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Abstract
Products resulting from oxidation of cell membrane phospholipid 1-palmitoyl-2-arachidonoyl-sn-
glycero-3-phosphorylcholine (OxPAPC) exhibit potent protective effects against lung endothelial
cell (EC) barrier dysfunction caused by pathologically relevant mechanical forces and
inflammatory agents. These effects were linked to enhancement of peripheral cytoskeleton and
cell adhesion interactions mediated by small GTPase Rac and inhibition of Rho-mediated barrier
disruptive signaling. However, the mechanism of OxPAPC-induced, Rac-dependent Rho
downregulation critical for vascular barrier protection remains unclear. This study tested the
hypothesis that Rho negative regulator p190RhoGAP is essential for OxPAPC-induced lung
barrier protection against ventilator induced lung injury (VILI), and investigated potential
mechanism of p190RhoGAP targeting to adherens junctions (AJ) via p120-catenin. OxPAPC
induced peripheral translocation of p190RhoGAP, which was abolished by knockdown of Rac-
specific guanine nucleotide exchange factors Tiam1 and Vav2. OxPAPC also induced Rac-
dependent tyrosine phosphorylation and association of p190RhoGAP with AJ protein p120-
catenin. siRNA-induced knockdown of p190RhoGAP attenuated protective effects of OxPAPC
against EC barrier compromise induced by thrombin and pathologically relevant cyclic stretch
(18% CS). In vivo, p190RhoGAP knockdown significantly attenuated protective effects of
OxPAPC against ventilator-induced lung vascular leak, as detected by increased cell count and
protein content in the bronchoalveolar lavage fluid, and tissue neutrophil accumulation in the lung.
These results demonstrate for the first time a key role of p190RhoGAP for the vascular endothelial
barrier protection in VILI.
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INTRODUCTION
Oxidized phospholipids (OxPL) appear in the pulmonary circulation as a result of increased
oxidative stress that accompanies acute lung injury, lung inflammation, adult respiratory
distress syndrome (ARDS), ventilator-induced lung injury (VILI), systemic inflammatory
response syndrome (SIRS) and sepsis [1–3]. Under these conditions, OxPL are mainly
represented by lysophospholipids and terminal products of PL oxidation [4], which further
contribute to lung vascular barrier dysfunction and inflammation.

However, controlled oxidation of phospholipids such as 1-palmitoyl-2-arachidonoyl-sn-
glycero-3-phosphatidyl choline (OxPAPC) and 1-palmitoyl-2-arachidonoyl-sn-glycero-3-
phosphatidyl serine (OxPAPS) in vitro generates a group of bioactive oxidized phospholipid
species with potent inhibitory effects on inflammatory signaling and lung injury induced by
bacterial lipopolysacharide (LPS) and viral related 2′-deoxyribo(cytidine-phosphate-
guanosine) (CpG) DNA [5–7]. In addition, OxPAPC and OxPAPS exhibit direct barrier-
protective effects on the pulmonary endothelial cells (EC) and protect against lung vascular
hyperpermeability in animal models of VILI [7–13]. These effects of OxPAPC had been
linked to the activation of small GTPases Rac and Cdc42, which mediated enhancement of
peripheral actin cytoskeleton and increased interactions between cellular adhesive structures
essential for EC barrier protective response [8,11,12]. It was also reported that barrier-
protective effects of OxPAPC against agonist-induced EC barrier dysfunction caused by
bioactive molecules and VILI-relevant pathologic cyclic stress are associated with Rac-
mediated downregulation of Rho-dependent signaling [10,14].

Rac and Rho GTPases act as a molecular switch, cycling between the active GTP-bound and
the inactive GDP-bound state which is regulated by guanine nucleotide exchange factors
(GEFs) facilitating exchange of GDP for GTP, GTPase-activating proteins (GAPs), which
increase the intrinsic rate of GTP hydrolysis by Rho GTPases, and by guanine nucleotide
dissociation inhibitors (RhoGDI) which associate with inactivated Rho and Rac [15–17].
Rac and Rho play important roles in the regulation of cytoskeletal remodeling, cell-cell
adhesive properties, and EC permeability control by mechanical forces and bioactive
molecules [8,18–23]. Rho and Rho-associated kinase may directly catalyze myosin light
chain (MLC) phosphorylation or act indirectly via inactivation of MLC phosphatase [24,25]
and cause actomyosin-driven cell contraction and EC barrier dysfunction. In turn, EC barrier
enhancement is associated with Rac-mediated formation of a peripheral F-actin rim,
enlargement of intercellular adherens junctions, and formation of adherens junction-
associated signaling protein complexes [8,26,27]. Thus, molecular mechanisms which
precisely control the balance between Rho- and Rac siginaling are essential for EC barrier
regulation in physiologic and pathologic conditions. Recent studies have suggested a
mechanism of Rac-mediated downregulation of Rho pathway in NIH3T3 fibroblasts via
Rac-dependent stimulation of negative regulator of Rho signaling, Rho-specific GTPase-
activating protein p190RhoGAP [28]. P190RhoGAP becomes activated upon integrin
activation, interaction with p120-catenin in fibroblasts [28,29] or recruitment to the lipid
rafts in endothelial cells [30], and may play important role in regulation of cell motility
[31,32] and endothelial barrier regulation [33–35]. However, effects of OxPAPC on
p190RhoGAP – p120-catenin interactions, and the role of p190RhoGAP in the mechanisms
of Rac-Rho crosstalk and OxPAPC-induced vascular endothelial barrier protection in VILI
models have not been yet explored.

