) for the indicated times, and then probed with antibodies in
immunoblots as shown. Bar graph shows the mean + SEM of four independent experiments. Panel B shows pooled data from four experiments measuring eNOS activity using the
[*H]-arginine-[H]-citrulline assay (as described in Materials and methods), as analyzed in PTEN and control siRNA-transfected endothelial cells and treated with ADP or vehicle for
20 min. Since the basal eNOS activity varied slightly from experiment to experiment, the data are normalized to the enzyme activity seen in control siRNA-transfected cells in the absence
of ADP. The graph shows the mean + s.e.m. of four independent experiments. * indicates p < 0.05, ** indicates p < 0.01, and *** indicates p < 0.001.
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induced eNOS activity; similar results were obtained with the cell
permeable, competitive and selective p38 MAPK kinase inhibitor
PD169316 (Fig. 3B). The concordant effects of siRNA-mediated p38
MAPK knockdown and a p38 MAPK kinase inhibitor help to establish
p38 MAPK as an upstream kinase critically involved in ADP-mediated
eNOS activation.

3.4. Interactions between PTEN, p38 MAPK and kinase Akt in eNOS
activation

In order to explore the interplay between PTEN and p38 MAPK in
eNOS regulation, we performed “double knockdown” experiments
using two separate siRNA constructs to target PTEN and p38 MAPK. As
shown in Fig. 4A, siRNA-mediated p38 MAPK knockdown attenuated
the increase in eNOS enzyme activity and eNOS phosphorylation that
was observed following PTEN knockdown. Interestingly, the increase in
Akt phosphorylation that was seen after PTEN knockdown was further
enhanced by also knocking down p38 MAPK (Fig. 4A, right panel), indi-
cating possible interactions between these two kinase pathways. We
next explored the effect of siRNA-mediated knockdown of p38 MAPK
on PTEN inactivation by ADP. As shown in Fig. 4B, p38 MAPK knockdown
led to an increase in PTEN inhibition, which correlated with an increase
in Akt activation mediated by ADP. These events might explain the resid-
ual eNOS activity that is observed following p38 MAPK knockdown
(Fig. 3). We next performed double knockdown experiments with
targeting constructs for both PTEN and Akt. As shown in Fig. 4C,
siRNA-mediated Akt knockdown partially blocked ADP-stimulated
eNOS activity, yet additional siRNA-mediated knockdown of PTEN par-
tially recovered the eNOS response to ADP.

3.5. PTEN knockdown blocks ADP-mediated PIP3 generation

To study the inhibitory effect of ADP on PTEN activity and PIP;
levels, we performed live cell imaging experiments. We transfected
endothelial cells with control or PTEN siRNA, and determined cellular
PIP; content using a biochemical assay for PIPs;. As expected, since
PTEN is the main phosphoinositide phosphatase that metabolizes
PIP3 [13], siRNA-mediated PTEN knockdown led to a significant in-
crease in cellular PIP; levels (Fig. 5A). We next performed live cell im-
aging experiments using a highly specific FRET biosensor [29] to
measure the dynamics of ADP-modulated changes in PIP; following
siRNA-mediated PTEN knockdown. We co-transfected endothelial
cells with the PIP; biosensor along with either control or PTEN
siRNA, and then analyzed dynamic FRET responses in live cells follow-
ing addition of ADP. In control siRNA-treated cells, ADP treatment
stimulated a marked rise in the FRET signal from the PIP3 biosensor,
reflecting a dynamic increase in PIP; levels along endothelial cell plas-
matic membranes following agonist treatment. By contrast, following
siRNA-mediated PTEN knockdown, the ADP-promoted increase in
FRET from the PIP; biosensor was no longer observed (Fig. 5B).
Since live cell imaging using the FRET biosensor can only detect
changes in PIP; abundance but not the absolute levels of intracellular
PIP3;, FRET data were normalized to the basal CFP/YFP ratio in each
condition (Fig. 5C), indicating that PTEN knockdown effectively sup-
presses any further increase in PIPs after addition of ADP, consistent
with the effect of ADP on inactivation of PTEN.

