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a b s t r a c t

Vascular permeability is regulated by intercellular junction organization of endothelial cells, the
dysfunction of which is implicated in numerous pathological conditions. Molecular mechanisms of how
endothelial cells regulate intercellular junction in response to extracellular signals, however, have so far
remained elusive. This study identified that Girdin (also termed GIV), an Akt substrate functioning in post
natal angiogenesis, was expressed in a mature endothelial monolayer, where it regulated VE-cadherin
trafficking to maintain vascular integrity. Girdin depletion abrogated VEGF-induced VE-cadherin endo-
cytosis and the disassembly of adherens junctions in a monolayer of endothelial cells, thus leading to a
significant decrease in the permeability. We also showed that activated R-Ras, a member of the Ras
family GTPase, known to be a master regulator of transendothelial permeability, interacts with Girdin,
and facilitates the complex formation between Girdin and VE-cadherin in endothelial cells. However, the
increased permeability mediated by the loss of R-Ras was rescued by Girdin depletion, thus suggesting
that the interaction of Girdin with R-Ras functions in VE-cadherin trafficking pathways distinct from
endocytosis. The recycling of VE-cadherin was promoted by the exogenous expression of the active
mutant of R-Ras, which was attenuated in the Girdin-depleted endothelial cells. These results show that
Girdin regulates transendothelial permeability in synergy with R-Ras and VE-cadherin in an endothelial
monolayer.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

Aberrantly increased vascular permeability is associated with
numerous human diseases, such as inflammation, malignant tu-
mors, and diabetic retinopathy [1,2]. Endothelial cells are con-
nected with each other by various junctional proteins, and the
integrity of an endothelial monolayer plays a central role in the
maintenance of vascular barrier function. Endothelial cells have at
least two distinct adhesive junctional regions at intercelluar junc-
tions, which are designated adherens junctions (AJs), and tight
junctions (TJs) [3e5].

VE-cadherin is a member of cadherin superfamily, whose
expression is exclusively restricted to endothelial cells [6]. Cis- and
nction; VEGF, vascular endo-
s endothelial cell; BSA, bovine

. Maeda).
trans-homophilic adhesion of VE-cadherin is a crucial factor to
construct AJs [1,3]. AJs are dynamic structures that undergo
persistent remodeling not only in cells exposed to agents increasing
permeability, but also in confluent and resting cells [1,7]. One
mechanism for the remodeling of AJs involves continuous traf-
ficking, which includes endocytosis and recycling of VE-cadherin
[8e11]. Several lines of evidence indicate that the trafficking of
VE-cadherin is regulated by an intracellular signaling pathway [12].
However, detailed mechanisms for the trafficking of VE-cadherin
have remained elusive.

We previously discovered an actin binding protein termed Gir-
din [13], which was also reported as Ga-interacting vesicle associ-
ated protein (GIV) [14]. Girdin is a large protein of 220 kDa (KDa)
(1870 amino acids) with a unique amino-terminal domain, a long
coiled-coil region, and a unique carboxyl-terminal domain
[13,15,16]. The amino-terminal domain and coiled-coil region
contribute to homophilic oligomerization of Girdin and the
carboxyl-terminal domain directly binds to the actin cytoskeleton
and the plasma membrane, leading to the hypothesis that Girdin is
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a cross-linker of the actin filaments required to remodel the actin
meshwork lining the plasma membrane. Girdin is highly expressed
in immature endothelial cells, where it plays a pivotal role in VEGF-
dependent cell migration, vascular network formation, and post
natal angiogenesis that occurs in the retina and brain [17]. The
expression of Girdin is not restricted to immature endothelial cells
but also found in mature vascular networks composed of capillary
and middle-sized vessels in various tissues [17]. However, the
function of Girdin in those mature endothelial cells has not been
addressed. An insight into the involvement of Girdin in the trans-
endothelial permeability has come from our previous studies that
showed that Girdin functions as a GAP for dynamine 2 and regu-
lates the endocytosis of E-cadherin and transferrin receptor in
MDCK cells [18].

The present study explored the function of Girdin in the regu-
lation of the permeability of a confluent monolayer of endothelial
cell. Girdin regulated the remodeling of AJs by controlling the
trafficking of VE-cadherin, which was partly mediated by the small
GTPase R-Ras that is important in promoting vascular stability and
integrity. These observations suggest that Girdin therefore plays an
important role in the regulation of vascular permeability and
proper functioning of mature vascular networks.

