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Abstract

The endothelial barrier is a tightly regulated gateway in the transport of material between
circulation and the tissues. Inflammatory mediators such as thrombin are able to open
paracellular spaces in the endothelial monolayer to allow the extravasation of plasma
proteins and leukocytes. Here we show that the protein SLIT-ROBO Rho GTPase-activating
protein 2 (srGAP2) plays a critical role in regulating the extent of thrombin-mediated
opening. We show that srGAP2 is not required for normal barrier function in resting
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endothelial cells, but that depletion of srGAP2 significantly increases the magnitude and
duration of junctional opening in response to thrombin. We show that srGAP2 acts to
switch off RhoA signaling after the contraction phase of thrombin-induced permeability,
allowing respreading of cells and reformation of the barrier. srGAP2 is also required for
effective restoration of the barrier after treatment with two other vasoactive agents that
active RhoA - TNFa and angiotensin Il. Taken together, we show that srGAP2 has a general
function in controlling RhoA signaling in endothelial permeability, acting to limit the degree
and duration of opening, by triggering the switch from endothelial cell contraction to

respreading.

Introduction

Endothelial cells (ECs) line the inner surface of blood
and lymph vessels, forming an active barrier between the
circulation and the underlying tissue (1). This barrier must
be tightly regulated to control the exchange of metabolites,
proteins and leukocytes between the two compartments.
Material can cross the endothelial barrier via both
transcellular and paracellular routes (2). For transcellular
transport, ECs deploy adiverse set of channels, transporters,
pores and vesicular trafficking pathways in order to move
molecules across the body of the cell (3).

The paracellular route is simpler in that it requires
only the opening of the junctions between ECs to allow

material to exchange. The consequences of opening gaps
in the endothelial barrier, however, means that the process
must be tightly controlled. ECs are connected to each other
by adherens junctions and tight junctions to form a barrier
that excludes all but small molecules (4). The organization
of these junctions varies throughout the circulation, from
the highly organized and impermeable blood-brain barrier
to the loosely organized junctions of lymphatic ECs.
Triggering local paracellular permeability is important in
inflammation and infection, where leukocytes have to
leave the vessels to resolve the issue (5), and local barrier
function is regulated acutely by a host of vasoactive agents.
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Opening the EC junctions requires disassembly of cell-
cell junctions and contraction of the actin cytoskeleton
to open a gap between the cells (6). Junctional complexes
are linked mechanically to the actin cytoskeleton and as
junctions are dismantled, cells exert contractile force on
this interface causing the opening of a paracellular gap.
Re-establishment of barrier function requires a switch from
cell contraction to cell respreading, and reassembly of the
cell-cell junction complexes (7). The Rho GTPase family
of signaling proteins are the master regulators of the actin
cytoskeleton and also regulate the assembly of cell-cell
junctions - positioning them to regulate and coordinate
these processes (8).

Despite the key roles of Rho GTPases in regulating
endothelial permeability, we still know little of how
they themselves are regulated in this process. Canonical
members of the family such as RhoA, Racl and Cdc42 are
switched on by Rho guanine nucleotide exchange factors
(GEFs; (9)) and switched off by Rho GTPase accelerating
proteins (GAPs; (10)). Both are large families of signaling
proteins, that allow
them to make distinct interactions and target distinct
cellular locations. In recently published work, Amado-
Azevedo and colleagues performed a screen of over 270
Rho GTPase-associated genes to identify novel signaling
proteins in the regulation of endothelial permeability
by thrombin. As part of that work, they identified SLIT-
ROBO Rho GTPase-activating protein 2 (stGAP2), a poorly
characterized member of the Rho GAP family, and showed
that it was important for the recovery of barrier integrity
after thrombin treatment (11). Here we investigate the
mechanism of srGAP2 action and show that srGAP2
is required for the termination of RhoA signaling after
thrombin treatment. Depletion of stGAP2 had no effect
on resting barrier function, but significantly increased
permeability in thrombin-treated cells and delayed
recovery of barrier function. Importantly, stGAP2 was also
required for recovery from other vasoactive mediators that
target RhoA, suggesting that it plays a fundamental role in
the RhoA-mediated regulation of the endothelial barrier.

