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AbSTRACT

The role of several GTPases including RhoA, Rac1 and Cdc42 in the 
regulation of the endothelial barrier has been extensively investigated, 
however which Rho GTPase-activating proteins (GAPs) and Guanine 
nucleotide exchange factors (GEFs) regulate local GTPase cycling at 
endothelial junctions during neutrophil diapedesis is poorly understood. 
Using a screen of short hairpin RNAs targeting 25 distinct endothelial Rho 
GEFs or GAPs, we identified two Cdc42-specific Rho GEFs, Tuba and FGD5 
and two Rho GAPs, breakpoint cluster region (Bcr) and ARHGAP11a that 
control permeability during leukocyte diapedesis. Additionally, we report 
on eight potential Rho GEFs and GAPs that are involved in regulating basal 
endothelial junction integrity. In conclusion, we found that different Rho 
GEFs/GAPs specifically control local Rho GTPase signals that are involved 
in either leukocyte diapedesis or basal endothelial junction integrity. 
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INTRODUCTION

During inflammation leukocyte diapedesis and extravasation of 
plasma proteins require the opening of endothelial cell (EC) junctions. 
At the molecular level the opening of cell-cell junctions is differentially 
regulated for leukocytes compared to permeability inducing agents such 
as histamine (Vestweber, Wessel, and Nottebaum 2014; Wessel et al. 
2014). A study that used VE-cadherin Y731F and Y685F mutant knock 
in mice unraveled the source of this selective junctional opening. It was 
demonstrated that dephosphorylation of Y731 is required to unlock 
VE-cadherin-based endothelial cell-cell contacts allowing leukocyte 
extravasation, while vascular permeability-inducing agents strongly 
enhance the phosphorylation of Y685,  allowing proper induction of 
vascular permeability in vivo (Wessel et al. 2014). This recent work is in 
agreement with earlier in vivo studies showing that under inflammatory 
conditions, sites of plasma protein leakage were often distinct from those 
of leukocyte adhesion or transmigration. Although sites of plasma protein 
leakage and leukocyte diapedesis do overlap, in general plasma leakage 
occurs upstream of sites of leukocyte adhesion and transmigration (P 
Baluk et al. 1998; Peter Baluk et al. 1995; Gawlowski, Benoit, and Granger 
1993; McDonald, Thurston, and Baluk 1999; McDonald 1994; Rosengren, 
Ley, and Arfors 1989). Moreover, several studies have shown that 
elevated vascular permeability precedes leukocyte influx, demonstrating 
that leukocyte adhesion and transmigration are not well correlated with 
the evoked permeability change during acute inflammation (Kim, Curry, 
and Simon 2009; Lewis and Granger 1988; Lewis, Miller, and Granger 
1989; Valeski and Baldwin 1999). Maintaining a tight and intact EC barrier 
during neutrophil recruitment to inflammatory sites is crucial for human 
health. For example, neutrophil diapedesis in thrombocytopenia patients 
provokes spontaneous organ hemorrhages. The physical movement of 
inflammatory cells through the endothelial cell-cell junctions has been 
found to be responsible for the bleeding defect (Hillgruber et al. 2015). 
Interestingly, mutating Y731 in the cytoplasmic tail of VE-cadherin reduced 
neutrophil diapedesis and the associated organ bleeding (Hillgruber 
et al. 2015). We recently showed how the endothelium limits vascular 
permeability during inflammation. By generating F-actin-rich contractile 
endothelial pores that require local RhoA activation, the endothelial 
barrier function during leukocyte diapedesis is maintained (Heemskerk et 
al. 2016). However, RhoA activation has also been recognized to induce 
large endothelial gaps by generating acto-myosin tension (Amerongen 
et al. 2000). Next to that, local Rac1 activation is required to maintain 
stable endothelial cell-cell junctions (Timmerman, Heemskerk, Kroon, 
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Schaefer, van Rijssel, et al. 2015). Thus, these GTPases are in need of local 
and specific regulation to execute their functional task in each of these 
distinct cellular processes. However, which GEFs and GAPs control local 
GTPase cycling during leukocyte diapedesis or basal junctional integrity 
is not completely clear. 