This study tested hypothesis that p190RhoGAP may mediate protective effects of OxPAPC
against vascular endothelial barrier dysfunction associated with VILI. We characterized
effects of OxPAPC on p190RhoGAP tyrosine phosphorylation and association with p120-
catenin pulmonary endothelium. Using cell culture models of EC barrier compromise,
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induced by thrombin and pathological cyclic stretch in vitro, and in vivo two-hit model of
VILI we examined involvement of p190RhoGAP in the OxPAPC-mediated inhibition of
Rho signaling and preservation of endothelial barrier.

MATERIALS AND METHODS
Reagents and cell culture

Phospho-tyrosine and phospho-MYPT1 antibodies was obtained from Upstate
Biotechnology (Lake Placid, NY); di-phospho-MLC, HRP-linked anti-mouse and anti-rabbit
IgG were obtained from Cell Signaling (Beverly, MA); antibodies to p190RhoGAP, Rho
kinase, and p120 catenin were purchased from BD Transduction Laboratories (San Diego,
CA). TRAP6 was obtained from AnaSpec (San Jose, CA). Non oxidized 1-palmitoyl-2-
arachidonoyl-sn-glycero-3-phosphorylcholine (PAPC) was obtained from Avanti Polar
Lipids (Alabaster, AL). PAPC was oxidized by exposure to air for 72 hours. The extent of
oxidation was measured by positive ion electrospray mass spectrometry (ESI-MS) as
previously described [36]. After completion of oxidation, the phospholipids were stored at
−70°C dissolved in chloroform and used within 2 weeks after mass spectrometry testing. All
oxidized and non-oxidized phospholipid preparations were analyzed by the limulus
amebocyte assay (BioWhittaker, Frederick, MD) and shown negative for endotoxin. All
reagents for immunofluorescence were purchased from Molecular Probes (Eugene, OR).
Human lung pulmonary artery endothelial cells (HPAEC) were obtained from Lonza
(Walkersville, MD), cultured according to the manufacturer’s protocol, and used at passages
5–7. Unless specified, biochemical reagents were obtained from Sigma (St. Louis, MO).

Knockdown of endogenous Tiam1, Vav2, Rac and p190RhoGAP
To reduce the content of endogenous Tiam1, Vav2, Rac, or p190RhoGAP, cells were treated
with gene-specific siRNA duplexes. Pre-designed Stealth™ siRNAs of standard purity were
ordered from Invitrogen (Carlsbad, CA). Transfection of EC with siRNA was performed as
described previously [8,37]. After 48 or 72 hrs cells were harvested and used for
experiments. For in vivo experiments, polymer-based administration of non-specific or
specific siRNA conjugated with polycation polyethilenimine (PEI-22) shown to promote
lung-specific DNA and siRNA delivery [38,39] was used to deplete p190RhoGAP in the in
vivo experiments. Liposome-siRNA polyplexes were formed at ratio 1:10 (1 μg siRNA per
10 μg lipid). The most significant target gene inhibition was achieved at siRNA dose of 4
mg/kg after 72 hrs of transfection, as determined by western blot analysis. Treated mice
showed no signs of non-specific siRNA-induced inflammation. Nonspecific, non-targeting
siRNA (Dharmacon, Lafayette, CO) was used as a control treatment for both in vitro and in
vivo experiments.

Measurement of transendothelial electrical resistance
The cellular barrier properties were analyzed by measurements of transendothelial electrical
resistance (TER) across confluent endothelial cell monolayer using the electrical cell-
substrate impedance sensing system (Applied Biophysics, Troy, NY).

Immunofluorescence staining
Endothelial cells were grown to confluence, stimulated with agonist of interest, and
immunofluorescence staining for F-actin was performed as described elsewhere [20].
Likewise, after 72 hours of transfection with si-p190RhoGAP, static or cyclic stretch-
preconditioned EC were stimulated with thrombin with or without OxPAPC pretreatment
followed by immunofluorescence staining for F-actin using Texas Red-conjugated

Birukova et al. Page 3

Exp Cell Res. Author manuscript; available in PMC 2012 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



phalloidin. Images were processed with Adobe Photoshop 7.0 (Adobe Systems, San Jose,
CA) software.

Differential protein fractionation
Sub-cellular protein fractionation was performed as described elsewhere [11]. Confluent
HPAEC were stimulated with OxPAPC, then washed with ice cold PBS. The cytosolic
fraction was isolated by centrifugation using extraction buffer containing 50 mM Tris-HCl
pH 7.4, 100 mM sodium chloride, 0.01% digitonin, protease and phosphatase inhibitors
cocktail. Next, pellets were resuspended in extraction buffer containing 50 mM Tris-HCl pH
7.4, 2% Triton X-100, 100 mM sodium chloride, protease and phosphatase inhibitors
cocktail and incubated on ice for 30 min. The membrane fraction also containing
components of adherens junction complexes and residual components of cortical actin
cytoskeleton was separated from insoluble main cytoskeletal fraction by centrifugation 5
min at 16,000 g.

