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Abstract

Mechanisms of vascular endothelial cell (EC) barrier regulation
during acute lung injury (ALI) or other pathologies associated with
increased vascular leakiness are an active area of research. Adaptor
protein krev interaction trapped-1 (KRIT1) participates in
angiogenesis, lumen formation, and stabilization of EC adherens
junctions (AJs) in mature vasculature. We tested a role of KRIT1 in
the regulation of Rho-GTPase signaling induced by mechanical
stimulation and barrier dysfunction relevant to ventilator-induced
lung injury and investigated KRIT1 involvement in EC barrier
protection by prostacyclin (PC). PC stimulated Ras-related protein 1
(Rap1)–dependent association of KRIT1 with vascular endothelial
cadherin at AJs, with KRIT1-dependent cortical cytoskeletal
remodeling leading to EC barrier enhancement. KRIT1 knockdown
exacerbated Rho-GTPase activation and EC barrier disruption
induced by pathologic 18% cyclic stretch and thrombin receptor
activating peptide (TRAP) 6 and attenuated the protective effects of
PC. In the two-hit model of ALI caused by high tidal volume (HTV)
mechanical ventilation and TRAP6 injection, KRIT1 functional
deficiency in KRIT11/2 mice increased basal lung vascular leak and
augmented vascular leak and lung injury caused by exposure to HTV
andTRAP6.Down-regulationofKRIT1alsodiminished theprotective

effects of PC against TRAP6/HTV-induced lung injury. These results
demonstrate a KRIT1-dependent mechanism of vascular EC barrier
control in basal conditions and in the two-hit model of ALI caused by
excessivemechanical forces andTRAP6 via negative regulation of Rho
activity and enhancement of cell junctions. We also conclude that
the stimulation of the Rap1-KRIT1 signaling module is a major
mechanism of vascular endothelial barrier protection by PC in the
injured lung.
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Clinical Relevance

Ras-related protein 1 (Rap1) GTPase effector krev interaction
trapped-1 (KRIT1) gene is activated in prostacyclin-treated
endothelial cells and maintains vascular barrier integrity under
pathological mechanochemical stimulation associated with
ventilator induced lung injury. The Rap1-KRIT1 signalingmodule is
a new target for preventive strategies in the treatment of pathological
conditions associated with acute vascular barrier dysfunction.

The acute phase of lung injury in acute
respiratory distress syndrome is a
devastating condition with high morbidity
and an overall mortality rate of 30 to 40%
(1). Acute lung injury (ALI) has been

characterized by increased permeability of
the blood–gas barrier, which allows an
influx of protein-rich fluid into the air
spaces, causing pulmonary edema.
Activation of Rho GTPase signaling triggers

lung endothelial barrier dysfunction
associated with ALI, which may be caused
by many factors, including mechanical
ventilation at high tidal volume (HTV)
(2, 3), exposure to edemagenic agonists
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associated with ALI (4–9), or a
combination of mechanical ventilation
and edemagenic agonists (10).

Prostaglandin I2, or prostacyclin (PC),
is a product of the arachidonic acid
metabolic pathway and is synthesized by
many tissues, including vascular endothelial
cells (11, 12). PC and its stable analogs
beraprost and iloprost protect vascular
endothelial cell (EC) monolayer lining all
blood vessels against increased vascular
leakiness caused by barrier-disruptive
agonists (13–15) or excessive mechanical
forces (16). Beraprost and iloprost also have
demonstrated potent antiinflammatory and
endothelium-dependent antiedemagenic
effects in several models of ALI (17, 18).

PC binding to G-protein–coupled
prostaglandin-I2 receptor (IP) receptor
leads to the activation of adenylate cyclase
and the elevation of intracellular cyclic
adenosine monophosphate (cAMP) levels.
Increased cAMP levels enhance endothelial
barrier integrity (19, 20) and inhibit
barrier-disruptive signaling by protein
kinase A–mediated phosphorylation and
inactivation of myosin light chain (MLC)
kinase (21) and inactivation of the RhoA
GTPase–dependent pathway of EC barrier
dysfunction (22, 23). PC also triggers an
alternative, protein kinase A–independent
mechanism of EC barrier enhancement,
which involves cAMP-activated guanine
nucleotide exchange factor Epac1 and its
target Ras-related protein 1 (Rap1) GTPase
(24, 25). Rap1 participates in diverse
processes, including integrin-mediated cell
adhesion (26), cadherin-mediated cell
junction formation, and regulation of the
endothelial barrier (25, 27).