Here we identified the Cdc42-specific Rho-GEFs, Tuba and FGD5 and 2 
Rho-GAPs, Bcr and ARHGAP11a that control permeability during leukocyte 
diapedesis. Moreover, we describe in detail a method to examine the 
involvement of RhoGAP and GEF activity in limiting of plasma protein 
leakage during leukocyte diapedesis. 

mATERIALS AND mEThODS

GENERATION OF LENTIVIRAL PARTICLES CONTAINING ShRNAS ThAT TARGET 
DISTINCT RhO GEFS

HEK-293T were maintained in Dulbecco’s Modified Eagle Medium 
(DMEM) (Invitrogen, Breda, The Netherlands) containing 10% (v/v) 
heat-inactivated fetal calf serum (Invitrogen, Breda, The Netherlands), 
300 mg/ml L-glutamine, 100 U/ml penicillin and streptomycin and 1x 
sodium pyruvate (Invitrogen, Breda, The Netherlands). 

Cells were cultured at 37°C and 5% CO
2
. Cells were transfected with the 

expression vectors according to the manufacturer’s protocol with Trans 
IT-LT1 (Myrus, Madison, WI, USA). 

Lentiviral constructs were packaged into lentivirus in Human embryonic 
kidney (HEK)-293T cells by means of third generation lentiviral packaging 
plasmids (Dull et al., 1998; Hope et al 1990). 

Lentivirus containing supernatant was harvested on day 2 and 3 
after transfection. Lentivirus was concentrated by Lenti-X concentrator 
(Clontech, Cat# 631232). 

Transduced target cells were used for assays after 72 hours.

hUmAN UmbILICAL VEIN ENDOThELIAL CELLS

Culture pooled Human Umbilical Vein endothelial Cells (HUVECs) 
purchased from Lonza (P938, Cat # C2519A), on fibronectin (FN)-coated 
dishes (10 µg/ml dissolved in water) in Endothelial Basal Medium, 
supplemented with Endothelial Growth Medium (EGM-2) singlequots 
(Lonza, Verviers, Belgium). Culture cells at 37°C and 5% CO

2
. 

Day 1: Coat two six well plates with 500 µl of fibronectin (10 µg/ml 
in PBS) for at least 1 hour at 37°C and 5% CO

2
. Plate 150,000 HUVECs in 

every single well and let growth overnight in an incubator at 37°C and 5% 
CO

2
.
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Day 2: Transduce cells that are 60-70 % confluent with lentiviral 
particles containing shRNAs targeting particular Rho GEFs. 

Day 3: Coat the required 24 well cell culture inserts (Corning FluoroBlok, 
Falcon, 3.0 µm pore size # 351151) with FN at least 1 hour before plating., 
wash HUVECs with RT phosphate buffer saline (PBS) before adding Trypsin 
that dissociates the ECs from the culture dish and plate 200,000 HUVECs 
in every single culture insert. Centrifuge at 1200 rmp and plate 200,000 
cells in every insert. The Top compartment fits 300-500 µl media and the 
lower compartment 800 µl. 

Day 4: Refresh EGM-2 media in the morning and stimulate HUVEC with 
10 ng/ml recombinant Tumor-Necrosis-Factor (TNF)-α (PeproTech, Rocky 
Hill, NJ) overnight. TNF-α stimulation induces transcription of inflammatory 
mediators such as adhesion molecule ICAM-1. 

Day 5: Refresh EGM-2 media in the morning and start neutrophil isolation. 

NEUTROPhIL ISOLATION

Prepare N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid (HEPES)-
buffer: dilute 7.72 g NaCl (132 mM), 4.76 g HEPES (20 mM), 0.45 g KCl 
(6 mM), 0.25 g MgSO4•7H2O (1 mM), K2HPO4•3H2O (1.2 mM) in 1 L of 
demineralized water and adjust to pH 7.4 (this stock can be stored at 4 
°C for months).