Co-immunoprecipitation and immunoblotting
Co-immunoprecipitation studies were performed using confluent HPAEC as described
previously [40,41]. Protein extracts were subjected to SDS-polyacrylamide gel
electrophoresis, transferred to nitrocellulose membrane, and probed with antibodies of
interest, as previously described [19,40,41].

Cell culture under cyclic stretch
Cyclic stretch (CS) experiments were performed using FX-4000T Flexcell Tension Plus
system (Flexcell International, McKeesport, PA) equipped with 25 mm BioFlex Loading
station, as previously described [41,42]. In brief, after siRNA transfection cells were
exposed to high magnitude cyclic stretch (18% distension, sinusoidal wave, 25 cycles/min)
to recapitulate the mechanical stresses experienced by the alveolar endothelium at high tidal
volume mechanical ventilation [42–44]. At two hours, plates were pretreated with vehicle or
OxPAPC followed by thrombin treatment with continuous exposure to cyclic stretch.
Control BioFlex plates with static EC culture were placed in the same cell culture incubator
and processed similarly to CS-preconditioned cells. At the end of experiment, cell lysates
were collected for western blot analysis, or CS-exposed endothelial monolayers were fixed
with 3.7% formaldehyde and subjected to immunofluorescence staining as previously
described [8,37,45].

Mechanical ventilation protocol
All experimental protocols involving the use of animals were approved by the University of
Chicago Institutional Animal Care & Use Committee for the humane treatment of
experimental animals. The animals were housed in pathogen-free conditions in the
University of Chicago Animal Care Facilities where they were cared for in accordance with
institutional and National Institutes of Health (NIH) guidelines. Adult male C57BL/6J mice,
8–10-week-old, with average weight 20–25 g (Jackson Laboratories, Bar Harbor, ME) were
anesthetized with an intraperitoneal injection of ketamine (75 mg/kg) and acepromazine (1.5
mg/kg). Tracheotomy was performed and the trachea was cannulated with a 20-gauge one
inch catheter (Penn-Century, Philadelphia, PA), which was tied into place to prevent air
leak. The animals were placed on mechanical ventilator (Harvard Apparatus, Boston, MA).
Mice were randomized to concurrently receive sterile saline solution or OxPAPC (1.5 mg/
kg, intravenous administration) prior to a single dose of TRAP6 (1.5 × 10−5 mol/kg,
intratracheal instillation) followed by 4 hours of mechanical ventilation with high tidal
volume (30 ml/kg, 75 breaths per minute and 0 PEEP, HTV). Control animals were
anesthetized and allowed to breathe spontaneously. After the experiment, BAL was
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performed using 1 ml of sterile Hanks Balanced Saline Buffer. The BAL protein
concentration was determined by BCATM Protein Assay kit (Thermo Scientific, Pittsburg,
PA). BAL inflammatory cell counting was performed using a standard hemacytometer
technique [10,46]. For histological assessment of lung injury, the lungs were harvested
without lavage collection and fixed in 10% formaldehyde. After fixation, the lungs were
embedded in paraffin, cut into 5-μm sections, and stained with hematoxylin and eosin.
Sections were evaluated at 40x magnification.

Statistical analysis
Results are expressed as means ± SD of three to six independent experiments. Experimental
samples were compared to controls by unpaired Student’s t-test. For multiple-group
comparisons, a one-way variance analysis (ANOVA) and post hoc multiple comparisons
tests were used. P<0.05 was considered statistically significant.

RESULTS
Oxidized phospholipids induce p190RhoGAP activation

Activation of nucleotide exchange activity of GEFs and GAPs including p190RhoGAP is
usually associated with their submembrane translocation. We therefore examined
p190RhoGAP intracellular redistribution in OxPAPC-treated endothelium.
Immunofluorescence analysis shows peripheral translocation of p190RhoGAP in response to
OxPAPC challenge (Figure 1A). Complementary subcellular fractionation experiments with
separation of cytosolic and membrane fractions show OxPAPC-induced increase of
p190RhoGAP content in the membrane fraction, as compared to non-treated EC (Figure
1B). In contrast, OxPAPC stimulation did not affect intracellular distribution of Rho
downstream target Rho kinase (Figure 1B, lower panel), which is not involved in the
mediation of OxPAPC effects [8, 9].

Because p190RhoGAP may interact with adherens junction protein p120-catenin in
submembrane compartments, in the following experiments we tested effect of OxPAPC on
p190RhoGAP - p120-catenin interactions in co-immunoprecipitation assays. OxPAPC
induced time dependent accumulation of p190RhoGAP in the p120-catenin
immunoprecipitates (Figure 1C). In contrast, EC stimulation with edemagenic agonist
thrombin, which activates Rho pathway, did not cause p120 catenin - p190RhoGAP
association (data not shown). While OxPAPC increased p120-catenin accumulation in VE-
cadherin immunoprecipitates, which is consistent with previously described OxPAPC-
induced enhancement of adherens junction protein complexes, we did not observe noticeable
association of p190RhoGAP with VE-cadherin (Figure 1D). These data indicate that p120-
catenin, not VE-cadherin, is a primary binding partner of p190RhoGAP. OxPAPC-induced
p120-catenin-p190RhoGAP interaction was further confirmed in reverse co-
immunoprecipitation experiments using p190RhoGAP antibody for pulldown (Figure 1E).