Krev interaction trapped-1 (KRIT1)
gene has been originally identified as
a Rap1-binding protein in a yeast two-
hybrid screen (28). Loss-of-function
mutations of KRIT1 are responsible for
approximately 40% of human autosomal-
dominant familial cerebral cavernous
malformations (CCMs). Homozygous
KRIT1 null mutations are embryonically
lethal due to severe defects in vascular
integrity and vascular development (29).
KRIT1 displays a domain structure with
several potential protein binding sites (30,
31). Although KRIT1 interaction with
activated Rap1 is critical for the basal
maintenance of endothelial junctional
integrity (32), molecular inhibition of
KRIT1 increases basal Rho activation (33).
These functional properties suggest KRIT1

as a bona fide Rap1 effector with signaling
functions at cell adhesions essential for
regulation of EC vascular barrier in basal
conditions and upon stimulation with
injurious stimuli.

A role of KRIT1 in the dynamic
regulation of the vascular endothelial
barrier in pathologic settings associated
with ALI caused by mechanical
ventilation–associated excessive
mechanical forces has not been yet
elucidated. Given a documented role of
Rho inhibition and Rap1 activation in the
mechanisms of EC barrier protection in
pathologic conditions, we tested the
hypothesis that protective effects of PC on
EC monolayers exposed to pathologic
mechanical forces and disruptive agonists,
as well as PC-protective effects in the
experimental two-hit model of ventilator-
associated lung injury, involve Rap1-induced
activation of KRIT1 and KRIT1-dependent
control of Rho signaling, improvement of
cell junction integrity, and lung vascular EC
permeability.

Materials and Methods

Further details are provided in the online
supplement.

Cell Culture and Reagents
Human pulmonary artery endothelial cells
(HPAECs) obtained from Lonza (Allendale,
NJ) were used for in vitro permeability and
signal transduction studies. Cyclic stretch
experiments were performed using the
FX-4000T Tension Plus system (Flexcell,
Burlington, NC) as previously described
(34, 35). Procedure details are provided in
the online supplement. Phospho-specific
p-cortactin-Y421, p-MYPT-Thr850, and
p-MLC-Thr18/Ser19 antibodies were from
Cell Signaling (Beverly, MA). Vascular
endothelial (VE)-cadherin, b-catenin, and
p120-catenin antibodies were from BD
Transduction Laboratories (San Diego,
CA). Antibodies to Rho and Rap1 were
from Santa Cruz Biotechnology (Santa
Cruz, CA). Texas Red phalloidin and Alexa
Flour–conjugated antibodies were from
Molecular Probes (Eugene, OR). Beraprost
and PC were from Cayman (Ann Arbor,
MI). Thrombin receptor activating peptide
(TRAP) 6 was from AnaSpec (San Jose,
CA). Unless otherwise specified,
biochemical reagents were obtained from
Sigma (St. Louis, MO).

DNA and Small Interfering RNA
Transfections
Predesigned Rap1A- and KRIT1-specific
human Stealth Select small interfering RNA
(siRNA) sets of standard purity were
obtained from Invitrogen (Carlsbad, CA).
Transfection of ECs with siRNA was
performed as previously described (16).
Nonspecific, nontargeting siRNA was used
as a control treatment. Hemagglutinin-
tagged wild-type KRIT1 and hemagglutinin-
tagged KRIT1-R452E constructs subcloned
into pcDNA3.1 vector for mammalian
transfection were a generous gift by
Mark Ginsberg (Department of Medicine,
University of California, San Diego, La Jolla,
CA). ECs were used for transient
transfections according to the protocol
described previously (36).

Transendothelial electrical resistance
(TER) across confluent human pulmonary
artery endothelial monolayers was
measured using an electrical cell-substrate
impedance sensing system (Applied
Biophysics, Troy, NY) (37).

GTPase Activation, Protein
Fractionation, and
Immunoprecipitation
Activation of Rho-GTPase in pulmonary EC
culture was analyzed using the GTPase
in vitro pulldown assay kit (Millipore,
Billerica, MA). Cytosolic and membrane
fractions were separated using an S-PEK
kit (EMD Chemicals, Gibbstown, NJ).
Coimmunoprecipitation studies and
Western blot analysis were performed using
confluent HPAEC monolayers as described
elsewhere (38). Protein extracts were
separated by SDS-PAGE and transferred to
polyvinylidene difluoride membranes, and
the membranes were incubated with
specific antibodies of interest.