3.6. PTEN regulates endothelial cell migration, actin organization and
Rac1 activation

Given the involvement of ADP in PTEN regulation, we next ana-
lyzed the functional consequences of PTEN inactivation on endotheli-
al function. It has been previously described that the complex lipid
PIP; is a regulator of cytoskeletal reorganization and cell motility
[39]. We therefore studied whether the deficit of PTEN could modify
endothelial cell migration, in a wound scratch assay. As shown in

Fig. 6A, siRNA-mediated PTEN knock-down markedly suppressed di-
rectional migration of endothelial cells.

Increases in intracellular PIP; may stimulate F-actin polarization
[40], and we therefore tested whether PTEN knockdown would affect
actin polymerization in endothelial cells. We used cellular imaging
approaches to analyze the effects of siRNA-mediated PTEN knock-
down on actin cytoskeleton structure, using phalloidin to label F
actin in these cells. As shown in Fig. 6B, siRNA-mediated PTEN knock-
down led to a marked increase in actin polymerization compared
with cells transfected with control siRNA. We next studied the effects
of PTEN knockdown on activation of the small GTPase Rac1, a mem-
ber of the Rho GTPase family that has been implicated in cortical
actin filament reorganization [41,42] and Akt phosphorylation [26],
as well as in ADP-mediated eNOS activation [3]. Rac1 activity was an-
alyzed in live cells using a Rac1 FRET biosensor [29]. Endothelial cells
were co-transfected with the Racl biosensor plus either control or
PTEN siRNA, and then stimulated with ADP and imaged in real time.
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Fig. 3. Effects of siRNA-mediated knockdown or pharmacological inhibition of p38 MAPK
on eNOS activity. In Panel A, endothelial cells transfected with control or p38 MAPK siRNA
targeting constructs were treated with ADP (25 uM) for the indicated times. Equal loading
was assessed by immunoblotting with antibodies directed against total eNOS, p38 MAPK
and PTEN, and eNOS activity was measured using the [*H]-arginine-[>H]-citrulline assay.
Panel B shows the pooled results of eNOS activity assays analyzed in endothelial cells
treated with the p38 MAPK inhibitor PD169316 (10 uM) for 30 min and then treated
with ADP (25 uM) for 20 min. * indicates p < 0.05.
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As shown in Fig. 6C, ADP-stimulated Racl activity is completely
blocked following siRNA-mediated PTEN-knockdown.

4. Discussion

These studies have explored the role of the lipid-protein phospha-
tase PTEN in ADP-modulated regulation of eNOS and related signaling
pathways in vascular endothelial cells. Although the involvement of
PTEN in eNOS regulation has been recently characterized [12], the
present studies provide novel information on the role of the purine nu-
cleotide ADP in this signaling pathway. The present study, uses physio-
logical ADP concentrations [3,43,44], to show that ADP is able to
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promote the dynamic phosphorylation of PTEN in vascular endothelial
cells (Fig. 1). One principal enzymatic activity of PTEN is the dephos-
phorylation of the signaling phospholipid PIPs;, forming PIP,; the
resulting depletion of PIPs; levels serves to inhibit activation of the
phospholipid-dependent kinase-1 (PDK1), thereby attenuating the
PI3K/Akt pathway. Phosphorylation of PTEN is associated with inactiva-
tion of its lipid phosphatase activity as a consequence of the phos-
phoenzyme's translocation away from the plasma membrane, where
the enzyme's hydrophobic lipid substrates are sequestered [9]. Con-
versely, phosphorylated PTEN is sequestered in the cytosol, where the
phospho-enzyme apparently may still exert its phosphoprotein phos-
phatase activity despite its lack of access to lipid substrates in the cell
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Fig. 4. siRNA-mediated “double knockdown” of p38 MAPK and PTEN. Endothelial cells were transfected at a final siRNA concentration of 60 nM, comprised of 30 nM PTEN and/or
p38 MAPK targeting constructs as indicated; for each experiment the balance was made up by control siRNA to yield a final concentration of 60 nM for all experiments. 48 h fol-
lowing transfection, endothelial cells were treated with ADP (25 uM) and analyzed in eNOS activity assays or in immunoblots probed with antibodies as shown (panel A). In Panel
B, endothelial cells transfected with control or p38 MAPK siRNA targeting constructs were treated with ADP (25 uM) for the indicated times, and then probed with antibodies in
immunoblots as shown. Panel C shows the effect on eNOS activity of the siRNA mediated double knockdown of Akt and PTEN. For each condition siRNA final concentration of 60 nM
was used. The results shown for the activity assays represent data pooled from 3 experiments, each performed in duplicate. The immunoblot shown is representative of three in-

dependent experiments with equivalent results. * indicates p < 0.05.
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membrane [15]. PTEN is a critical negative regulator of the PI3K/Akt
pathway in several cell types [31,45-47], yet the enzyme also modu-
lates many other cellular responses independent of its effects on PI3K/
Akt [48]. Our new findings implicate PTEN in a broad range of endothe-
lial cell signaling responses involving eNOS.

