Rap-afadin axis in control of Rho signaling
and endothelial barrier recovery
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ABSTRACT Activation of the Rho GTPase pathway determines endothelial cell (EC) hyper-
permeability after injurious stimuli. To date, feedback mechanisms of Rho down-regulation
critical for barrier restoration remain poorly understood. We tested a hypothesis that Rho
down-regulation and barrier recovery of agonist-stimulated ECs is mediated by the Ras fam-
ily GTPase Rap1. Thrombin-induced EC permeability driven by rapid activation of the Rho
GTPase pathway was followed by Src kinase—dependent phosphorylation of the Rap1-specif-
ic guanine nucleotide exchange factor (GEF) C3G, activation of Rap1, and initiation of EC
barrier recovery. Knockdown experiments showed that Rap1 activation was essential for
down-regulation of Rho signaling and actin stress fiber dissolution. Rap1 activation also en-
hanced interaction between adherens junction (AJ) proteins VE-cadherin and p120-catenin
and stimulated AJ reannealing mediated by the Rap1 effector afadin. This mechanism also
included Rap1-dependent membrane translocation of the Rac1-specific GEF Tiam1 and acti-
vation of Rac1-dependent peripheral cytoskeletal dynamics, leading to resealing of intercel-
lular gaps. These data demonstrate that activation of the Rap1-afadin axis is a physiological
mechanism driving restoration of barrier integrity in agonist-stimulated EC monolayers via
negative-feedback regulation of Rho signaling, stimulation of actin peripheral dynamics, and
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reestablishment of cell-cell adhesive complexes.

INTRODUCTION

The integrity of specialized cell monolayers lining internal organs
and vasculature (epithelial, mesothelial, and endothelial cells [ECs])
is a critical feature for normal functions of the organism. Increased
vascular endothelial permeability is a cardinal feature of many path-
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ological conditions, including brain and lung edema, atherosclero-
sis, cancer, and other syndromes. However, molecular mechanisms
stimulating restoration of cell monolayer integrity, including en-
dothelial barriers, remain largely unexplored.

Rho family small GTPases represent a group of monomeric 20- to
30-kDa GTP-binding proteins (Bishop and Hall, 2000). Small GTPases
act as molecular switches, cycling between an active GTP-bound
state and an inactive GDP-bound state; this cycle is regulated by
guanine nucleotide exchange factors (GEFs) facilitating the ex-
change of GDP for GTP. GTPase-activating proteins (GAPs) increase
the intrinsic rate of GTP hydrolysis by Rho GTPases and by guanine
nucleotide dissociation inhibitors (RhoGDI), which associate with in-
activated Rho and Rac (Boguski and McCormick, 1993; Bishop and
Hall, 2000; Zheng, 2001). The Rho family members Rho, Rac, and
Cdc42 exhibit distinct effects on the actin cytoskeleton, cell adhe-
sions, and cell motility (Machesky and Hall, 1997; Kiosses et al.,
1999; Maekawa et al., 1999; Sells et al., 1999; Timpson et al., 2001).
Activated Rho, via its effector, Rho-associated kinase (Rho-kinase),
induces assembly of stress fibers and focal adhesions (Kaibuchi
et al., 1999; Geiger and Bershadsky, 2001; Katsumi et al., 2004).
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Rho-kinase may directly catalyze myosin light chain (MLC) phospho-
rylation or may act indirectly via inactivation of MLC phosphatase
(MYPT) by phosphorylation at Thr-695, Ser-894, and Thr-850
(van Nieuw Amerongen et al., 2000; Fukata et al., 2001). Together
these mechanisms cause actomyosin stress fiber formation, MLC
phosphorylation, and cell contraction leading to increased EC
permeability.

The serine protease thrombin is produced on the surface of in-
jured endothelium from prothrombin circulating in blood. Thrombin
not only induces blood coagulation but also directly increases pul-
monary vascular permeability and plays a major role in the patho-
genesis of brain and pulmonary edema (Bogatcheva et al., 2002;
Mehta and Malik, 2006) by activating the RhoA cascade of endothe-
lial permeability (van Nieuw Amerongen et al., 2000; Burridge and
Wennerberg, 2004). Although permeability increase caused by ago-
nists such as thrombin is reversible, the mechanisms to switch from
hyperpermeability to barrier recovery in stimulated cell monolayers
remain unclear.

Rap1 is a member of the Ras family of small GTPases. Rap1 may
be activated by various signals and functions in diverse processes,
ranging from cell differentiation to enhancement of cell adhesions
and control of lung endothelial barrier in vivo (Bos et al., 2001;
Fukuhara et al., 2005; Kooistra et al., 2005; Birukova et al., 2009).
Rap1 activity is stimulated by the Rap1 GEFs Epac, C3G, and PDZ-
GEF, which become activated by receptor-mediated mechanisms or
changes in cell-cell and cell-substrate adhesive complexes (Bos,
2005; Cullere et al., 2005; Kooistra et al., 2007). Inhibition of Rap1
by Rap-specific GAP protein (RapGAP) abolishes Rap1-dependent
attachment to the matrix and intercellular adhesion in the epithelial
monolayer (Rangarajan et al., 2003; Fukuyama et al., 2006). Afadin,
also known as AF6, is a Rap1 effector and scaffold protein contain-
ing an actin-binding domain and Ras-binding domains (Hoshino
et al., 2005; Sato et al., 2006; Kooistra et al., 2007). Afadin mediates
Rap1-dependent assembly of cell-cell junctions (Tawa et al., 2010)
and endothelial barrier enhancement induced by barrier protective
agents (Birukova et al., 2012a).