Immunofluorescence Staining
ECs were plated on glass coverslips and used
for immunofluorescence staining after
transfections or agonist stimulation as
described (10). Slides were analyzed using
a Nikon video imaging system (Nikon
Instech Co., Tokyo, Japan). At least 10
microscopic fields per condition were
analyzed in each independent experiment.
At least three independent experiments
were performed for each experimental
setup Images were processed with ImageJ
software (National Institutes of Health,
Washington, DC) and Adobe Photoshop
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7.0 software (Adobe Systems, San Jose,
CA).

Animal Studies
All experimental protocols involving the use
of animals were approved by the University
of Chicago Institutional Animal Care and
Use Committee for the humane treatment of
experimental animals. Male C57BL/6J mice
(8–10 wk old) weighing 20 to 25 g were
subjected to mechanical ventilation
(Harvard Apparatus, Boston, MA) at HTV
(30 ml/kg) for 4 hours. Measurements
of cell count, protein concentration,
myeloperoxidase activity, Evans blue
extravasation, and histological assessment
of lung injury were conducted as described
(39). Procedure details are provided in the
online supplement.

Statistical Analysis
Results are expressed as means6 SD of
three to six independent experiments.
Stimulated samples were compared with
controls by unpaired Student’s t test. For
multiple-group comparisons, one-way
ANOVA and Tukey’s post hoc multiple-
comparison test were used. A P value,
0.05 was considered statistically significant.

Results

PC Causes Rap1-Dependent KRIT1
Recruitment to the Cell Junctions and
Colocalization with VE-Cadherin
We have previously demonstrated that
agonist-induced enhancement of
pulmonary EC barrier properties is
associated with enlargement of VE-
cadherin–positive adherens junctions
(AJs) (38). Although KRIT1 is critical for
basal regulation of vascular EC junctions,
its role in the mediation of agonist-
induced signaling remains to be
evaluated.

We examined the effects of PC on the
subcellular localization of KRIT1 and
regulation of this process by Rap1.
Involvement of Rap1 in the PC-induced
peripheral accumulation of KRIT1 was
tested using siRNA-mediated Rap1
knockdown. Transfection with nontargeting
RNA was used as a negative control. After
48 hours of transfection, ECs grown on glass
coverslips were treated with PC or with
vehicle, and evaluation of Rap1 effects
on KRIT1 intracellular localization was
monitored by immunofluorescence staining

and biochemical approaches. PC caused
peripheral accumulation of KRIT1 in
control ECs treated with nonspecific RNA
but not in cells with depleted Rap1
(Figure 1A). Subcellular fractionation
assay showed a PC-induced increase in
the KRIT1 content in the membrane
fraction as compared with nontreated ECs
(Figure 1B). Functional association of
KRIT1 with VE-cadherin was tested in
coimmunoprecipitation assays. PC
promoted KRIT1–VE-cadherin
interactions, which were reflected by
increased KRIT1 content in the VE-
cadherin immunoprecipitates
(Figure 1C). The KRIT1–VE-cadherin
association was abolished by Rap1
knockdown.

KRIT1 Mediates PC-Induced EC
Barrier Enhancement, Peripheral
Actin Cytoskeleton, and AJ
Remodeling
The role of KRIT1 in the mediation of
barrier-protective effects by PC was
evaluated using siRNA-induced KRIT1
knockdown. After 48 hours of transfection
with nonspecific or KRIT1-specific siRNA

duplexes, human pulmonary ECs were
treated with PC, and transendothelial
electrical resistance (TER) was monitored.
Because complete KRIT1 knockdown may
lead to global destabilization of cell–cell
junctions and disruption of the EC
monolayer, in these and in the following
experiments we used approximately 50%
inhibition of KRIT1 expression. Depletion
of KRIT1 significantly attenuated EC
barrier enhancement in response to PC
(Figure 2A). Effects of KRIT1 knockdown
on PC-induced remodeling of AJs and
peripheral actin cytoskeleton essential for
EC barrier enhancement were further
tested by cell imaging and biochemical
analysis.