We found that PTEN knockdown led to a marked increase in both
basal and ADP-dependent eNOS phosphorylation at its Ser1179 activa-
tion site, associated with an increase in the phosphorylation of kinase
Akt. Ser1179 is the most thoroughly studied eNOS phosphorylation
site, and has been shown to be phosphorylated not only by kinase
Akt, but also by AMPK, PKG, PKA, among other protein kinases [49].
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Moreover, numerous distinct protein kinases have been found to phos-
phorylate eNOS at other serine, threonine, and tyrosine residues in the
protein. Despite a central role for PTEN in modulating PI3K/Akt re-
sponses, we have previously shown that the inhibition of the PI3K/Akt
pathway does not affect ADP-promoted eNOS phosphorylation [3].
Since PTEN may modulate a broad range of PI3K/Akt-independent sig-
naling pathways in different cell types, the enhancement of eNOS phos-
phorylation following PTEN knockdown most plausibly reflects the
effects of PTEN on a phosphorylation pathway distinct from PI3K/Akt.
Indeed, PTEN has an established role as a phosphoprotein phosphatase,
and the phosphoprotein phosphatase substrates for PTEN include
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different MAPKs, such as p38 MAPK [20]. Importantly, in our current following PTEN knockdown may suggest a role for PTEN in the mainte-
study, we found that ADP promotes the robust phosphorylation of nance of basal vascular tone, yet the fact that ADP treatment further
p38 MAPK, and we also found that ADP-promoted p38 MAPK phos- augments eNOS phosphorylation and activation suggests that ADP-
phorylation was significantly increased after siRNA-mediated PTEN mediated eNOS activation also is modulated by PTEN. Our studies
knockdown (Fig. 1 and 2). The fact that basal eNOS activity increases provide evidence indicating that the inhibition of PTEN may be a
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Fig. 6. PTEN modulates actin organization and Rac1 activity in endothelial cells. Cell migration was recorded by phase contrast microscopy over a 20 h time course following wound
scratch in endothelial cells transfected with either control or PTEN siRNA. Pooled data of the wound recovery from three independent experiments is quantified as a function of time
(Panel A). Panel B, confocal micrographic images of endothelial cells that were transfected with control or PTEN siRNA, and then fixed and stained with phalloidin to reveal actin (red)
in the left panels or with vinculin antibodies to show focal adhesion contacts (green) in the middle panels; the merged images in the right-hand panels show the overlap between
actin and vinculin staining in yellow. Panel C shows the results of a Rac1 activity assay analyzed using a FRET-based Rac1 biosensor. Cells transfected with control or PTEN siRNA were
co-transfected with a FRET-based active Rac1 biosensor, and then treated with ADP or vehicle. FRET was recorded in live cells for 60 min following ADP treatment, as described in the
text. The FRET values were normalized to the basal CFP/YFP ratio at 0 min; a representative experiment is shown. The bar graph represents the mean values 4+ SEM of three independent
experiments analyzing Rac1 activity in control vs. PTEN siRNA-transfected cells after stimulation with ADP for 40 min. *** indicates p < 0.0001.
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determinant of eNOS-dependent endothelium relaxation responses [50].
P38 MAPK and eNOS crosstalk have been previously observed in various
endothelial models [24]. The current studies have established that
ADP-stimulated eNOS activation is markedly attenuated by the inhibi-
tion of p38 MAPK. These findings support a model in which p38 MAPK
acts as a key modulator of ADP signaling to eNOS (Fig. 3). Our “double
knockdown” experiments targeting both p38 MAPK and PTEN (Fig. 4) in-
dicated that the increased eNOS activation promoted by siRNA-mediated
PTEN knockdown was blocked by also knocking down p38 MAPK. Taken
together, these findings suggest that ADP-promoted NO production is
enhanced by PTEN phosphorylation and inactivation, which then per-
mits the sequential activation of p38 MAPK and NOS in endothelial
cells. From the pathophysiological point of view, it is enticing to suggest
that a feedback loop may exist between platelet-derived ADP and
endothelium-derived nitric oxide that modulates the prothrombotic/
proinflammatory consequences of platelet aggregation. Indeed, ADP re-
leased by platelets may interact with endothelial P2Y1 receptors and in-
activate PTEN leading to eNOS activation and NO synthesis with
subsequent inhibition of platelet aggregation. These may have important
clinical implications when considering the effects of ADP receptor antag-
onists in the treatment of cardiovascular events.