Via activation of the Rac-specific GEFs Tiam1 and Vav2, Rap1
may also engage the Rac pathway of EC barrier enforcement upon
stimulation with barrier-enhancing agonists (Fukuhara et al., 2005;
Birukova et al., 2007; Tawa et al., 2010). This link suggests a poten-
tial role for Rap1 as an integrator of barrier-enhancing signaling.

Although the contrasting effects of Rho, Rap1, and Rac1 on cell
monolayer barrier properties are now well recognized, their roles in
agonist-challenged cell monolayers and reversal of barrier dysfunc-
tion remain unclear. This study tested Rap1 as a molecular switch
from barrier-disruptive to barrier recovery response in thrombin-
stimulated endothelial monolayers. We characterized Rap1-depen-
dent mechanisms involved in both the down-regulation of barrier-
disruptive Rho signaling and in activation of molecular mechanisms
of EC barrier restoration.

RESULTS

Thrombin-induced activation of Rho and EC barrier
compromise is followed by activation of Rap1

Thrombin induces rapid and potent increases in endothelial perme-
ability driven by activation of Rho GTPase-dependent signaling,
increased phosphorylation of Rho kinase target, an increase of myo-
sin light chain phosphatase (MYPT), and accumulation of di-phos-
phorylated MLCs, the molecular events that trigger stress fiber for-
mation, actomyosin contractility, and EC monolayer barrier
compromise (reviewed in Burridge and Wennerberg, 2004; Beckers
et al., 2010; Ivanov et al., 2010). The initial barrier-disruptive EC
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response to thrombin is followed by a recovery phase initiated after
15-30 min of agonist challenge and characterized by gradual dis-
solution of central actin stress fibers, resealing of intercellular gaps,
and formation of lamellipodia-like processes (Figure 1A). Interest-
ingly, thrombin-induced rapid activation of Rho contributing to EC
barrier disruption is followed by activation of the Ras family GTPase,
Rap1 (Figure 1B).

We analyzed the spatial Rap1 activation in thrombin-stimulated
confluent pulmonary EC monolayers, using Rap1 biosensor (Sakurai
et al., 2006). Thrombin rapidly decreased total Rap1 activity in the
first minutes, the time points corresponding to Rho activation and
gap formation (Figure 1B); this was followed by up-regulation of
Rap1 activity after 10-30 min. Rap1 activation was observed as a
dot-like pattern throughout the cell and specifically in peripheral
compartments involved in reestablishment of EC monolayer integ-
rity (Figure 1C). Insets depict higher-magnification images of EC
peripheral areas at different time points after thrombin treatment.
Tracking of time-dependent Rap1 activity in single cells and analysis
of average Rap activity at different time points are shown in Figure
1, Dand E.

Thrombin-induced Rap1 activation and EC barrier recovery
is associated with activation of Src and Src-dependent
phosphorylation of the Rap1 GEF C3G

Thrombin-induced activation of the tyrosine kinase Src is also
involved in control of EC permeability (Tiruppathi et al., 2001;
Vouret-Craviari et al., 2002; Liu et al., 2010). Because activity of the
Rap1-specific GEF C3G, is controlled by tyrosine phosphorylation
(Fukuyama et al., 2005), we followed Src activation and C3G
phosphorylation patterns in thrombin-stimulated pulmonary ECs.
Thrombin-induced Src phosphorylation at Tyr-416, the site reflecting
Src activation, was detected 5 min after stimulation and reached
peak levels by 10-20 min (Figure 2A). The role of Src in the EC bar-
rier recovery was tested in experiments with administration of the
Src inhibitor PP2 5 min after thrombin addition. At this point, ECs
develop maximal Rho activation and permeability response. Inhibi-
tion of Src by PP2 posttreatment after thrombin challenge abolished
C3G phosphorylation (Figure 2B), which led to inhibition of Rap1
activation (Figure 2C). Inhibition of Src, C3G phosphorylation, and
Rap1 activation by PP2 posttreatment after thrombin dramatically
attenuated EC barrier recovery as evaluated by measurements of
transendothelial electrical resistance (Figure 2D).