Pulmonary ECs transfected with
nonspecific RNA responded to PC by
enhancement of the F-actin rim at the cell
periphery (Figure 2B, top panels), which
was abolished in the cells with KRIT1
knockdown (Figure 2B, bottom panels).
PC treatment also induced peripheral
accumulation of VE-cadherin reflecting
enhancement of AJs in control ECs but
not in the cells with depleted KRIT1
(Figure 2C).
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Figure 1. Prostacyclin causes Ras-related protein 1 (Rap1)-dependent recruitment of krev interaction
trapped-1 (KRIT1) gene to the cell cortical layer, localization to adherens junctions, and association
with vascular endothelial (VE)-cadherin. (A) Human pulmonary endothelial cell monolayers grown
on glass coverslips were transfected with nonspecific (top panels) or Rap1-specific small interfering
RNA (siRNA) (bottom panels) for 48 hours and treated with vehicle or prostacyclin (PC) (200 ng/ml,
15 min) followed by immunofluorescence staining for KRIT1. Scale bar = 10 mm. (B) Translocation
of KRIT1 to the membrane/cytoskeletal fraction was detected with specific antibodies. (C)
Coimmunoprecipitation assay using antibody to VE-cadherin was performed, and VE-cadherin and
KRIT1 content in the immunoprecipitates was detected using appropriate antibody. siRNA-induced
Rap1 knockdown was monitored by Western blot with Rap1 antibody. Results are representative
of three independent experiments. CTSK, cytoskeletal; IP, immunoprecipitation; nsRNA, negative
strand RNA; si-Rap1, Rap1-specific siRNA; VEC, VE-cadherin; Veh, vehicle.
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Cortactin plays an essential role
in cortical cytoskeletal dynamics by
stimulating formation of peripheral
lamellipodia-like structures involved in
cell spreading (40) and leading to the
establishment of intercellular junctions.
Cortactin translocation to the cell
membrane/cytoskeletal fraction was
observed in PC-stimulated pulmonary ECs
but was abolished by KRIT1 knockdown
(Figure 3A). In imaging studies, PC
induced formation of cortactin-enriched,

lamellipodia-like structures at the cell
periphery (Figure 3B). KRIT1 knockdown
suppressed these effects. siRNA-induced
depletion of endogenous KRIT1 also
attenuated PC-induced association of AJ
proteins, p120-catenin, and VE-cadherin
(Figure 3C). These data demonstrate the
important role of KRIT1 in the regulation
of PC-induced strengthening of AJ and EC
barrier enhancement.

The role of Rap1-mediated KRIT1
activation in the modulation of agonist-

induced EC permeability was further
investigated in experiments with the
KRIT1-R452E mutant that exhibited an
approximately 40-fold–reduced affinity
for Rap1A (32). Pulmonary ECs were
transfected with plasmids encoding wild-
type KRIT1 or KRIT1-R452E. The
recombinant KRIT1 protein levels in EC
cultures were comparable to the levels of
endogenous KRIT1 protein (data not
shown). Expression of KRIT1-R452E
significantly attenuated pulmonary
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Figure 2. KRIT1 knockdown attenuates PC-induced endothelial barrier enhancement, cortical actin remodeling, and p120-catenin–VE-cadherin interactions.
(A) Pulmonary endothelial cells (ECs) were transfected with KRIT1-specific siRNA (siKRIT1) or with nonspecific RNA for 48 hours. EC permeability response
to PC treatment (200 ng/ml) was monitored by measurements of transendothelial electrical resistance. (B) PC-induced actin cytoskeleton remodeling in
control and KRIT1-depleted ECs was evaluated by fluorescence staining of F-actin using Texas Red phalloidin. Scale bar = 10 mm. (C) Effect of KRIT1
knockdown on PC-induced enhancement of adherens junctions was evaluated by staining for VEC. Results are representative of three independent
experiments. nsRNA, control treatment with nontargeting RNA; si-KRIT1, treatment with KRIT1-specific siRNA.
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Figure 3. KRIT1 activation mediates PC-induced peripheral cortactin accumulation, assembly of adherens junction protein complex, and EC barrier enhancement.
(A) ECs were stimulated with PC (200 ng/ml) for 10 and 20 minutes. Membrane/cytoskeletal fractions were isolated, and the content of cortactin was determined by
Western blot analysis. Equal protein content in whole cell lysates was confirmed by detection of cortactin in control and PC-treated samples. (B) PC-induced
cortactin redistribution in control and KRIT1-depleted ECs was evaluated by immunofluorescence staining with cortactin antibody. Cortactin peripheral
translocation is shown by arrows. (C) Control and KRIT1-knockdown ECs were treated with PC (200 ng/ml), and coimmunoprecipitation assay with p120-catenin
(CTN) antibody was performed. VE-cadherin and p120-catenin content in the immunoprecipitates was detected using the appropriate antibody. siRNA-induced
KRIT1 knockdown was confirmed by Western blot with Rap1 antibody. Results are representative of three independent experiments. Scale bar=10 mm.
(D) Wild-type (WT) KRIT1 or its KRIT1-R452E mutant were ectopically expressed in pulmonary ECs, and permeability response to PC treatment (200 ng/ml) was
monitored by measurements of transendothelial electrical resistance. (E) The effect of wild-type KRIT1 and KRIT1-R452E mutant expression on PC-induced
cortactin translocation to membrane/cytoskeletal fraction was monitored by Western blot analysis. Equal cortactin content in whole cell lysates was used as
a normalization control. Probing of total lysates with hemagglutinin (HA)-tagged antibody was performed to verify expression of recombinant KRIT1. Shown are
representative results of three independent experiments. (F) Interaction of wild-type KRIT1 or its KRIT1-R425E mutants with Ral-agarose containing activated Rap1.
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PC-induced EC barrier enhancement
(Figure 3D) and suppressed peripheral
translocation of cortactin in response to PC
(Figure 3E). Wild-type KRIT1, but not
KRIT1-R452E mutant, interacted with Ral-
agarose after pulldown of activated Rap1
from PC-stimulated EC lysates (Figure 3F).