with multi-domain structures

Materials and methods
Materials

Human angiotensin II (Ang II) was from Sigma-Aldrich.
Human thrombin was from GE Healthcare. Recombinant
human TNFa, FGF-2 and IGF-1 LR3 were from R&D Systems.
Blebbistatin and 40 kDa FITC-dextran were from Sigma-
Aldrich. Bovine collagen I was from Advanced BioMatrix.

srGAP2 stabilizes the 4:1 K2
endothelial barrier

Human plasma fibronectin and bovine gelatin were from
Sigma-Aldrich. A rabbit MAB to stGAP2 was from Abcam. A
mouse MAB to a-tubulin was from Sigma-Aldrich. A mouse
MAB to VE-cadherin was from BD Pharmingen. A rabbit
polyclonal antibody to ZO-1 was from Thermo Fisher
Scientific. Secondary anti-IgG antibodies conjugated
with HRP were from Jackson ImmunoResearch. siRNA
oligonucleotides targeting srGAP2 were synthesized by
Eurofins Scientific; siRNA1, GUACUACAUCCAUGACCUA;
and siRNA2, CCAAUGCAUCUGUCUUCAATT. A universal
negative control siRNA oligonucleotide was from Sigma-
Aldrich.

Cell culture and transfection

Primary human wumbilical vein endothelial cells
(HUVEC) from pooled donors (Lonza) were cultured at
37°C in complete endothelial cell growth media (EGM-
2) without VEGF (Lonza). For the permeability and the
immunofluorescence assays, cells were plated onto surfaces
previously coated with 30 pg/mL of collagen I, 50 pg/mL
fibronectin and 0.1% gelatin. In some experiments, cells
were plated onto plastic surfaces previously coated with
5 pg/mL fibronectin. Cells were used between passages 4
and 6. Cells were transfected with siRNA oligonucleotides
using the GeneFECTOR transfection reagent (Venn Nova)
according to the manufacturer’s protocol and with a 3-h
incubation period. Cells were seeded 5 h after transfection
and experiments were performed 48 h later. For permeability
experiments, ECs were cultured in HIFA2 media 24 h
prior to the experiments. This was prepared from EGM-2
as previously described (2). Briefly, EGM-2 was prepared
without the provided fetal bovine serum, fibroblast growth
factor (FGF)-2, Insulin-like growth factor (IGF)-1, endothelial
growth factor or VEGF supplements. This medium was then
supplemented with 10 ng/mL recombinant human FGF-2
and 20 ng/mL recombinant IGF-1 LR3.

Western blotting

HUVEC were washed once with PBS and harvested in 2x
Laemmli buffer (124 mM Tris pH 6.8, 10 mM EDTA pH
6.8, 20% (v/v) glycerol, 4% (w/v) SDS, 200 mM DTT and
0.2% (w/v) bromophenol blue). Proteins were analyzed
by SDS-PAGE on 10% (w/v) polyacrylamide gels. Proteins
were transferred to polyvinyl fluoride membranes (Merck
Millipore) for immunoblotting. The membrane was
incubated with ECL reagents (Promega) for 1 min and
the signal was detected by exposure to Hyperfilm (GE
Healthcare).
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Immunofluorescence microscopy

HUVEC were fixed in 4% paraformaldehyde (Thermo
Fisher Scientific), permeabilized with 0.2% Triton
X-100 (Sigma-Aldrich) and treated with 0.1% sodium
borohydride (Sigma-Aldrich). Confocal microscopy was
performed using a Leica SP5 AOBS confocal laser-scanning
microscope with an attached Leica DM 16000 inverted
microscope. Confocal sections were taken through the
z-plane and processed to form a 2D projection representing
the full depth of the cell culture.

Measuring endothelial permeability

HUVEC (3 x 105 cells/mL) were cultured in Transwell inserts
(Sigma-Aldrich) for 48 h until confluent. Then, 1 mg/mL
FITC-dextran (40 kDa) and 1 U/mL thrombin were added
to the top chamber. Medium was collected at intervals
from the lower chamber, and fluorescence was measured
in a fluorimeter.