Prepare 10% trisodium citrate (TNC) solution in PBS, pH 7.4
Prepare erythrocyte lysis (155 mM NH

4
CL, 10 mM KHCO

3
, 0.1 mM 

EDTA, pH7.4 in Milli-Q (Millipore)
Prepare HEPES ++ by adding 100 µl 1 M CaCl2 (1 mM), 2.5 ml human 

albumin from a 200 g/L stock concentration (0.5% v/v) and 0.1 g glucose 
to 100 ml (0.1% w/v) HEPES-buffer.

Acquire 20 ml of whole blood in sodium heparine derived from healthy 
donors. Dilute whole blood (1:1) with 5% (v/v) TNC in PBS. Pipette diluted 
blood on 12.5 ml Percoll (room temperature) 1.076 g/ml. Spin the tubes in a 
centrifuge (Rotanta 96R) at 2000 rpm, slow start, low brake for 20 minutes.  
Remove percoll and the ring fraction and lyse the erythrocytes in an ice-cold 
isotonic lysis buffer (155 mM NH

4
CL, 10 mM KHCO

3
, 0.1 mM EDTA, pH7.4 

in Milli-Q (Millipore). Incubate the tube on ice until the suspension turns 
dark red or transparent, continue the process by  centrifugation at 1500 
rpm for five minutes at 4°C. Remove supernatant and leave neutrophils in 
erythrocyte lysis buffer for five minutes on ice, centrifuge again at 1500 
rpm for five minutes at 4°C, wash once with PBS, and centrifuge again at 
1500 rpm for five minutes at 4°C and resuspend neutrophils in HEPES 
medium.

Determine neutrophil counts using a cell counter (Casey) and resuspend 
cells at 5 x 10^6 cells/ml.
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LAbELLING OF NEUTROPhILS wITh CALCEIN-RED ORANGE

Prepare calcein red-orange by adding 12.5 µl DMSO to 50 µg calcein 
red-orange AM (Molecular probes C34851). Solution can be stored at -20 
°C for several months.

Add 2µl calcein red-orange to 2 ml neutrophils 5*10^6/ml and shake 
cells for 30 minutes in a 37°C water bath. 

Wash calcein red-orange labelled cells with 10 ml HEPES ++ buffer and 
spin at 1500 rpm for five minutes at RT.

Resuspend cells in 1 ml HEPES ++ buffer and leave at 37°C until further 
usage.

FITC-DExTRAN PERmEAbILITY ASSAY

Pre-warm thermo pad (Harvard apparatus) at 37°C.
Prepare 3 ml FITC-dextran solution 5mg/ml (Sigma) in HEPES++ medium. 
Prepare 10ml of 0.1 nM C5a (Sigma C-5788) in HEPES.
Create a method on the Infinite F200 pro plate reader (TECAN) using 

the manufacture manual that measures the two fluorescent colors 
leaking through Fluorblok inserts over a period of 30 minutes. Use the 
following settings; temperature must be set to 37 °C. EX BP 485/9 and 
EM BP 535/20 are used to measure FITC-dextran kinetics. EX BP 535/9 
and EM BP 595/20 are used to measure neutrophil (calcein red-orange) 
transmigration kinetics.

Place the 24 well plate containing the Fluorblok inserts on the pre-
warmed thermo pad to prevent the plate from cooling down. Remove 
EGM-2 medium from the upper and lower compartment and fill the lower 
compartment with 800 µl C5a and the upper compartment with 300 µl 
FITC-dextran solution. 

Add 500,000 calcein red-orange labelled neutrophil in the designated 
inserts. 

Treat HUVECs with 1U/ml thrombin (Sigma-Aldrich, St. Louis, USA) 10 
seconds before starting the measurement.