KRIT1 Protects Monolayer Integrity of
ECs Exposed to 18% Cyclic Stretch
and TRAP6
Concurrent stimulation of pulmonary ECs
exposed to pathologically relevant levels of
cyclic stretch with the thrombin receptor
activating peptide TRAP6 known to activate
Rho signaling was used to reproduce
a “double-hit” model of ventilator-induced
lung injury (15). Cell monolayers were
exposed to high-magnitude (18% linear
elongation, sinusoidal wave, 25 cycles/min)
cyclic stretch to recapitulate the mechanical
stresses experienced by the alveolar
endothelium at HTV mechanical
ventilation (further details are provided
in the online supplement). Using this
model, we evaluated the protective effects of
PC in control cells and ECs with depleted
KRIT1.

Consistent with our published studies
(41), combined 18% cyclic stretch (CS) and
TRAP6 stimulation caused pronounced
disruption of the EC monolayer
accompanied by stress fiber formation.
These effects were attenuated by cell
cotreatment with PC (Figure 4A, top
panels). Importantly, KRIT1 knockdown
augmented EC barrier disruption caused by
18% CS and TRAP6 and suppressed the
barrier protective effect of PC (Figure 4A,
bottom panels). Quantitative image analysis
of gap formation in mechanically
stimulated lung endothelium showed that,
whereas PC significantly attenuated the
formation of intercellular gaps (Figure 4B),
KRIT1 knockdown exacerbated 18%
CS/TRAP6-induced gap formation and
suppressed the protective effect of PC.

KRIT1 Mediates the PC-Activated
Negative Regulation of the Rho
Pathway Induced by 18% CS and
TRAP6
The barrier-disruptive effects of high-
magnitude cyclic stretch and thrombin are
associated with activation of Rho GTPase
(41). Our previous studies show the
involvement of Rap1 GTPase in the
iloprost-induced negative regulation of Rho
signaling (16). However, the specific

