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Evidence of a common mechanism

of disassembly of adherens junctions
through Ga13 targeting of VE-cadherin
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The heterotrimeric G protein Ga13 transduces signals from G protein—coupled receptors
(GPCRs) to induce cell spreading, differentiation, migration, and cell polarity. Here, we
describe a novel GPCR-independent function of Ga13 in regulating the stability of endo-
thelial cell adherens junctions (AJs). We observed that the oxidant H,0,, which is released
in response to multiple proinflammatory mediators, induced the interaction of Ga:13 with
VE-cadherin. Ga13 binding to VE-cadherin in turn induced Src activation and VE-cadherin
phosphorylation at Tyr 658, the p120-catenin binding site thought to be responsible for
VE-cadherin internalization. Inhibition of Ga:13-VE-cadherin interaction using an interfer-
ing peptide derived from the Ga13 binding motif on VE-cadherin abrogated the disruption
of Als in response to inflammatory mediators. These studies identify a unique role of Ga:13
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binding to VE-cadherin in mediating VE-cadherin internalization and endothelial barrier

disruption and inflammation.

The assembly of adherens junctions (AJs) is re-
quired for maintenance of normal endothelial
barrier function, whereas disassembly in response
to a variety of inflammatory mediators induces
vascular barrier leakiness and transendothelial
migration of inflammatory cells, leading to in-
flammation (Dejana et al., 2008; Komarova and
Malik, 2010). Endothelial permeability is essen-
tial for the pathogenesis of acute and chronic in-
flammation underlying many diseases (Komarova
et al., 2007), including atherosclerosis (Correale
and Villa, 2007), cancer (Kim et al., 2009), and
acute lung injury (Komarova et al., 2007). The
understanding of signaling pathways that orches-
trate the assembly and disassembly of AJs is re-
quired to provide insights into the molecular
regulation of endothelial permeability and the
potential ability to control excessive vascular
leakiness. Catenins are the primary VE-cadherin
binding partners, and they determine the stabil-
ity of AJs (Komarova and Malik, 2010). c-Src—
dependent phosphorylation of VE-cadherin at
Tyr 658 induced uncoupling of p120-catenin
from VE-cadherin, resulting in internalization of
VE-cadherin from AJs and subsequent loss of en-
dothelial barrier function (Xiao et al., 2003; Potter
et al., 2005; Hatanaka et al., 2011). Expression of
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constitutively active Src, but not the dominant
negative c-Src tyrosine kinase (CSK), a negative
regulator of c-Src (Okada et al., 1991; Cole et al.,
2003; Huang et al., 2009), also increased endo-
thelial permeability (Adam et al., 2010). Ga13,
the Ga12 subfamily member of heterotrimeric
G proteins, like other G proteins, responds to
GPCR activation by interacting with down-
stream effectors (Kozasa et al., 1998; Brown et al.,
2006). Ga13 has been shown to regulate the
processes of cell differentiation, retraction, mi-
gration, and platelet shape change, as well as
endothelial permeability, through RhoA activa-
tion (Offermanns et al., 1997; Klages et al., 1999;
Holinstat et al., 2003). In addition, Got13 appears
to be exceptional, as it was shown to have other
key functions independent of GPCR coupling
(Shan et al., 2006; Kelly et al., 2007). Ga13 was
shown to mediate B3 integrin outside-in sig-
naling that induced cell spreading through inhi-
bition of RhoA (Gong et al., 2010). Ga13 also
mediated receptor tyrosine kinase signaling to
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Figure 1. Ga13 binding to VE-cadherin induces endothelial barrier disruption at the level of AJ. (A) HMVEC-L cells were infected with con-
trol siRNA and Ga13 siRNA lentivirus, and Ga 13 expression was assessed by Western blotting (WB). Figures are representative of four experiments.

(B-E) Confluent HMVEC-L cells infected with control siRNA or Ga13 siRNA lentivirus were stimulated with 20 ng/ml VEGF (B), 2 ug/ml LPS (C), 20 ng/ml
TNF (D), and 300 uM H,0, (E), and transendothelial electrical resistance (TER) was measured. TER values of each monolayer were normalized to their basal
level values. Data are expressed as mean + SD (n = 3-4 in each group). Data are representative of 2-3 experiments. (F) Ga13 siRNA lentivirus-infected
confluent HMVEC-L cells were stimulated with 300 uM H,0,, 2 ug/ml LPS, or 20 ng/m! TNF, and then analyzed by confocal microscopy. Green indicates
labeling of VE-cadherin. Bars, 20 uM. Figures are representative of three experiments. (G) Quantification of AJ area from three randomly chosen areas
from the images in F (mean + SD). *, P < 0.01. Figures are representative of two experiments. (H) PMECs isolated from WT (129/B6) and Gna 13"¥flox mice
were infected with Cre recombinase adenovirus to induce Ga13 deletion. VE-cadherin expression was analyzed by WB; the experiment was done twice.
(I) PMECs isolated from WT (129/B6) and Gna 13¥fox mice were infected with Cre recombinase adenovirus, and VE-cadherin expression was analyzed by
confocal microscopy. Green indicates VE-cadherin. Bar, 20 uM. Figures are representative of two experiments. (J) Quantification of AJ area in (I) from
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promote cell migration (Shan et al., 2006). Ga13 additionally
regulated angiogenesis through induction of VEGFR2 ex-
pression (Sivaraj et al., 2013). Ga13 through binding to
E-cadherin in epithelial cells mediated translocation of 3-catenin
from junctions to the nucleus resulting in -catenin-mediated
transcription activation (Kaplan et al., 2001; Turm et al., 2010).

In this study, we identified a previously unrecognized role
of Ga13 in mediating the disassembly of VE-cadherin junc-
tions and increasing endothelial permeability. We demonstrated
that interaction of Go13 and VE-cadherin activated in response
to several proinflammatory ligands induced Src-dependent
VE-cadherin phosphorylation at Tyr 658, the p120-catenin
binding site responsible for VE-cadherin internalization, result-
ing in VE-cadherin junction disassembly.