Rap1 depletion compromises endothelial monolayer
recovery after thrombin

Small interfering RNA (siRNA)-induced Rap1 depletion in EC mono-
layers significantly suppressed the restoration of transendothelial
electrical resistance (TER) to control levels (Figure 3A), suggesting
the direct role of Rap1 in EC barrier recovery after agonist stimula-
tion. Functional permeability effects were linked to morphological
changes. Immunofluorescence analysis showed slight but statisti-
cally significant decrease in VE-cadherin accumulation at cell junc-
tions in Rap1-depleted EC monolayers under basal conditions
(Figure 3, B and C). Thrombin induced robust stress fiber formation
and disruption of continuous peripheral VE-cadherin in control cells,
and Rap1 depleted ECs (Figure 3B). These changes were reversible
in control ECs and returned to original patterns 1 h after thrombin
challenge, thus reflecting completion of EC monolayer recovery
(Figure 3B, top panels). In contrast, dissolution of stress fibers and
restoration of adherens junctions (AJ) in Rap1-depleted EC mono-
layers was impaired (Figure 3B, bottom panels). Inhibition of EC
monolayer recovery by Rapl depletion was documented by
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Effect of thrombin on F-actin remodeling and activation of
Rho and Rap1 GTPases in human pulmonary ECs. (A) ECs grown on
glass coverslips were stimulated with thrombin (0.5 U/ml) for different
time periods; this was followed by immunofluorescence staining with
Texas Red phalloidin to detect actin filaments. Insets depicting
higher-magpnification images of F-actin structures at the cell periphery
are shown below. Arrows indicate cell-cell interface areas. (B) Time
course of thrombin-induced activation of Rho and Rap1 evaluated by
pull-down assays with agarose-conjugated rhotekin and Ral-GDS,
respectively. Bottom panels show total Rho and Rap1 content in EC
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dramatic attenuation of intercellular gap resealing and reappear-
ance of VE-cadherin at cell junction areas (Figure 3C).

Rap1 controls Rho signaling during endothelial recovery
after thrombin

We analyzed effects of Rap1 knockdown on thrombin-induced acti-
vation of Rho and phosphorylation of MYPT1 and MLC as the down-
stream effectors of the Rho pathway (Burridge and Wennerberg,
2004). Decline of Rho activity at 30 min and return to baseline levels
by 45 min after thrombin stimulation observed in ECs treated with
nonspecific RNA was significantly delayed in ECs with Rap1 knock-
down (Figure 4A). Sustained Rho activation resulted in prolonged
Rho-kinase-dependent phosphorylation of MYPT and MLC in pul-
monary ECs with depleted Rap1 (Figure 4B). An alternative ap-
proach to Rap1 depletion, the expression of dominant-negative
Rap1 mutant (Rap1A-DN), yielded similar results. Cells expressing
Rap1A-DN demonstrated prolonged MLC phosphorylation after
thrombin treatment (Figure 4C).

Alternative inactivation of Rap1 by expression of negative regu-
lator of Rap1 (Rap1-GAP) showed that, similar to Rap1 depletion,
expression of RapGAP prevented complete restoration of EC barrier
after thrombin (Figure 5A). Expression of Rap1-GAP also prevented
the disappearance of actin stress fibers in ECs at time points beyond
45 min post-thrombin challenge (Figure 5B).

Because Rho and Rac signaling play reciprocal roles in EC barrier
regulation, we examined the effects of Rap1 inhibition on parame-
ters of Rac signaling. Rac-mediated autophosphorylation of PAK1 at
Thr-423 has been previously observed during EC barrier recovery
(Birukova et al., 2012b). Thrombin stimulation of control ECs de-
creased PAK1 phosphorylation at an early time point (15 min), but
significantly increased PAK1 phosphorylation at 45 min, the time
point corresponding to the monolayer recovery (Figure 5C, right
lanes). In contrast, overexpression of Rap1-GAP abolished PAK1
phosphorylation increase after 45 min of thrombin, suggesting de-
pressed Rac up-regulation during recovery after thrombin in Rap1-
GAP-expressing cells (Figure 5C, left lanes).

Rap1-induced Rac signaling contributes to cytoskeletal
dynamics and EC barrier recovery after thrombin challenge
Several cytoskeletal Rac effectors, such as the Arp2/3 complex,
p21Arc, PAK1, and cortactin, control cortical actin structure (Borisy
and Svitkina, 2000; Weed and Parsons, 2001). Rap1 involvement in
the cytoskeletal dynamics associated with EC monolayer recovery
was evaluated in live microscopy studies. Pairs of neighbor cells ex-
pressing green fluorescent protein (GFP)-cortactin were used for
analysis. Disruption of the cell-cell connection and formation of an
intercellular gap were seen after 5 min of thrombin challenge, while
formation of cortactin-positive lamellipodia-like structures was ob-
served as early as 15 min and became more prominent at later time

lysates used as normalization control. Bar graphs depict results of
membrane densitometry analysis; data are expressed as mean + SD;
*, p < 0.05 vs. control. (C) FRET analysis of thrombin-induced Rap1
activation in live cells. HPAECs were transfected with CFP/YPet-Rap-
Raichu biosensor for 24 h. Images represent ratio of activated Rap1 to
the total Rap1 content. Areas of Rap1 activation appear in yellow and
red. (D) Quantitative analysis of thrombin-induced Rap1 activation in
single cells. Graphs represent time-dependent changes in normalized
CFP/YPet emission ratio in four different cells. (E) Bar graphs depict
average Rap1 activity before and after 5 min and 20 min of thrombin
stimulation. Data are expressed as mean + SD of five independent
measurements; *, p < 0.05 vs. control.
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FIGURE 2: Role of Src and C3G phosphorylation in Rap1 activation
and EC barrier restoration after thrombin. (A) Time-dependent Src
activation was monitored by immunoblotting with p-Y416-specific
antibody reflecting the Src-activated state. (B) ECs were stimulated
with thrombin (0.5 U/ml, 5 min); this was followed by addition of
vehicle or the Src kinase inhibitor PP2 (5 pM). C3G tyrosine
phosphorylation was detected by Western blot with phosphospecific
antibody. Reprobing with B-actin antibody was used as normalization
control. (C) ECs were stimulated with thrombin (0.5 U/ml, 5 min); this
was followed by addition of vehicle or the Src kinase inhibitor PP2

(5 uM). Rap1 activation was evaluated using Rap1-GTP pull-down
assay and normalized to the total Rap1 content in cell lysates.