mechanism of Rho down-regulation
downstream of Rap1 remains elusive. Next,
experiments tested a role of Rap1-
dependent KRIT1 activation in PC-induced
inhibition of the Rho pathway. PC
markedly suppressed Rho activation caused
by 18% CS and TRAP6, but this effect
was abolished by KRIT1 knockdown
(Figure 5A). Moreover, KRIT1 knockdown
augmented Rho activation in control and
18% CS/TRAP6-stimulated ECs in the
absence of PC cotreatment. The Rho
pathway of endothelial permeability
involves phosphorylation of the myosin-
binding subunit of myosin-associated
phosphatase type 1 (MYPT1) at the Rho
kinase–specific site Thr-850, leading to
increased MLC phosphorylation and
activated actomyosin contraction (42). We
examined the effects of PC on MYPT1 and
MLC phosphorylation levels in control and
KRIT1-depleted cells exposed to 18% CS
and TRAP6. KRIT1 depletion induced
larger increases in MYPT1 and MLC
phosphorylation in cells exposed to 18%
CS and TRAP6. In turn, cotreatment
with PC inhibited MYPT1 and MLC
phosphorylation in control ECs transfected
with nonspecific RNA but failed to inhibit
18% CS/TRAP6-induced MYPT1 and MLC
phosphorylation in KRIT1-depleted cells
(Figure 5B).

The role of KRIT1 activation by Rap1
in the protective effects of PC against the EC
barrier disruptive Rho pathway was further
tested in experiments with wild-type KRIT1

and the KRIT1-R452E mutant. Twenty-four
hours after transfection, HPAECs were
exposed to 18% CS and TRAP6 with or
without PC cotreatment. Activation of Rho
signaling was monitored by levels of
diphosphorylated MLC. In comparison to
wild-type KRIT1, expression of KRIT1-
R452E increased MLC phosphorylation in
pulmonary ECs caused by 18% CS and
TRAP6 (Figure 5C). Expression of KRIT1-
R452E also attenuated the inhibitory effects
of PC on MLC phosphorylation in 18% CS/
TRAP6-stimulated cells. Taken together,
these results suggest that the intrinsic
inhibitory Rap1-KRIT1 mechanism present
in ECs prevents them from hyperactivation
of RhoA signaling.

KRIT1 Deficiency Exacerbates
HTV/TRAP6-Induced Lung Injury and
Vascular Leakiness and Attenuates
the Protective Effects of PC
The role of KRIT1 in the control of lung
injury and associated vascular leak was
tested in the animal two-hit model of lung
injury. Mice were exposed to mechanical
ventilation at HTV (30 ml/kg) and TRAP6,
the thrombin-derived, nonthrombogenic
peptide that serves as a PAR1 receptor
ligand (43). Because Krit2/2 homozygous
mice develop massive cerebral cavernous
malformations at an early stage and
generally are not viable (29), in this
study we used Krit11/2 hypomorphic
heterozygous mice. In vivo, heterozygous
Krit11/2 mice expressed half the WT levels
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Figure 4. KRIT1 knockdown attenuates the barrier-protective effect of PC in pulmonary ECs
exposed to high-magnitude cyclic stretch and thrombin receptor activating peptide (TRAP) 6. (A) ECs
grown on Bioflex plates with elastic bottoms were transfected with KRIT1-specific siRNA or with
nonspecific RNA for 48 hours. Cells were then subjected to 18% cyclic stretch (CS) (2 h) in the presence
of 50 ng/ml TRAP6 with or without PC cotreatment in the last 15 minutes. Immunofluorescence
staining of CS-preconditioned ECs was performed with Texas Red–conjugated phalloidin to detect
actin filaments. Scale bar = 10 mm. (B) Bar graph depicts quantitative image analysis of gap formation.
Results are represented as mean6 SD. *P, 0.05 (n = 5). CS/T, 18% cyclic stretch + TRAP6.
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of KRIT1 protein in pulmonary and brain
tissues and exhibited impaired pulmonary
and cerebral vessel barrier function in basal
conditions (33). To examine whether
KRIT1 is involved in PC-mediated
protective effects in vivo, Krit1/1 and
Krit1/2 mice were treated with TRAP6 and
subjected to 4-hour HTV with or without

cotreatment with the stable PC analog
beraprost. Exposure to TRAP6 and HTV
significantly increased protein content
(Figure 6A) and cell counts (Figure 6B)
in the bronchoalveolar lavage of Krit1/2

mice, as compared with their Krit1/1

counterparts. The protective effects of
beraprost against TRAP6/HTV-induced

lung dysfunction were also significantly
attenuated in Krit1/2 mice. We also
observed a statistically significant increase
in bronchoalveolar lavage protein content
in the Krit11/2 group under nonventilated
conditions, which was consistent with
previous studies (33).