Because activation of GAP activity is driven by p190RhoGAP phosphorylation [47–49], we
examined phosphorylation status of p190RhoGAP immunoprecipitated from control and
OxPAPC-stimulated HPAEC. OxPAPC treatment induced rapid, gradually increasing
tyrosine phosphorylation of p190RhoGAP, which remained elevated at least 45 min (Figure
1F).

OxPAPC-induced activation of p190RhoGAP is Rac-dependent
Barrier protective effects of OxPAPC are associated with activation of Rac pathway [8,11].
We tested a role of Rac signaling in p190RhoGAP activation by OxPAPC by depleting
endogenous Rac or Rac-specific guanine nucleotide exchange factors (GEFs) Tiam1 and
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Vav2. Control cells were transfected with non-specific RNA duplexes. After 48 hrs of
double transfection with Tiam1- and Vav2-specific siRNAs, EC were stimulated with
OxPAPC followed by subcellular fractionation assay. In contrast to non-trasfected cells
(Figure 1B) or EC transfected with non-specific RNA, Tiam1 and Vav2 knockdown
abolished OxPAPC-induced membrane translocation of p190RhoGAP (Figure 2A, left
panel). Specific protein depletion was confirmed by western blot analysis (Figure 2A, right
panel). Besides membrane translocation, Rac activity was also required for the OxPAPC-
induced formation of p120 catenin - p190RhoGAP complexes, since siRNA-induced Rac
depletion inhibited p120 catenin - p190RhoGAP interaction in the OxPAPC-stimulated
endothelial cells detected in coimmunoprecipitation assays (Figure 2B). We next tested
involvement of Rac signaling in the OxPAPC-induced p190RhoGAP tyrosine
phosphorylation. p190RhoGAP was precipitated under denaturing conditions from control
and siRac-transfected cells followed by western blot with p190RhoGAP and phospho-
tyrosine antibodies. Rac knockdown inhibited OxPAPC-induced p190RhoGAP tyrosine
phosphorylation (Figure 2C, upper panel), as compared to non-transfected cells (Figure
1F), or cells transfected with non-specific RNA. Rac protein depletion was verified by
western blot (Figure 2C, lower panel).

Oxidized phospholipids mediate endothelial barrier protection via p190RhoGAP
Thrombin is an edemagenic agonist released by activated platelets, which triggers Rho- and
MLCK-dependent mechanisms of EC permeability [20,50]. To investigate an involvement
of p190RhoGAP in the OxPAPC protective effects against thrombin-induced permeability,
we used siRNA-mediated p190RhoGAP knockdown. After 72 hrs of transfection, EC grown
on gold microelectrodes for measurements of transendothelial electrical resistance (TER, see
Materials and Methods section) were pretreated with OxPAPC or vehicle followed by
thrombin challenge, and TER was monitored over the time. Knockdown of p190RhoGAP
enhanced thrombin-induced permeability increase and delayed recovery of EC monolayer
barrier after thrombin challenge. Importantly, protective effects of OxPAPC against
thrombin-induced permeability observed in control cells treated with non-specific RNA
were significantly attenuated in EC with depleted p190RhoGAP (Figure 3A). We further
examined a role of p190RhoGAP in OxPAPC-induced preservation of EC monolayer
integrity in immunofluorescence studies. Control and p190RhoGAP-depleted EC were
challenged with thrombin with or without OxPAPC pretreatment. Thrombin induced stress
fiber formation (red), and disruption of continuous peripheral VE-cadherin staining (green)
in both, control non-specific RNA-treated EC and cells with depleted p190RhoGAP (Figure
3B). OxPAPC preserved monolayer integrity in thrombin-challenged EC treated with
nonspecific RNA, but this protective effect of OxPAPC was abolished in EC with
p190RhoGAP knockdown (Figure 3B, lower panels). Since Rho pathway of endothelial
permeability involves phosphorylation of myosin-binding subunit of myosin-associated
phosphatase type 1 (MYPT1) at the Rho kinase specific site Thr-850 [21,51] leading to
increased myosin light chain (MLC) phosphorylation which causes EC actomyosin
contraction, we examined effects of OxPAPC and thrombin on MYPT1 and MLC
phosphorylation levels in control and p190RhoGAP-depleted cells. Thrombin induced larger
increases in MYPT1 and MLC phosphorylation in cells with depleted p190RhoGAP. In
turn, OxPAPC inhibited MYPT1 and MLC phosphorylation in control EC transfected with
non-specific RNA, but failed to inhibit thrombin-induced MYPT1 and MLC
phosphorylation in p190RhoGAP-depleted cells (Figure 3C). Depletion of p190RhoGAP
was verified by western blot (Figure 3C, lower panel). phosphorylation of myosin-binding
subunit of myosin-associated phosphatase type 1 (MYPT1) at the Rho kinase specific site
leading to increased myosin light chain (MLC) phosphorylation
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p190RhoGAP is required for protective effects of OxPAPC in the in vitro model of VILI
We used previously established cell culture two-hit model of VILI [37,42] and exposed
pulmonary EC to pathologically-relevant levels of cyclic stretch (18% CS) with or without
thrombin stimulation to evaluate a role of p190RhoGAP in the OxPAPC-mediated
protection against EC barrier dysfunction. Effects of pathological CS were judged by
enhanced paracellular gap formation and activation of actomyosin contraction indicated by
increased MLC phosphorylation. After 72 hours of HPAEC transfection with p190RhoGAP-
specific or non-specific siRNAs, cells were subjected to 18% CS for 2 hrs followed by
addition of OxPAPC or vehicle prior to thrombin challenge with continuous CS exposure.