RESULTS

G 13 regulates VE-cadherin—dependent

endothelial barrier function

To address the role of Ga13 in regulating endothelial barrier
function, we first studied the effects of depletion of Ga13
by siRNA in human lung microvascular endothelial cells
(HMVEC-L; Fig. 1 A). Ga13 depletion, but not Ga12 deple-
tion, prevented endothelial barrier disruption induced by
several diverse non-GPCR agonists, VEGE, the bacterial lipid
LPS, TNE and oxidative stress H,O, (Fig. 1, B-F; and not de-
picted). Ga13 depletion also increased VE-cadherin localiza-
tion at AJs (Fig. 1, F and G).The same phenotype was evident
in Ga13 knockout mouse pulmonary microvascular endo-
thelial cells (PMEC; Fig. 1, H-J). Deletion of Ga13 also made
the endothelial junctional barrier more resistant to the dis-
ruptive effects of mediators like LPS, such that deletion of
Ga13 in endothelial cells was shown to prevent LPS-induced
increase in transvascular permeability of albumin in lung
microvessels in vivo (Fig. 1 K). The more resistant vascular
endothelial barrier of these mice also contributed to reduced
mortality in response to LPS and the cecal ligation and punc-
ture (CLP) model of sepsis (Fig. 1, L and M).

G 13 depletion strengthens Als

by inhibiting VE-cadherin internalization

As VE-cadherin stabilization at AjJs is required for the integ-
rity of endothelial AJs (Chiasson et al., 2009), we next ad-
dressed the possibility that Ga13 regulated integrity of AJs by
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controlling the process of VE-cadherin internalization, which
is believed to be important in mediating AJ disassembly (Gavard
and Gutkind, 2006; Gavard et al., 2008). To address this con-
cept, we determined whether Go13 was required for internal-
ization of VE-cadherin from AJs. By separating cell surface and
internalized biotinylated proteins using streptavidin-conjugated
agarose beads (Wu et al.,2005), Ga13 depletion was shown to
increase cell surface VE-cadherin localization and to decrease
the amount of internalized VE-cadherin (Fig. 1 N).

Because these findings suggest a key role of Ga13 in me-
diating disruption of AJs, we next queried whether expressing
constitutively active GTPase-deficient Ga13 (Ga13 Q226L)
mutant would itself’ dissemble AJs. We observed here that
expression of Gal3 Q226L in endothelial cells induced
VE-cadherin internalization and disrupted AJs (Fig. 1 O and not
depicted), responses that were rescued by the Src kinase inhibi-
tor PP1 (Fig. 1 O and not depicted). Significant VE-cadherin
internalization was also evident in HMVEC-L expressing
Ga13 C-terminal 5-aa truncation mutant (Ga13-AC), which
functions to uncouple Ga13 from GPCR (Shan et al., 2006), or
secondary to expression of Ga13 truncation mutant lacking
amino acids from 255V-260R (Ga13-A255-260), which cannot
associate with the Ga13 effector p115RhoGEF and thereby
does not induce RhoA activation (unpublished data; Meigs
et al., 2005). These findings together show the key function of
Ga13 interaction with VE-cadherin in inducing VE-cadherin
internalization in a GPCR- and RhoA-independent manner.

Second messenger H,0, induces Ga13/Src

interaction and Src activation

Because the Src kinase inhibitor PP1 prevented the Ga13-
mediated AJ disruption (Fig. 1 O and unpublished data), we
next addressed the possible role of Src in mediating the loss of
endothelial barrier function induced by the aforementioned
interaction of Ga13 withVE-cadherin. Src may be important
in this context because Src-dependent phosphorylation of
VE-cadherin at Tyr 658 was shown to uncouple p120-catenin
from VE-cadherin leading to the internalization of VE-cadherin
(Potter et al., 2005; Hatanaka et al., 2011; Orsenigo et al.,
2012). In these studies, we challenged HMVEC-L with H,O,,
the common and relatively long-lived ROS known to be
generated in response to multiple inflammatory mediators
(Rhee, 2006). We observed that H,O, induced Src phosphory-
lation at Tyr 416 as well as VE-cadherin phosphorylation at

three random areas in each group (mean + SD); results are from two experiment. *, P < 0.01. (K) WT (Gna 13" and Gae13 CKO mice were injected with
PBS or 20 mg/kg LPS, and Evans blue dye was injected 24 h after LPS challenge. Pulmonary transvascular permeability in mice was measured 30 min after
Evans Blue dye injection. Mean + SD; n = 4 in each of the 4 groups. *, P < 0.001. This experiment was performed twice with similar results. (L and M) WT
(Gna13fo/fX) and Ga13 CKO mice were injected with 45 mg/kg LPS i.p. (L) or polymicrobial sepsis was induced by CLP (M), and survival was monitored.

n =10 per group identified in L and M. Differences in mortality were assessed by log-rank test. *, P = 0.001 in L; *, P < 0.001 in M. Figures are representa-
tive of two independent experiments for both Land M. (N) HMVEC-L cells were infected with control or G 13 siRNA lentivirus, and then treated with PBS,
20 ng/ml VEGF, 2 ug/ml LPS, or 100 uM H,0,. Cell surface proteins were labeled by biotinylation. Cells were then incubated at either 4°C to block membrane
trafficking or 37°C to allow internalization. Biotinylated proteins were purified by streptavidin agarose, and VE-cadherin was assessed by WB. The experi-
ment was performed twice with similar results. (0) HMVEC-L cells were infected with vector (pLVX-IRES-mCherry) or the constitutively active Ga13
Q226L mutant, and treated with or without 20 uM of Src inhibitor PP1. VE-cadherin expression was analyzed by confocal microscopy. Green, VE-cadherin;
red, mCherry. Bar, 20 uM. Figures are representative of three experiments.