Imaging barrier integrity

HUVEC (3 x 105 cells/mL) were cultured in 24-well plates
for 48 h until they formed a monolayer. The plate was
introduced into IncuCyte ZOOM Live Cell Analysis System
(Sartorius, Goettingen, Germany). An initial image was
taken before the addition of permeability factors. Images
were taken at 20x magnification every 10 min for 6 h.
Results were processed and quantified using Image J (12).

RhoA activation assays

HUVEC were cultured in six-well plates for 48 h until
they formed a monolayer as previously described.
Cells were stimulated with 1 U/mL thrombin across
a 90 min time course. Cells were then harvested and
processed using the RhoA G-LISA activation assay kit
(Cytoskeleton Inc, Denver, CO, USA) according to the
manufacturer’s protocol.

Statistical analysis

Statistical analysis was performed using GraphPad Prism
software. Statistical significance was determined using
two-way ANOVA followed by Tukey’s post hoc test. *P < 0.05,
*»*P < 0.01, ***P < 0.001, ****P < 0.0001. All results are
reported as mean+S.E.M.

srGAP2 stabilizes the 4:1 K3
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Results

srGAP2 limits junctional opening in response
to thrombin

Amado-Azevedo and colleagues assessed endothelial
barrier opening by measuring the electrical impedance
of the endothelial monolayer (11). In that technique, ion
conductanceacrosstheendotheliallayerisusedasasurrogate
for measuring transport. Impedance measurements allow
for assay of rapid changes to paracellular opening but can
be affected by other parameters, such as cell morphology
(13). We first confirmed the role of stGAP2 in thrombin-
mediated permeability by measuring the passage of FITC-
dextran. In this well-established in vitro assay of endothelial
permeability, ECs are grown as a monolayer on permeable
Transwell filters. The fluorescent fluid-phase marker
FITC-dextran is added to the top chamber and its passage
across the endothelial barrier is measured over time by
determining the fluorescence of the media in the bottom
chamber (13). This technique also has caveats but serves as
auseful partner to impedance assays (13). To silence stGAP2
expression, we tested two independent siRNAs and showed
that both reduced the expression of stGAP2 in ECs >70%
(Fig. 1A). To measure EC permeability, we grew HUVEC
to confluence on Transwell filters before moving them
into HIFA2 - a serum-free EC medium that we optimized
previously for the preservation of HUVEC barrier function
(14). In keeping with the findings of Amado-Azevedo
et al. (11), silencing of stGAP2 led to a significant increase
in permeability in response to thrombin treatment.
Interestingly, this increase was apparent only at later time
points (Fig. 1B). Silencing of stGAP2 had no effect on basal
permeability (Fig. 1B).

Amado-Azevedo and colleagues noted that the major
effect of srGAP2 depletion was on the recovery of barrier
function after thrombin treatment (11), which would be
in keeping with the lack of observed effect at early time
points in our FITC-dextran assay. Thrombin leads to the
opening of junctions between ECs, and recovery is through
the re-establishment of those junctions. To visualize
junctional dynamics directly, we used an IncuCyte ZOOM
Live Cell Analyzer to record live phase-contrast images of
the cells across the time course. We wanted an assay that
allowed us to focus specifically on the opening and closing
of the paracellular space. Treatment with thrombin caused
the appearance of visible gaps between cells, which then
resolved as barrier function was restored (Fig. 1C). In resting
ECs depleted of srGAP2, the size and extent of intracellular
gaps were indistinguishable from the control cells (Fig. 1E),
and there was no apparentdifferencein junctional integrity
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0 + srGAP2 siRNA and cultured to confluence on
0 102030405060 Transwell filters. After 48 h, 1 mg/mL FITC-dextran
time (min) and 1 U/mL thrombin were added to the top
Omin chamber. Control cells were treated with vehicle
thrombin alone. The passage of FITC-dextran across the
monolayer was measured by fluorimetry over a
1-h time course. Silencing of srGAP2 increased the
permeability after thrombin stimulation but had
90min no effect on resting permeability. Data are means
thrambin +s.eM. (0 =3); **P < 0.01. (C) ECs were cultured to
confluence and brightfield phase images collected
using an IncuCyte ZOOM imaging system. The
main panel shows a typical starting image.
Rounded cells above the monolayer are a mixture
of apoptotic and mitotic cells. Cells were
VE-cadherin stimulated with 1 U/mL thrombin for 90 min.
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as assessed by staining for vascular endothelial cadherin
(VE-cadherin) and ZO-1 (Fig. 1D). However, the initial rate
and extent of the junctional opening were far greater on
thrombin treatment and junctions did not reform properly
within 90 min (Fig. 1E). We conclude that stGAP2 acts to
limit junctional opening in response to thrombin.