2. Materials and methods

2.1. Plasmid constructs

The construction of adenoviral expression vectors was previ-
ously described [17]. Full-length human wild type and mutant R-
Ras cDNA were kindly provided by Drs.Negishi and Oinuma (Kyoto
University). The cDNAs were amplified by PCR using primers with
appropriate restriction enzyme sites, and the resulting cDNA frag-
ments were inserted into the pIRES2-EGFP expression vector
(Clontech).

2.2. Cell culture

HUVEC-2 were obtained from BD Biosciences, and cultured in
EGM-2-MV medium (Cambrex). Cells from passages 4e7 were
used. HEK293 cells were cultured in DMEM supplemented with
10% fetal bovine serum.

2.3. Antibodies

Rabbit anti-Girdin polyclonal antibodywas previously described
[13], (IBL, Gumma, Japan). Other antibodies used in this study
included anti-Girdin sheep polyclonal antibody (BD Biosciences),
anti-R-Ras, anti-VE-cadherin, anti-b-catenin, anti-p120 catenin and
anti-clathrin heavy chain antibodies (Cell signaling technology),
anti-VE-cadherinmonoclonal antibody (clone BV6;Millipore), anti-
cadherin5 antibody (BD Biosciences), anti-b-actin antibody
(Sigma), and anti-V5 antibody (Invitrogen).

2.4. RNA interference

The siRNA-mediated knockdown was performed as previously
described [17]. All siRNAs were purchased from Qiagen.

2.5. Expression of Girdin and R-Ras by the adenovirus system

Adenoviruses bearing Girdin and R-Ras/IRES2-EGFP cDNAswere
prepared using the ViraPower Adenovirus Expression System
(Invitrogen). HUVECs were infected with viruses two days after
plating at a multiplicity of infection of 1:10. The titer of adenoviral
stock was determined using QuickTiter™ Adenovirus Titer ELISA
Kit (Cell Biolabs Inc., Buffalo, USA).

2.6. Immunofluorescent studies

HUVECs were plated on gelatin-coated culture slides, and
cultured for 2 days to form mature monolayers. The cells were
starved in DMEMwith 1% BSA for 3 h, and stimulatedwith 50 ng/ml
VEGF-A for indicated times. The cells were fixed with 4% para-
formaldehyde, and permeabilized with 0.1% TritonX-100 in PBS.
Cells were blocked with donkey serum and stained with indicated
primary antibodies overnight at 4 �C, followed by incubation with
Alexa Fluor 488, or 594-conjugated secondary antibodies (1:500,
Invitrogen) for 1 h at room temperature. Fluorescence was exam-
ined using a confocal laser-scanning microscope (Fluoview FV500,
Olympus).

2.7. Immunoprecipitation and Western blot analyses

Immunoprecipitation and Western blot analyses were per-
formed with indicated antibodies as previously described [19].

2.8. R-Ras activity assay

The levels of GTP-bound R-Ras in HUVECs were determined
using a pull down assay with GST-Raf-RBD (Millipore) as previously
described [20].

2.9. FITC-dextran permeability assay

Permeability was assessed by the passage of FITC-dextran
(average molecular weight, 40,000, MP Biomedicals LLC, Santa
Ana, USA), as previously described [12]. All data were from at least
five independent experiments and presented as mean ± S.E.

2.10. Antibody uptake assay

Antibody uptake assay was performed as previously described
[21] with some modifications. Confluent HUVECs were starved in
DMEM with 1% BSA for 3 h, followed by treatment with 150 mM
chloroquine (Sigma) for 30 min. A monoclonal antibody directed
against the extracellular domain of VE-cadherin (BV6) was incu-
bated with HUVECs in DMEM with 1% BSA at 4C� for 1 h. Unbound
antibody was washed by rinsing cells in ice-cold DMEM with 1%
BSA. Then, cells were incubatedwith 50 ng/ml VEGF-A for 30min at
37C� in the presence of chloroquine. The cells were washed for
15 min at 4C� in PBS, pH 2.7 containing 25 mM glycine and 1% BSA
to remove cell surface bound antibody. The cells were rinsed, fixed,
and subjected to immunofluorescence. The cells were treated
similarly without chloroquine, and then were incubated in EGM2-
MV at 37C� for 20 min after a mild acid wash for the induction of
recycling in order to visualize VE-cadherin that was recycled to cell
surface.