JEM Vol. 211, No. 3 581



JEM

Tyr 658 (Fig. 2 A and not depicted). The H,O,-dependent
phosphorylation of both proteins, however, was significantly
reduced after Ga13 depletion (Fig. 2 A). Phosphorylation of
bacterially expressed GST-tagged VE-cadherin cytoplasmic
domain (CD) at Tyr 658 by Src was increased by functional
Ga13/i chimeras (Chen et al., 2005) in the presence of either
GTP-vyS or AlF,~ (Fig.2 B), demonstrating that Src activation
in the presence of GTP-bound Ga13 could thereby induce
Src phosphorylation of VE-cadherin.

That Src formed a complex with Ga13 was evident from
the findings that Ga13 coimmunoprecipitated with several
Src family proteins c-Src, Fyn, Lyn-A, and c-Yes (Fig. 2 C).
These interactions required the Src kinase domain (aa 244-541),
as well as Ga13 switch region II-1IT (aa 213-265; Fig. 2,
D and E). Consistent with our model, the interaction of Src
was enhanced by expression of the constitutively active Ga13
Q226L mutant (Fig. 2, D and E).

A Control

Ga13-mediated Src activation induces

endothelial permeability by dissociating

p120-catenin from VE-cadherin

Overexpression of Ga13 in HMVEC-L induced VE-cadherin
phosphorylation at Tyr 658 (unpublished data), and prevented
the binding of p120-catenin to VE-cadherin (Fig. 3 A). Chal-
lenging Ga13-depleted HMVEC-L with TNE in contrast, pre-
vented p120-catenin dissociation from VE-cadherin (Fig. 3 B),
further supporting our concept that Ga13 plays key role in
mediating Src activation, the dissociation of p120-catenin from
VE-cadherin, and the endothelial permeability response. The
importance of Tyr 658 onVE-cadherin for p120-catenin bind-
ing was shown functionally by measuring endothelial barrier
integrity and VE-cadherin internalization. Endothelial integrity
was lost by depletion of VE-cadherin in HMVEC-L but was
restored by expression of WT mouse VE-cadherin and, im-
portantly, by expressing the phosphorylation-resistant Y658F
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activation and VE-cadherin phosphoryla-
tion. (A) HMVEC-L cells were infected with
control or Ga13 SiRNA lentivirus, and treated
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mined by Tyr 416 phosphorylation and
VE-cadherin phosphorylation at Tyr 658 was
analyzed by WB. The experiment was per-
formed twice with similar results. (B) Purified
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bacterial was incubated with Src prepared
by immunoprecipitation from confluent
HMVEC-L cells in the presence of purified
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or 30 UM AIF,~. Phosphorylation of purified
VE-cadherin-CD at Tyr 658 was assessed by
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with plasmids encoding Flag-tagged Gau13 or
GFP-tagged Src family members Fyn, Lyn,
c-Sre, and c-Yes. Lysates were precipitated with
anti-Flag antibody, and immunoprecipitates
were detected by WB using anti-Flag and
anti-GFP antibodies. Results are representa-
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tive of two experiments. (D) 293T cells were
co-transfected with plasmids encoding
GFP-tagged Src with Flag-tagged Wt-Ga13,
Q226L-Ga13, or Gae13 truncation mutants.
Cell lysates were precipitated with anti-Flag
antibody, and immunoprecipitates were de-
tected by WB using anti-Flag and anti-GFP
antibodies. Results are representative of two
experiments. (E) 293T cells were co-transfected
with plasmids encoding Flag-tagged
Wt-Gae13 or Q226L-Gau 13, with truncation
mutants of GFP-tagged c-Src. Cell lysates
were precipitated with anti-Flag antibody, and
immunoprecipitates were detected by WB
using anti-Flag and anti-GFP antibodies. Re-
sults are representative of two experiments.
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VE-cadherin mutant (Fig. 3, C and D). The expression of
phosphorylation mimic Y658E VE-cadherin mutant promoted
VE-cadherin internalization, and thus only partially restored
endothelial permeability (Fig. 3, C and D). Expression of
Y658F VE-cadherin mutant also prevented endothelial bar-
rier disruption induced by TNF (Fig. 3 E). Together, these find-
ings demonstrate the essential role of Tyr658 onVE-cadherin
in the mechanism of VE-cadherin internalization and subse-
quent endothelial barrier disruption.