(D) HPAEC:s plated on microelectrodes were treated with thrombin

(5 min); this was followed by addition of PP2 (5 pM). Measurements of
TER were performed over 3 h. Arrows indicate times of thrombin and
PP2 addition.

points (25-30 min). Expansion of peripheral cortactin-positive cell
areas resulted in resealing of intercellular gaps by 30 min of throm-
bin stimulation (Figure 6A, top panels and high-magnification in-
sets). Rap1 knockdown did not block thrombin-induced intercellular
gap formation and cell retraction, but abolished peripheral cytoskel-
etal dynamics and the reestablishment of cell contacts (Figure 6A,
bottom panels).
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Precise mechanisms of Rac activation during EC barrier recovery
remain to be delineated. Activity of the Rac-specific GEF Tiam1 may
be regulated by receptor-mediated mechanisms, AJ complexes,
and interaction with Rap1 (Noren et al., 2001; Arthur et al., 2004;
Bos, 2006; Gonzalez et al., 2006). We tested whether Rap activation
during cell recovery after thrombin could be associated with activa-
tion of Tiam1 evaluated by membrane translocation. Thrombin-in-
duced Tiam1 membrane translocation after 15-30 min of stimula-
tion was abolished by Rap1 knockdown (Figure 6B). Rap1 knockdown
also abolished activation of Rac GTPase during recovery phase
(Figure 6C), observed after 15, 30, and 45 min of thrombin
stimulation.

Rap1 stimulates Rac-independent AJ reannealing and
VE-cadherin-p120-catenin complex reassembly via Rap1-
afadin mechanism

We used pulmonary ECs, transiently transfected with GFP-B-catenin,
for live microscopy analysis of AJ restoration after thrombin chal-
lenge. Disappearance of GFP-B-catenin from cell-cell junction areas
was observed after 5-15 min of thrombin challenge and reflects ag-
onist-induced AJ disruption. Reappearance of a continuous GFP-f-
catenin signal at the cell-cell boundary was observed after 20-30 min
of thrombin challenge (Figure 7A, top panels). Rap1 depletion pre-
vented formation of GFP-B-catenin—positive cell-cell junctions dur-
ing the time of experiment (Figure 7A, bottom panels).

Accumulation of AJ protein in plasma membrane fractions re-
flects increased assembly of AJ complexes. In agreement with results
described above, increasing levels of the AJ proteins p120-catenin
and VE-cadherin were observed in cell membrane fractions of cells
incubated with thrombin during 30-45 min. p120-catenin and VE-
cadherin membrane translocation at later times after thrombin treat-
ment was abolished by knockdown of Rap1 (Figure 7B). Coimmuno-
precipitation studies showed increased interaction between
p120-catenin and VE-cadherin after 30 min and 45 min of thrombin
challenge that was abolished by Rap1 depletion (Figure 7C).

A recent study shows that the AJ-associated Rap1 effector afa-
din promotes AJ complex assembly and mediates agonist-induced
EC barrier enhancement (Birukova et al., 2012a). The potential role
of afadin in EC barrier recovery after thrombin was further tested.
Thrombin caused rapid disappearance of afadin from cell-cell junc-
tion areas within 5 min of stimulation, and reappearance after 30-
60 min (Figure 8A). Afadin depletion prevented the reassembly of
junctions and restoration of actin cytoskeletal pattern after 60 min
of thrombin challenge (Figure 8B) and significantly delayed reseal-
ing of paracellular gaps in thrombin-challenged EC monolayers
(Figure 8C).

Afadin depletion also prevented down-regulation of Rho-depen-
dent MYPT and MLC phosphorylation observed at time points be-
yond 30 min post-thrombin treatment (Figure 8C).

Rap1 dependence of afadin-mediated restoration of the EC cy-
toskeleton, AJ structure, and monolayer barrier properties, and
down-regulation of Rho signaling was further investigated. Rap1
knockdown prevented increased association of afadin with p120-
catenin (Figure 8D), which is important for enhancement of cell junc-
tions and barrier function. Rap1 knockdown also abolished accumu-
lation of afadin in the plasma membrane fraction after 30-45 min of
thrombin treatment, the time frame corresponding to EC barrier res-
toration (Figure 9A). Expression of an afadin mutant lacking the
Rap1-binding domain (afadin-ARBD) significantly attenuated EC
barrier recovery monitored by TER measurements of thrombin-stim-
ulated EC monolayers (Figure 9B). Expression of afadin-ARBD also
delayed the dissolution of thrombin-induced stress fibers in ECs

