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VE-PTP inhibition stabilizes endothelial junctions
by activating FGD5
Laura J Braun1, Maren Zinnhardt1, Matthias Vockel1,†, Hannes C Drexler1, Kevin Peters2 &

Dietmar Vestweber1,*

Abstract

Inhibition of VE-PTP, an endothelial receptor-type tyrosine phos-
phatase, triggers phosphorylation of the tyrosine kinase receptor
Tie-2, which leads to the suppression of inflammation-induced
vascular permeability. Analyzing the underlying mechanism, we
show here that inhibition of VE-PTP and activation of Tie-2 induce
tyrosine phosphorylation of FGD5, a GTPase exchange factor (GEF)
for Cdc42, and stimulate its translocation to cell contacts. Interfer-
ing with the expression of FGD5 blocks the junction-stabilizing
effect of VE-PTP inhibition in vitro and in vivo. Likewise, FGD5 is
required for strengthening cortical actin bundles and inhibiting
radial stress fiber formation, which are each stimulated by VE-PTP
inhibition. We identify Y820 of FGD5 as the direct substrate for
VE-PTP. The phosphorylation of FGD5-Y820 is required for the
stabilization of endothelial junctions and for the activation of
Cdc42 by VE-PTP inhibition but is dispensable for the recruitment
of FGD5 to endothelial cell contacts. Thus, activation of FGD5 is a
two-step process that comprises membrane recruitment and
phosphorylation of Y820. These steps are necessary for the junc-
tion-stabilizing effect stimulated by VE-PTP inhibition and Tie-2
activation.
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Introduction

Endothelial cells determine the permeability of the blood vessel wall

and thereby control extravasation of solutes, macromolecules, and

leukocytes. During inflammation, vascular permeability is locally

increased in the microcirculation, which enables plasma proteins

and leukocytes to fight infections. However, hyperpermeability

causes severe consequences in diseases such as diabetes and can be

catastrophic in acute settings such as stroke, myocardial infarction,

or acute respiratory distress syndrome.

Molecular mechanisms that enhance vascular permeability in

inflammatory settings target specifically junctions between endothe-

lial cells. Endothelial junction integrity relies on several adhesion

molecules among which vascular endothelial (VE)-cadherin is of

major importance [1–3]. It is essential for the formation of these

junctions and the entire vascular system during embryonic develop-

ment [4,5]. Interference with the function of VE-cadherin by adhe-

sion-blocking antibodies is sufficient to enhance leukocyte

extravasation [6] and vascular permeability [7] in vivo, and enhanc-

ing the interaction of VE-cadherin with the actin cytoskeleton

blocked both of these processes [8]. However, when different

organs were compared it was found that adhesion-blocking antibod-

ies [7] and the conditional inactivation of the VE-cadherin gene [9]

were sufficient to enhance vascular permeability in some, but not in

all, organs of the mouse. Even the structural integrity of endothelial

junctions as judged by electron microscopy was not affected by

ablating the VE-cadherin gene in adult mice [9].

The VE-protein tyrosine phosphatase (PTP) associates with VE-

cadherin and supports its function [10,11]. Inflammatory cytokines

as well as leukocytes docking to endothelium dissociate VE-PTP

from VE-cadherin [11,12], a process which is required in vivo for

the induction of enhanced vascular permeability [13]. The associa-

tion of VE-PTP with VEGFR-2 is also potentially relevant for the

regulation of VEGF-mediated effects on endothelial junctions

[14,15].

VE-PTP also associates with Tie-2, an endothelial tyrosine kinase

receptor involved in angiogenesis and vascular remodeling [16,17].

Gene inactivation of VE-PTP causes embryonic lethality at midgesta-

tion due to overactivation of Tie-2 and enhanced endothelial

proliferation and vessel enlargement [17–19]. Besides vascular

remodeling, Tie-2 is well known to protect the vasculature against

plasma leakage induced by various pro-inflammatory mediators

[20–22]. The importance of VE-PTP for this junction-protective effect

of Tie-2 was first suggested by the beneficial effect of the VE-PTP

inhibitor AKB-9778 in mouse models of retinopathy. The inhibitor

suppressed ocular neovascularization and blocked VEGF-induced

vascular leakage and retinal detachment [23].
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Directly comparing the effects of VE-PTP on VE-cadherin and on

Tie-2 in the adult mouse, we found recently that the inhibitor AKB-

9778 as well as conditional gene inactivation of VE-PTP could coun-

teract histamine, VEGF, and LPS-induced vascular permeability in

various organs. This effect was mediated by Tie-2, since it was

strongly reduced upon silencing the expression of Tie-2 in these

mice [9]. Of note, baseline vascular permeability was enhanced by

the VE-PTP inhibitor in vivo in the absence of Tie-2, revealing the

supportive effect of VE-PTP on VE-cadherin under these conditions.

Thus, inhibition of VE-PTP in vivo has opposing effects on endothe-

lial junctions due to its different effects on VE-cadherin and on Tie-

2. However, activation of Tie-2 via inhibition of VE-PTP protects

endothelial junctions against inflammation-induced destabilization

and even overrides the negative effect of VE-PTP inhibition on the

junction-stabilizing function of VE-cadherin [9].

Mechanistically, Tie-2 signaling was suggested to counteract

VEGF-induced permeability across endothelial monolayers by block-

ing VE-cadherin endocytosis [24]. In addition, it was shown that the

Tie-2 ligand angiopoietin-1 (Ang1) activated the GTPase Rac1 which

in turn blocked the activation of RhoA and thereby relieved the

pulling forces of actomyosin radial stress fibers (RSF) on endothelial

junctions [22,25]. We could confirm this and found that the activa-

tion of Rap1 is an additional essential signaling step downstream of

Tie-2 and upstream of Rac1 activation in this pathway [9]. Rap1 is a

well-characterized GTPase known to enhance the stability of

endothelial junctions [26–29]. Stimulation of the GEF Epac1 by

pharmacologically enhancing intracellular cAMP levels or by a

cAMP analogue (007) triggers the activation of Rap1, enhances the

formation and tension of junction-stabilizing circumferential actin

bundles (CAB), and reduces pulling forces on junctions by counter-

acting RSF formation [30–33].

FGD (FYVE, RhoGEF, and PH domain containing) 5 is a GEF of

Cdc42 and belongs to the FGD GEF family that contains FGD1 to

FGD6 as well as the FGD1-related Cdc42-GEF (FRG). They all share

a Dbl homology, a FYVE, and two pleckstrin homology (PH)

domains. FGD5 is by far the largest member in this family contain-

ing 30 tyrosine residues in the mouse and a large N-terminus

comprising about half of the molecule which is potentially unstruc-

tured. This GEF was reported to be specifically expressed in

hematopoietic stem cells [34] and in endothelial cells based on

in situ hybridization and was found to be involved in vascular

pruning, endothelial cell network formation, and directional move-

ment in the mouse embryo [35,36]. In cultured endothelial cells, it

has been implicated in the stabilization of endothelial junctions,

where it was acting downstream of the cAMP-Epac1-Rap1 pathway,

stimulating Cdc42-dependent activation of the kinase MRCK which

phosphorylated S19 of the regulatory light chain of non-muscle

myosin II, stimulating junctional CAB [30]. This was reproduced by

Pannekoek et al [33], although in this study silencing of FGD5 had

only a limited effect on cAMP-Epac1-Rap1-mediated junction stabi-

lization.

Here, we have analyzed the mechanism whereby the inhibition

of VE-PTP stabilizes endothelial junctions. Searching for targets of

VE-PTP, we identified FGD5 as a direct substrate. Determining

which tyrosine residue is targeted by VE-PTP enabled us to show

that tyrosine phosphorylation of FGD5 is required for the full activa-

tion of FGD5. We found that VE-PTP inhibition triggers enhanced

FGD5 phosphorylation by blocking its dephosphorylation as well as

by activating the kinase activity of Tie-2. FGD5 was required for the

junction-stabilizing effect of a VE-PTP inhibitor in vitro and in vivo.

These effects were due to enhancing circumferential actin bundles

as well as blocking the tension of radial stress fibers on junctions.

Results

FGD5 is a substrate of VE-PTP

In order to understand more about the mechanism of how VE-PTP

modulates endothelial junction integrity, we searched for novel

substrates of this tyrosine phosphatase. To this end, changes of

protein phosphorylation were analyzed by comparing untreated

mouse bEnd.5 cells with cells treated for 30 min with the VE-PTP

inhibitor AKB-9778. Tryptic digests of cell lysates were subjected to

affinity isolation on TiO2 microspheres, and isolated phospho-

peptides from each cell population were analyzed and compared by

mass spectrometry. In total, 6,569 class I phosphosites could be

identified across both samples measured by two methods (HCD and

MSA, see Materials and Methods). Of these, 341 phosphosites were

specifically detected in the AKB-9778-treated samples with a local-

ization probability > 0.75 in both the HCD- and the MSA-based

measurements, among them a considerable fraction of phospho-

tyrosine sites (n = 56, 16.4%; Dataset EV1). Several of the identified

phosphosites were found in proteins that are potentially relevant for

the regulation of junctions, such as FGD5, Tie-2, Tie-1, ZO-1,

claudin-5, p120, VEGFR-3, JAM-C, neuropilin-1, afadin, PAR-3,

ArhGAP12, and SHP-2. Since another proteomics approach showed

that the Cdc42 GEF FGD5 was one of the major proteins isolated

with an anti-phospho-tyrosine antibody from bEnd.5 cells after

AKB-9778 treatment (Drexler et al, unpublished), we decided to

analyze this protein further.