srGAP2 limits junctional opening in response to TNF«x
and angiotensin Il

To determine whether srGAP2 acts specifically on
thrombin-induced permeability, we examined two
alternative regulators of endothelial barrier function.
TNFa is a pro-inflammatory chemokine that drives
endothelial permeability during sepsis (15, 16). Ang II is

0 10 20 30 40 50 60
time (min)

Gaps between cells were manually traced and are
highlighted in green here for ease of viewing.
Thrombin treatment led to a marked increase in
intercellular gaps. Scale bar =100 pm. (D) ECs
were treated + srGAP2 siRNA and cultured to
confluence. After 48 h, cells were fixed and
stained for the junctional proteins vascular
endothelial cadherin (VE-cadherin) and zonula
occludins-1 (ZO-1). Silencing of srGAP2 had no
visible effect on junction integrity. Scale bar =10
pm. (E) ECs were treated + srGAP2 siRNA and

%%  Fsi1
%%  -O-si-2 cultured to confluence. After 48 h, cells were
. stimulated with 1 U/mL thrombin across a 90 min
-@- si-control

time course. The panels show representative
images obtained at 40 min post-stimulation.
Quantification of the image data showed that
silencing of srGAP2 significantly increased the
number and size of intercellular gaps after
thrombin stimulation. Data are means + s.e.m.

(n =6). **P <0.01; *P < 0.05 (si-1; black asterisks,
si-2; gray asterisks).

a potent vasoconstrictor and regulator of blood pressure,
but also increases vascular permeability (17). Both factors
act to increase leukocyte infiltration of tissue during
inflammation. TNFa treatment led to slower junction
opening in ECs than thrombin and junctions remained
open for far longer (Fig. 2A). Depletion of stGAP2 had
no effect on the initial rate of junction opening but led
to a significant increase in transcellular gaps at later time
points (Fig. 2A). In ECs treated with Ang II, depletion of
srtGAP2 increased junction opening at early time points,
and also significantly inhibited the closing of junctions in
the recovery phase (Fig. 2B).

We conclude that srGAP2 restricts the degree of
endothelial barrier opening in response to three very
different mediators of vascular permeability. srGAP2
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Figure 2

srGAP2 limits junctional opening in response to
TNFa and angiotensin II. (A) ECs were treated +
srGAP2 siRNA and cultured to confluence. After
48 h, cells were stimulated with 10 ng/mL TNF-a
over a 6-h time course. The panels show
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representative images obtained 6-h post-
stimulation. Quantification of the image data

time (min) showed that silencing of srGAP2 significantly
increased the number and size of intercellular
gaps after TNF-a stimulation. Data are
* *%* means + s.e.M. (1 = 5). **P < 0.01; *P < 0.05 (si-1;

*% black asterisks, si-2; gray asterisks). (B) ECs were

treated + srGAP2 siRNA and cultured to
confluence. After 48 h, cells were stimulated with
10 uM Ang Il over a 6-h time course. The panels
show representative images obtained 6-h
post-stimulation. Quantification of the image data
showed that silencing of srGAP2 significantly
increased the number and size of intercellular

control si-srGAP2

dampens junctional opening in response to thrombin
and Ang II, but not to TNFa. The length of the junctional
opening varies between the three mediators, butin all three
cases, sSTGAP2 is required for effective reclosure of junctions
after exposure to the permeability trigger.

srGAP2 delays the respreading of endothelial cells
after thrombin-mediated junction opening