H,0, signaling of Src activation is required

for VE-cadherin internalization

To interrogate whether Src activation occurring downstream
of Ga13 signaling mediated VE-cadherin internalization, we
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focused on the role of H,O,, the oxidant recognized as a
crucial second messenger mediating dissociation of several
G proteins, Gai, Gao, and Ga12, from their respective GPCRs
(Nishida et al., 2000;Yu et al., 2012). We observed that a di-
verse set of inflammatory mediators known to increase endo-
thelial permeability (VEGE LPS, and TNF) induced the
production of H,O, in endothelial cells (Fig. 4 A). This likely
occurred through activation of the oxidase Nox2 induced by
these mediators (Diebold et al., 2009; Li et al., 2009; Clement
et al., 2010). H,O, also activated Ga13 (Fig. 4 B) in a dose-
dependent manner, as determined by the trypsin sensitivity
assay (Nishida et al., 2000). In addition, H,O, itself (Fig. 4 C)
or H,O, generated by VEGF (Fig. 4 D) induced the inter-
action of Ga13 with Src. These responses were sensitive to
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VE-cad
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Control siRNA Control siRNA
D Control + VE-cad siRNA
siRNA Vector Wt Y658E Y658F A1
VE-cad
- —
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B-actin
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Figure 3. Ga13 binding mediates p120-catenin dissociation from VE-cadherin through Src-dependent VE-cadherin phosphorylation at Tyr
658. (A) HMVEC-L cells were infected with lentivirus expression WT or Q226L Ga13. Cell lysates were precipitated with anti-p120-catenin antibody.
Immunoprecipitates were detected by WB using anti-Flag, anti-p120-catenin, and anti-VE-cadherin antibodies. Results are representative of two experi-
ments. (B) Confluent HMVEC-L cells infected with control or Ga13 siRNA lentivirus were stimulated with TNF. Cell lysates were precipitated by anti-p120-
catenin antibody. Immunoprecipitates were detected by WB using anti-VE-cadherin and anti-p120-catenin antibodies. Results are representative of two
experiments. (C) Confluent HMVEC-L cells infected with lentivirus encoding WT, YB58E, or Y658F mouse VE-cadherin were transfected with VE-cadherin
siRNA oligonucleotides to deplete human VE-cadherin expression, and subjected to TER assay to measure endothelial junctional barrier integrity. TER
values of each monolayer were normalized to values of control siRNA-treated cells at basal level. Data are expressed as mean + SD (n = 3-4 in each
group). Data are representative of two experiments and expressed as mean value (n = 3-4 in each group). (D) HMVEC-L cells infected with lentivirus en-
coding WT mouse VE-cadherin, as well as Y658E, Y658F, or A11 mutants were then transfected with siRNA oligonucleotides targeting human VE-cadherin.
Expression and internalization of VE-cadherin in these cells were detected by WB. Results are representative of three experiments. (E) Cells used in D were
also stimulated with TNF and subjected to TER assay to measure Al integrity. Data are expressed as mean + SD (n = 3-4 in each group). The experiments
were performed twice with similar results.
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the broad ROS scavenger N-acetyl-L-cysteine (NAC) and the
NOX inhibitor diphenyleneiodonium (DPI; Fig. 4, C and D).
Together, these findings showed that inflammatory mediator—
generated H,O, resulting in Src activation and subsequent
phosphorylation of VE-cadherin is a key determinant of
Ga13-mediated VE-cadherin internalization.

Identification of site of Ga13-VE-cadherin
interaction responsible for disruption of Als
We observed that the interaction between VE-cadherin and
Gaul13 was significantly enhanced by AlF,~ (Fig. 5,A—C), GTPvyS
loading (Fig. 5, B and C), and H,O, itself (Fig. 5 D) used to

activate Go13 in vivo in endothelial cells or in vitro using puri-
fied Ga13/1 chimeras (Chen et al., 2005) and GST-tagged
VE-cadherin CD (Fig. 5 B). Ga13-VE-cadherin interaction
increased in a ROS- and time-dependent manner in response
to oxidative stress induced by H,O, or VEGF (Fig. 5, D and E).
Thus, oxidant activation of Ga13 resulting in GTP binding
to Ga13 was responsible for Ga13 binding to VE-cadherin.
To identify binding motifs on Ga13 and VE-cadherin re-
sponsible for this interaction, we incubated 293T cell lysates con-
taining Flag-tagged WT Ga13 and truncation mutants with
purified GST-tagged full-lengthVE-cadherin CD and trunca-
tion mutants. Full-length Ga13 and truncation mutants 1-212,
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Figure 4. H,0, induces Ga13 activation and interaction of Ga13 with Sre. (A) Confluent HMVEC-L cells were stimulated by multiple inflamma-
tory mediators and H,0, production was assessed 1 h later. Mean + SD (n = 3 in each group). Results are representative of two experiments. (B) HMVEC-L
cell membrane fraction was extracted by CHAPS buffer and treated with trypsin in the presence of varying concentration of H,0, and 50 pM GTP-S.
GTP-yS-loaded Ga13 was protected from digestion by trypsin. Results are representative of two experiments. (C) Serum-starved HMVEC-L cells were
treated by 10 mM of the general ROS scavenger NAC for 30 min, and then challenged by 100 uM H,0, at different times. Cell lysates were immuno-
precipitated by control IgG or anti-Ga13 antibody, and immunoprecipitates were blotted with antibodies against Ga13 and Src. Results are representative of
two experiments. (D) Serum-starved HMVEC-L cells were treated by 10 mM ROS scavenger NAC or 100 uM of the general NOX inhibitor DPI for 30 min,
and then stimulated with 20 ng/ml VEGF at different times. Cell lysates were immunoprecipitated by control IgG or anti-Ga13 antibody, and immuno-
precipitates were blotted with antibodies against Ga13 and Src. Results are representative of two experiments.
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Figure 5. Ga13 binding to VE-cadherin in response to inflammatory mediators. (A) Confluent HMVEC-L cells were lysed in modified RIPA
buffer and immunoprecipitated by control IgG or anti-Ga13 antibody with or without 30 ug AlF,~. Immunoprecipitates were blotted with anti-
bodies against Ga13 and VE-cadherin. Results are representative of two experiments. (B) GST-tagged VE-cadherin CD bound to glutathione beads
and 6His-tagged Ga13/i chimeras were purified from bacteria, mixed with each other in the presence of 10 pM GDP, 10 uM GTP-vS, or 30 uM
AlF,~. The bound proteins were immunoblotted with antibody to 6His tag. The experiment was performed three times with similar results.