To verify the substrate character of FGD5, bEnd.5 mouse

endothelioma cells were briefly pre-treated with peroxyvanadate,

and cell lysates were subjected to pull-down assays with a GST-VE-

PTP fusion protein containing the cytoplasmic tail of VE-PTP (fused

to glutathione S-transferase) and an analogous protein carrying an

inactivating CS/DA point mutation in the active center of the phos-

phatase domain. The mutation leaves substrate recognition intact,

yet the phosphatase activity is lost, which strongly stabilizes the

enzyme–substrate interaction. For the detection of mouse FGD5,

polyclonal antibodies were raised against and purified on a recombi-

nant form of the first 248 amino acids of FGD5 (Fig EV1). As shown

in Fig 1A, the phosphatase-dead trapping mutant of VE-PTP bound

strongly to FGD5, whereas binding to the WT protein was hardly

stronger than to the GST-negative control. In agreement with this

result, FGD5 could only be efficiently immunoprecipitated from

HUVEC lysates with an anti-phospho-tyrosine antibody when these

cells were pre-treated for 30 min with the VE-PTP inhibitor AKB-

9785 (Fig 1B). Corresponding to this finding, knocking down VE-

PTP in HUVEC by siRNA enhanced tyrosine phosphorylation of

FGD5 as shown in immunoblots (Fig 1C). Subcutaneous administra-

tion of AKB-9785 in mice for 1 h followed by immunoprecipitation

of FGD5 from lung lysates and subsequent anti-phospho-tyrosine

immunoblotting also revealed a 3- to 3.5-fold increase in pY levels

of FGD5 in vivo (Fig 1D). We conclude that FGD5 is a substrate of

VE-PTP.
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FGD5 translocates to cell contacts upon VE-PTP inhibition

Activation of GEFs is usually accompanied by recruitment to

membranes at their site of action. For FGD5, it had been reported

that it is translocated to endothelial cell contacts upon activation of

the Rap1 GEF Epac1 with the cAMP analogue 8-pCPT-20-O-Me-cAMP

(007) [30]. Therefore, we tested whether inhibition of VE-PTP

would have a similar effect. As shown in Fig 2A and B, AKB-9785

indeed enhanced the recruitment of FGD5 to junctions of HUVEC

monolayers in a similar way as the reagent 007. At the same time,

we observed a straightening of endothelial junctions (judged by

staining for VE-cadherin) and reduced radial stress fibers. VE-

cadherin staining levels were unchanged at cell contacts (Fig 2C).

Due to the similarities of the effects, we tested whether 007 would

also stimulate the phosphorylation of FGD5. However, immunoblot

analysis revealed that only AKB-9785 but not 007 treatment of

HUVEC triggered tyrosine phosphorylation of FGD5 (Fig 2D). This

strongly suggests that tyrosine phosphorylation of FGD5 is not

required for its recruitment to junctions.

We have shown recently that Tie-2 activation, induced by VE-

PTP inhibition, leads to the activation of Rap1. Furthermore, Rap1

was needed for the junction-stabilizing effect of the VE-PTP inhi-

bitor [9]. Therefore, we tested whether Rap1, although not sufficient

to trigger tyrosine phosphorylation of FGD5, would be involved in
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Figure 1. FGD5 is a substrate of VE-PTP.

A bEnd.5 cells were stimulated with peroxyvanadate for 7 min, lysed, pre-cleared by incubation with GST, and submitted to pulldowns with GST, GST-VE-PTP-WT, or
GST-VE-PTP-CS/DA (as indicated). Pulldowns and total cell lysates were analyzed by immunoblot for FGD5, GST, and a-tubulin.

B Lysates of HUVEC treated with vehicle (�) or 5 lM AKB-9785 (+) for 30 min were submitted to immunoprecipitation (IP) with 4G10. Precipitates were immunoblotted
for FGD5 and cell lysates for FGD5 and a-tubulin.

C Lysates of HUVEC transfected with VE-PTP-targeting or control siRNA were submitted to immunoprecipitation of FGD5. Precipitates and lysates were immunoblotted
for phospho-tyrosines (4G10), FGD5, VE-PTP and a-tubulin.

D FGD5 was precipitated from total lung lysates of C57BL/6 mice that received subcutaneous injections of vehicle or AKB-9785 for 1 h. Precipitates and lysates were
immunoblotted for phospho-tyrosines (4G10), FGD5, PECAM-1 and a-tubulin.

Data information: Results are representative of two (D) or three (A–C) independent experiments.
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this process. To this end, we inhibited the expression of Rap1a/b in

HUVEC by siRNA and re-analyzed the effects of AKB-9785 on junc-

tion recruitment and tyrosine phosphorylation of FGD5. As shown

in Fig 2G, Rap1a/b expression was largely repressed. The conse-

quence was a strong inhibition of AKB-9785-induced junction

recruitment of FGD5 (Fig 2E and F), whereas the induction of
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tyrosine phosphorylation was unaffected (Fig 2G and H). We

conclude that Rap1 is needed for the recruitment of FGD5 to junc-

tions upon VE-PTP inhibition, but is not involved in the tyrosine

phosphorylation of FGD5 downstream of VE-PTP.

Stimulation of Tie-2 activates FGD5

Since VE-PTP inhibition stabilizes endothelial junctions by activat-

ing Tie-2 [9], we tested whether Tie-2 would be relevant for the

induction of tyrosine phosphorylation of FGD5. To this end, we

transfected HUVEC with siRNA targeting Tie-2 and stimulated with

AKB-9785 48 h later. Western blots of immunoprecipitated FGD5

revealed a 44% reduction of phospho-tyrosine levels upon Tie-2

siRNA treatment (Fig 3A and B). Thus, either Tie-2 itself or a kinase

downstream of Tie-2 is responsible for the phosphorylation of

FGD5. Since inhibition of Tie-2 expression was highly efficient, it is

unlikely that the remaining phosphorylation of FGD5 was due to

residual Tie-2. Therefore, it cannot be excluded that another kinase

is also involved in the phosphorylation of FGD5.

Next, we tested whether direct stimulation of Tie-2 with the

agonist Ang1, without inhibiting VE-PTP, would also stimulate

FGD5. We found that the treatment of confluent HUVEC monolayers

with recombinant COMP-Ang1 was sufficient to stimulate FGD5

tyrosine phosphorylation and translocation of FGD5 to cellular junc-

tions (Fig 3C–E). Likewise, Ang1 was able to stimulate Cdc42 acti-

vation, as was analyzed by a colorimetric Cdc42 G-LISA assay

(Fig 3F). Thus, FGD5 acts downstream of Tie-2 and could be

involved in the junction-stabilizing effect of this receptor.

FGD5 is required in vitro for the endothelial junction-stabilizing
effect of VE-PTP inhibition

To analyze the functional relevance of FGD5, we tested whether

inhibition of FGD5 expression would interfere with the junction-

stabilizing effect induced by VE-PTP inhibition or Tie-2 activation.

To this end, we transfected HUVEC with FGD5 siRNA, seeded them

on Transwell filters, and tested the effect of AKB-9785 on paracellu-

lar permeability induced by thrombin. Under control siRNA condi-

tions, thrombin-induced permeability for FITC-dextran was

prevented by AKB-9785 (Fig 4A). In contrast, upon depletion of

FGD5, AKB-9785 could no longer significantly compensate the

permeability-enhancing effect of thrombin (Fig 4A). FGD5

expression was inhibited by siRNA by 83% as determined by immu-

noblot analysis (Fig 4B). Since endothelial cells also express FGD1

and FGD6, we analyzed whether FGD5 siRNA or control siRNA

would interfere with the mRNA levels of FGD1, FGD5, and FGD6.

We found reduction of the mRNA level solely for FGD5 (Fig 4C).

To analyze endothelial junction integrity by an alternative

method, we applied the electric cell impedance sensing (ECIS) tech-

nique. Control or FGD5 siRNA-treated HUVEC were cultured on

ECIS slides; treated for 30 min with COMP-Ang1, AKB-9785, or

vehicle; and then exposed to thrombin. As shown in Fig 4D (direct

resistance measurements in Fig EV2), COMP-Ang1 and AKB-9785

partially compensated the loss of electrical resistance caused by

thrombin, whereas this compensating effect was lost when FGD5

expression was inhibited by siRNA. Thus, FGD5 is essential for the

junction-stabilizing effect caused by VE-PTP inhibition or Tie-2 acti-

vation. Interestingly, FGD5 siRNA had no effect on basal permeabil-

ity for FITC-dextran in Transwell filter assays (Fig 4E).