2.11. Trypsinization assay

Trypsinization assay was performed as described previously
[12]. Confluent HUVECs were serum starved in DMEM with 1% BSA
for 3 h, followed by treatment with 150 mM chloroquine. Then, cells
were incubated in EGM-2-MV at 37C� for 16 h in the presence of
chloroquine, and treated with 0.25% trypsin-EDTA. Trypsin was
inactivated in serum containing medium. Cells were collected by
centrifugation and protein extracts were obtained from cell pellets.
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2.12. Statistical analysis

Student's t test was performed for comparisons between two
groups. One-way ANOVA followed by post hoc Tukey's test was
performed for comparisons among multiple groups. A value of
p < 0.05 was considered to indicate a statistically significant dif-
ference. All data are shown as means ± SEM.

3. Results

3.1. Girdin is involved in the remodeling of AJs

VEGF stimulation induces VE-cadherin to undergo endocytosis,
which leads to the disassembly of AJs and enhanced vascular
permeability [1]. An immunofluorescence analysis demonstrated
that, AJs, in a monolayer of control HUVECs, were disrupted after
VEGF stimulation, whereas no apparent disruption of AJs was
observed in a monolayer of Girdin-depleted cells (Fig. 1A). We also
investigated the effect of Girdin on the interaction between VE-
cadherin and catenins. The interaction of VE-cadherin and p120-
catenin was attenuated after VEGF stimulation in control HUVECs,
but not in Girdin depleted cells (Fig. 1B). The interaction between
VE-cadherin and b-catenin was not affected by Girdin depletion.
The previous study reported that p120-catenin binding prevented
VE-cadherin from endocytosis [22]. Thus, we investigated the effect
of Girdin on VE-cadherin endocytosis. Antibody uptake assays
revealed that VE-cadherin containing vesicles significantly
decreased in Girdin depleted HUVECs, in comparison to control
cells (Fig.1C and D). Control cells contained VE-cadherin containing
vesicles, which exhibited partial colocalizationwith Girdin (Fig.1C),
indicating the involvement of Girdin in the VE-cadherin endocy-
tosis and its intracellular trafficking. The endocytosis of VE-
cadherin is regulated by clathrin-dependent endocytosis [8].
Cross-linking experiment was applied to analyze the low affinity
interaction of VE-cadherin, clathrin, and its adopter proteins in the
previous study [23]. Thus, we also used a cross-linking reagent DSP
(dithio-bis-succinimidylpropionate). An immunoprecipitation
assay showed that Girdin forms a complex with VE-cadherin as
well as clathrin heavy chain (HC) after VEGF stimulation in HUVECs
treated with a DSP (Supplemental Fig. 1A).

The involvement of Girdin in VE-cadherin endocytosis was
further supported by a trypsinization assay (Fig. 1E). The data
showed that the amount of VE-cadherin was decreased by Girdin
depletion in trypsin-treated but not control HUVECs, indicating
that the amount of VE-cadherin that underwent endocytosis was
decreased in Girdin-depleted HUVECs. These data suggest that
Girdin is involved in the regulation of AJs through controlling the
endocytosis and/or intracellular trafficking of VE-cadherin in
HUVECs.

3.2. Girdin is required for VEGF induced transendothelial
permeability

The effect of Girdin depletion on the permeability of FITC
(fluorescein isothiocyanate)-conjugated dextranwas examined in a
monolayer of HUVECs (Fig. 1F). VEGF-induced dextran permeability
was significantly decreased in a monolayer of Girdin-depleted
HUVECs in comparison to control cells. Moreover, the expression
of siRNA-resistant Girdin restored the VEGF-induced dextran
permeability in Girdin depleted cells (Supplemental Fig. 1B and C).
These data indicate that Girdin functions to facilitate vascular
permeability after VEGF stimulation by regulating the endocytosis
of VE-cadherin.