The opening of endothelial junctions involves
destabilization of interactions between cell-cell adhesion
proteins coupled with the generation of a contractile force
(7, 18). The subsequent reclosing of junctions requires
respreading of ECs along the vascular wall (a protrusive
movement), followed by stabilization of cell-cell adhesions.
In our assay, the initial rate of intracellular gap formation
is a combination of the time taken to breakdown junctions
and the rate of cell retraction. In order to separate the rates
of contraction and respreading from the rate of junction
breakdown, we plated ECs sparsely and then treated them
with thrombin as before. Cells were then free to contract in
response to thrombin without needing to first disassemble
junctions. We measured cell area over time to derive the
rates of contraction and respreading. Depletion of srGAP2
had no effect on the rate of EC retraction in response to
thrombin; however, it significantly delayed the rate of
respreading (Fig. 3A).

These results raised the possibility that stGAP2 may
simply be required for the mechanical processes of cell

0 60 120 180 240 300 360

gaps after Ang Il stimulation. Data are
means + s.e.M. (n = 5). *P < 0.05 (si-1; black
asterisk, si-2; gray asterisk).

time (min)
spreading. To examine this, we detached ECs by gentle
trypsinization and then allowed them to settle and
spread while imaging their surface areas. Intriguingly, the
deletion of srGAP2 had no effect on the ability of
unstimulated ECs to spread (Fig. 3B). We conclude that
srtGAP2 is required for efficient respreading of ECs after
thrombin-driven retraction.

srGAP2 controls the duration of RhoA activation in
response to thrombin

Thrombin, TNFa and Ang II all signal through different
EC receptors to trigger vascular permeability. Thrombin
acts via the PARI receptor, TNFa via TNF receptor 1 and
Ang II through the AT1 receptor (19, 20, 21). Further, these
three permeability mediators appear to act in multiple
ways to increase permeability. One thing that all three
have in common is the activation of the small GTPase
RhoA, which is the major regulator of cellular contraction
(22). Activation of RhoA leads to the generation of the
contractile force involved in the opening of EC junctions
and re-establishment of barrier function requires turning
off the RhoA signal (8). stGAP2 is part of a large family of
Rho GAP proteins that catalyze the inactivation of Rho
GTPases and return them to their inactive state (10). We
therefore examined whether stGAP2 was regulating RhoA
activation kinetics in ECs in response to thrombin.
Stimulation of ECs with thrombin gave a six-fold
increase in RhoA activity that peaked at 10 min and slowly
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declined as the cells respread. Depletion of srGAP2 caused
an increase in the peak activation of RhoA; however, the
major effect was on the deactivation phase, which was
significantly slower in cells lacking stGAP2, where active
RhoA levels remained elevated (Fig. 4A). Resting levels of
RhoA activity were unaffected by depletion of srGAP2, in
accordance with the lack of effect on resting permeability.
We conclude that stGAP2 acts to control the duration of
RhoA signaling in thrombin-mediated permeability.

The protective effects of srGAP2 are mimicked by
inhibition of actinomyosin contraction

Activation of the RhoA pathway in ECs triggers cell
contraction by promoting increased actinomyosin
contractility (8). RhoA signaling leads to activation
of myosin II motor activity through increased
phosphorylation of the myosin light chain (6, 7). This
increased actinomyosin contractility can be reversed
by treatment with blebbistatin, a cell-permeant myosin
II inhibitor (23). We treated ECs with thrombin for 40
min and then measured the effect of blebbistatin on the
paracellular gap area. Treatment of control ECs with
blebbistatin caused a small decrease in the area of open gaps
after thrombin treatment (Fig. 4B). However, blebbistatin
had a major effect on gap opening in srGAP2 depleted cells
and was able to almost fully restore cells to the normal
response (Fig. 4B).

time (min)

spreading of untreated ECs. Data are
means t s.e.m. (1 = 4). Scale bars = 50pm.

We conclude that srGAP2 promotes recovery of
barrier function after thrombin treatment by promoting
deactivation of RhoA and actinomyosin contractility to
promote the switch to EC respreading (Fig. 5).