VE-PTP inhibition requires FGD5 to counteract histamine-induced
vascular permeability in vivo

We have shown previously that VE-PTP inhibition protects in vivo

against histamine-induced vascular permeability in the skin and

that this effect was mediated by the activation of Tie-2 [9]. To

analyze whether FGD5 is required for this protection against the

induction of vascular permeability, we used an in vivo siRNA

approach for FGD5. Stabilized siRNA targeting FGD5 and control

siRNA were intravenously injected in combination with a polyethy-

leneimine-based transfection reagent, and knockdown efficiency

was determined 48 h later by immunoblot analysis of lung lysates.

Administration of in vivo FGD5 siRNA efficiently inhibited FGD5

expression by 80% (�5%) as determined for 16 mice (Fig 5A and

B). The expression of endothelial markers such as VE-cadherin, Tie-

2, VE-PTP, and PECAM-1 was not compromised. This siRNA

approach was combined with a Miles assay for the skin. Based on

i.v. injected Evans blue and intradermal challenge with histamine,

we found that permeability induction was clearly reduced by AKB-

9785 in mice treated with control siRNA, whereas this protective

effect of AKB-9785 was largely lost in mice with blocked expression

of FGD5 (Fig 5C). Silencing efficiency is documented for some of

these mice in Fig 5D. These results suggest that FGD5 is required

for the vascular barrier-protective effect of VE-PTP in vivo.

◀ Figure 2. Rap1 mediates translocation to cell contacts but not phosphorylation of FGD5 upon VE-PTP inhibition.

A Confluent HUVEC monolayers were stimulated with vehicle, 200 lM 007, or 5 lM AKB-9785 for 20 min. Cells were fixed, permeabilized, and stained for FGD5, VE-
cadherin, and F-actin. Scale bars 30 lm.

B Quantification of FGD5 signal intensities at cell contacts relative to FGD5 signal intensities in adjacent areas of the cytoplasm of 20–25 cells as shown in (A).
C Quantification of VE-cadherin signals at cell–cell junctions relative to cytoplasmic signals of 20–25 cells as displayed in (A).
D FGD5 was immunoprecipitated from HUVEC lysates after stimulation with 200 lM 007 for 20 min or 5 lM AKB-9785 for 30 min. Precipitates and lysates were

immunoblotted for phospho-tyrosines (4G10), FGD5, and a-tubulin.
E HUVEC were transfected with Rap1a/b-targeting or control siRNA and treated with 5 lM AKB-9785 or vehicle. Fixed and permeabilized monolayers were stained for

FGD5 and F-actin. Scale bars 30 lm.
F FGD5 signal intensities at cell contacts relative to FGD5 signal intensities in the cytoplasm of 20–25 cells as shown in (E).
G FGD5 immunoprecipitates from HUVEC transfected with Rap1a/b-targeting or control siRNA and treated with 5 lM AKB-9785 or vehicle for 30 min were

immunoblotted for 4G10 and FGD5, and cell lysates for Rap1 and a-tubulin.
H Quantification of 4G10 signals as shown in (G). 4G10 signal intensities are displayed relative to the amount of precipitated FGD5 in the respective sample and

normalized to control siRNA- and vehicle-treated cells.

Data information: Graphs represent mean � SEM. Results are representative of three (A, D, G) or four (E) independent experiments or pooled from three (B, C, H) or four
(F) independent experiments. Statistical significance was tested using one-way (B) or two-way ANOVA (F, H) ***P < 0.001, n.s., not significant.
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FGD5 is required for the induction of cortical actin bundles and
for the suppression of radial stress fibers

Thrombin is known to interfere with endothelial junction integrity

by stimulating the formation of radial stress fibers, which exert

pulling forces on junctions, and by reducing cortical actin bundles

which are thought to support stabilizing effects on junctions

[26,28,30]. We found that these effects are counteracted by AKB-

9785. This prompted us to test whether FGD5 would be involved in

these effects. To this end, HUVEC were transfected either with

control siRNA or with siRNA targeting FGD5, and after pre-incuba-

tion with vehicle or with AKB-9785, cells were treated with throm-

bin. After fixation and permeabilization, cells were stained for actin

and VE-cadherin. As shown in Fig 6A, AKB-9785 prevented the

effect of thrombin on radial stress fiber formation and the

suppression of cortical actin bundles. This effect of AKB-9785 was

lost if FGD5 expression was inhibited. Expression of FGD5 was

reduced by 81% (Fig 6B).

It was reported that 007-induced activation of Rap1 stabilizes

endothelial junctions by stimulating FGD5-dependent activation of

Cdc42 which leads to the activation of the kinase MRCK which

supports serine 19 (S19) phosphorylation of the regulatory light

chain of non-muscle myosin II (NMII), which supports cortical actin

bundle formation. In agreement with these findings, we found that

AKB-9785 enhanced junctional localization of MLC-S19 (Fig EV3).

In contrast, the inhibitory effect of 007 on the formation of radial

stress fibers has been explained so far by the activation of Rap1,

which counteracts the activation of RhoA through ArhGAP29 [37].

A role for FGD5 has not been reported for this effect. Thus, we show

here for the first time that FGD5 is needed for the inhibitory effect of
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Figure 3. Tie-2 activation induces FGD5 phosphorylation, translocation, and activation of Cdc42.

A FGD5 was immunoprecipitated from HUVEC stimulated with vehicle or 5 lM AKB-9785 for 30 min after transfection with Tie-2-targeting or control siRNA.
Precipitates were probed for phospho-tyrosines (4G10) and FGD5, and lysates for Tie-2 and a-tubulin.

B 4G10 signal intensities from three similar experiments as the one displayed in (A) were normalized to the amount of precipitated FGD5.
C HUVEC were starved in serum-free medium, treated with 1 lg/ml COMP-Ang1 (CA1) or 5 lM AKB-9785, followed by FGD5 immunoprecipitation and immunoblotting

for phospho-tyrosines (4G10), FGD5, Tie-2, and a-tubulin.
D Confluent HUVEC monolayers were treated with 1 lg/ml COMP-Ang1 or vehicle for 20 min, and fixed, permeabilized cells were stained for FGD5, VE-cadherin, and F-

actin. Scale bars 30 lm.
E Quantification of FGD5 signal intensities at cell contacts relative to FGD5 signal intensities in the cytoplasm of the same cell upon vehicle or Ang1 stimulation as in

(D) with 20 cells analyzed.
F Serum-starved HUVEC were treated with 200 lM 007, 5 lM AKB-9785, 600 ng/ml Ang1, or vehicle for 20 min, and Cdc42 activation levels were compared using a

colorimetric Cdc42 G-LISA activity assay.

Data information: Results are representative of three independent experiments (A, C, D) or pooled from three (B, E) or five independent experiments (F). Statistical
significance was tested using one-way ANOVA. *P < 0.05, ***P < 0.001. Results are displayed as mean � SEM.
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AKB-9785 on radial stress fiber formation. In agreement with this,

we found that the simultaneous phosphorylation of threonine 18

and serine 19 of MLC of NMII, which is preferentially found in

radial stress fibers [30], is inhibited by AKB-9785 (Fig 6A). This

effect was again lost if FGD5 expression was inhibited by siRNA

(Fig 6A). Thus, AKB-9785-driven inhibition of VE-PTP stabilizes

endothelial junctions by activating FGD5, which supports on the

one hand the formation of circumferential actin by stimulating

Cdc42 and the kinase MRCK and on the other hand by inhibiting the

RhoA/ROCK-driven simultaneous phosphorylation of T18/S19 of

NMII MLC and the formation of radial stress fibers.

Tie-2 was reported to inhibit radial stress fibers by activating

Rac1 [22,25], and we showed previously that Tie-2 mediates these

effects by activating Rap1, which then activates Rac1 [9]. Since we

found here that FGD5 counteracts the formation of radial stress

fibers, we tested whether FGD5 would be needed for Tie-2-stimu-

lated Rac1 activation. We found that silencing FGD5 in HUVEC

blocked the activation of Rac1 by AKB-9785, as tested by a colori-

metric Rac1 G-LISA activity assay (Fig 6C and D). Interestingly,

silencing Cdc42 did not interfere with AKB-9785-stimulated activa-

tion of Rac1 (Fig 6E and F), suggesting that FGD5 acts upstream of

Rac1 activation, but does not need Cdc42 for this effect.

Y820 of human FGD5 is the direct substrate of VE-PTP

Our phospho-peptide proteome analysis had revealed that out of the

30 tyrosine residues of mouse FGD5, Y576 was the only one we

specifically detected in the AKB-9778-stimulated endothelial cell

sample (Fig EV4). The equivalent tyrosine in the slightly larger

human FGD5 (containing 34 tyrosine residues) is found at position

FGD5

Ctrl 
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α-tubulin

200 -
100%       17%  
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Figure 4. FGD5 is necessary to counteract thrombin-induced vascular leak induction by inhibition of VE-PTP.