(C) Quantification of (B; mean + SD) from three experiments. *, P < 0.005. (D) Serum-starved HMVEC-L cells were treated with 10 mM of NAC for
30 min, stimulated by 100 uM H,0, for different periods, solubilized, and subjected to VE-cadherin immunoprecipitation with anti-Ga13 antibody.
Results are representative of two experiments. (E) Serum-starved HMVEC-L cells were treated by 10 mM of NAC or 100 uM DPI for 30 min, stimu-
lated by 20 ng/ml of VEGF for different periods, solubilized, and subjected for VE-cadherin immunoprecipitation with anti-Ga13 antibody. Results
are representative of two experiments. (F) 2937 cells were transfected with Flag-tagged WT Ga13 and truncation mutants. Lysates were precipi-
tated with GST- or GST-VE-cadherin CD-bound glutathione beads. Bead-bound proteins were immunoblotted with anti-Flag antibody. Results

are representative of two experiments. (G) 293T cells were transfected with Flag-tagged WT Ga13. Cell lysates were incubated with GST- or GST-
VE-cadherin CD truncation mutant-bound glutathione beads. Bead-bound proteins were immunoblotted with anti-Flag antibody. Results are
representative of two experiments.
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Figure 6. mG13BP prevents endothelial barrier disruption through blocking the interaction of Ga13 with VE-cadherin. (A) Human VE-cadherin cyto-
plasmic domain sequence. The Ga13 binding motif is highlighted in red. (B) HMVEC-L cells were lysed in modified RIPA buffer. Cell lysates were immunoprecipi-
tated with anti-Gae13 antibody in the presence of 200 mM mScr or mG13BP. Immunoprecipitates were immunoblotted with antibody to Ga13 or VE-cadherin.
Figures are representative of three experiments. (C) Confocal microscopy images of VE-cadherin subcellular location in mSer- or mG13BP-pretreated HMVEC-L
cells in the presence or absence of chloroquine for 3 h. Green indicates VE-cadherin. Arrows point to internalized VE-cadherin. Figures are representative of two
experiments. Bars, 20 uM. (D) Serum-starved confluent HMVEC-L cells were pretreated with PBS, 150 uM mScr, or mG13BP for 30 min, and then stimulated by

20 ng/ml VEGF, 2 pg/ml LPS, or 100 pM H,0, and subjected to biotinylation. Cells were then incubated at either 4°C to block membrane trafficking or 37°C to
allow internalization. Purified biotinylated proteins were then assessed by WB using anti-VE-cadherin antibody. The experiment was performed twice with similar
results. (E) Confluent HMVEC-L cells were pretreated with PBS, 150 uM mScr, or 150 uM mG13BP, and then stimulated with PBS, 300 uM H,0,, 2 ug/ml LPS, or
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197265, and 197-377 bound to VE-cadherin CD, and the
binding was increased by the constitutively active Gal3
mutant Q226L (Fig. 5 F); thus, Ga13 switch region I motif’
from amino acids 197-212 was essential for Ga13 binding to
VE-cadherin. Interestingly, this motif is also required for Ga13
interaction with other established Ga13 effectors, integrins,
p115RhoGEEF and E-cadherin (Meigs et al., 2005; Gong et al.,
2010). We observed that Ga13 associated with the full-length
VE-cad-CD and C-terminal truncation mutant A762, but
not with A751 (Fig.5 G), indicating that this highly conserved
(Kaplan et al., 2001) negatively charged 11-aa motif within
VE-cad-CD (Fig. 6 A) was essential for Ga13 binding.

Peptide mG13BP prevents Ga13 binding to
VE-cadherin and endothelial barrier dysfunction
To address the functional significance of the identified 11-aa
VE-cadherin motif, we studied Ga13—VE-cadherin inter-
action in the presence of the myristoylated Ga13-binding
peptide (mG13BP) of VE-cadherin, Myr-DSDVDYDFLND,
corresponding to VE-cadherin-CD aa 752762 (Fig. 6 A). This
cell permeable peptide prevented the binding of Gal3 to
VE-cadherin (Fig. 6 B), as well asVE-cadherin internalization in
the presence of multiple tested inflammatory mediators VEGE
LPS, and H,O, (Fig. 6, C and D). Expression of VE-cadherin
truncation mutant lacking Ga13 binding motif (VE-cad-A11)
in endothelial cells also prevented VE-cadherin internalization
(Fig. 3 D) and AJ disruption induced by TNF (Fig. 3 E), further
supporting the critically important role of Ga13 binding to
VE-cadherin in regulating endothelial permeability.

Treatment of endothelial monolayers with mG13BP sig-
nificantly reduced AJ disassembly and endothelial permeability
in response to multiple inflammatory mediators (Fig. 6 E). In
addition, treatment of endothelial cells with mG13BP prevented
oxidative stress—induced Src activation and Src-dependent
VE-cadherin phosphorylation at Tyr 658 (Fig. 6 F), suggesting
that Ga13/VE-cadherin interaction was responsible for the
aforementioned Src activation.

To address potential in vivo antiinflammatory function of
mG13BP peptide, which prevented Ga13/VE-cadherin inter-
action (Fig. 6 B), we challenged mice with LPS. When mice

Article

showed signs of lung injury, they were treated with mG13BP.
We observed that mG13BP inhibited leukocyte transmigration
and transvascular permeability of Evans blue albumin tracer in
response to LPS (Fig. 6, G-1). Moreover, mG13BP significantly
enhanced survival in both LPS and CLP mouse sepsis models
relative to controls (Fig. 6,]-K).

DISCUSSION

‘We have identified here a unique proinflammatory function of
a previously unknown interaction of the GTP-bound Ga13
subunit with VE-cadherin in mediating the disassembly of en-
dothelial AJs, and thereby the disruption of the endothelial
barrier. This interaction occurred in response to the relatively
long-lived oxidant H,O, (Kress et al., 1995; Giniatullin and
Giniatullin, 2003) that is generated in endothelial cells by a va-
riety of inflammatory mediators, including LPS, TNE and
VEGEF (Frey et al., 2009). In each instance, H,O, generation is
known to be secondary to activation of Nox2 (Frey et al.,2009;
Gandhirajan et al., 2013).That the global ROS scavenger NAC
(Shimizu et al., 2004; Bauernfeind et al.,2011) and Nox inhibi-
tor DPI (Wind et al., 2010; Bauernfeind et al., 2011) prevented
the binding of Ga13 withVE-cadherin supported our conten-
tion that AJ disassembly and permeability responses were
initiated by ROS production induced by the inflammatory
mediators. We did not specifically address the eftects of H,O,
generation. It is well established that superoxide and H,O, are
the primary oxidants produced in endothelial cells that can dis-
rupt endothelial barrier function (Cai, 2005) and also that H,O,
is the primary oxidant species generated because the high levels
of expression of superoxide dismutases in endothelial cells effi-
ciently convert superoxide to H,O, (Fridovich, 1995; Cai, 2005).
We observed that the interaction of Gal3 with VE-cadherin
secondary to ROS occurred independently of GPCR activa-
tion because none of mediators tested are known to directly
activate GPCRs (Shi et al., 2004; Khoa et al., 2006; Shan et al.,
2006). We also observed that expression of the Ga13 AC mu-
tant unable to bind to GPCRs (Shan et al., 2006) was itself ca-
pable of activating Src and inducingVE-cadherin internalization,
an event that preceded AJ disassembly. Our concept that the
o subunit of heterotrimeric G proteins functions independently