A key enzymatic activity of PTEN is its role as a lipid phosphatase
able to catalyze dephosphorylation of PIP5 to PIP, [51,52]. As expected,
we found that PTEN knockdown yielded a marked increase in steady
state PIP; levels in endothelial cells (Fig. 5A). Analyses in living cells re-
vealed that ADP-dependent increases in PIP; were no longer seen fol-
lowing siRNA-mediated PTEN knockdown, consistent with our finding
that ADP promotes PTEN inhibition, such that when PTEN is knocked
down, further ADP-stimulated PTEN-mediated PIP; response is no
longer observed (Fig. 5B). Through its role in phosphatidylinositol ho-
meostasis, PTEN has been described to be implicated in cell polarity
and migration, leading to cytoskeleton reorganization [53,39]. siRNA-
mediated PTEN knockdown markedly suppressed directional migration
of endothelial cells, while PIP5 increase into the cells is enough to stim-
ulate polarized accumulation of F-actin [40] (Fig. 6). Upon PTEN inhibi-
tion, PIP; accumulates and promotes the activation of a subset of
proteins involved in actin remodeling and cell motility, including Rac1
[13,14,54,55]. We analyzed Racl activity in living cells using a Racl
FRET biosensor, and found that Racl activation in response to ADP
was decreased following siRNA-mediated PTEN. These results implicate
PTEN inactivation in the pathway leading from ADP receptor stimula-
tion to activation of Rac1.

5. Conclusion

These studies demonstrate a role for PTEN in ADP receptor-
dependent eNOS activation. Our results support a model (Fig. 7) in
which ADP promotes the transient phosphorylation and inactivation
of PTEN, leading to an increase in PIP3 levels, which then triggers
the activation of PI3K/Akt, p38 MAPK, and an enhanced eNOS activity.
Furthermore we establish PTEN and PIP; levels as critical mediators
for Racl activation and ADP-induced cell migration. These studies
add new insight into the response of the endothelium to extracellular
ADP, potentially identifying novel targets for the pharmacological
regulation of NO signaling.

Acknowledgements

This work was supported in part by the National Institutes of Health
Grants HL46457, HL48743, and GM36259 (to TM), and by the Spanish
Ministerio de Economia y Competividad (MINECO), SAF-2009-07520,
and Programa Ingenio-Consolider CSD 2007-00020 grants (to SL),
with additional support from the Fundacién Renal “Ifiigo Alvarez de
Toledo” and the Fundacién “Ramén Areces”. RB is supported by a
JAE-CSIC predoctoral fellowship, and HK has been supported by

Fig. 7. Proposed model for the role of PTEN in ADP-dependent nitric oxide production.
This figure shows a model portraying some of the key interactions between signaling
pathways that are modulated by ADP and lead to the activation of eNOS and the pro-
duction of nitric oxide. Activation by extracellular ADP of cell surface P2Y1 receptors
leads to the phosphorylation and subsequent inactivation of PTEN in endothelial
cells, which in turn attenuates PTEN-catalyzed PIP; hydrolysis and thereby increases
intracellular PIPs. The resulting increase in PIP5 levels leads to the activation of kinases
Akt and p38 MAPK and promotes eNOS and Rac1 activation.

postdoctoral fellowships from the Fonds National de Recherche, Luxem-
bourg, and from the American Heart Association.

References

[1] D. Erlinge, G. Burnstock, P2 receptors in cardiovascular regulation and disease,
Purinergic Signal 4 (2008) 1-20.