A Paracellular permeability for 250 kD FITC-dextran was determined for HUVEC transfected with FGD5-targeting or control siRNA. Cells were treated with vehicle,
thrombin, or a combination of thrombin and 5 lM AKB-9785 (as indicated).

B Total cell lysates of HUVEC transfected with control or FGD5-targeting siRNA were immunoblotted for expression of FGD5 and a-tubulin.
C mRNA levels of FGD1, FGD5, and FGD6 in HUVEC transfected with FGD5 siRNA, represented as expression relative to control siRNA-treated cells.
D Impedance measurements of control or FGD5 siRNA-treated HUVEC at 4,000 Hz using the ECIS ΖΘ system. After pre-treatment with vehicle, 5 lM AKB-9785, or

1 lg/ml COMP-Ang1 (black arrowheads), cells were stimulated with thrombin (open arrowheads). Resistance values were normalized to the average resistance over
30 min prior to pre-treatment.

E Paracellular permeability for 250 kD FITC-dextran of control or FGD5 siRNA-treated HUVEC under basal conditions.

Data information: Results are pooled from three (C), four (D, E), or five independent experiments with three filters per assay (A) or representative of five independent
experiments (B). Statistical significance was tested using two-way ANOVA (A) or Student’s t-test (E). *P < 0.05, **P < 0.01, ***P < 0.001, n.s., not significant. Results are
shown as mean � SEM.
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820. In order to analyze the physiological relevance of this tyrosine

as a target for VE-PTP, we generated a Y820F point-mutated version

of human FGD5. As additional modifications, an EGFP tag was

fused to the N-terminus and three silent mutations were introduced,

to allow for siRNA-insensitive expression.

To verify whether Y820 is indeed a substrate of VE-PTP, we

expressed FGD5-WT-EGFP and FGD5-Y820F-EGFP in HUVEC,

treated the cells without and with AKB-9785, and analyzed anti-

EGFP immunoprecipitates in immunoblots for phospho-tyrosine

epitopes. As shown in Fig 7A, both basal phosphorylation and AKB-

9785-induced phosphorylation were largely undetectable for the

Y820F mutant when compared to the WT protein. This indicates

that Y820 is not only the residue, which is predominantly phospho-

rylated upon VE-PTP inhibition, but that it is phosphorylated under

basal conditions as well.

To analyze whether pY820 is the direct substrate of VE-PTP, we

performed substrate-trapping experiments, using GST-VE-PTP

fusion proteins in pull-down assays, which carried the inactivating

mutation CS/DA in the active center of the phosphatase domain.

To test a potential VE-PTP interaction with pY820, we first blocked

the expression of endogenous FGD5 by siRNA transfection of

HUVEC. Seventy-two hours later, cells were transduced with

adenovirus vectors expressing either FGD5-WT-EGFP or FGD5-

Y820F-EGFP, followed 48 h later by a 7-min treatment with

peroxyvanadate to achieve maximal phosphorylation levels of

FGD5. Subsequently, we performed pull-down experiments with

GST-VE-PTP, GST-VE-PTP-CS/DA, or GST as control. As shown in

Fig 7B, WT-FGD5 was pulled down by the VE-PTP-trapping mutant

9 times more efficient than by the WT form of VE-PTP confirming

the specific enzyme–substrate interaction between VE-PTP and

FGD5 reported above (Fig 1). In contrast, Y820F-FGD5 was pulled

down only 1.2 times more efficiently by the VE-PTP-trapping

construct than by the WT form of VE-PTP. Thus, the interaction

between FGD5 and VE-PTP, which is based on the binding of the

C D

FGD5

α-tubulin
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200 -
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Figure 5. VE-PTP inhibition requires FGD5 to counteract histamine-induced vascular permeability in the skin.

A Total lung lysates of C57BL/6 mice i.v. injected with control or FGD5-targeting siRNA for 48 h were immunoblotted for the indicated antigens. Percentages indicate
the FGD5 protein levels relative to VE-cadherin levels, with the ratio of the FGD5 and VE-cadherin signal of the first lane arbitrarily set as 100.

B The average FGD5 knockdown efficiency in murine lungs was determined by quantification of immunoblot signals for FGD5 relative to VE-cadherin of 16 control or
FGD5-targeting siRNA-treated animals each.

C Mice were treated with FGD5 or control siRNA as in (A). After 48 h, they were injected subcutaneously with 0.6 mg AKB-9785 or vehicle followed by intravenous
injection of Evans Blue dye 30 min later and intradermal injections of PBS or histamine another 15 min later. After 30 min, mice were sacrificed, and the dye was
extracted from skin samples and quantified by measuring absorbance at 620 nm.

D Total lung lysates of mice in (C) were immunoblotted for the indicated antigens.

Data information: Data are representative of three independent experiments (A, D) or pooled from three independent experiments with 5–6 mice (B) or 3 mice per group
(C). Results are displayed as mean � SEM. Statistical significance was tested using Student’s t-test (B) or two-way ANOVA (C). **P < 0.01, ***P < 0.001, n.s., not
significant.
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Figure 6. VE-PTP inhibition blocks thrombin-induced formation of stress fibers and strengthens the cortical actin network via FGD5.

A Control or FGD5 siRNA-transfected confluent HUVEC monolayers were pre-treated with either vehicle or 5 lM AKB-9785 for 30 min and stimulated with thrombin for
2 min (as indicated), followed by staining of fixed, permeabilized cells for pMLC2-T18S19, VE-cadherin and F-actin. Scale bars 30 lm.

B Total cell lysates of HUVEC transfected with control or FGD5-targeting siRNA were immunoblotted for expression of FGD5 and a-tubulin.
C HUVEC were transfected with control or FGD5-targeting siRNA and serum-starved 72 h later, before they were treated with vehicle or 5 lM AKB-9785 for 20 min.

Rac1 activation levels were compared using a colorimetric Rac1 G-LISA activity assay.
D Lysates as used in (C) were immunoblotted for FGD5, Rac1, and a-tubulin.
E HUVEC transfected with control or Cdc42-targeting siRNA were serum-starved and stimulated with vehicle or 5 lM AKB-9785 for 20 min. Lysates were submitted to

a colorimetric Rac1 G-LISA activation assay to compare Rac1 activation levels.
F Cell lysates as used in (E) were subjected to immunoblot analysis for Cdc42, Rac1, and a-tubulin expression.

Data information: Data are representative of (A, B, D, F) or pooled from (C, E) four independent experiments. Results are displayed as mean � SEM. Statistical
significance was tested using two-way ANOVA *P < 0.05.
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substrate to the active site of the phosphatase domain, is only

dependent on the Y820 residue of FGD5. We assume that residual

interactions between both proteins are potentially due to additional

sites on VE-PTP outside the active center of the phosphatase

domain. Collectively, these results suggest that Y820 of FGD5 is a

direct tyrosine substrate for VE-PTP, which is of dominant impor-

tance among the 34 tyrosine residues of this protein for its interac-

tion with VE-PTP.

Y820 of FGD5 is necessary to counteract thrombin-induced
permeability by VE-PTP inhibition

The identification of Y820 as the target tyrosine residue for VE-PTP

enabled us to test whether tyrosine phosphorylation of FGD5 is rele-

vant for the effects that VE-PTP has on junction stabilization. To

clarify this, we blocked the expression of endogenous FGD5 in

HUVEC by siRNA transfection, plated them on Transwell filters, and

transduced them with adenoviral vectors to express either FGD5-

WT-EGFP or FGD5-Y820F-EGFP. Prior to the assay, cells were pre-

treated with AKB-9785 before they were challenged with thrombin

and paracellular permeability was analyzed with 250 kD FITC-

dextran. We found that AKB-9785 protected endothelial cells from

the barrier-disruptive effect of thrombin when recombinant FGD5-

WT was expressed (Fig 8A). Transduction of FGD5-Y820F,

however, blocked this protective effect. The expression levels of

mutant and FGD5-WT were similar (Fig 8B). Thus, Y820 of FGD5 is

essential for the barrier-protective effect of VE-PTP inhibition.

Since FGD5 is considered to be a GEF for Cdc42 and Tie-2 stimula-

tion leads to Cdc42 activation (Fig 3F), we tested whether Y820 is also

needed for Cdc42 activation by FGD5 upon inhibition of VE-PTP.

Hence, we tested whether loss of endogenous FGD5 would interfere

with AKB-9785-induced activation of Cdc42 and whether the result

would be different if the expression of FGD5 would be rescued by

transduction with FGD5-WT or FGD5-Y820F. We found that AKB-

9785 enhanced Cdc42 activity in HUVEC by 66% (�27%) if cells were

treated with control siRNA, whereas the increase was only 11%

(�9%) if the VE-PTP inhibitor was added to cells transfected with

FGD5 siRNA. Re-expression of WT-FGD5-EGFP rescued AKB-9785-

induced Cdc42 activation and induced it by 70% (�18%). Strikingly,

no increase in Cdc42 activity was detected upon expression of FGD5-

Y820F-EGFP (Fig 8C). Expression levels of endogenous and trans-

duced forms of FGD5 were controlled by immunoblotting (Fig 8D).