Place the 24 well plate in the plate reader and start the predefined 
method to acquire dextran and neutrophil extravasation.
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RESULTS

To investigate vascular permeability during leukocyte diapedesis, we 
simultaneously measured neutrophil diapedesis kinetics and FITC-dextran 
extravasation across TNFα stimulated endothelial cells (ECs) towards a 
C5a gradient (Fig. 1a). ECs are cultured on Transwells equipped with a 
three µm-pore size filter that blocks all the fluorescence from the dyes 
in the upper compartment, ensuring a good signal-to-noise ratio. Once 
calcein red-orange labelled neutrophils or FITC-dextran enters the lower 
compartment, the plate-reader detects the signal at four distinct locations 
to acquire the kinetics of permeability and extravasation of FITC-dextran 
and labelled neutrophils, respectively, over time. Some variations in 
starting values between wells were observed, these differences may be 
caused by distinct scattering of individual wells and positions in each 
well. Because of the variable starting values we decided to work with the 
average of the four positions and normalize the data to a baseline; the 
average of the first five data points. To test whether changes in endothelial 
barrier could be measured using this setup, we treated ECs with thrombin, 
a vascular permeability-inducing agent, and examined FITC-dextran 
leakage over a period of 30 min. Thrombin provoked opening of cell-
cell junctions and consequently diffusion of FITC-dextran into the lower 
compartment (Fig. 1b). To test whether extravasated neutrophils could 
be detected over time, we added 500.000 neutrophils to each Transwell 
(EC/PMN ratio of 1:2) and followed neutrophil diapedesis towards a C5a 
gradient over time. Transmigrated neutrophils were detected after 5 
minutes of addition and increased up to 7-10 fold within 30 minutes (Fig. 
1c). To investigate vascular permeability during leukocyte diapedesis, 
we simultaneously measured neutrophil diapedesis kinetics and FITC-
dextran leakage across TNFα-stimulated ECs and found that under these 
conditions neutrophil diapedesis across TNF-α-treated ECs was associated 
with minimal FITC-dextran leakage (Fig. 1d). Note that in this particular 
experiment the fold increase of transmigrated neutrophils is lower than 
in Figure 1c. To investigate the source of this variation we checked if 
neutrophil labelling caused these differences. Labelling of neutrophils 
with calcein red-orange does not show significant differences between 
donors (Fig. 1e). Therefore we assume that donor variation, the intrinsic 
ability of neutrophils to migrate across the endothelium, is the source of 
this variation. Thus, endothelial cells are equipped with mechanisms to 
maintain a tight EC barrier during neutrophil diapedesis.
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Figure 1
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Figure 1 Endothelial cells maintain barrier function during leukocyte diapedesis. (a) Schematic 
illustration of a transwell fluoroblok cell culture insert. ECs were cultured on cultured on 
3µm pore permeable filters. 70kDa FITC-dextran was added to the top compartment and 
a C5a chemotactic gradient was created through C5a addition to the lower compartment. 
(b) Kinetics of FITC-dextran leakage through ECs after thrombin stimulation. (c) Neutrophil 
transmigration kinetics towards a C5a chemotactic gradient. (d) Extravasation kinetics 
of FITC-dextran and calcein-red labelled neutrophils through TNF-α treated (overnight) 
HUVECs. Neutrophils transmigrated towards a C5a chemotactic gradient (e) Quantification 
of fluorescent calcein red-orange labelled neutrophil from different donors. 
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Tuba, FGD5, Ect2, LARG, Bcr and ARHGAP11a regulate vascular 
permeability during neutrophil diapedesis

Endothelial barrier function during leukocyte diapedesis is regulated 
through the generation of endothelial F-actin-rich contractile rings that 
require local RhoA activation (Heemskerk et al. 2016). Moreover, Rac1 
controls the basal resistance of endothelial monolayers. However, which 
guanine-nucleotide exchange factors (GEFs) or GTPase activating proteins 
(GAPs) regulate local and specific GTPase activity during leukocyte 
diapedesis is not completely clear. To investigate this, we performed 
a screen of shRNA’s targeting 25 endothelial Rho GEFs and GAPs and 
examined dextran leakage under basal but also during neutrophil 
extravasation using the above described experimental set-up (Fig. 1a). 
Since antibodies for each individual GEF or GAP were not available, ECs 
were grown in the presence of puromycin, an antibiotic used for selection 
in order to increase knockdown efficiency. To organize the GEF/GAP 
screen we divided the knockdown results into three distinct categories: 
1. the regulation of basal monolayer resistance; 2. limiting permeability 
during diapedesis, and 3. neutrophil diapedesis efficiency. 