| 2681

Rap1-Rho cross-talk and monolayer recovery



A Thrombin

nsRNA: Thrombin
Y
3 11
c
'3 1.01]
?
2 09
8 o8 ] )
E o7 si-Rap1: Thrombin
206
0.5 )
0 1.0 2.0 Time (hr)
B
F-Actin
Thrombin: 0 min
<
4
%
<[ BY
Thrombin:
Thrombin: 60 min
-
<Y
©
&
»
Thrombin: 60 min
Cc Paracellular gaps  * [ nsRNA
20
» [si-Rap1
<g 15
S ©
-
%]
T o
0%
Thrombln 60 (min)
Adherens Junctions
10
- nsRNA
S 80 2 :
% [ si-Rap1
2 60
c
=)
g 40
<
Q 20
>
0
Thrombln 60 (min)
2682 | A. A. Birukova et al.

A si-Rap1 nsRNA
Thrombin: 0 5 30 45 0 5 30 45 (min)
-
RhoGTP [ e - - - .

2 80 * %
2 a0
0

Total Rho h — — — . — -I

Total Rap1 [ o ——— —
B si-Rap1 nsRNA
Thrombin: 0 5 15 30 45 0 5 15 30 45 (min)

p-MYPT|- - G . e - e e ‘..|

2 800 * *
2 00
0

pp-MLC | T A AN A, —

*
8 800 *
2 400
0

- ————

TotaIRap1|’ et

B-Actin |—-- -s-——-{

(o3 Rap1A-DN Rap1A wt
Thrombin: 0 5 15 30 0 5 15

30 (min)
T B e —

*
¥ -
S 200
@ 100
0

HA-tag |--- — | — - — d
B-Actin bm|

FIGURE 4: Effects of Rap1 knockdown on thrombin-induced Rho
signaling. (A) Cells treated with nonspecific or Rap1-specific siRNA
were stimulated with thrombin for the indicated time periods. Rho
activation was evaluated by RhoGTP pull-down assay (top) and
normalized to total Rho content in cell lysates (middle). Rap1
depletion was verified by Western blot (bottom). (B) Cells treated with
nonspecific or Rap1-specific siRNA were stimulated with thrombin,
and activation of Rho signaling was evaluated by Western blot with
phospho-MYPT and diphospho-MLC antibody. (C) Cells transfected
with HA-tagged wild-type (Rap1A wt) and dominant negative
(Rap1A-DN) Rap1A mutant were treated with thrombin. Activation of
Rho pathway was evaluated by immunoblotting with diphospho-MLC
antibody. Reprobing with B-actin antibody was used as the
normalization control. Rap1 depletion was verified by Western blot.
Bar graphs depict results of membrane densitometry analysis; data
are expressed as mean + SD; *, p < 0.05 vs. control.

FIGURE 3: Effects of Rap1 knockdown on functional and structural
barrier restoration of pulmonary EC monolayer after thrombin.

(A) ECs plated on microelectrodes were transfected with Rap1-
specific siRNA or nonspecific RNA 48 h prior to TER measurements.
Control and Rap1-specific siRNA-treated ECs were stimulated with
thrombin at the time indicated by the arrow, and TER changes were
monitored over time. (B) ECs plated on glass coverslips were
transfected with Rap1-specific siRNA or nonspecific RNA prior to
stimulation with thrombin. Immunofluorescence staining of F-actin
(left) and VE-cadherin (middle) was performed using Texas Red
phalloidin and VE-cadherin specific antibody, respectively. Right,
merged images of F-actin and VE-cadherin staining. Arrows indicate
areas of thrombin-induced intercellular gap formation.

(C) Quantitative analysis of gap formation and cell junction VE-
cadherin localization in control and Rap1-depleted ECs at different
times after thrombin treatment. Data are expressed as mean + SD;
*, p < 0.05.
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normally observed after 45 min of agonist treatment (Figure 9C).
Because the Rap1-binding domain is required for afadin activation
by Rap1, these data suggest a role of Rap1 in regulation of afadin
functions during EC barrier recovery.

DISCUSSION

Recovery of the vascular endothelial barrier after chemical and me-
chanical insults associated with various pathologies, including
thromboembolism, ischemia/reperfusion, sepsis, acute respiratory
distress syndrome, and trauma or ventilator-induced lung injury, is
critical for survival and restoration of normal organ function. How-
ever, the molecular mechanisms underlying EC barrier restoration
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remain obscure. This study demonstrates a key role for Rap1 in
down-regulation of Rho-mediated barrier-disruptive signaling and
reestablishment of barrier integrity of agonist challenged endothe-
lial monolayers.

Thrombin-induced cytoskeletal remodeling, intercellular gap for-
mation, and EC barrier disruption are associated with rapid and
transient activation of Rho GTPase. This study shows that Rho acti-
vation is followed by stimulation of Rap1. The direct role of Rap1 in
recovery of EC barrier after thrombin challenge was shown by ex-
periments with Rap1 knockdown or ectopic expression of an inhibi-
tor of Rap1 activity, Rap1-GAP, which abolished rebound of basal
transendothelial resistance reflecting EC barrier recovery. Spatial
analysis of Rap1 activation using a fluorescence resonance energy
transfer (FRET)-based Rap1 biosensor demonstrated increased Rap!1
activity in two major locations: peripheral EC lamellipodia-like struc-
tures and intracellular vesicles. The time course of integral Rap1 ac-
tivation in single cells corresponded to Rap1 activation measure-
ments by GTP-Rap1 pull-down assays.