In agreement with published data [37,52], preconditioning of lung EC transfected with non-
specific RNA at 18% CS caused cytoskeletal reorientation without affecting EC monolayer
integrity. Thrombin challenge caused pronounced monolayer disruption and increased actin
stress fiber formation in CS-preconditioned EC, which was dramatically reduced by
pretreatment with OxPAPC (Figure 4A, left panels). In contrast, protective effects of
OxPAPC against EC monolayer disruption induced by 18% CS and thrombin were
abolished by p190RhoGAP knockdown (Figure 4A, right panels).

Western blot analysis of MLC phosphorylation showed that thrombin increased MLC
phosphorylation in both, control and p190RhoGAP-depleted CS-preconditioned cells, but
OxPAPC failed to inhibit thrombin-induced MLC phosphorylation in p190RhoGAP-
depleted cells, as compared to controls transfected with nonspecific RNA (Figure 4B).

P190RhoGAP knockdown attenuates protective effects by oxidized phospholipids in the in
vivo two-hit model of VILI

To investigate whether p190RhoGAP is involved in OxPAPC-activated signaling in vivo,
we examined effects of intravenous OxPAPC administration on p190RhoGAP
phosphorylation reflecting its activation in lungs. Mice were treated with OxPAPC for 30
min or 4 hrs followed by lung harvesting, immunoprecipitation of p190RhoGAP under
denaturing conditions and western blot analysis with phosphor-tyrosine antibody. Activation
of p190RhoGAP was assessed by analysis of its tyrosine phosphorylation in control and
OxPAPC-treated lung samples. OxPAPC induced phosphorylation of p190RhoGAP at both
time points, which became robust at 4 hrs (Figure 5A).

In the next experiments we attempted to reproduce two-hit model of lung injury and exposed
mice to ventilation at high tidal volume (HTV, 30 ml/kg) mechanical ventilation and
TRAP6, the thrombin-derived non-thrombogenic peptide that serves as a PAR1 receptor
ligand [53]. To examine whether p190RhoGAP is involved in OxPAPC-mediated protective
effects in vivo, endogenous p190RhoGAP was depleted using siRNA approach outlined in
Materials and Methods. Mice were transfected with non-specific or p190RhoGAP-specific
siRNA for 72 hr followed by TRAP6 administration and HTV with or without OxPAPC
pretreatment. After four hours of ventilation, BAL was performed as described in Methods.
p190RhoGAP protein depletion was confirmed by western blot analysis of lung tissue
(Figure 5B). Knockdown of p190RhoGAP had no statistically significant effects on TRAP6/
HTV-induced elevation of BAL cell counts and protein content (Figure 5B, inset), but
attenuated protective effects of OxPAPC against TRAP6/HTV-induced increases in BAL
cell count (Figure 5C, left panels) and protein concentration (Figure 5C, right panels),
observed in control animals transfected with non-specific siRNA. Histological analysis of
lung sections confirmed that p190RhoGAP knockdown suppressed the ability of oxidized
phospholipids to inhibit TRAP6/HTV-mediated alveolar fluid accumulation and leukocyte
infiltration (Figure 5D). Collectively, these data strongly suggest the importance of
p190RhoGAP in the protective effects of OxPAPC in vivo.
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DISCUSSION
Oxidized phospholipids exhibit potent barrier-protective effects on endothelial monolayers
and in the animal models of endotoxin- and ventilator-induced lung injury [7,14]. Barrier-
protective effects of OxPAPC under these conditions depend on activation of Rac signaling
and Rac-mediated suppression of Rho pathway of endothelial permeability [8–10,12,14].
However, the nature of Rac-dependent Rho downregulation induced by OxPAPC remains
unclear. This study investigated a role of p190RhoGAP as a switch between Rac and Rho
signaling activated by OxPAPC which is a critical mechanism regulating lung vascular
endothelial barrier properties in the models of acute lung injury.