20 ng/ml TNF, and analyzed by immunostaining using anti-VE-cadherin antibody. Figures are representative of three experiments. Bars, 20 uM. (F) Confluent
HMVEC-L cells were pretreated with PBS, 150 uM mScr, or 150 pM mG13BP, and then stimulated with 300 pM H,0,. Src activation and VE-cadherin phosphoryla-
tion on Tyr 658 were assessed by WB using indicated antibodies. Figures are representative of three experiments. (G) C57/BL6 mice were first challenged by

20 mg/kg LPS i.p., and then received 2 mg/kg mScr or mG13BP 30 min by retroorbital venous injection. Mouse lungs were fixed by 10% formalin, dissected, and
subjected to H&E and Ledder staining. Studies were made with n = 3 mice in each group from 2 experiments. (H) C57/BL6 mice were i.p. injected with PBS or

20 mg/kg LPS, and then 30 min later received PBS, 2 mg/kg mScr, or mG13BP. Evans blue tracer (40 mg/kg) was given at indicated time points. Mouse lungs were
harvested 30 min after Evans blue dye injection and transvascular albumin permeability was measured. Mean + SD; studies were made with n = 4 in each of the
3 PBS and 3 LPS group. *, P < 0.01. Figures are representative of two experiments. () C57BL6 mice were given 20 mg/ml LPS i.p., and then treated with 2 mg/kg
mG13BP, mScr, or vehicle PBS by injection through retroorbital vein given 2 h after LPS. Leukocytes in lung bronchoalveolar lavage (BAL) 24 h after LPS challenge
were centrifuged and counted. Studies were made with n = 4 in each of 3 PBS and 3 LPS groups. *, P < 0.01. Figures are representative from two experiments.

(J) C57/BL6 mice were challenged with 40 mg/kg LPS i.p., and then received PBS, 2 mg/kg mScr, or mG13BP by retroorbital venous injection 30 min after LPS, and
survival was monitored. Studies were made with n = 8 in each of the 3 groups. Figures are representative from two experiments. (K) C57/BL 6 mice were subjected
to CLP to induce polymicrobial sepsis. At 30 min after surgery, mice received PBS, 2 mg/kg mScr, or mG13BP by retroorbital injection, and survival was monitored.
Differences in mortality were assessed by log-rank test. Studies were made with n= 15 in each of the three groups. *, P < 0.05. Figures are representative from

two experiments.
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of GPCR activation is consistent with studies showing that
ROS induce dissociation of the o subunit from heterotrimeric
G proteins independent of GPCR ligation with agonists
(Nishida et al., 2000;Yu et al., 2012). We observed that Ga13
binding to VE-cadherin in turn induced Src activation, and
thereby the internalization of VE-cadherin. This effect trig-
gered by Ga13 binding to VE-cadherin appeared to be inde-
pendent of RhoA because Ga13 truncation mutant A255-260
lacking the p115RhoGEF binding motif (corresponding to the
Ga12 A244-249 mutant; Meigs et al., 2005) was itself able to
induce the Src activation and phosphorylation of VE-cadherin
at Tyr 658 required for VE-cadherin internalization (Xiao
et al., 2003; Potter et al., 2005; Hatanaka et al., 2011).

An important observation in these studies is the finding
that disruption of AJs induced by the activated Ga13 was res-
cued by Src kinase inhibition. Exposing endothelial cells to
H,O, induced Src phosphorylation at Tyr 416, a defining
signature of Src activation (Roskoski, 2005). The mechanism
of Src activation may be through H,O,-mediated inhibition
of protein tyrosine phosphatase (Salmeen and Barford, 2005;
Su et al., 2012), as well as direct H,O,-dependent oxidation of
Src (Giannoni et al., 2005). In this study, we demonstrated
that Src activation in endothelial cells required H,O, generation
induced by the inflammatory mediators and was facilitated by
the Ga13/VE-cadherin interaction. Src activation in turn
mediated phosphorylation of VE-cadherin at Tyr 658, the
phosphorylation site known to promote the dissociation of
p120-catenin from VE-cadherin and the subsequent internal-
ization of VE-cadherin (Xiao et al., 2003; Potter et al., 2005;
Hatanaka et al., 2011). Although the role of Src and resulting
VE-cadherin phosphorylation at Tyr658 in mediating dis-
assembly of AJs has been previously proposed (Adam et al.,
2010), our results are the first to show that in the context of
Src activation induced by Ga13—VE-cadherin interaction,
Src phosphorylation of VE-cadherin at Tyr656 is an important
mechanism of AJ disassembly. This contention is reinforced
by the finding that endothelial cell expression of phosphory-
lation-resistant Y658F VE-cadherin not only restored endo-
thelial AJ integrity but also protected AJs from disruption
induced by multiple inflammatory mediators. The signaling
function of H,O, generated by the mediators tested induced
both the interaction of Ga13 with VE-cadherin, and thus the
Src activation responsible for VE-cadherin internalization.