Previous reports described two alternative mechanisms of Rap!1
activation. In one mechanism, Rap1 activation occurs upon AJ disas-
sembly and is triggered by E-cadherin internalization and trafficking
along the endocytic pathway (Balzac et al., 2005). In an alternative
mechanism, Rap1 activation requires establishment of nectin or E-
cadherin containing AJs (Fukuyama et al., 2005; Sakurai et al., 2006).
Other data show Rap1 activation upon AJ disruption and disen-
gagement of E-cadherin from AJs (Asuri et al., 2008). Visualization
of activated Rap1 in primary ECs performed in our study suggests
that activated Rap1 is likely localized in both submembrane and in-
tracellular vesicle compartments. These data suggest the existence
of both mechanisms in recovering ECs and resolve the apparent
conflict between previous observations.

Our study shows that Rap1 activation in pulmonary ECs is
dependent on Src-mediated C3G activation. Src-dependent C3G
activation also controls cell adhesion and spreading of epithelial
monolayers (Ohba et al., 2001). Our results show that subsequent
treatment of thrombin-challenged ECs with Src inhibitor PP2 abol-
ished C3G phosphorylation leading to compromised EC barrier
recovery after thrombin.

The details of the Rap1-Rho cross-talk mechanism remain to be
elucidated. In agreement with effects on barrier recovery discussed
above, molecular inhibition of Rap1 markedly prolonged activation
of the Rho pathway in thrombin-stimulated EC monolayers. Analysis
of signaling cascades affected by Rap1 inhibition suggests two
mechanisms involved in down-regulation of Rho. First, Rap1 knock-
down prevented relocalization of afadin to cell junctions after throm-
bin challenge. Afadin plays a key role in establishment of nectin-
and cadherin-containing AJs in endothelial and epithelial cell types
(Takai and Nakanishi, 2003). We recently reported that Rap1-acti-
vated afadin promotes interactions between AJs and tight junctions
that contribute to barrier enhancement of EC monolayers in vitro
and in the animal model of lung vascular leakage caused by exces-
sive mechanical ventilation (Birukova et al., 2012a). Importantly, inhi-
bition of Rap1 prevented association of afadin with its AJ binding
partner, p120-catenin, and their translocation to the cell membrane
during recovery after thrombin. Studies in lung ECs (Birukova et al.,
2011) and in epithelial cells (Wildenberg et al., 2006) show that
membrane-associated p120-catenin interacts with a negative regu-
lator of RhoA, p190RhoGAP, thus leading to down-regulation of the
RhoA pathway and barrier recovery. Therefore, Rap1/afadin-depen-
dent membrane accumulation of p120-catenin—p190RhoGAP com-
plex may represent a negative-feedback mechanism of RhoA regu-
lation during EC monolayer recovery. This mechanism is further
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supported by the data showing more pronounced and delayed ac-
tivation of the Rho pathway reflected by increased MYPT and MLC
phosphorylation in ECs with depleted afadin (Figure 8C).

The second potential mechanism of barrier restoration and RhoA
down-regulation by Rap1 may be triggered by Rap1-dependent ac-
tivation of the Rac1-specific GEF Tiam1 (Arthur et al., 2004) and
stimulation of the Rac1 pathway. Depletion of Rap1 in our study pre-
vented membrane association of Tiam1 during recovery after throm-
bin; this was linked to attenuation of Rac activation and Rac-mediated
activation of the Rac effectors PAK1 and cortactin. Rap1 knockdown
prevented Rac-dependent activation of peripheral cytoskeletal re-
modeling and cortactin accumulation at the cell periphery, the events
essential for EC spreading and resealing the paracellular gaps.

In turn, Rac may down-regulate Rho activity in several ways,
among them direct Rac interaction with RhoGDI (Wong et al., 2006),
PAK1-dependent inhibition of the Rho-specific GEF p115RhoGEF
(Rosenfeldt et al., 2006), and Rac stimulation of the Rho-specific
GTPase-activating protein p190RhoGAP (Herbrand and Ahmadian,
2006). These mechanisms of Rac-Rho cross-talk may be critical for
vascular barrier restoration, as well as for protective effects induced
by established barrier-enhancing agonists, such as prostacyclin,
sphingosine 1-phosphate, hepatocyte growth factor, oxidized phos-
pholipids, and angiopoietin.

In summary, we propose a model of Rap1-Rac—dependent down-
regulation of Rho signaling and restoration of EC barrier after throm-
bin challenge (Figure 10). While activating the RhoA pathway of bar-
rierdysfunction, thrombin also stimulates othersignalingmechanisms,
including activation of Src kinase. Activated Src phosphorylates the
Rap1-specific GEF C3G and activates Rap1. Rap1 engages afadin to
promote reassembly of cell-cell junctions (AJs and tight junctions),
recruits the p120-catenin—-p190RhoGAP complex to the submem-
brane domain, and down-regulates the Rho pathway of EC perme-
ability. In addition, Rap1 activates Tiam1 and Rac1, which trigger
cortical cytoskeletal dynamics and cell spreading to reseal the para-
cellular gaps. Rac1 may also down-regulate Rho activity via activa-
tion of p190RhoGAP or inhibition of p115RhoGEF.