The data presented here demonstrate that OxPAPC engages p190RhoGAP to protect against
ventilator-induced lung vascular leakage and attenuate endothelial hyper-permeability in
pulmonary EC cultures induced by edemagenic agonists and VILI- relevant cyclic stretch.
Our data show that OxPAPC signals to Tiam1 and Vav2 to stimulate Rac1, which in turn
induces p190RhoGAP tyrosine phosphorylation, p190RhoGAP association with p120-
catenin, and p190RhoGAP-dependent inhibition of RhoA signaling, leading to EC barrier
preservation in pulmonary EC exposed to inflammatory agonists and pathologic cyclic
stretch.

OxPAPC stimulated time-dependent accumulation of p190RhoGAP at the cell periphery,
which correlates with the time course of OxPAPC-induced EC barrier enhancement and
p190RhoGAP - p120-catenin association. This interaction was regulated by Rac GTPase.
Rac specific GEF Tiam1 has been previously implicated in the OxPAPC-induced Rac
activation and barrier enhancement [11]. The current results show involvement of Tiam1
and Vav2 in the Rac-dependent p190RhoGAP submembrane accumulation. Tyrosine
phosphorylation of p190RhoGAP appears to be important for its interaction with binding
partners in fibroblasts [28,32]. Our data show Rac-dependent tyrosine phosphorylation of
p190RhoGAP, which also coincided with p120-catenin – p190RhoGAP complex formation.
A number of protein tyrosine kinases such as Src [54], Fyn [55] and FAK [33] may directly
phosphorylate and activate p190RhoGAP. This is a plausible mechanism of p190RhoGAP
phosphorylation, because OxPAPC activates Src and FAK, and Src mediates OxPAPC
barrier enhancement in pulmonary EC [9].

Our data show that OxPAPC-induced tyrosine phosphorylation of p190RhoGAP is Rac-
dependent. This is another recently described possible mechanism, which involves Rac-
dependent activation of NADPH oxidase complex, stimulation of reactive oxygen species
(ROS) production, and ROS-induced inhibition of the low-molecular-weight protein
tyrosine phosphatase (LMW-PTP) leading to increased tyrosine phosphorylation and
activation of p190RhoGAP [56]. Tyrosine phosphorylation and targeting of p190RhoGAP to
specific subcellular domains may be also important mechanisms regulating its GAP activity
towards Rho GTPase [28,32]. p190RhoGAP may also localize to focal adhesions, where it
dissociates from p120RasGAP and binds tyrosine-phosphorylated paxillin leading to local
suppression of Rho activity during cell adhesion [31]. In addition, p190RhoGAP may
localize to lipid rafts, where it mediates Rho inactivation during cell spreading [30].
Previous study [28] and our data strongly suggest that p120-catenin directs localization of
p190RhoGAP to adherens junctions. Depletion of p190RhoGAP binding partner p120-
catenin in NIH3T3 fibroblasts caused constitutive activation of Rho [28]. Depletion of
p190RhoGAP in our studies impaired OxPAPC-enhanced recovery of monolayer integrity
in pulmonary EC exposed to thrombin and pathologically relevant levels of cyclic stretch.
Taken together, these results strongly suggest involvement of p120-catenin – p190RhoGAP
complex in protecting endothelial barrier under pathologic conditions. Our results and other
studies also suggest that localized p190RhoGAP activation at different subcellular
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compartments (focal adhesion, adherens junctions, lipid rafts) may provide additional
mechanisms contributing to peripheral actin cytoskeletal and cell adhesion remodeling
critical for barrier-protective effects of OxPAPC. Elucidation of these mechanisms awaits
further investigation.

Importantly, OxPAPC-induced tyrosine phosphorylation of p190RhoGAP observed in
pulmonary EC cultures (Figures 1,2) was also detected in the lung, which further supports
p190RhoGAP involvement in OxPAPC-induced effects in vivo. Although OxPAPC alone
does not affect baseline of lung vascular permeability [7, 14], OxPAPC-induced
p190RhoGAP phosphorylation observed in the lungs may reflect mobilization of vascular
barrier-protective mechanisms, which then become evident in the lungs exposed to
pathologic mechanical ventilation and TRAP (Figure 5).

The present study demonstrates for the first time that p190RhoGAP knockdown in vivo
abolishes barrier protective effects of OxPAPC in the two-hit model of ventilator induced
lung injury. We have previously described protective effect of OxPAPC in the model of
ventilator-induced lung barrier dysfunction via downregulation of Rho signaling [14].
Protective effects of OxPAPC against agonist-induced EC barrier disruption were associated
with inhibition of Rho activation and accelerated recovery of Rac signaling in pulmonary
EC monolayers [9,10,14]. However, more precise mechanisms regulating Rac-Rho balance
remained unclear.

p190RhoGAP has been implicated in the protective effects of angiopoietin-1 (Ang-1)
against endotoxin-mediated vascular leakage. Ang-1 prevented endotoxin-induced
cytoskeletal rearrangements in the EC by activating a PI3-kinase and Rac1, which were also
linked to phosphorylation of p190 RhoGAP and inhibition of RhoA activity [35]. Our results
also show that siRNA-induced knockdown of p190RhoGAP abolished inhibitory effects of
OxPAPC on MLC phosphorylation in pulmonary EC induced by thrombin and high
magnitude cyclic stretch suggesting a role for p190RhoGAP in attenuating the Rho pathway
of EC barrier dysfunction associated with VILI. These data suggest a mechanism of Rac-
Rho crosstalk via OxPAPC-triggered, Rac-p120-catenin mediated activation and recruitment
of p190RhoGAP to the cell-cell junction area, where it may locally downregulate Rho
signaling and attenuate barrier-disruptive effects.