Four Rho-GEFs and 2 Rho-GAPs were found to be involved in limiting 
endothelial leakage during neutrophil extravasation. Endothelial Tuba 
depletion did not alter basal endothelial barrier function or efficient 
neutrophil TEM (Fig. 2a). However, permeability gradually increased when 
neutrophil TEM occurred, indicating that Tuba is involved in limiting 
leakage during neutrophil TEM (Fig. 2a). In addition to Tuba, we found the 
Rho GEFs FGD5, Ect2, LARG and Bcr as potential regulators of endothelial 
pore formation (Fig. 2b). Among the Rho-GAPs we found ARHGAP11a 
and potentially the GAP domain of Bcr to be involved in the regulation of 
endothelial leakage during neutrophil diapedesis (Fig. 2b). Thus, several 
Rho-GEFs and Rho-GAPs that are recognized for their specificity towards 
RhoA and Cdc42 may potentially be involved in controlling vascular 
leakage during leukocyte TEM. 

TRIO, Vav2, β-pix, Nm23-H1, PLEKH1, CdGAP, DLC1 and ARAP3 
regulate basal endothelial junction integrity

From our screen, we found 5 Rho-GEFs and 3 Rho-GAPs to be involved 
in the regulation of basal endothelial barrier function. Our recent work 
demonstrates that TRIO-deficient ECs show instable VE-cadherin-based 
cell-cell junctions (Timmerman, Heemskerk, Kroon, Schaefer, Rijssel, et al. 
2015). In agreement with this study, TRIO-deficient ECs showed impaired 
endothelial barrier under basal conditions and consequently diffusion 
of FITC-dextran into the lower compartment of the Transwell (Fig. 3a). 
In addition to TRIO, we found the Rho-GEFs VAV2, ARHGEF7, NME1 and 
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PLEKHG1 and the Rho-GAPs ARHGAP31, Deleted in Liver Cancer 1 (DLC1) 
and ARAP3 as potential candidates that regulate basal endothelial barrier 
function (Fig. 3b). Thus, we identified Rho GEFs and GAPs that all function 
in regulating the endothelial barrier maintenance, either in resting 
conditions or during leukocyte TEM events.

DISCUSSION

Endothelial barrier function during leukocyte diapedesis is regulated 
through the generation of F-actin rich contractile endothelial pores that 
require local RhoA activation (Heemskerk et al. 2016). Additionally, it 

Figure 2
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Figure 2 A set of Rho GEFs and GAPs that limits vascular leakage during leukocyte diapedesis. 
(a) Extravasation kinetics of FITC-dextran and calcein-red labelled neutrophils through 
TNF-α treated Tuba deficient ECs. (b) Rho GEFs and Rho GAPs involved in endothelial pore 
formation. 
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is also well established that RhoA is involved in contraction-mediated 
opening of endothelial cell-cell junctions, for instance upon thrombin or 
histamine treatment (Amerongen et al. 2000; Mikelis et al. 2015). Also 
the small GTPase Rac1 is recognized for its role not only in stabilizing 
endothelial cell-cell junctions but also during the recovery phase after 
junction disruption (Daneshjou et al. 2015; Timmerman, Heemskerk, 
Kroon, Schaefer, Rijssel, et al. 2015). However, when and where these 
GTPases are activated and inactivated by GEFs and GAPs is not well 
understood. These proteins are recognized for their local GTPase activity 
regulation. To understand which GEFs and/or GAPs are controlling this, we 
performed a screen of short hairpin RNAs targeting 25 distinct endothelial 
Rho GEFs or GAPs to identify candidates that regulate permeability of 