Discussion

The regulated opening and closing of endothelial cell
junctionsare key components of the physiological function
of the endothelium. During sepsis, retraction of ECs can
lead to dysregulated thrombosis and organ failure (24, 25).
Theoretically, drug targeting of RhoA would reduce EC
contraction and help restore barrier function. However,
RhoA is a central node in cytoskeletal signaling (22) and
inhibition of RhoA activity would be expected to be highly
toxic. Indeed, several bacterial toxins exhibit their toxicity
by targeting RhoA activity (26). The Rho GTPase GEFs and
GAPs are large families of multi-domain proteins that give
specificity to Rho GTPase signaling by linking Rho GTPase
dynamics to specific signals (9, 10). Targeting of specific
Rho GEFs or GAPs then represents a potential strategy for
the selective blockage of specific Rho pathways in specific
cellular contexts (27).

The recent study by Amado-Azevedo and colleagues
is an important contribution to our understanding of
Rho GTPases signaling in endothelial permeability. Their
screen of 270 Rho-associated genes allowed identification
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Figure 4

srGAP2 controls the duration of RhoA activation in response to thrombin.
(A) ECs were treated + srGAP2 siRNA and cultured to confluence. After 48
h, cells were stimulated with 1 U/mL thrombin over a 90 min time course.
At each time point, cells were lysed and active RhoA levels were measured
by G-LISA. Silencing of srGAP2 led to increased RhoA activation after
thrombin stimulation and RhoA deactivation was significantly delayed.
Data are means + s.e.m. (n =9). **P < 0.01; *P < 0.05 (si-1; black asterisks,
si-2; gray asterisks). (B) HUVEC were treated + srGAP2 siRNA and cultured
to confluence. After 48 h, cells were incubated with 5 uM blebbistatin or
vehicle for 1 h. Cells were then stimulated with 1 U/mL thrombin for 40
min. The fold-increase in gap area was calculated in comparison to
untreated control cells. Blebbistatin slightly reduced gap formation in
control cells. In ECs depleted of srGAP2, blebbistatin returned thrombin-
induced gap formation to near normal levels. Data are means + s.e.m.
(n=7).*P <0.05.

of the key Rho GTPase regulators in this important process.
The study identified four Rho family GEFs; the proteins
that regulate Rho GTPase activation (11). Interestingly,
three of them (TIAM2/STEE, PREX1 and ARHGEF7/B-PIX)
are activators of Racl, which is required for respreading
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Figure 5

A model for srGAP2 action in thrombin-mediated vascular permeability.
Binding of thrombin to the PAR1 receptor leads to activation of the small
GTPase Ga,,, Which then triggers activation of RhoA via GEF activation.
RhoA drives phosphorylation of MLC to increase the force of
actinomyosin contraction, which then leads to retraction of the cell. In the
model, srGAP2 controls the inactivation of this thrombin-induced RhoA
signal, limiting the extent of gap opening and allowing the respreading
phase where junctions can be reformed. It is unclear whether PAR1
signaling leads to activation of srGAP2, or whether srGAP2 is a
constitutively active factor in this pathway.

and reformation of cell-cell junctions after barrier
opening. Each is involved in different cellular locations
of Rac action, underscoring how GEFs provide important
spatial and temporal regulation to Rho GTPase signaling.
ARHGEFS5/TIM was identified as the key RhoA GEF in
thrombin-induced permeability, with possible smaller
contributions by LARG and GEF-H1 (11). Importantly,
recent studies have shown that TIM can be both activated
(28) and inhibited (29) by peptide-based drugs to control
its activity in cells, raising the possibility of clinical
manipulation of thrombin-induced RhoA signaling
pathways downstream of this GEE

The same study identified three Rho GAPs as regulators
of thrombin-induced permeability - ARHGAP45/HMHAL1,
RacGAP1/MgcRacGAP and stGAP2. HMHAL1 is a Rac GAP,
and the same researchers subsequently confirmed that
it acts to reduce Racl activity in ECs, leading to reduced
barrier function in resting cells (30). RacGAP1 is also a Rac
GAP (31), although it has been shown to change specificity
on phosphorylation to become a RhoA GAP (32). Initial
studies showed that purified stGAP2 also inactivates Racl,
with much lower activity against RhoA and Cdc42 (33, 34).
More recent work has shown that stGAP2 acts on RhoA and
Cdc42 in podocytes and not Racl (35). It is clear that GAP
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specificity invivo canbe context dependentand, as RacGAP1
shows, specificity can be switched through regulation.
The effects of silencing stGAP2 on EC barrier functions
did not tally with expectations of a Rac GAP, but rather
the delayed respreading of cells suggested a link to RhoA.
Indeed, measurement of RhoA activity in stGAP2 depleted
ECs allowed us to show that stGAP2 was acting as a RhoA
GAP in the context of thrombin-mediated permeability
and so to explain enhanced retraction observed on the loss
of srGAP2 function. The mechanisms controlling stGAP2
specificity switching require further investigation and may
also be useful in the potential clinical manipulation of
stGAP2 function.