Akt phosphorylates Girdin at serine-1416 downstream of
activated VEGFR2 [17]. Akt1 has an established role in the
regulation of vascular permeability and leakage [24]. Thus the
possibility that the phosphorylation of Girdin at serine-1416 is
involved in the regulation of permeability in HUVECs was exam-
ined. Dextran permeability was significantly decreased by the
expression of a non-phosphorylated mutant of Girdin (Girdin SA)
in which serine-1416 was mutated to alanine (Supplemental
Fig. 1D). Another finding from this experiment is that the
expression of another mutant of Girdin (Basic-mut), in which six
basic residues (lysines and arginines) adjacent to the Akt phos-
phorylation site were replaced with alanines, also led to the
decrease in dextran permeability. Basic-mut of Girdin exhibits
decreased Akt-mediated phosphorylation at serine-1416 [25].
Although precise mechanism remains unclear, the result suggests
that intact function of Girdin is essential for the regulation of the
dextran permeability through the modulation of VE-cadherin
endocytosis in HUVECs.
3.3. Girdin interacts with the active form of R-Ras

A valuable clue to the mechanism for Girdin-mediated regu-
lation of transendothelial permeability was provided by a pre-
vious proteomic study that comprehensively identified proteins
interacting with activated R-Ras [26]. Proteins interacting with a
dominant-active mutant of R-Ras were identified, which
included mouse Girdin (mKIAA1212 protein). We tried to address
whether the R-Ras/Girdin interaction is involved in the regula-
tion of vascular permeability, since the function of R-Ras is
closely associated with vascular permeability and stability
[27,28].

Exogenously-expressed Girdin was immunoprecipitated with
the constitutively active form of R-Ras (R-Ras 38V), but not its
dominant negative form (R-Ras 43N) (Fig. 2A, Supplemental
Fig. 2A). Further experiments investigated whether Akt-mediated
phosphorylation of Girdin affects its interaction with R-Ras
(Supplemental Fig. 2B), implying no apparent involvement of Akt in
the formation of R-Ras/Girdin protein complex.

A time-course experiment in HUVECs demonstrated that the
activity of endogenous R-Ras was increased at 5 min after VEGF
stimulation and sustained for at least 20 min (Fig. 2B). Therefore,
the interaction between endogenous Girdin and R-Ras was exam-
ined in HUVECs. The result showed that endogenous R-Ras was
successfully co-immunoprecipitated with Girdin in VEGF-
stimulated HUVECs (Fig. 2C). Collectively, these data indicate that
Girdin forms a complex with the active form of R-Ras in endothelial
cells after VEGF stimulation.

Various constructs encoding the fragments of Girdin fused with
the GST (glutathione S-transferase) were generated and pull-down
assays were conducted. However, repeated experiments could not
determine the domain/region(s) of Girdin that are required for R-
Ras binding, which was probably attributable to non-specific
binding of each fragment of Girdin to R-Ras.
3.4. R-Ras regulates subcellular localization of Girdin

Immunocytochemistry was used to investigate the effect of R-
Ras depletion on Girdin subcellular localization in HUVECs. Girdin
was primarily colocalized with the peripheral actin, accumulating
at the cellecell contact sites in a static monolayer of control
HUVECs (Supplemental Fig. 2C, upper panels), which was abro-
gated in R-Ras-depleted cells (Supplemental Fig. 2C, lower panels).
These data indicate that R-Ras regulates subcellular localization of
Girdin, which may be a mechanism for the regulation of trans-
endothelial permeability and VE-cadherin trafficking by the R-Ras/
Girdin complex.
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3.5. Girdin forms a complex with VE-cadherin-containing vesicles
dependently of R-Ras
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maximum by 15 min in HUVECs stimulated with VEGF, although
weak but still detectable interaction was observed in non-
stimulated cells (Fig. 3A). Interestingly, the Girdin/VE-cadherin
interaction was significantly attenuated by the depletion of R-Ras
or the expression of the 43N mutant of R-Ras in VEGF-stimulated
HUVECs (Fig. 3B and C). These results suggest that R-Ras regu-
lates the interaction between Girdin and VE-cadherin-containing
vesicles upon VEGF stimulation.