We conclude that the phosphorylation of FGD5 at Y820 is required for

the AKB-9785-stimulated function of FGD5 as GEF for Cdc42.

Finally, we tested whether Y820 was also needed for the effects

of FGD5 on the actin cytoskeleton. HUVEC depleted for FGD5 by

siRNA were transduced with either FGD5-WT-EGFP or FGD5-Y820F-

EGFP and were tested for effects of thrombin and AKB-9785 on the

formation of radial stress fibers or cortical actin bundles. As shown

in Fig 8E, Y820 of FGD5 was needed for the induction of cortical

actin bundles and the repression of radial stress fibers by AKB-9785.

Since it has been reported [33] that FGD5 can bind to Radil, we

tested whether FGD5 phosphorylation is needed for this interaction.

Since the endogenous expression levels in endothelial cells were too

weak for a successful co-precipitation, we co-expressed either

FGD5-WT-EGFP or FGD5-Y820F-EGFP in HEK293 cells together with

Radil-His and (for proper phosphorylation of FGD5) with Tie-2-

FLAG. We found that Radil could be co-precipitated with FGD5, but

this interaction was seen independent of the presence of Y820 or the

phosphorylation induced by Tie-2 (Fig EV5).
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Figure 7. Y820 of FGD5 is a substrate of VE-PTP.

A HUVEC transfected with FGD5 siRNA and transduced to re-express FGD5-WT-EGFP or FGD5-Y820F-EGFP were treated with 5 lM AKB-9785 or vehicle for 30 min. GFP
precipitates and lysates were immunoblotted for phospho-tyrosines (4G10), GFP, and a-tubulin.

B Lysates of HUVEC, siRNA treated and transduced as in (A) and treated with peroxyvanadate for 7 min, were pre-cleared by incubation with GST and submitted to
pulldowns with GST, GST-VE-PTP-WT, or GST-VE-PTP-CS/DA (as indicated). Pulldowns and total cell lysates were immunoblotted for GFP, GST, and a-tubulin.
Percentages indicate the signal intensities of GFP in the respective lane relative to the signal intensity of FGD5-WT pulled down by VE-PTP-CS/DA and normalized to
the input of the respective sample.

Data information: Results are representative of at least two independent experiments.
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Y820 is not required for the recruitment of FGD5 to
endothelial junctions

We have shown above that recruitment of FGD5 to endothelial junc-

tions is triggered by 007/Epac1-mediated activation of Rap1,

although this stimulus does not induce tyrosine phosphorylation of

FGD5. This indicated that tyrosine phosphorylation of FGD5 is not

needed for its junction recruitment. This would suggest that Y820

would not be needed for the AKB-9785-induced junction recruitment

of FGD5. To test this, we blocked the expression of endogenous
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FGD5 in HUVEC by siRNA; re-expressed either FGD5-WT-EGFP or

FGD5-Y820F-EGFP with adenovirus vectors; stimulated the cells

with vehicle, 007, or AKB-9785; and analyzed the cell distribution of

FGD5 upon indirect immunofluorescence and confocal microscopy.

As shown in Fig 9A, junction recruitment with both stimuli was

detected for each of the two forms of FGD5 and for both types of

stimuli. To compare the translocation efficiencies of both forms of

FGD5, the signal intensities at cell contacts were quantified. Since

the expression levels of adenovirus-transduced fusion proteins dif-

fered from cell to cell, fluorescence intensity detected over a length

of 10 lm at cell contacts was normalized to the mean fluorescence

intensity within the cytoplasm of the respective cell. Quantification

revealed no significant difference between FGD5-WT and FGD5-

Y820F (Fig 9B).

Discussion

Blocking the function of VE-PTP boosts the activation of Tie-2,

which leads to the stabilization of the endothelial barrier function

and inhibits inflammation-induced vascular leak formation. Here,

we show that the GEF FGD5 is a substrate of VE-PTP, which acts

downstream of VE-PTP and Tie-2. We found that FGD5 is required

in vitro and in vivo in the mouse skin for the protective effect of VE-

PTP inhibition on vascular barrier integrity. VE-PTP inhibition and

Tie-2 activation affect FGD5 in two ways: By activating Rap1, FGD5

becomes translocated to endothelial junctions. In addition, FGD5

becomes phosphorylated at Y820, which represents a second step

that is needed for full activation and the function of FGD5. Activa-

tion of FGD5 has two effects on the actomyosin system. First, it leads

to activation of Cdc42 and the kinase MRCK, which promote the

formation of cortical actin bundles at cell contacts and the accumula-

tion of S19 monophosphorylated MLC at these sites. Second, radial

stress fiber formation is inhibited together with the suppression of

phosphorylation of MLC at T18 and S19. Thus, with FGD5 we have

identified a novel signaling step downstream of VE-PTP/Tie-2,

which is essential for the stabilization of endothelial junctions.

We propose that FGD5 is a direct substrate of VE-PTP since:

First, a trapping mutant of the phosphatase domain of VE-PTP but

not the WT form of this enzyme could affinity-isolate FGD5, demon-

strating that the nature of this interaction is based on an enzyme–

substrate interaction. Second, this interaction was dependent on

the presence of Y820 in FGD5. The nature of FGD5 as a substrate of

VE-PTP implies that inhibition of VE-PTP supports FGD5

phosphorylation by neutralizing its dephosphorylation. In addition,

inhibition of VE-PTP enhances the activation of Tie-2, which in turn

provides (or stimulates) the kinase activity that drives the phospho-

rylation of FGD5. Thus, VE-PTP inhibition supports the phosphory-

lation of FGD5 in two ways, by stimulating the addition and by

blocking the removal of a phosphate group at Y820 of FGD5. This

dual effect makes VE-PTP an attractive target for potentially existing

endogenous ligands that might preserve endothelial junction stabil-

ity by binding to the extracellular domain of VE-PTP and inhibiting

its activity. It is still an open question whether RPTPs have ligands

and up to now very few ligands for RPTPs have been identified

[38,39]. It has been shown, though, that ligands for RPTPs are able

to deactivate their phosphatase activity due to dimerization [40–44].

It would be interesting to find out whether such a ligand for VE-PTP

exists.

Interference with the expression of Tie-2 strongly reduced the

AKB-9785-induced phosphorylation of FGD5, which suggests that

either Tie-2 itself or a kinase-activated downstream of Tie-2 is

responsible for the phosphorylation of Y820 of FGD5. Since silenc-

ing of Tie-2 had been highly efficient, whereas the phosphorylation

of FGD5 had only been inhibited by about 50%, it is possible that

another kinase is also involved in the phosphorylation of FGD5. The

FGD family member FRG, which is much shorter in size and varies

considerably in structure, is phosphorylated by Src at yet unidenti-

fied tyrosine residues [45]. However, we did not find that inhibition

of Src attenuated AKB-9785-induced FGD5 phosphorylation

(Appendix Fig S1). This is consistent with the finding that Src activ-

ity was not substantially affected in endothelial cells by VE-PTP

inhibition [9].

According to our results, FGD5 activation is a two-step process,

which requires translocation to cell junctions and phosphorylation

of Y820. Recruitment of FGD5 to junctions was triggered by the acti-

vation of Tie-2, which in turn activated Rap1. Tie-2 and Rap1 are

downstream targets of VE-PTP inhibition, which are essential for

junction stabilization, as we have shown previously [9]. Interest-

ingly, silencing of Rap-1 did not affect the phosphorylation of FGD5

while it blocked junction recruitment. This suggests that junction

translocation of FGD5 was not needed for its phosphorylation. In

addition, the Y820F mutant of FGD5 was as efficiently translocated

to junctions upon Rap1 activation as the WT form of FGD5. Thus,

each activation step, junction recruitment, and tyrosine phosphory-

lation are mutually independent of each other.

Rap1 is a central player in signaling pathways that stabilize

endothelial junctions. Several studies reported that elevation of

◀ Figure 8. Y820 of FGD5 is required for inhibition of thrombin-induced permeability and Cdc42 activation upon VE-PTP inhibition.

A Paracellular permeability for 250 kD FITC-dextran across HUVEC transfected with FGD5 siRNA and transduced to re-express FGD5-WT-EGFP or FGD5-Y820F-EGFP was
determined in response to vehicle, thrombin, or the combination of thrombin and 5 lM AKB-9785 (as indicated).