We pinpointed the domain on active Ga13 required for
the binding to Src and VE-cadherin. Ga13 immunoprecipi-
tated with several Src family kinases (c-Src, Fyn, Lyn-A, and
c-Yes). This interaction was dependent on the Src kinase domain
(aa 244-541) and the switch region II-III (aa 213-265) of
Ga13. Ga13 switch region I motif from aa 197-212 was also
essential for Ga13 binding to VE-cadherin. It appears from
these results that VE-cadherin serves as a scaffold for binding
both Src and Ga13 after H,O, generation, but they bind to
different sites on VE-cadherin. Interestingly, it is known that the
switch region I motif on Ga13 is the same domain required for
Ga13 interaction with other known effectors, such as integrins
and E-cadherin (Meigs et al., 2005; Gong et al., 2010).
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We observed that Ga13 associated with the VE-cadherin
C-terminal truncation mutant A762 but not with A751, indi-
cating that this highly conserved (Meigs et al., 2002) negatively
charged 11-aa motif DSDVDYDFLND (termed mG13BP)
was responsible for VE-cadherin interaction with Ga13. This
result was supported by the finding that endothelial cells ex-
pressing the VE-cadherin truncation mutant lacking the 11 aa
were resistant to TNF-induced permeability response because
of diminished VE-cadherin internalization.

We studied the possible therapeutic significance of the
11-aa peptide in mice by myristoylating the peptide to enable
its cell penetration. In endothelial cells, mG13BP prevented
the binding of Ga13 to VE-cadherin and internalization of
VE-cadherin and significantly reduced AJ disassembly and en-
dothelial permeability in response to proinflammatory media-
tors. In mice, mG13BP reversed the increased lung vascular
permeability and leukocyte transmigration responses and also
significantly enhanced survival in mouse models of sepsis.

In conclusion, our studies describe a novel function of
binding of active Ga13 to VE-cadherin in activating AJ dis-
assembly and increasing endothelial permeability in response
to multiple proinflammatory mediators. These studies have un-
covered a common mechanism of endothelial barrier disrup-
tion and inflammation functioning through the generation of
H,O, that resulted in the interaction of Ga13 subunit and Src
with VE-cadherin. Src, in turn, phosphorylated VE-cadherin at
Tyr 658 and mediated disassembly of AJs through VE-cadherin
internalization. A peptide used to prevent Gou13—VE-cadherin
interaction (DSDVDYDFLND) abrogated the vascular perme-
ability and inflammation responses in mouse models in sepsis.
Thus, Goe13—VE-cadherin interaction represents a potential
antiinflammatory target to prevent endothelial barrier disrup-
tion and vascular inflammation.

MATERIALS AND METHODS

Reagents. Myristoylated G13BP and scrambled peptide were synthesized
and purified at the Research Resource Center at University of Illinois, Chi-
cago. Anti-Ga13 (sc-410), anti-Src (sc-18, s¢-5266), and anti—VE-cadherin
(s¢-9989 and sc-6458) antibodies, as well as human VE-cadherin siRNA
were purchased from Santa Cruz Biotechnology; mouse monoclonal anti-
Gal3antibody (26004) was from Neweast Biosciences; anti-phospho-Src
Y416 antibody was obtained from Cell Signaling Technology; anti—phospho-
VE-cadherin Y658 antibody, Src kinase assay kit, and anti—v-Src antibody
were obtained from Millipore; anti—B-actin and anti-Flag (M2) antibodies,
TNE GDT and GTPyS, NAC, and DPI were purchased from Sigma-Aldrich;
Lipofectamine 2000, anti-GFP antibody, and Lipofectamine 2000 were pur-
chased from Invitrogen; HMVEC-L and Amaxa Nucleofector kit (VPB-
1002) were obtained from Lonza; and HisPur Ni-NTA Spin Purification kit
was obtained from Pierce. SensoLyte ADHP Hydrogen Peroxide Assay kit
was from purchased AnaSpec. Anti-RhoA antibody and GST-Rhotekin
beads were purchased from Cytoskeleton Inc.

Plasmid constructs. Mouse VE-cadherin full-length ¢cDNA plasmid was
purchased from Open Biosystems. Human VE-cadherin ¢cDNA was prepared
by RT-PCR.Y658E,Y658F and A11 truncation mutant were made by over-
lapping PCR and inserted into pLVX-IRES-mcherry lentivirus vector.
Gal3 plasmid was a gift from J. Profirovic (St. Louis College of Pharmacy,
St. Luois, MO). Truncation mutants and Q226L point mutant were prepared
by overlapping-PCR and inserted into pEF6-HisB or pLVX-IRES-mcherry
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vectors. The small hairpin Gal2 and Gal3 siRNAs were inserted into
pLL3.7 lentivirus vector.

Generation of endothelial cell-specific Ga13-deficient mice. The an-
imal experiments were approved by the Animal Care Committee and Insti-
tutional Biosafety Committee of the University of Illinois, Chicago. For
in vivo experiments, we used endothelial cell-specific Ga13-deficient mice

3ﬂm</ﬂm< mice

generated by i.p. tamoxifen 2 mg/d for 5 d into Tie2-Cre Gnal
(129/B6 background), in which tamoxifen induced expression of a fusion
protein of Cre recombinase with the modified estrogen receptor binding do-
main (Cre ER™) under the control of the tie2 promoter (Indra et al., 1999;
Korhonen et al., 2009). Gna 13/ mice were generated by backcrossing tie2-
cre recombinase transgenic Gna12~/~ and Gna13/fox/fex alleles (S. Offermanns,
Max-Planck Institute for Heart and Lung Research, Bad Nauheim, Ger-
many) with 129/B6 mice. Experiments were performed at dayl4 from the
first day of injection (Korhonen et al., 2009).