Although molecular inhibition of p190RhoGAP did not significantly alter baseline
endothelial monolayer integrity, basal EC permeability, and in vivo lung structural integrity,
p190RhoGAP expression and activation became essential for reduction of Rho signaling
activated by barrier disruptive agonists and mechanical forces. Similar results showing lack
of p190RhoGAP knockdown effects in animals without additional treatments were observed
in the other study by Mammoto et al. [35]. Lack of significant effects of p190RhoGAP
knockdown on the basal Rho activation and EC barrier properties may reflect low levels of
basal p190RhoGAP activity in non-stimulated EC monolayers. In contrast, in thrombin-
stimulated EC, p190RhoGAP depletion potentiated MLC and MYPT1 phosphorylation,
promoted thrombin-induced permeability increase and delayed recovery of EC monolayer
barrier. These findings are consistent with report by Holinstat et al. [33], who demonstrated
the p190RhoGAP role in EC monolayer recovery after thrombin challenge and showed
stimulation of p190RhoGAP activity by FAK-mediated tyrosine phosphorylation leading to
suppression of Rho signaling during recovery after thrombin.

Our results suggest that barrier-disruptive Rho signaling triggered by VILI-relevant
mechanical forces and inflammatory mediators can be blocked by OxPAPC-induced
activation of p190 RhoGAP. Therefore, although p190 RhoGAP may be dispensable for
control of endothelial barrier integrity at baseline, it is crucial for prevention of cell-cell
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contact disruption and cytoskeletal rearrangements in pulmonary EC induced by Rho
activators.

In addition to Rac, OxPAPC also activates Cdc42 GTPase, which together with Rac
participates in OxPAPC-induced barrier protective EC responses. Downregulation of Cdc42
alone or in combination with Rac disturbed peripheral cytoskeletal enhancement and
attenuated protective effects of OxPAPC [8,12]. Report by Ramchandran et al. shows that
similar to Rac, barrier protecitve effects of Cdc42 involve negative crosstalk with Rho [57].
However, involvement of Cdc42 in the mechanism of p190RhoGAP activation remains to
be evaluated. Activation of Cdc42 may also contribute to AJ disassembly and barrier
disruption. In vivo studies show that coexpression of dominant-negative Cdc42 (N17Cdc42)
prevented the increase in K(f,c) induced by expression of VE-cadherin mutant lacking
extracellular domain [58]. Collectively, these data illustrate a complex role of Cdc42 in
control of lung vascular permeability.