TRAP6/HTV induced lung vascular
leak, which was evident in mice after 4 hours
of stimulation and detected by Evans
blue dye accumulation in the lung
parenchyma (Figure 6C). Evans blue
extravasation was increased in TRAP6/
HTV-exposed Krit1/2 mice as compared
with their wild-type counterparts. In turn,
the protective effect of beraprost on
TRAP6/HTV-induced Evans blue
accumulation in the lungs was largely
suppressed in TRAP6/HTV-exposed
Krit1/2 mice. Quantitative analysis of
Evans blue–labeled albumin extravasation
further confirmed these results (Figure 6D).
Measurement of myeloperoxidase activity
in the lung tissue, as an additional
parameter of neutrophilic infiltration and
inflammation, confirmed exacerbated
inflammation caused by HTV/TRAP6 and
attenuation of beraprost protective effects
against lung injury in Krit1/2 mice
(Figure 6E). Taken together, these results
delineate the important role of KRIT1 in
the mediation of PC-protective effects.

Discussion

Vascular abnormalities and the high
incidence of seizures and hemorrhagic
stroke have been described in patients
with CCMs with mutations in the KRIT1/
CCM2 genetic locus (44, 45) and are
associated with weakening of brain
microvascular EC junctions and elevation
of Rho activity (33). Compromised vascular
lumen organization in CCM also suggests
a KRIT1 role in the control of the
endothelial polarity complex (46).

The current study is the first
demonstration of KRIT1 involvement in
lung barrier enhancing effects caused by the
pharmacological treatment with PC. Our
results show that PC-induced KRIT1
colocalization with VE-cadherin at the AJ
leads to enhancement of the EC barrier.
KRIT1 knockdown abolished PC-induced
assembly of AJ protein complexes,
activation of cortical actin remodeling, and
EC barrier enhancement. KRIT1 effects
required KRIT1 activation by Rap1 because
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Figure 5. Rho-dependent mechanism of KRIT1-mediated barrier preservation of ECs exposed to
18% CS and TRAP6. ECs grown on Bioflex plates and transfected with nonspecific or KRIT1-specific
siRNA were subjected to 18% CS for 2 hours followed by TRAP6 (50 ng/ml, 15 min) stimulation
with or without PC (200 ng/ml) cotreatment. (A) Rho activation was evaluated by RhoGTP
pulldown assay and normalized to total Rho content in cell lysates. (B) Activation of Rho pathway
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as a normalization control. KRIT1 knockdown was verified by Western blot and represented
approximately 50% of the original KRIT1 level. (C) ECs were transiently transfected with plasmids
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expression of the KRIT1-R452E mutant
deficient in binding to the active Rap1 and
becoming fully activated suppressed PC
effects on EC barrier enhancement and
peripheral cytoskeleton remodeling
reflected by enhanced peripheral actin rim
and accumulation of cortactin. In agreement
with our data, intracellular localization
of recombinant wild-type KRIT1 was
restricted to cell–cell junctions, whereas the
isolated R452E mutation failed to target
KRIT1 to cell–cell junctions (32). These

results suggest that Rap1-induced
activation of KRIT1 is critical for the PC-
induced remodeling of cell junctions and
enhancement of the pulmonary EC barrier.

The other important finding of this
study is the KRIT1 role in the modulation
of lung vascular endothelial barrier
dysfunction caused by pathologic
mechanical forces. Pulmonary vasculature
may experience excessive mechanical forces
even during mechanical ventilation of
patients with acute respiratory distress

syndrome at a regimen considered to be safe.
This paradoxical effect appears due to a high
degree of regional heterogeneity in the
severely inflamed lungs containing
completely flooded nonventilated alveolar
regions and overinflated regions with
maintained ventilation. The combination of
elevated CS amplitude and proinflammatory
agonist used in this study best represents the
clinically relevant microenvironment of
pulmonary endothelium in disease. Barrier
disruption of EC monolayers exposed to
high-magnitude cyclic stretch and barrier-
disruptive agonist TRAP6 in vitro is driven
by the Rho pathway (10) and is consistent
with Rho-dependent mechanism of lung
barrier dysfunction in animal models of
ventilator-induced lung injury (5, 16).

A study by Stockton and colleagues
(33) demonstrated that KRIT1 in
association with another member of CCM
family, CCM2, acts as a negative regulator
of RhoA, thereby limiting Rho kinase
activity downstream. Hemizygous
deficiency of KRIT1 or CCM2 increased
vascular leak in basal conditions and in the
lungs of LPS-stimulated mice by a Rho/
Rho-kinase–dependent mechanism. Our
data show increased Rho signaling in
ECs with depleted KRIT1 under basal
conditions but also demonstrate
exacerbated activation of Rho signaling in
the lung ECs subjected to mechanical
stimulation.