[2] V. Ralevic, G. Burnstock, Involvement of purinergic signaling in cardiovascular

diseases, Drug News Perspect. 16 (2003) 133-140.

C.N. Hess, R. Kou, R.P. Johnson, G.K. Li, T. Michel, ADP signaling in vascular endo-

thelial cells: ADP-dependent activation of the endothelial isoform of nitric-oxide

synthase requires the expression but not the kinase activity of AMP-activated

protein kinase, J. Biol. Chem. 284 (2009) 32209-32224.

T. Michel, P.M. Vanhoutte, Cellular signaling and NO production, Pflugers Arch.

459 (2010) 807-816.

G.K. Kolluru, J.H. Siamwala, S. Chatterjee, eNOS phosphorylation in health and

disease, Biochimie 92 (2010) 1186-1198.

P.F. Mount, B.E. Kemp, D.A. Power, Regulation of endothelial and myocardial NO syn-

thesis by multi-site eNOS phosphorylation, ]. Mol. Cell. Cardiol. 42 (2007) 271-279.

J.Li, C.Yen, D. Liaw, K. Podsypanina, S. Bose, S.I. Wang, . Puc, C. Miliaresis, L. Rodgers,

R. McCombie, S.H. Bigner, B.C. Giovanella, M. Ittmann, B. Tycko, H. Hibshoosh, M.H.

Wigler, R. Parsons, PTEN, a putative protein tyrosine phosphatase gene mutated in

human brain, breast, and prostate cancer, Science 275 (1997) 1943-1947.

P.A. Steck, M.A. Pershouse, S.A. Jasser, W.K. Yung, H. Lin, A.H. Ligon, L.A. Langford, M.L.

Baumgard, T. Hattier, T. Davis, C. Frye, R. Hu, B. Swedlund, D.H. Teng, S.V. Tavtigian,

Identification of a candidate tumour suppressor gene, MMAC1, at chromosome

10q23.3 that is mutated in multiple advanced cancers, Nat. Genet. 15 (1997) 356-362.

[9] CP.Downes, S. Walker, G. McConnachie, Y. Lindsay, L.H. Batty, N.R. Leslie, Acute reg-
ulation of the tumour suppressor phosphatase, PTEN, by anionic lipids and reactive
oxygen species, Biochem. Soc. Trans. 32 (2004) 338-342.

[10] K.A.Waite, C. Eng, Protean PTEN: form and function, Am. J. Hum. Genet. 70 (2002)
829-844.

[11] K.M. Ferguson, .M. Kavran, V.G. Sankaran, E. Fournier, S.J. Isakoff, E.Y. Skolnik,
M.A. Lemmon, Structural basis for discrimination of 3-phosphoinositides by
pleckstrin homology domains, Mol. Cell 6 (2000) 373-384.

[12] J.E. Church, J. Qian, S. Kumar, S.M. Black, R.C. Venema, A. Papapetropoulos, DJ.
Fulton, Inhibition of endothelial nitric oxide synthase by the lipid phosphatase
PTEN, Vasc. Pharmacol. 52 (2010) 191-198.

[13] N.R. Leslie, L.H. Batty, H. Maccario, L. Davidson, C.P. Downes, Understanding PTEN
regulation: PIP2, polarity and protein stability, Oncogene 27 (2008) 5464-5476.

[14] SR.Lee, KS. Yang, ]. Kwon, C. Lee, W. Jeong, S.G. Rhee, Reversible inactivation of
the tumor suppressor PTEN by H202, ]. Biol. Chem. 277 (2002) 20336-20342.

[15] F.Vazquez, S. Ramaswamy, N. Nakamura, W.R. Sellers, Phosphorylation of the PTEN
tail regulates protein stability and function, Mol. Cell. Biol. 20 (2000) 5010-5018.

[16] M. Tamura, J. Gu, K. Matsumoto, S. Aota, R. Parsons, K.M. Yamada, Inhibition of
cell migration, spreading, and focal adhesions by tumor suppressor PTEN, Science
280 (1998) 1614-1617.

[17] M. Tamura, ]. Gu, T. Takino, K.M. Yamada, Tumor suppressor PTEN inhibition of
cell invasion, migration, and growth: differential involvement of focal adhesion
kinase and p130Cas, Cancer Res. 59 (1999) 442-449.