In summary, based on published data and results of this study we propose a scheme of
OxPAPC-induced protective effects in the models of VILI, in which OxPAPC triggers Rac
activation by Rac-specific GEFs, Tiam1 and Vav2 leading to Rac-dependent activation of
tyrosine phosphorylation of p190RhoGAP. Phosphorylated p190RhoGAP associates with
p120-catenin, localizes to cell-cell junctions and locally inhibits stretch- and agonist-induced
barrier-disruptive Rho signaling in the pulmonary endothelium. Such inhibition improves
lung vascular endothelial barrier properties and prevents lung vascular leak induced by high
tidal volume mechanical ventilation and inflammatory agonists. We speculate that this
paradigm which also illustrates the mechanism of Rac-Rho crosstalk triggered by OxPAPC,
may be generally applicable to other barrier-protective compounds (i.e. hepatocyte growth
factor and sphingosine 1-phosphate) known to activate Rac GTPase. Thus, stimulation of
p190RhoGAP function using molecular engineering approaches or target-oriented drug
design may be a promising direction for new therapeutic strategies aimed at the treatment of
ALI and its devastating complication, ARDS.
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Figure 1. Effect of OxPAPC on p190RhoGAP intracellular localization and activation
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A: Endothelial cells grown on glass coverslips were stimulated with OxPAPC (10 μg/ml) for
15 min followed by immunofluorescence staining for p190RhoGAP. Arrows depict areas of
intracellular accumulation of protein. Bar graphs represent quantitative analysis of
p190RhoGAP peripheral accumulation in control and treated HPAEC. Data are expressed as
mean ± SD of three independent experiments; *p<0.05. B: HPAEC were stimulated with
OxPAPC (10 μg/ml) for various periods of time or left untreated. Membrane and cytosolic
fractions were isolated as described in Methods section. The content of p190RhoGAP and
Rho kinase was determined by western blot analysis of cytosolic and membrane fractions
with specific antibodies. C–E: Immunoprecipitation of p120-catenin (C), VE-cadherin (D),
or p190RhoGAP (E) under non-denaturing conditions was performed in pulmonary EC
stimulated with OxPAPC (10 μg/ml) for various time periods. P190RhoGAP or p120-
catenin content in the immunoprecipitates was detected with specific antibodies. Equal
protein loadings were confirmed by re-probing of membranes with antibody used for
pulldown. F: Immunoprecipitation of p190RhoGAP under denaturing conditions was
performed in pulmonary EC stimulated with OxPAPC (10 μg/ml) for various time periods.
P190RhoGAP phosphorylation was determined by western blotting with p-tyrosine
antibody. Equal protein loading was confirmed by probing of membranes with
p190RhoGAP antibody. Result of densitometry shown as mean ± SD, * p<0.05
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Figure 2. Involvement of Rac in OxPAPC-induced p190RhoGAP activation
HPAEC were transfected with non-specific, Tiam1/Vav2-, or Rac-specific siRNAs for 48
hr, followed by OxPAPC stimulation (10 μg/ml, 15 min). A: Cytosolic and membrane
fractions were separated according to the protocol described in Methods, and translocation
of p190RhoGAP to the membrane fraction was detected with specific antibodies. Inset -
western blot analysis of Tiam1 and Vav2 depletion in HPAEC. B: After cell lysis step,
protein complexes were immunoprecipitated with p120-catenin antibodies followed by
western blot analysis with p190RhoGAP antibody. Equal protein loading was confirmed by
reprobing of membranes with p120-catenin antibody. C: p190RhoGAP was
immunoprecepitated under denaturing conditions. Phosphorylation status of p190RhoGAP
was determined by western blot analysis with p-tyrosine antibody. Equal protein loading
was confirmed by probing of membranes with p190RhoGAP antibody. Rac depletion was
confirmed by probing of membranes with specific antibody. Result of densitometry shown
as mean ± SD, * p<0.05
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Figure 3. Effect of p190RhoGAP inhibition on OxPAPC-mediated protection against thrombin-
induced EC barrier dysfunction
A – C: HPAEC were transfected with p190RhoGAP -specific siRNA or non-specific RNA
duplexes for 72 hr. A - EC were treated with OxPAPC (10 μg/ml, 15 min) or left untreated
prior to thrombin (0.1 U/ml) challenge, and TER was monitored over the time. B and C -
EC were subjected to thrombin challenge (0.1 U/ml, 15 min) with or without OxPAPC
pretreatment (10 μg/ml, 15 min). Analysis of actin cytoskeletal remodeling was performed
by immunofluorescence staining with Texas Red phalloidin. Paracellular gaps are marked
by arrows. Bar graphs represent quantitative analysis of gap formation in control and treated
HPAEC. Data are expressed as mean ± SD of three independent experiments; *p<0.05. (B).
Phosphorylation status of MYPT1 or MLC was determined by western blot with specific
antibodies. Equal protein loading was confirmed by re-probing of membranes with antibody
to housekeeping protein β-tubulin. P190RhoGAP depletion was confirmed by probing of
membranes with specific antibody (C). Result of densitometry shown as mean ± SD, *
p<0.05
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Figure 4. Effects of p190RhoGAP knockdown on protective effects by OxPAPC in the in vitro
model of VILI
HPAEC grown on Flexcell plates were transfected with p190RhoGAP-specific siRNA or
non-specific RNA duplexes. After 72 hr cell monolayers were preconditioned at pathologic
(18%) levels of CS for 2 hr and stimulated with thrombin (0.1 U/ml, 15 min) with or without
OxPAPC pretreatment (10 μg/ml, 15 min). A: F-actin was visualized by
immunofluorescence staining with Texas-Red phalloidin. Paracellular gaps are marked by
arrows. Bar graphs represent quantitative analysis of gap formation in control and treated
HPAEC. Data are expressed as mean ± SD of three independent experiments; *p<0.05. B:
Phosphorylation of MLC was detected by western blot with phospho-specific antibodies.
Equal protein loading was confirmed by re-preobing of membranes with β-tubulin antibody.
Result of densitometry shown as mean ± SD, * p<0.05
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Figure 5. Involvement of p190RhoGAP in protective effects by OxPAPC against ventilator-
induced lung injury
A: Mice were treated with OxPAPC (1.5 mg/kg, i/v) for indicated time points.
p190RhoGAP was immunoprecepitated deom lung tissue samples under denaturing
conditions. Phosphorylation status of p190RhoGAP was determined by western blot analysis
with p-tyrosine antibody. Equal protein loading was confirmed by probing of membranes
with p190RhoGAP antibody. Result of densitometry shown as mean ± SD, * p<0.05 B – D:
Mice were tranfected with non-specific or p190RhoGAP-specific siRNAs for 72 hrs
followed by TRAP6 injection (1.5 × 10−5 mol/kg, i/t) and mechanical ventilation at high
tidal volume (HTV, 30 ml/kg, 4 hr) with or without OxPAPC treatment (1.5 mg/kg, i/v).
P190RhoGAP depletion in lung samples was assessed by western blot (B). Cell count and
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measurements of protein concentration were performed in BAL fluid. Data are presented as
mean ± SD (n=6–8 mice per group); *p<0.05 (C). Whole lungs were fixed in 10% formalin,
and used for histological evaluation by hematoxylin and eosin staining. Images are
representative of 4–6 lung specimens for each condition with ×40 magnification (D).
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