Silencing of stGAP2 led to increased RhoA activation
and a slower inactivation rate (Fig. 4A). Previous studies
have shown that the pl190RhoGAP can regulate EC
junctional stability through the inactivation of RhoA (18).
Interestingly, p190RhoGAP is localized to EC junction
by p120 catenin, localizing its actions to that site (35).
It has been shown that p190RhoGAP is required for the
stabilization of EC junctions caused by angiopoietin-1
(36) and that nitric oxide production leads to inactivation
of p190GAP via nitrosylation, leading to destabilization
of junctions and increased permeability (37). As silencing
of stGAP2 did not completely block RhoA inactivation,
it is possible that other Rho GAPs may also be involved;
however, Amado-Azevedo and colleagues found no role
for p190GAP in thrombin-mediated permeability (11).
It is still possible that other Rho GAPs may play a part in
this; however, it is also possible that the intrinsic rate of
GTP hydrolysis of RhoA is responsible for the eventual
inactivation in cells depleted of stGAP2.

Our model for stGAP2 function in thrombin-mediated
permeability highlights a missing component - the
upstream regulator of stGAP2 in the pathway (Fig. 5). The
regulation of stGAP2 is currently poorly understood. The
related protein stGAP1 was named for its direct interaction
withtheRobolreceptor.Inneurons,activationoftheRobo1
receptor by the guidance cue Slit leads to repulsive signals
that involve regulation of Cdc42 activity by stGAP1 (38).
We were unable to detect any interaction between stGAP2
and the thrombin receptor (data not shown), however,
suggesting that stGAP2 must be regulated in a different
way. The srGAP proteins all contain an N-terminal F-BAR
domain. This domain allows proteins to sense membrane
curvature and stGAP proteins are recruited to regions of
positive membrane curvature (i.e. outward deformation;
(39)). In migrating fibroblasts, stGAP2 has been shown
to be recruited to areas of membrane protrusion at the
leading edge of those cells (40). This raises the intriguing
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possibility that stGAP2 can ‘read’ the membrane geometry
during a cycle of junction opening and reclosing. In this
model, stGAP2 would be recruited to the protrusive edge
of the retracted EC as it begins to respread, consolidating
the protrusive phase. Such a model would explain why
srGAP2 can act generally on the three specific permeability
pathways that we examined.

stGAP2 is highly conserved across vertebrates (18).
Previous work has shown that it is highly expressed in the
brain during development, where it regulates neuronal
migration (33). Importantly, the stGAP2 gene underwent
two partial gene duplication events during human
evolution to produce two truncation gene products;
stGAP2B and srGAP2C ((41); the parental gene is referred
to as srtGAP2A in humans). stGAP2C acts as a cellular
inhibitor of srGAP2A, limiting its action in neurons
and allowing increased synaptic density during brain
development (42). These paralogs of stGAP2 are important
for being two of the handful of genes that are unique to
our species. Recent work has provided evidence that the
gain of stGAP2C contributed to the unique development
of the human brain, altering stGAP2A signaling to allow
human-specific adaptions of neural development (42,
43, 44). The other human-specific genes similarly define
specific and important differences between our species
and other animals. stGAP2C would be expected to limit
srtGAP2A activity and so promote paracellular permeability
in response to inflammatory mediators. This raises the
intriguing possibility that the regulation of vascular
permeability in humans may be adapted compared to
other mammals. It will be important to examine these
potential differences in detail - and especially for species
that are commonly used as models in studies of endothelial
permeability.
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