B Lysates of HUVEC treated as described in (A) were immunoblotted for FGD5 and a-tubulin.
C Serum-starved HUVEC previously transfected with control or FGD5 siRNA and transduced to re-express FGD5-WT-EGFP or FGD5-Y820F-EGFP (as indicated) were

treated with 5 lM AKB-9785 or vehicle for 20 min, before Cdc42 activation levels were compared using a colorimetric Cdc42 G-LISA activity assay.
D Lysates as used in (C) were immunoblotted for FGD5, GFP, Cdc42, and a-tubulin.
E Confluent HUVEC monolayers that were depleted of FGD5 by siRNA and transduced to re-express either FGD5-WT-EGFP or FGD5-Y820F-EGFP were treated with

vehicle or AKB-9785 for 30 min, followed by thrombin stimulation for 15 min (as indicated). Fixed and permeabilized cells were stained for actin and VE-cadherin.
Scale bars 30 lm.

Data information: Results are representative of three (E) or four (B, D) independent experiments, pooled from four independent experiments (C), or pooled from four
independent experiments with three filters per assay (A), and mean values � SEM are displayed. Statistical significance was tested using two-way ANOVA. *P < 0.05,
**P < 0.01, ***P < 0.001, n.s., not significant.
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cytosolic cAMP levels stimulated linearization and stabilization of

endothelial junctions by activating Epac, which in turn activated

Rap1 and thereby supported the formation of cortical actin bundles

[26–29]. Analyzing this in more detail, it was shown that Rap1

induces FGD5-dependent Cdc42 activation at junctions to locally

activate NMII through MRCK, thereby supporting circumferential

actin bundles [30,33]. In addition, Rap1 activation was found to

suppress RhoA and ROCK-mediated activation of NMII at radial

stress fibers [30,32,37]. In contrast to the group of Mochizuki [30],

Pannekoek et al [33] only found a minor contribution of FGD5 to

the junction stabilization effect by the cAMP analogue 007. Further-

more, FGD5 has only been described as relevant for the supportive

effect of Rap1 on cortical actin bundles. Our results show that upon

inhibiting VE-PTP (and activating Tie-2), FGD5 is, in addition, also

needed for the inhibitory effect of Rap1 on radial stress fibers. More-

over, silencing FGD5 had a very strong inhibitory effect on junction

stabilization. We believe that we observed such a dramatic rele-

vance of FGD5 for junction stabilization, because the full capacity of

activated FGD5 as a stabilizer of endothelial junctions can only be

observed if stimuli are analyzed which trigger junctional recruit-

ment of FGD5 plus tyrosine phosphorylation of FGD5. Only both

these steps fully activate FGD5. This cannot be achieved, if the

cellular stimuli are limited to the use of a cAMP analogue or of

reagents which simply enhance cytosolic cAMP levels.

It will be interesting to determine how FGD5 inhibits the RhoA

and ROCK-mediated activation of NMII of radial stress fibers. Tie-2

was reported to inhibit radial stress fibers by activating Rac1

[22,25]. We showed previously that Tie-2 mediates these effects by

activating Rap1, which then activates Rac1 [9]. FGD5 was described

as a GEF for Cdc42. Here, we have shown that FGD5 is also needed

for AKB-9785-induced activation of Rac1, and this activity of FGD5

did not require the expression of Cdc42. This may suggest that

A
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FGD5-WT FGD5-WT
vehicle 007

GFP VE-cadherin

FGD5-Y820FFGD5-Y820F

merge

FGD5-WT
AKB-9785
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Figure 9. FGD5 translocation to cell junctions is independent of Y820.

A HUVEC treated with FGD5-targeting siRNA and transduced with FGD5-WT-EGFP or FGD5-Y820F-EGFP adenoviruses were treated with vehicle, 200 lM 007, or 5 lM
AKB-9785, fixed, permeabilized, and stained for GFP and VE-cadherin. Scale bars 30 lm.

B Images as shown in (A) were analyzed for GFP signal intensities determined over a length of 10 lm along junctions and normalized to the mean GFP signal intensity
of the cytoplasmic area. Results are presented as individual values and mean.

Data information: Results are representative of two independent experiments (A) or pooled from two independent experiments with a total number of 20–25 cell
contacts analyzed (B).
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FGD5 could even act as GEF for Rac1, although, to formally demon-

strate this, enzyme assays with the purified proteins would need to

be performed. Even if FGD5 is not directly acting as a GEF for Rac1,

it is obviously needed for Tie-2-stimulated Rac1 activation which

could explain how FGD5 counteracts RhoA and ROCK-mediated

activation of NMII of radial stress fibers.

FGD5 has been described as specifically expressed in endothelial

cells [35,36] and hematopoietic stem cells, while being absent in

leukocytes of the periphery [34]. In the developing zebrafish and

mouse embryos, FGD5 transcripts were specifically detected by

in situ hybridization in Flk1-positive cell populations along the

vascular tree similar to endothelial markers such as PECAM-1

[35,36]. Given that FGD5 is specifically expressed in endothelial

cells, our in vivo siRNA experiments clearly indicate that in vivo,

FGD5 is required in endothelial cells for the protective role of Tie-2

against inflammation-induced vascular leakage. It is remarkable that

three key players of this signaling pathway, VE-PTP, Tie-2, and

FGD5, are highly selective for endothelium. This highlights the

importance of this pathway for the plasticity and flexibility of

endothelial junction integrity, which is a hallmark for the highly

dynamic regulation of the barrier function of the blood vessel wall.

The importance of VE-PTP for the regulation of endothelial junc-

tions is further highlighted by the fact that from the 47 proteins we

detected to harbor 56 tyrosine phosphosites stimulated by the VE-

PTP inhibitor, 13 were proteins, which have been implicated in the

regulation of junctions. It will be interesting to investigate in the

future whether these proteins are indeed involved in mechanisms

whereby VE-PTP influences endothelial junction stability.

In conclusion, our results establish FGD5 as an essential signal-

ing target of VE-PTP, which is in vitro and in vivo required for the

stabilization of endothelial junctions by VE-PTP inhibition and Tie-2

activation. We found that FGD5 is a direct substrate of VE-PTP and

at the same time a target for Tie-2-stimulated (direct or indirect)

phosphorylation. The identification of Y820 as the single substrate

tyrosine of human FGD5 activation established this modification as

an essential aspect of full activation of FGD5. This enabled us to

show that fully activated FGD5 is required to support tension of

circumferential actin bundles as well as to relieve tension of radial

stress fibers. Collectively, these results establish FGD5 as a new

component of the signaling mechanism whereby VE-PTP/Tie-2

protect the vasculature against plasma leakage.

Materials and Methods

Antibodies and reagents

Rabbit polyclonal antibody VD68/FGD5 N-term was raised against

and affinity-purified on a bacterial fusion protein containing

glutathione S-transferase (GST) fused to amino acids 1–248 of murine

FGD5. Specific antibodies were depleted for anti-GST antibodies prior

to use. The polyclonal VE-PTP-C antibody against VE-PTP [10] and

3G1 against Tie-2 [46] have been described previously. The following

antibodies were commercially obtained: monoclonal antibodies

against phospho-tyrosine (4G10) and human Tie-2 (Tek33.3; both

Merck Millipore), human Cdc42 (44/CDC42; BD Bioscience), a-
tubulin (B-5-1-2; Sigma-Aldrich), human VE-cadherin (F-8; Santa Cruz

Biotechnology, Inc.), Rac1 (Cytoskeleton), and 6x-His-Tag (His.H8;

Thermo Scientific), as well as polyclonal antibodies against human

FGD5 (B01P from Abnova or from Proteintech); GST (Z-5), human

VE-cadherin (C-19), and human PECAM-1 (M-20; Santa Cruz Biotech-

nology, Inc.); Rap1 (Merck Millipore); pMLC-2 S19 and pMLC-2 T18/

S19 (Cell Signaling Technology); GFP (Abcam); and FLAG-tag (Sigma-

Aldrich). HRPO-coupled secondary antibodies were purchased from

Dianova. Alexa Fluor 488-, Alexa Fluor 568-, and Alexa Fluor 647-

coupled antibodies, as well as phalloidin-Alexa Fluor 568 or phal-

loidin-Alexa Fluor 647, were purchased from Invitrogen.

The VE-PTP inhibitors AKB-9785 and AKB-9778 are equivalent in

specificity and inhibitory activity (Aerpio Pharmaceuticals) and

were used as 10 mM (6.07 mg/ml) stock solutions in 5% glucose.

The following additional reagents were used: human thrombin

(EMD Millipore), histamine (Sigma-Aldrich), COMP-Ang1 (G.Y.

Koh), human Ang1 (R&D Systems), 8-pCPT-20-O-Me-cAMP (007;

Tocris Bioscience), fluorescent mounting medium (Dako), and

250 kD FITC-dextran (Sigma-Aldrich).