Coimmunoprecipitation and in vitro binding assays. These assays
were performed as reported with minor modifications (Gong et al., 2010).
For coimmunoprecipitation experiments, endothelial cell lysates were incu-
bated with either a rabbit anti-Ga13 antibody or an equal amount of normal
rabbit IgG and, subsequently, with protein A/G-conjugated Sepharose beads,
and then analyzed by Western blotting. In some experiments, 200 pM
mG13BP or mScr control peptide was incubated with cell lysates before im-
munoprecipitation. For in vitro binding experiments, purified functional
6His-tagged Gou13/1 chimeras or 293T cell lysate containing Flag-tagged
Gal3 truncation mutants were added to agarose beads conjugated with GST
or GST-tagged VE-cadherin-CD and truncation mutants in the presence or
absence of 10 pM GDP, 10 uM GTP«S, or 30 uM AlF,~.

Transendothelial electrical resistance measurement. Serum-starved
confluent endothelial cells plated on gold microelectrodes were infected with
Gal3 siRNA lentivirus, or pretreated with 150 uM mG13BP or mScr con-
trol peptide, and challenged with 20 ng/ml VEGE 2 pg/ml LPS, 20 ng/ml
TNE or 300 uM H,0O,. TER was monitored using the ECIS system (Applied
Biophysics) as previously described (Mirza et al., 2010).

Evans blue albumin pulmonary transvascular flux measurement. 24 h
after 20 mg/kg LPS i.p., 40 mg/kg Evans blue albumin was retroorbitally in-
jected into LPS-challenged WT and Ga13 CKO mice, or C57BL/6 mice
received peptide 30 min after LPS challenge. Intravascular Evans blue was
washed by PBS perfusion from right ventricle for 5 min. Mouse lungs were
excised, weighed, homogenized in 1 ml PBS, and extracted in 2 ml form-
amide for 24 h at 60°C. Evans blue content was determined by OD620 and
OD740 of the formamide extract (Vandenbroucke St Amant et al., 2012).

In vivo mG13BP peptide treatment protocol. Control scrambled mScr
peptide and mG13BP was dissolved in PBS to make the stock solution of
0.5 mg/ml. For in vivo experiments, 2 mg/kg peptide or equal volume of
PBS was injected via retroorbital vein.

Cell surface biotinylation and endocytosis assays. Serum starved
monolayer HMVEC-Ls were washed twice with ice-cold HBSS with 1 mM
calcium, and then incubated with 0.5 mg/ml of NHS-SS-biotin for 30 min
in 4°C.To determine cell surface VE-cadherin expression, labeled cells were
lysed in modified RIPA buffer, precipitated with streptavidin-conjugated
agarose beads, and subjected to WB with anti-VE-cadherin antibody (Wu et al.,
2005). For VE-cadherin endocytosis assay, biotinylated cells were washed
twice with HBSS. The noninternalized cell surface proteins were cleaved by
50 mM glutathione in HBSS at 4°C for 30 min (Wu et al., 2005).To visualize
the internalization of VE-cadherin, living cells were labeled by BV9 (anti—
VE-cadherin extracellular domain antibody) in the presence or absence of
100 pM chloroquine at 37°C for 3 h (Xiao et al., 2003), fixed, and subjected
to mild acid buffer wash (2 mM PBS-glycine, pH 2.0, 2 min twice) to re-
move cell surface-bound antibody (Gavard et al., 2008), and detected by Carl
Zeiss confocal microscope using MLS510 meta software.
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Src kinase assay. Purified Ga13/1 chimeras and GST-tagged VE-cadherin
CD were incubated with Src immunoprecipitated from HMVEC-L in the
kinase assay buffer with or without GTPYyS and AlF,~. Src kinase activity
was determined by the phosphorylation of VE-cadherin at Tyr 658.

Trypsin sensitivity assay. The cell membranes (50 mg protein per tube) from
HMVEC-L were solubilized by 1% CHAPS in 50 mM Hepes, pH 7.4, and
incubated in buffer containing 25 mM Hepes, pH 7.5, 1 mM EDTA, 20 mM
2-mercaptoethanol, 25 mM MgCl,, 100 mM NaCl, 0.7% CHAPS, and 10 uM
GDP with or without 50 uM GTP-yS in the absence or presence of different
concentration of H,O, for 30 min at 30°C. Samples were then digested by
100 mg/ml-1 N-tosyl-L-phenylamine chloromethyl ketone (TPCK)-trypsin
(1:25 ratio of trypsin to total protein) for 15 min at room temperature. The dif-
ferent digestion patterns of Goa13 were detected by Western blotting.

RNA interference and lentivirus preparation. Lentivirus preparation
and infection were performed as previously described (Gong et al., 2010). Ga13
siRNA target sequence was as follows: 5'~-GCAACGTGATCAAAGGTAT-3'.

Sepsis models. 129/B6 background Ga13 CKO mice and same back-
ground Gnal3//f mice, as well as WT C57/BL6 mice, were challenged
with CLP or LPS i.p. CLP-mediated polymicrobial sepsis was induced using
a 16-gauge needle as in Bachmaier et al. (2007). For survival studies, mice
were monitored 4 times daily for 5 d. For histology, paraffin-embedded tissue
sections were stained with H&E or Ledder stain.

Endothelial cell H,O, production. Monolayer of HMVEC-Ls were
washed twice by PBS, and then incubated with Amplex red (80 uM) and
horseradish peroxidase (10 mU/ml) for 30 min after VEGE LPS, or TNF
stimulation. Supernatants were carefully collected and fluorescence was mea-
sured in a multiplate reader (Aex = 345 nm; Aem = 595 nm). Cells were
maintained at 37°C in HBSS buffer during the 30-min incubation time.

Quantification and statistics. Western blot bands were scanned and ana-
lyzed for uncalibrated optical density using National Institutes of Health
Image ] software. Student’s  test and log-rank test were used to determine
statistical significance with p-value set at <0.05.
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