Figure 3
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Figure 3 Potential Rho GEFs and GAPs involved in the stabilization of EC junctions. (a) 
Extravasation kinetics of calcein red-orange labelled neutrophils and FITC dextran through 
TRIO deficient ECs stimulated with TNF-α overnight. (b) Rho GEFs and Rho GAPs involved in 
endothelial barrier function.
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endothelial cells during diapedesis or under resting conditions. Note that 
this method does not exclude GEFs or GAPs but was solely intended to 
identify new candidates involved in endothelial pore regulation which 
should be additionally validated. We found six Rho-GEFs and/or GAPs with 
activity towards RhoA and Cdc42 that are involved in the regulation of 
permeability during leukocyte diapedesis and discovered eight Rho GEFs 
and/or GAPs with enzymatic activity towards Rac1 that are involved in the 
regulation of basal endothelial junction integrity (Table 1 and 2). 

We showed that endothelial permeability during neutrophil diapedesis 
is limited by the formation of an F-actin-rich endothelial pore that 
surrounds extravasating neutrophils. Mechanistically it has been shown 
that ICAM-1 clustering and exerted force on ICAM-1 recruits the Rho-GEFs 
LARG, known to control RhoA activity (Lessey-Morillon et al. 2014). These 
signals result in endothelial pore confinement and consequently limit 
vascular permeability during a neutrophil breaching event (Heemskerk et 
al. 2016; Lessey-Morillon et al. 2014). In line with these studies, we found 
the Rho-GEFs Ect2 and LARG to be involved in prevention of vascular 
leakage during neutrophil diapedesis. The Rho-GEF LARG contains a 
regulator of G-protein signaling (RGS) homology (RH) domain located at 
the N-terminus that binds to activated heterotrimeric G protein α12/13 
(Suzuki et al. 2003). In line, it would be interesting to investigate the role 
of G protein activation in the endothelial pore regulation, in particular 
because intracellular vesicles including chemokines are locally released 
into pore guiding directional transmigration of neutrophils (Shulman et 
al. 2011). This may open up a regulatory mechanism for additional Rho-
GEFs, like the ones we identified here. 

In addition to a role for RhoA-specific GEFs, we found the Cdc42-specific 
Rho GEFs Tuba and FGD5 as potential regulators of limiting vascular 

Gene name Rho GTPase target Activity 

Tuba Cdc42 GEF 

FGD5 Cdc42 GEF 

Ect2 RhoA, Rac1, Cdc42 GEF 

LARG RhoA, RhoC GEF 

Bcr 
RhoA (GEF), 
Rac1(GAP), Cdc42 

GEF/GAP 

ARHGAP11a RhoA, RhoB, RhoC GAP 

 

Table 1. Rho GEFs and GAPs regulating endothelial pore formation
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leakage during TEM. The properties of Tuba have been linked to both 
Rho-GTPase signaling and F-actin assembly. The N-terminal domain of 
Tuba binds dynamin through its Src homology-3 (SH-3) domains, whereas 
similar SH-3 domains in the C-terminus provide the binding site for a variety 
of actin-regulatory proteins, including N-WASP and Ena/VASP proteins. 
Interestingly, N-WASP was detected in the so-called docking structures, 
endothelial apical membrane protrusions that surround transmigrating 
leukocytes (Mooren et al. 2014). In addition, N-WASP and Ena/VASP have 
been identified as key effectors of Listeria entry into cells (Bierne et al. 
2005). Potentially, (part of) this signaling mechanism may also be used 
by endothelial cells during leukocyte diapedesis. Moreover, Tuba may 
control endothelial membrane curvature during leukocyte crossing, since 
Tuba contains a Bin/amphiphysin/Rvs (BAR) domain instead of a classical 
plekstrin-homology (PH) domain. These BAR domains are lipid binding 
domains that are recruited to curved membranes (Salazar et al. 2003). 
Although the mechanisms of Tuba recruitment to diapedesis sites are not 
understood, we speculate that Tuba is recruited to endothelial membrane 
curvatures that are induced by probing neutrophils and consequently 
act as a scaffold protein to support local GTPase signaling and F-actin 
assembly. 