[18] N. Dey, H.E. Crosswell, P. De, R. Parsons, Q. Peng, J.D. Su, D.L. Durden, The protein
phosphatase activity of PTEN regulates SRC family kinases and controls glioma
migration, Cancer Res. 68 (2008) 1862-1871.

3

[4

5

6

(7

[8


http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0005
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0005
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0010
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0010
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0015
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0015
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0015
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0015
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0020
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0020
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0025
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0025
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0030
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0030
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0035
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0035
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0035
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0035
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0040
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0040
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0040
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0040
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0280
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0280
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0280
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0050
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0050
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0055
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0055
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0055
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0060
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0060
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0060
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0065
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0065
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0070
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0070
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0075
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0075
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0080
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0080
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0080
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0085
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0085
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0085
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0090
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0090
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0090
image of Fig.�7

R. Breton-Romero et al. / Biochimica et Biophysica Acta 1833 (2013) 2586-2595

[19] J. Gu, M. Tamura, R. Pankov, E.H. Danen, T. Takino, K. Matsumoto, K.M. Yamada,

[20]

Shc and FAK differentially regulate cell motility and directionality modulated by
PTEN, J. Cell Biol. 146 (1999) 389-403.

R. Aikawa, T. Nagai, S. Kudoh, Y. Zou, M. Tanaka, M. Tamura, H. Akazawa, H. Takano,
R. Nagai, I. Komuro, Integrins play a critical role in mechanical stress-induced p38
MAPK activation, Hypertension 39 (2002) 233-238.

[21] ]. Han, J.D. Lee, L. Bibbs, R]. Ulevitch, A MAP kinase targeted by endotoxin and

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

hyperosmolarity in mammalian cells, Science 265 (1994) 808-811.

A. Cuadrado, A.R. Nebreda, Mechanisms and functions of p38 MAPK signalling,
Biochem. J. 429 (2010) 403-417.

LR. Coulthard, D.E. White, D.L. Jones, M.F. McDermott, S.A. Burchill, p38(MAPK): stress
responses from molecular mechanisms to therapeutics, Trends Mol. Med. 15 (2009)
369-379.

R. Breton-Romero, C. Gonzalez de Orduna, N. Romero, F.J. Sanchez-Gomez, C. de
Alvaro, A. Porras, F. Rodriguez-Pascual, J. Laranjinha, R. Radi, S. Lamas, Critical
role of hydrogen peroxide signaling in the sequential activation of p38 MAPK
and eNOS in laminar shear stress, Free Radic. Biol. Med. 52 (2012) 1093-1100.
T. Michel, G.K. Li, L. Busconi, Phosphorylation and subcellular translocation of en-
dothelial nitric oxide synthase, Proc. Natl. Acad. Sci. U. S. A. 90 (1993) 6252-6256.
E. Gonzalez, A. Nagiel, AJ. Lin, D.E. Golan, T. Michel, Small interfering
RNA-mediated down-regulation of caveolin-1 differentially modulates signaling
pathways in endothelial cells, ]. Biol. Chem. 279 (2004) 40659-40669.

Y.C. Levine, G.K. Li, T. Michel, Agonist-modulated regulation of AMP-activated pro-
tein kinase (AMPK) in endothelial cells. Evidence for an AMPK — Rac1 — Akt —
endothelial nitric-oxide synthase pathway, J. Biol. Chem. 282 (2007) 20351-20364.
R. Kou, D. Greif, T. Michel, Dephosphorylation of endothelial nitric-oxide synthase
by vascular endothelial growth factor. Implications for the vascular responses to
cyclosporin A, ]. Biol. Chem. 277 (2002) 29669-29673.

K. Aoki, E. Kiyokawa, T. Nakamura, M. Matsuda, Visualization of growth signal
transduction cascades in living cells with genetically encoded probes based on
Forster resonance energy transfer, Philos. Trans. R. Soc. Lond. B Biol. Sci. 363
(2008) 2143-2151.

W. Zhang, H.T. Liu, MAPK signal pathways in the regulation of cell proliferation in
mammalian cells, Cell Res. 12 (2002) 9-18.