These results demonstrate a key role of Rap1 as a master regula-
tor of endothelial barrier restoration acting on key cellular processes
such as down-regulation of barrier-disruptive Rho pathway and stim-
ulation of cytoskeletal and cell junction recovery. Such an autoregu-
latory loop may represent a fundamental mechanism of homeosta-
sis and may be critical in pathological conditions associated with
compromised endothelial and epithelial barrier function.

MATERIALS AND METHODS

Reagents and cell culture

Unless specified, biochemical reagents were obtained from Sigma-
Aldrich (St. Louis, MO). Reagents for immunofluorescence were pur-
chased from Molecular Probes (Eugene, OR). Antibodies to Rho,
Tiam1, hemagglutinin (HA), Flag, VE-cadherin, and p-C3G Tyr°'*
were from Santa Cruz Biotechnology (Santa Cruz, CA); p-cortactin
Tyr*?1, p-Src Tyr*'6, p-MYPT Thr-696, pp-MLC Thr-18/Ser-19, and p-
PAK Thr-423 antibodies were from Cell Signaling (Beverly, MA); RacT,
Rap1, and p120-catenin were from BD Transduction Laboratories

EC membrane fractions. (C) Analysis of delayed Rac activation in
thrombin-stimulated cells transfected with nonspecific RNA or
Rap1-specific siRNA. Reprobing with B-actin antibody was used

as the normalization control. Bar graphs depict results of membrane
densitometry analysis; data are expressed as mean = SD; *, p < 0.05
vs. nsRNA.
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(San Diego, CA). Human pulmonary artery ECs (HPAECs) were ob-
tained from Lonza (Allendale, NJ), maintained in a complete culture
medium according to the manufacturer's recommendations and
used for experiments at passages 5-7.

DNA and siRNA transfections

Predesigned Rap1A- and afadin-specific human Stealth Select
siRNA sets of standard purity were ordered from Invitrogen (Carls-
bad, CA). Transfection of ECs with siRNA was performed as previ-
ously described (Singleton et al., 2009). Nonspecific, nontargeting
siRNA was used as a control treatment. After 48 h of transfection,
cells were used for experiments or harvested for Western blot verifi-
cation of specific protein depletion. Test experiments using control
fluorescently labeled RNA oligonucleotides showed ~90% efficiency
of siRNA transfection of ECs (unpublished data). Plasmids encoding
HA-tagged Rap1A wild-type and Flag-tagged Rap1-GAP were pro-
vided by L. Quilliam (Indiana University, Indianapois, IN). Plasmid
encoding HA-tagged dominant-negative Rap1A-S17N was ob-
tained from Missouri S&T cDNA Resource Center (Rolla, MO). Plas-
mids encoding afadin-wild-type and afadin-ARBD (Ras/Rap1-bind-
ing domain) bearing GFP tags were provided by Y. Takai (Kobe
University, Kobe, Japan). Plasmid encoding GFP-LifeAct was pro-
vided by L. Phillipson (University of Chicago, Chicago, IL). Plasmids
encoding GFP-tagged wild-type cortactin and B-catenin were ob-
tained from Addgene (Cambridge, MA). ECs were used for transient
transfections according to a protocol described previously (Birukova
et al., 2011). Control transfections were performed with empty vec-
tors. For permeability measurements, to ensure more effective intro-
duction of cDNA into the cell, nucleofection of HPAECs was per-
formed using a kit from Amaxa Biosystems (Lonza). An optimized
protocol of nucleofection was provided by the manufacturer.

Measurement of EC permeability

Measurements of TER across confluent HPAEC monolayers were
performed using the electrical cell-substrate impedance sensing
system (ECIS; Applied Biophysics, Troy, NY), as previously described
(Birukova et al., 2011). In the current studies, we did not observe
significant effects of nonspecific RNA or specific siRNA or DNA con-
structs on cell viability and monolayer integrity. Initial testing of non-
transfected, siRNA- and DNA-transfected EC monolayers did not
reveal significant differences in basal TER levels.

GTPase activation assay

Activation of Rac, Rap, or Rho GTPase in pulmonary EC culture
was analyzed using GTPase in vitro pull-down assay kit available
from Millipore (Billerica, MA), as previously described (Birukova
et al., 2007).

FRET
FRET analysis of Rap1 activation was performed using CFP/YPet-
Rap-Raichu biosensor, as described elsewhere (Sakurai et al., 2006).