In epithelial cells, Tuba controls the linearity of cell-cell junctions 
through local activation of Cdc42 that creates junctional surface tension 
and, supported by the cortical actin cytoskeleton, causes the linear 
morphology of apical endothelial junctions (Otani et al. 2006). Moreover, 
Tricellulin, a protein located at tricellular contacts regulates junctional 

Gene name Rho GTPase target Activity 

TRIO Rac1, RhoG, RhoA GEF 

VAV2 Rac1, RhoG, RhoA, Cdc42 GEF 

Β-PIX Rac1, Cdc42 GEF 

Nm23-H1 
Rac1 (Tiam1), Cdc42 (Dbl) 
Arf6 

GEF 

PLEKHG1 RhoA, RhoB, RhoC, Cdc42 GEF 

CdGAP Rac1, Cdc42 GAP 

DLC1 RhoA, RhoB, RhoC, Cdc42 GAP 

ARAP3 RhoA, Arf6 GAP 

 

Table 2. Rho GEFs and GAPs regulating basal endothelial barrier
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tension of epithelial cells through Tuba (Oda et al. 2014). This might be 
of particular interest because it has been suggested that neutrophils may 
prefer crossing the endothelium at tricellular contacts (Burns et al. 1997; 
Rabodzey et al. 2008). 

In addition to Tuba, we found the Rho-GEF FGD5 as a potential regulator 
of vascular leakage limitation during TEM. This is in agreement with a 
recent study showed that Rap1 potentiate EC junctions through activation 
of FGD5. Mechanistically, FGD5 strengthens EC junctions by formation of 
circumferential actin bundles that are induced through activation of Cdc42, 
MRCK and myosin-II (Ando et al. 2013). From these data, we speculate 
that the borders of paracellular endothelial pores require stabilization of 
cell-cell junctions to ensure endothelial pore integrity, FGD5 may play a 
role in the potentiation of EC junctions at the endothelial pores margins. 
Among Rho-GAP involvement, we found potential roles for the Rho-GAPs 
Bcr and ARHGAP11a to be involvement in endothelial pore regulation. 
The enzyme activity of Bcr is intriguing since is contains a centrally 
located GEF domain that has been shown to activate RhoA (Dubash et al. 
2013; Sahay et al. 2008) and a c-terminal GAP domain important for Rac1 
inactivation (Kweon et al. 2008). Although the mechanisms of junctional 
destabilization prior to leukocyte diapedesis are not completely clear we 
may speculate that junctional opening underneath adherent leukocytes 
requires local inactivation of Rac1.

ARHGAP11a depletion induced a massive increase in vascular 
permeability during leukocyte diapedesis. However, nothing is known 
about the functional role of ARHGAP11a in endothelial cells. In epithelial 
cells, ARHGAP11a has been shown to be involved in cell-cycle arrest and 
apoptosis (Xu et al. 2013). On the contrary in some cancers increased 
expression of ARHGAP11a is involved in RhoA inhibition and thereby 
increasing cancer cell motility and invasiveness (Kagawa et al. 2013). 
Future research on ARHGAP11a in ECs is needed to elucidate its functional 
role in endothelial barrier protection during neutrophil diapedesis. 