How may KRIT1 be potentially
involved in Rho regulation by mechanical
forces? Focal adhesion protein complexes
containing transmembrane cell adhesion
receptors integrins serve as mechanosensors
and mechanotransducers and stimulate
signaling pathways in response to cell
mechanical stimulation (47). Mechanical
loading of integrins activates Rho-specific
the guanine nucleotide exchange factors
(GEFs) LARG and GEF-H1 associated with
focal adhesions and stimulates Rho activity
(48). Pathologic cyclic stretch also activates
the focal adhesion-associated paxillin–GEF-
H1–mitogen-activated protein kinase
signaling module and triggers the Rho
pathway of EC barrier dysfunction (49).
In turn, KRIT1 activated by cell treatment
with PC may inhibit stretch-induced
integrin activation by binding the integrin
cytoplasmic associated protein-1 (ICAP1),
a negative regulator of b1 integrin
activation (50). As a result, KRIT1-
suppressed integrin activation may dampen
stretch-induced focal adhesion assembly
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Figure 6. KRIT1 deficiency increases HTV/TRAP6-induced lung vascular leak and attenuates
protective effects of beraprost. Krit1/1 and Krit2/1 mice were pretreated with vehicle of beraprost (20
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and formation of paxillin–mitogen-
activated protein kinase–GEF-H1
signalosome and thus reduce barrier-
disruptive RhoA signaling. We speculate
that PC treatment of TRAP6/CS-exposed
ECs may attenuate this stretch-induced
mechanotransduction pathway via
Rap1–KRIT1–ICAP1–mediated inhibition
of integrin signaling and prevent activation
of the stretch-induced focal adhesion
signalosome.

This study demonstrates the role of
KRIT1 in the maintenance of barrier
integrity of pulmonary ECs exposed to high-
magnitude cyclic stretch. KRIT1 deficiency
elevated lung vascular leak under basal
conditions and exacerbated vascular barrier
dysfunction caused by HTV and attenuated
protective effects of PC. These findings
suggest that KRIT1 plays an essential role in
permanent control and reparation of lung
vascular endothelial integrity in physiologic
and pathologic conditions, which may
be further enhanced by PC treatment.
Furthermore, the data show that the barrier
protective effects of PC-induced KRIT1
activation observed in mechanically
stimulated pulmonary ECs were due to the

direct effect of KRIT1 on PC-induced Rho
suppression, as shown by experiments
with KRIT1 knockdown. KRIT1 is
expressed in ECs and epithelial cells as well
as in other tissues (51). Although our
in vivo data (Evans blue extravasation)
show the direct role of KRIT1 in the
permeability control of the vascular
endothelium, we cannot exclude
additional effects by Krit1 down-
regulation in the lung epithelium, which
may also weaken the epithelial barrier and
contribute to increased lung barrier
dysfunction observed in KRTI11/2 mice.

Increased sensitivity of KRIT11/2 mice
to excessive mechanical ventilation also
suggests that the vasculature of these mice
may be also prone to injury caused by other
excessive hemodynamic disturbances, such
as rapid fluctuations of intravascular
pressure, blood flow, etc. These excessive
mechanical forces may play a key role in
the unexpected rupture of brain capillaries,
local brain hemorrhage, stroke, and seizures
reported in patients with familial mutations
in the KRIT1/CCM2 genetic locus (44).

In conclusion, this study demonstrates
a novel role of KRIT1 in the barrier

protection of ECs under pathologic
mechanical stretch and describes the
KRIT1 involvement in the EC barrier
enhancement induced by PC. The KRIT1-
dependent mechanism described in this
study may also contribute to the beneficial
effects of other agonists capable of
stimulating Rap1 activity. For example,
the barrier-protective effects of oxidized
phospholipids involve Rap1-dependent
enhancement of cell junctions and
functional interactions between AJs and
tight junctions (52, 53), which may involve
signaling by KRIT1. The results of this
study also offer a novel insight into the
mechanism of CCM development in the
brain microvasculature by a dysregulated
mechanotransduction mechanism of Rho
activation caused by KRIT1 functional
deficiency. n
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