3.6. Girdin regulates the trafficking and transendothelial
permeability in synergy with R-Ras

The previous study revealed that the R-Ras activation prevented
the endocytosis of VE-cadherin [28]. Thus, we examined the effect
of R-Ras and Girdin on transendothelial permeability. The depletion
of endogenous R-Ras significantly increased dextran permeability,
and the enhanced permeability induced by the R-Ras depletionwas
negated by the simultaneous depletion of Girdin (Fig. 4A). These
data suggest that the interaction of activated R-Ras, Girdin, and VE-
cadherin may not simply be necessary for the endocytosis of VE-
cadherin, but involved in the recycling of VE-cadherin containing
vesicles to the plasma membrane to control the vascular integrity.
Fig. 4. R-Ras regulates the trafficking of VE-cadherin and transendothelial permeability in H
dextran permeability assay. (B) Monolayers of HUVECs were subjected to antibody uptake as
induction of VE-cadherin recycling. The number of cellecell contact sites containing recycled
Data are shown as the number of the cellecell contact sites containing recycled VE-cadherin
Representative images described in (B). In the lower panels, b-catenin was co-stained to vi
Therefore, further experiments were conducted to visualize recy-
cled VE-cadherin by an antibody uptake assay (Fig. 4B and C). The
recycling of VE-cadherin was induced by incubation in growth
medium after a mild acid wash. The recycled VE-cadherin at
cellecell contact sites was detected in HUVECs transfected with the
R-Ras 38V, but not in cells transfected with control (EGFP) or R-Ras
43N. Furthermore, the recycled VE-cadherin at cellecell contact
sites was attenuated by concomitant Girdin depletion suggesting
that R-Ras activation promotes the recycling of VE-cadherin-
containing vesicles to the plasma membrane in synergy with Gir-
din, the loss of which leads to the accumulation or degradation of
VE-cadherin-containing vesicles in the cytoplasm (Supplemental
Fig. 3).

4. Discussion

The present study demonstrates that Girdin regulates trans-
endothelial permeability by facilitating VE-cadherin trafficking at
least partly in concert with R-Ras. VEGF stimulation activates R-Ras,
which binds to Girdin and mediates the interaction of Girdin with
VE-cadherin on intracellular vesicles such as endosomes around
the cellecell contact sites. Our data and the previous study on R-Ras
UVECs. (A) HUVECs transfected with the indicated siRNA were subjected for an FITC-
say. Cells were incubated in EGM2-MV at 37C� for 5 min after a mild acid wash for the
VE-cadherin was counted and 200 cellecell contact sites were evaluated in each group.
per 100 cells. Data represent the mean ± S.E. from three independent experiments. (C)
sualize a cellecell contact site. Arrows indicate recycled. Bar, 20 mm.
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function in the membrane trafficking system [29] suggest that R-
Ras/Girdin complex promotes the recycling of VE-cadherin-
containing vesicles to the plasma membrane. The current data
also indicate the role of Girdin in endocytosis of VE-cadherin
leading to the disassembly of AJs and the increase of trans-
endothelial permeability. However, it remains unknown precisely
how R-Ras binding to Girdin modulates its function, how Akt-
mediated phosphorylation of Girdin is involved in VE-cadherin
endocytosis, and how R-Ras/Girdin complex regulates the recy-
cling of VE-cadherin containing vesicles.

We recently reported that Girdin functioned as a GAP for
dynamin 2 and regulated clathrin dependent endocytosis in a cargo
specific manner [18]. The study revealed that Girdin regulated the
endocytosis of E-cadherin in MDCK cells where R-Ras was not
expressed. The present study further elucidated the biological sig-
nificance of Girdin as a regulator of clathrin dependent endocytosis.
The finding that R-Ras, in concert with Girdin, regulates the intra-
cellular trafficking of VE-cadherin and transendothelial perme-
ability is consistent with a recent report that R-Ras regulates the
integrity of tumor vessels [28]. The study revealed that exogenous
expression of R-Ras 38V attenuated the internalization of VE-
cadherin accompanied with the reduction of serine 665 phos-
phorylation of VE-cadherin, which resulted in the enhanced
endothelial barrier function. Although it is unclear whether Girdin
is involved in the phosphorylation of serine 665 of VE-cadherin at
present, the present study identified Girdin as a protein that in-
teracts with the active form of R-Ras, suggesting that Girdin, as an
effector for R-Ras, may be vital in the regulation of vascular integ-
rity and post-natal angiogenesis. It would be a challenge to
examine how R-Ras utilize its various effectors to differently
regulate AJs and cell-extracellular matrix adhesion in endothelial
cells.

Finally, it is important to note that R-Ras and Girdin may be
candidate proteins useful for the effective treatment for patholog-
ical conditions with vascular hyperpermeability. A recent study
revealed that the dysregulation of VE-cadherin and disruption of
AJs are important initial events in the pathogenesis of the atheroma
formed in hyperlipidemia model mice [30]. Therefore, the devel-
opment of antagonists for R-Ras and Girdin may lead to the
development of useful therapeutic modalities for a variety of
vascular diseases including atherosclerosis.
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