The role of several GTPases including RhoA, Rac1 and Cdc42 in the 
regulation of basal endothelial barrier have been extensively investigated, 
however which GAPs and GEFs regulate local GTPase cycling at endothelial 
junctions is poorly understood. Previously we found that the GEF TRIO 
regulates EC junctions through local activation of Rac1 (Timmerman, 
Heemskerk, Kroon, Schaefer, Rijssel, et al. 2015). Our screen underscores 
these findings. In addition we found the GEF VAV2 to be involved in basal 
endothelial barrier regulation. In line with this, Vav-2 and Rac1 activation 
have both been described to strengthen endothelial junctions (Schlegel 
and Waschke 2013). In contrast, Vav-2 has also been shown to be involved 
in the internalization of VE-cadherin after VEGF stimulation causing 
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increased vascular permeability (Gavard and Gutkind 2006). Because Vav2 
is very promiscuous, activating Rac1, RhoA, Cdc42 and RhoG it is not 
surprising Vav2 is found to be involved in several signaling routes involving 
junctional regulation. In our screen depletion of endothelial β-pix, a Rho 
GEF for Rac1 and Cdc42, resulted in increased basal permeability but no 
effect on leukocyte TEM. In contrast to our findings of β-pix involvement 
in regulation of basal EC barrier integrity, β-pix has been shown to play 
a pivotal role in LPS-mediated induction of vascular permeability in vivo 
(Stockton et al. 2007). Again this could be explained by the promiscuous 
nature of GEFs. In contrast to the study of Stockton et al, Tiam1 and β-pix 
have also been implicated in strengthening of the endothelial barrier 
in response to OxPAP-C (Birukova et al. 2007). This is in line with our 
finding that β-pix plays a role in the junctional stabilization. Moreover, 
β-pix has been shown to play a pivotal role in junctional stabilization of 
cerebral vessels during zebrafish development (Liu et al. 2007). These 
findings indicate that a similar exchange factor can have other functions 
in different tissues or during different stages of development. Moreover 
basal endothelial integrity was impaired upon depletion of Nm23-H1, a 
nucleoside diphosphate kinase, highly expressed in HUVEC that functions 
as a scaffold protein for the Rho GEFs Dbl and Tiam1 (Van Buul, Geerts, 
and Huveneers 2014). 

Recently, EMMPRIN-deficient mice show impaired recruitment of 
Nm23-H1 to endothelial junctions resulting in altered VE-cadherin 
localization and increased vascular permeability (Moreno et al. 2014). In 
agreement with these findings, we found that the permeability in Nm23-
H1-deficient ECs was increased. In epithelial cells, Nm23-H1 recruitment by 
ADP-ribosylation factor 6 (ARF-6) controls clathrin-dependent endocytosis 
of E-cadherin-based junctions regulating junctional disassembly (Palacios 
et al. 2002). Moreover, Nm23-H1 recruitment to cell-cell contacts inhibits 
Rac1 activity through inactivation of the Rho GEF Tiam1, which is thought 
to play a critical role in contact inhibition (Tanaka, Kuriyama, and Aiba 
2012). Thus, Nm23-H1 may control endothelial permeability through 
altered VE-cadherin endocytosis or recycling (Wessel et al. 2014). 

Another Rho-GTPase regulator that associates with the small GTPase 
ARF6 is the Rho-GAP ARAP3. ARAP3-deficient mice and zebrafish are 
embryonically lethal due to defects in angiogenesis during embryonic 
development (Gambardella et al. 2010; Kartopawiro et al. 2014). Our 
data, showing increased endothelial permeability in ARAP3 deficient ECs, 
underscores the role of ARAP3 in vascular integrity also after embryonic 
development. Depletion of the Rho-GAP DLC1 promotes endothelial 
permeability. In line with our findings, in HEK 293 cells DLC-1 interacts 
with α-catenin, resulting in stabilization of adherens junctions through 
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local inhibition of Rho-GTPase activity (Tripathi, Popescu, and Zimonjic 
2012). Finally, we found that depletion of PLEKH1 a Rho-GEF for RhoA-C 
and Cdc42 and CdGAP a Rho GAP for Rac1 and Cdc42 (Lamarche-Vane 
and Hall 1998) reduced endothelial barrier function. Future research on 
PLEKH1 and CdGAP in endothelial junction regulation is interesting since 
the function of PLEKH1 and CdGAP in ECs is unknown. 

In conclusion, we discovered several Rho GEFs and GAPs involved in 
the regulation of the endothelial barrier under basal conditions or during 
leukocyte diapedesis. GEFs and GAPs provide specificity to broadly 
involved GTPase cycles triggered in many distinct cellular signaling 
pathways. Exactly this feature makes GEFs and GAPs an important subject 
for future research.
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