Rap1-specific siRNA; this was followed by thrombin stimulation.
Coimmunoprecipitation assays using antibody to p120-catenin were
performed, and VE-cadherin and p120-catenin content in the
immunoprecipitates was detected using specific antibodies. Equal
protein loading was confirmed by membrane reprobing with
antibodies to p120-catenin. Bottom panels depict siRNA-based
depletion of endogenous Rap1. Reprobing with -actin antibody was
used as the normalization control. Bar graphs depict results of
membrane densitometry analysis; data are expressed as mean + SD;
*, p < 0.05 vs. control.
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localization of afadin was evaluated by immunofluorescence staining
with afadin antibody. (B) HPAEC monolayers transfected with control
RNA or afadin-specific siRNA were stimulated with thrombin (0.5 U/ml)
for the indicated periods of time. Stress fiber formation and integrity of
AJs was monitored by immunofluorescence staining with Texas Red
phalloidin (left) and VE-cadherin (middle) antibody, respectively. Right,
merged images of F-actin and VE-cadherin staining. (C) Quantitative
analysis of gap formation in control and afadin-depleted ECs at
different times after thrombin treatment. Data are expressed as mean
+SD; *, p < 0.05. (D) Activation of Rho signaling was evaluated by
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Afadin depletion was verified by Western blot. (E) Cells were
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catenin content in the immunoprecipitates was detected using specific
antibodies. Equal protein loading was confirmed by membrane
reprobing with antibodies to p120-catenin. Bottom panels depict
siRNA-based depletion of endogenous Rap1. Reprobing with B-actin
antibody was used as the normalization control. Bar graphs depict
results of membrane densitometry analysis; data are expressed as
mean + SD; *, p < 0.05 vs. control.
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FIGURE 10: Role of Rap1 in EC barrier restoration after thrombin. In
parallel with rapid activation of the Rho pathway leading to increased
EC permeability, thrombin causes activation of Src kinase, which
stimulates the Rap1-specific GEF C3G and, via Rap1-Tiam1, turns on
the Rac1 signaling. Activation of Rap1-Rac1 signaling axis down-
regulates the Rho pathway of barrier disruption and promotes
reassembly of AJ complexes and endothelial monolayer barrier
restoration.

Cells were seeded on a glass-bottom dish coated with gelatin.
Twenty-four hours after transfection, medium was changed to 2%
fetal bovine serum endothelial basic medium (EBM) for 2 h. For de-
tection of FRET, the cells were maintained on the microscope stage
at 37°C. To minimize the photobleaching effect, the time interval for
each imaging acquisition was set to be 30 s, and images were cap-
tured for 15 min using Olympus (Olympus America, Center Valley,
PA) Model IX71 Microscope System equipped with a 63x oil-immer-
sion objective and a CCD camera. MetaMorph software was used to
control the filter wheel and data analysis. The ratiometric images of
ECFP/YPet were computed and generated by the MetaMorph soft-
ware to represent the spatiotemporal FRET signals.

Live-cell imaging

Cells were plated on MatTek dishes (MatTek, Ashland, MA) and trans-
fected with GFP-cortactin or GFP-B-catenin. Images were acquired
with 100x/1.45 numerical aperture oil objective in a 3| Marianas
Yokogawa-type spinning-disk (Olympus America) confocal system
equipped with a CO, chamber and a heated stage. Time-lapse
images were taken at 2-s intervals for 40-60 s.

Immunofluorescence

Endothelial monolayers plated on glass coverslips were subjected
to immunofluorescence staining with the appropriate antibody.
Texas Red phalloidin (Molecular Probes) was used to visualize F-ac-
tin. After being immunostained, slides were analyzed using a Nikon
video imaging system (Nikon Instech, Tokyo, Japan). Images were
processed with ImageJ (National Institutes of Health, Bethesda,
MD) software and Adobe Photoshop 7.0 (Adobe Systems, San Jose,
CA\) software.
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Differential protein fractionation and immunoblotting
Confluent HPAECs were stimulated with thrombin; cytosolic and
membrane fractions were isolated using a subcellular protein frac-
tionation kit (Thermo Fisher Scientific, Rockford, IL) according to the
manufacturer’s protocol. For analysis of the protein phosphorylation
profile, cells were stimulated, then lysed, and protein extracts were
separated by SDS-PAGE, transferred to polyvinylidene fluoride
membrane, and probed with specific antibodies. Equal protein
loading was verified by reprobing membranes with antibody to -
actin or the specific protein of interest. The relative intensities of
immunoreactive protein bands (relative density units) were analyzed
and quantified by scanning densitometry using Image Quant soft-
ware (Molecular Dynamics, Sunnyvale, CA).

Coimmunoprecipitation

After agonist stimulation, cells were washed in cold phosphate-buff-
ered saline and lysed on ice with cold TBS-NP40 lysis buffer (20 mM
Tris, pH 7.4, 150 mM NaCl, 1% NP40) supplemented with protease
and phosphatase inhibitor cocktails (Roche, Indianapolis, IN). Clari-
fied lysates were then incubated with antibodies to p120-catenin
(BD Transduction Laboratories) overnight at 4°C and washed three
to four times with TBS-NP40 lysis buffer, and the complexes were
analyzed by Western blotting using the appropriate antibodies.

Statistical analysis

Results are expressed as mean + SD of four to six independent ex-
periments. Experimental samples were compared with controls by
unpaired Student’s t test. For multiple-group comparisons, a one-
way analysis of variance and post hoc multiple-comparison tests
were used. p < 0.05 was considered statistically significant.
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