B.H. Jiang, J.Z. Zheng, M. Aoki, P.K. Vogt, Phosphatidylinositol 3-kinase signaling
mediates angiogenesis and expression of vascular endothelial growth factor in
endothelial cells, Proc. Natl. Acad. Sci. U. S. A. 97 (2000) 1749-1753.

A. Silva, J.A. Yunes, B.A. Cardoso, L.R. Martins, P.Y. Jotta, M. Abecasis, A.E. Nowill,
N.R. Leslie, AA. Cardoso, ].T. Barata, PTEN posttranslational inactivation and
hyperactivation of the PI3K/Akt pathway sustain primary T cell leukemia viabili-
ty, J. Clin. Invest. 118 (2008) 3762-3774.

F. Morello, A. Perino, E. Hirsch, Phosphoinositide 3-kinase signalling in the vascu-
lar system, Cardiovasc. Res. 82 (2009) 261-271.

D. Fulton, J.P. Gratton, T.J. McCabe, ]. Fontana, Y. Fujio, K. Walsh, T.F. Franke, A.
Papapetropoulos, W.C. Sessa, Regulation of endothelium-derived nitric oxide pro-
duction by the protein kinase Akt, Nature 399 (1999) 597-601.

S.Dimmeler, I. Fleming, B. Fisslthaler, C. Hermann, R. Busse, A.M. Zeiher, Activation of
nitric oxide synthase in endothelial cells by Akt-dependent phosphorylation, Nature
399 (1999) 601-605.

E. Denise Martin, G.F. De Nicola, M.S. Marber, New therapeutic targets in cardiol-
ogy: p38 alpha mitogen-activated protein kinase for ischemic heart disease,
Circulation 126 (2012) 357-368.

[37]

[38]

[39]

[40]

[41]

[42]

2595

P. Sicard, J.E. Clark, S. Jacquet, S. Mohammadi, J.S. Arthur, S.J. O'Keefe, M.S.
Marber, The activation of p38 alpha, and not p38 beta, mitogen-activated pro-
tein kinase is required for ischemic preconditioning, J. Mol. Cell. Cardiol. 48
(2010) 1324-1328.

S. Kumphune, R. Bassi, S. Jacquet, P. Sicard, J.E. Clark, S. Verma, M. Avkiran, S.J.
O'Keefe, M.S. Marber, A chemical genetic approach reveals that p38alpha MAPK ac-
tivation by diphosphorylation aggravates myocardial infarction and is prevented by
the direct binding of SB203580, ]. Biol. Chem. 285 (2010) 2968-2975.

R.H. Insall, 0.D. Weiner, PIP3, PIP2, and cell movement — similar messages, different
meanings? Dev. Cell 1 (2001) 743-747.

V. Niggli, A membrane-permeant ester of phosphatidylinositol 3,4,5-trisphos-
phate (PIP(3)) is an activator of human neutrophil migration, FEBS Lett. 473
(2000) 217-221.

T. Takenawa, H. Miki, WASP and WAVE family proteins: key molecules for rapid
rearrangement of cortical actin filaments and cell movement, J. Cell Sci. 114
(2001) 1801-1809.

A.L. Bishop, A. Hall, Rho GTPases and their effector proteins, Biochem. J. 348 (Pt 2)
(2000) 241-255.

[43] J.L. Gordon, Extracellular ATP: effects, sources and fate, Biochem. J. 233 (1986)

[44]

[45]

[46]

[47]

(48]
[49]

[50]

[51]

[52]

309-319.

D.C. Mills, I.A. Robb, G.C. Roberts, The release of nucleotides, 5-hydroxytryptamine
and enzymes from human blood platelets during aggregation, ]J. Physiol. 195
(1968) 715-729.

B. Stiles, M. Groszer, S. Wang, J. Jiao, H. Wu, PTENIless means more, Dev. Biol. 273
(2004) 175-184.

K.T. Keyes, ]. Xu, B. Long, C. Zhang, Z. Hu, Y. Ye, Pharmacological inhibition of PTEN
limits myocardial infarct size and improves left ventricular function
postinfarction, Am. J. Physiol. Heart Circ. Physiol. 298 (2010) H1198-H1208.
Y.H. Shen, L. Zhang, B. Utama, J. Wang, Y. Gan, X. Wang, L. Chen, G.M.
Vercellotti, ].S. Coselli, J.L. Mehta, X.L. Wang, Human cytomegalovirus inhibits
Akt-mediated eNOS activation through upregulating PTEN (phosphatase and
tensin homolog deleted on chromosome 10), Cardiovasc. Res. 69 (2006)
502-511.