Phospho-peptide enrichment

Changes of protein phosphorylation upon phosphatase inhibition on

a global level were performed with confluent bEnd.5 cells

(5 × 15 cm dishes), which were treated with AKB-9778 (50 lM,

30 min), lysed in RIPA buffer supplemented with protease (Com-

plete, Roche) and phosphatase inhibitors (PhosSTOP, Roche), and

then subjected to the filter-aided sample preparation procedure

(FASP) as described [47] using Amicon Ultra-15 ultrafiltration units

(nominal molecular weight cutoff 30 kDa). Briefly, following reduc-

tion of disulfide bridges by the addition of 0.1 M DTT (45 min at

56°C) and alkylation by iodoacetamide (55 mM, 20 min at RT in the

dark), the sample was first digested with trypsin (100 lg/10 mg

protein) for 3 h at 37°C, after which additional trypsin was added

(100 lg/10 mg protein) and the incubation continued overnight.

Peptides were harvested by centrifugation. Following adjustment of

the pH value of the filtrate to pH 2.5 by the addition of TFA, acetoni-

trile (ACN) was added to a final concentration of 30%. Acidified

peptides were subjected to strong anion exchange chromatography

on a Resource S column (GE Healthcare) using sample loading via a

superloop and an Äkta Explorer Chromatography System (Buffer A:

7 mM KH2PO4, 30% ACN; Buffer B: 7 mM KH2PO4, 30% ACN,

350 mM KCl; gradient from 0 to 30% B in 30 min, 100% B for

10 min, flow rate 2 ml/min). Fractions were pooled according to the

elution profile (flow-through fraction + 9 pools). Phospho-peptides

from each pool were enriched using TiO2 microspheres (GL

Sciences) in the presence of DHB. Each pool was extracted twice by

the addition of TiO2 beads (3 mg/pool) that had been pre-equili-

brated in loading buffer (6× stock: 30 mg/ml DHB, 80% ACN) for

20 min at RT on a rotary shaker. TiO2 suspensions were then trans-

ferred to double-layer C8 Stage-Tips, which were washed with 30%

ACN, 3% TFA and 80% ACN, 0.3% TFA. Phospho-peptides were

finally eluted with 40% ACN, 60% NH4OH, concentrated to a

volume of ~3 ll in a vacuum concentrator, and acidified by the addi-

tion of 0.5% acetic acid prior to injection into the mass spectrometer.

Nano-LC-MS/MS analysis

Each phospho-peptide pool was fractionated on in-house packed

fused silica capillary columns (length 15 cm; ID 75 lm; resin
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ReproSil-Pur C18-AQ, 3 lm) using a Proxeon EASY-nLC high-pres-

sure liquid nanoflow chromatography system that was coupled via a

Proxeon electrospray ion source to an LTQ-Orbitrap Velos Mass Spec-

trometer. Bound peptides were eluted using a linear 120 min gradient

from 5 to 35% B (80% ACN, 0.5% acetic acid) followed by a gradient

from 35 to 98% B in 15 min. All phospho-peptide-containing frac-

tions were measured with the mass spectrometer operated in positive

mode and (i) with multistage activation (pseudo MS3) enabled, trig-

gering activation of the neutral loss species at 97.97, 48.99, or

32.66 m/z below the precursor ion of the 15 most intense ions for

10 ms (survey scans from m/z 300 to 1,800 at R = 30,000), and (ii)

in HCD mode (higher-energy collisional dissociation; survey scans

from m/z 300 to 1,600 at R = 30,000, fragmentation of 10 most

intense peptide ions at a normalized collision energy of 40% and

detection in the Orbitrap cell at R = 7,500). Raw MS data were

processed using MaxQuant (v. 1.5.3.8) with the built-in Andromeda

search engine. Tandem mass spectra were searched against the

mouse UniProtKB database (UP000000589_10090_mm.fasta; version

from 12/2015) concatenated with reversed sequence versions of all

entries and also containing common contaminants. Carbamidomethy-

lation was set as fixed modification for the search in the database,

while oxidation at methionine, acetylation of the protein N-termini,

and phosphorylation at Ser, Thr, and Tyr were allowed as variable

modifications. Trypsin was defined as the digesting enzyme, allowing

a maximum of two missed cleavages and requiring a minimum length

of 7 amino acids. The maximum allowed mass deviation was 20 ppm

for MS and 0.5 Da for MS/MS scans. Protein groups were regarded as

being unequivocally identified with a false discovery rate (FDR) of

1% for both the peptide and protein identifications. Phosphosites

were accepted when they were identified with a localization probabil-

ity of > 0.75 and a score difference > 5 (class I phosphosites). Tables

containing all identified proteins with accession numbers, gene

names, and corresponding quantitative values are available as Dataset

EV1.

DNA constructs

The pEGFP-C1-FGD5 plasmid was provided by Naoki Mochizuki via

Addgene. The Y820F mutation as well as three silent mutations in

the siRNA-binding sequence (changing 50-TGACATGGAC-30 to 50-
CGATATGGAT-30) was introduced using the QuikChange Lightning

Site-directed Mutagenesis Kit (Agilent Technologies). Adenoviruses

containing siRNA-insensitive FGD5-WT-EGFP or FGD5-Y820F-EGFP

were generated using the ViraPower Expression System (Invitrogen)

by subcloning of sequences into the gateway vector pENTR2B (Invit-

rogen) and site-specific recombination into the pAd/CMV-DEST

destination vector (Invitrogen). pCMV6-Tie2-Myc-DDK and pCMV6-

Radil-Myc-DDK were purchased via OriGene, and the pCDNA3.1/

myc-His(-)A-Radil plasmid was obtained by subcloning of the Radil

sequence into the pcDNA3.1/myc-His(-)A vector (Invitrogen).

Cell culture and transient transfection

HUVEC were cultured in EBM-2 medium supplemented with Single-

Quots (Lonza) or in ECGM-2 medium supplemented with Supple-

mentPack (PromoCell). bEnd.5 endothelioma cells were grown in

Dulbecco’s modified Eagle’s medium supplemented with 10% FCS,

2 mM L-glutamine, 1 mM sodium pyruvate, 1% non-essential

amino acids, and 1% penicillin/streptomycin. HEK293A cells were

cultured in Dulbecco’s modified Eagle’s medium supplemented with

10% FCS, 2 mM L-glutamine, 1% non-essential amino acids, and

1% penicillin/streptomycin. Transient transfections were performed

using the GeneJammer Transfection Reagent (Agilent) according to

the manufacturer’s instructions. Cells were subjected to experiments

48 h after transfection.

RNA interference and adenoviral re-expression

For in vitro RNA interference with expression of FGD5, Tie-2, Rap1,

or VE-PTP, the following siRNAs were used: Hs_FGD5_6, 50-GCGC
UGACACUUCAGACUA-30 or Hs_FGD5_2, 50-GGAUGACAUGGACCAU
GAA-30 (targeting human FGD5, QIAGEN); Hs_Tek_6, 50-GGUGCUAC
UUAACAACUUA-30 (targeting human Tie-2, QIAGEN); ON-TARGETplus

Rap1A (5906), 50-GCAAGACAGUGGUGUAACU-30 (human Rap1A) and

Rap1B (5908), 50-GGACAAGGAUUUGCAUUAG-30 (human Rap1B, both

Dharmacon, GE Healthcare; and a combination of Hs_PTPRB_5, 50-
UAACUUGAUAAAGUCGACCGG-30 and Hs_PTPRB_10, 50-UAUCGU
UCCACAUUCCCAGAA-30 (both targeting human VE-PTP, QIAGEN).

As a negative control, siRNA that does not target any known

mammalian gene was used (50-UUCUCCGAACGUGUCACGU-30,
QIAGEN). Routinely, 106 HUVEC were transfected with 30–50 nm

siRNA using INTERFERin (Polyplus Transfection) according to the

manufacturer’s instructions. Cells were analyzed 24 h (VE-PTP),

48 h (Tie-2), or 72 h (FGD5, Rap1A/B) after transfection.

Adenoviral transduction was used to re-introduce FGD5 after

siRNA-mediated knockdown. HUVEC were infected with adenovirus

encoding FGD5-WT-EGFP and FGD5-Y820F-EGFP, respectively,

once 40 h and a second time 16 h prior to the experiment.

For RNA interference with FGD5 expression in vivo, the siRNA

50-CAGUCGGUGUAUAGUUAGUAA-30 was used. The sequence was

provided by QIAGEN (Mm_FGD5_4), tested in vitro, and modified

for higher stability for in vivo applications by Dharmacon

(siSTABLE, GE Healthcare). As a negative control, siRNA that does

not target any known mammalian gene was modified identically (50-
TAGCGACTAAACACATCAA-30; siSTABLE; GE Healthcare). Mice

were injected i.v. with 60 lg siRNA using in vivo jetPEI as transfer

reagent (Polyplus Transfection) according to the manufacturer’s

instructions and analyzed 48 h later.

Immunoprecipitation and immunoblotting

For detection of phospho-tyrosine after immunoprecipitation, cells

were lysed in lysis buffer containing 20 mM Tris–HCl, pH 7.4,

150 mM NaCl, 2 mM CaCl2, 1.5 mM MgCl2, 1 mM Na3VO4, 1%

Triton-X-100, 0.04% NaN3, and 1× Complete EDTA-free proteinase

inhibitors (Roche). Lysates were centrifuged at 20,000 g and 4°C for

1 h before aliquots for direct blot analysis were set aside and

aliquots for immunoprecipitation were incubated for 2 h at 4°C with

protein-A/G-Sepharose loaded with the respective antibodies.

Immunocomplexes were washed five times with lysis buffer. Murine

lungs were homogenized using Ultra-Turrax (IKA-Werke) or

Precellys Evolution (Bertin Instruments) in RIPA buffer containing

1% NP-40, 1% sodium deoxycholate, 0.01 M NaPi, 150 mM NaCl,

2 mM EDTA, 1 mM Na3VO4, and 2× Complete EDTA-free protease

inhibitors. Immunocomplexes and lysates were analyzed by SDS–

PAGE. Total cell or organ lysates or immunoprecipitated material
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was subjected to SDS–PAGE and transferred to nitrocellulose (Schle-

icher & Schuell) by wet blotting. Blots were analyzed as described

previously [48]. For detection of phosphorylated tyrosine, milk

powder in the blocking buffer was replaced by 2% BSA and 200 lM
Na3VO4 was added.

Immunofluorescence staining

HUVEC were seeded on fibronectin-coated chamber slides (LabTek,

8-well, glass) and grown to confluence. They were stimulated with

AKB-9785 for 20–30 min, 007 for 20 min, thrombin for 2, 15 or

30 min, and Ang1 for 20 min. Cells were washed with PBS, fixed

with 4% PFA/PBS for 7 min at room temperature, permeabilized

using 0.5% Triton X-100/PBS for 5 min at room temperature, and

blocked with 3% BSA for 1 h, followed by incubation with primary

antibodies. Primary antibodies were detected with Alexa Fluor 488-,

Alexa Fluor 568-, or Alexa Fluor 647-coupled secondary antibodies.

Phalloidin-Alexa Fluor 568 or phalloidin-Alexa Fluor 647 was added

to detect filamentous actin during incubation with secondary anti-

bodies. Z-stack projections were acquired using a Zeiss LSM 780

confocal microscope and analyzed with ImageJ and ZEN software

(Zeiss). To quantify FGD5 cell-contact recruitment or VE-cadherin

intensity at cell–cell junctions, fluorescence intensity was measured

over a length of 10 lm along junctions and normalized to the mean

fluorescence intensity of the cytoplasmic area. In cells re-transfected

to overexpress FGD5, only cell contacts formed by two cells with

similar FGD5 expression levels were quantified. When brightness

and contrast were adjusted, same processing was applied to images

of all conditions.

VE-PTP substrate trapping

For substrate-trapping pull-down experiments, bEnd.5 cells or

HUVEC were treated with 100 lM peroxyvanadate for 7 min and

lysed in 20 mM Tris–HCl, pH 7.5, 100 mM NaCl, 1 mM EDTA, 1%

Triton X-100, 10% glycerin, 5 mM iodoacetic acid (IAA), and

1× Complete EDTA-free protease inhibitor cocktail (Roche) for

30 min at 4°C. Subsequently, 10 mM DTT was added to inactivate

IAA. After centrifugation at 20,000 g for 30 min at 4°C, lysates were

pre-cleared by incubation with 5 lg GST bound to glutathione

Sepharose for 1–3 h at 4°C and subsequently incubated with 10 lg
GST, GST-VE-PTP, or GST-VE-PTP-CS/DA bound to glutathione

Sepharose, as previously described [49]. Beads were washed five

times in 1 ml of lysis buffer and were analyzed by SDS–PAGE and

immunoblotting.

GTPase activation assays for Cdc42 and Rac1

HUVEC were serum-starved overnight in the presence of 1% BSA

followed by starvation for 3 h without BSA. Cells were stimulated

with 5 lM AKB-9785, 200 lM 007, or 600 ng/ml Ang1 for 20 min

before they were lysed and used to perform a G-LISA Cdc42 or Rac1

activation assays (colorimetric format, Cytoskeleton, Inc.) according

to the manufacturer’s instructions. In brief, lysates were cleared by

centrifugation at 20,000 g and 4°C for 1 min, protein concentrations

were equalized to a total protein concentration of 0.25 mg/ml, and

lysates were incubated with the respective GTPase-GTP affinity

plate for 15 min. After labeling with Cdc42 or Rac1 antibodies and

HRP-coupled secondary antibodies, levels of GTP-loaded Cdc42 or

Rac1 were determined by reading OD490 nm in a 96-well plate

reader (Synergy 2, BioTek).

In vitro permeability assay

To determine paracellular permeability, HUVEC were transfected

with siRNA, and 1 day later, 2 × 104 cells were seeded on 100 lg/ml

fibronectin-coated Transwell filters (6.5 mm, 0.4 lm pore size,

Corning) and grown to confluence. For stimulation, HUVEC were

serum-starved for 2–3 h and pre-incubated with 5 lM AKB-9785 or

vehicle for 30 min, followed by stimulation with 1–2 U/ml throm-

bin for 45 min parallel to the diffusion of 0.25 mg/ml FITC-dextran

(250 kD Sigma-Aldrich) at 37°C and 5% CO2. Basal monolayer

permeability for 250 kD FITC-dextran was determined without any

stimulation for 45 min at 37°C and 5% CO2. Fluorescence in the

lower chamber was measured in a plate reader (Synergy 2, LabTek),

and monolayer integrity was confirmed by immunostaining for

VE-cadherin after each assay.

Electric cell–substrate impedance sensing

1 × 105 HUVEC were seeded onto L-cysteine-reduced, fibronectin-

coated 8W10E electrodes (Applied Biophysics). Twenty-four hours

after siRNA transfection, electrical impedance was measured in real

time at 37°C and 5% CO2 using the ECIS ΖΘ system (Applied Biophy-

sics) at 4,000 Hz. Forty-eight hours after seeding, cells were serum-

starved for 3 h, pre-incubated with 5 lM AKB-9785 or 1 lg/ml

COMP-Ang1 for 30 min, and stimulated with 1–2 U/ml thrombin.

In vivo permeability assay in the skin

One hour before the assay, 8–12-week-old female mice were

injected subcutaneously with vehicle or AKB-9785 (0.6 mg per

injection). Then, a modified Miles assay for the induction of vascu-

lar permeability in the skin was performed as described previously

[50]. Evans blue dye (Sigma-Aldrich) was injected into the tail vein

(100 ll of a 1% solution in PBS), and after 15 min, 50 ll PBS or

225 ng histamine in 50 ll PBS was injected intradermally into the

shaved back skin. Then, 30 min later, skin areas were excised and

extracted with formamide for 5 days, and the concentration of the

dye was measured at 620 nm with a spectrophotometer (Shimadzu).

All animal experiments were approved by the Landesamt für Natur,

Umwelt und Verbraucherschutz Nordrhein-Westfalen. Animals were

kept in a barrier facility under special pathogen-free conditions.

RNA isolation and quantitative real-time PCR

Total RNA was isolated from HUVEC transfected with FGD5 or

control siRNA using the RNeasy Mini Kit (QIAGEN) and reverse-

transcribed to cDNA using SuperScript II Reverse Transcriptase

(Invitrogen). Obtained cDNA samples were subjected to quantitative

real-time PCR using iTaq Universal SYBR Green Supermix (Bio-

Rad), and cDNA levels were measured on a 7300 Real Time PCR

System (Applied Biosystems) using pre-designed KiCqStart SYBR

Green Primers (Sigma-Aldrich): CAAACAGGGAAGATGAAGAC and

GTGATAGAATTGAAGGGCTC (human FGD1), CAGAAGATACCA

ATTCAGCTC and AAGTCCACATGCTTGATAAC (human FGD5), GA
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AGTATCAGCAAACACAGAG and GACAAACCAAAAGTGTTTCC

(human FGD6), and ACAGTTGCCATGTAGACC and TTGAGCACA

GGGTACTTTA (human GAPDH). Gene expression of FGD proteins

was normalized to GAPDH levels and displayed relative to expres-

sion levels in control siRNA-treated cells.

Statistical analysis

Datasets were tested for normality (Shapiro–Wilk) and equal vari-

ance. Statistical significance was analyzed using two-tailed

Student’s t-test, one-way ANOVA, or two-way ANOVA for indepen-

dent samples. Turkey’s multiple comparison test was applied to

correct for multiple comparisons. GraphPad Prism7 software was

used for this analysis. P-values are indicated by asterisks: *P < 0.05;

**P < 0.01; and ***P < 0.001. Results are shown as means � SEM.

Immunoblot signals were quantified using the software Multi-Gauge

V3.2 (Fuji) or ImageJ.

Data availability

All mass spectrometric data have been deposited to the ProteomeX-

change Consortium (http://proteomecentral.proteomexchange.org)

via the PRIDE [51] partner repository with the dataset identifier

PXD010959.

Expanded View for this article is available online.
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