M.S. Song, L. Salmena, P.P. Pandolfi, The functions and regulation of the PTEN tu-
mour suppressor, Nat. Rev. Mol. Cell Biol. 13 (2012) 283-296.

D.M. Dudzinski, T. Michel, Life history of eNOS: partners and pathways,
Cardiovasc. Res. 75 (2007) 247-260.

PJ. Guns, A. Korda, H.M. Crauwels, T. Van Assche, B. Robaye, ].M. Boeynaems, H.
Bult, Pharmacological characterization of nucleotide P2Y receptors on endothelial
cells of the mouse aorta, Br. J. Pharmacol. 146 (2005) 288-295.

M.P. Myers, . Pass, LH. Batty, ]J. Van der Kaay, J.P. Stolarov, B.A. Hemmings, M.H.
Wigler, C.P. Downes, N.K. Tonks, The lipid phosphatase activity of PTEN is critical
for its tumor suppressor function, Proc. Natl. Acad. Sci. U. S. A. 95 (1998)
13513-13518.

L. Salmena, A. Carracedo, P.P. Pandolfi, Tenets of PTEN tumor suppression, Cell
133 (2008) 403-414.

[53] ]. Franca-Koh, Y. Kamimura, P.N. Devreotes, Leading-edge research: PtdIns(3,4,5)

[54]

[55]

P3 and directed migration, Nat. Cell Biol. 9 (2007) 15-17.

C.D. Nobes, A. Hall, Rho, rac, and cdc42 GTPases regulate the assembly of
multimolecular focal complexes associated with actin stress fibers, lamellipodia,
and filopodia, Cell 81 (1995) 53-62.

A. Hall, Rho GTPases and the actin cytoskeleton, Science 279 (1998) 509-514.


http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0095
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0095
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0095
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0100
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0100
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0100
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0105
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0105
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0110
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0110
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0115
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0115
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0115
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0120
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0120
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0120
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0120
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0125
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0125
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0130
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0130
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0130
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0135
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0135
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0135
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0140
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0140
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0140
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0145
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0145
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0145
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0145
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0150
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0150
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0155
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0155
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0155
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0160
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0160
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0160
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0160
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0165
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0165
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0170
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0170
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0170
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0175
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0175
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0175
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0180
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0180
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0180
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0185
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0185
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0185
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0185
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0190
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0190
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0190
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0190
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0195
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0195
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0200
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0200
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0200
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0205
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0205
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0205
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0210
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0210
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0215
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0215
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0220
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0220
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0220
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0225
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0225
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0230
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0230
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0230
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0235
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0235
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0235
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0235
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0235
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0240
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0240
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0245
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0245
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0250
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0250
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0250
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0255
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0255
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0255
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0255
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0260
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0260
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0265
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0265
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0270
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0270
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0270
http://refhub.elsevier.com/S0167-4889(13)00232-2/rf0275

	Role of PTEN in modulation of ADP-dependent signaling pathways in vascular endothelial cells
	1. Introduction
	2. Materials and methods
	2.1. Reagents
	2.2. Cell culture and transfection
	2.3. siRNA preparation
	2.4. Cell treatments and immunoblot analysis
	2.5. Lipid extraction
	2.6. eNOS activity assay
	2.7. Fluorescent resonance energy transfer (FRET) measurement
	2.8. Confocal fluorescence microscopy
	2.9. Scratch wound cell migration assay
	2.10. Statistical analysis

	3. Results
	3.1. ADP promotes reversible phosphorylation of PTEN and p38 MAPK in endothelial cells
	3.2. ADP-mediated eNOS and p38 MAPK activation are modulated by PTEN
	3.3. p38 MAPK inhibition blocks ADP-dependent eNOS activation
	3.4. Interactions between PTEN, p38 MAPK and kinase Akt in eNOS activation
	3.5. PTEN knockdown blocks ADP-mediated PIP3 generation
	3.6. PTEN regulates endothelial cell migration, actin organization and Rac1 activation

	4. Discussion
	5. Conclusion
	Acknowledgements
	References


