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Vascular endothelial (VE)–cadherin forms homotypic adherens junctions (AJs) in the endothelium, whereas N-cadherin 
forms heterotypic adhesion between endothelial cells and surrounding vascular smooth muscle cells and pericytes. Here 
we addressed the question whether both cadherin adhesion complexes communicate through intracellular signaling 
and contribute to the integrity of the endothelial barrier. We demonstrated that deletion of N-cadherin (Cdh2) in either 
endothelial cells or pericytes increases junctional endothelial permeability in lung and brain secondary to reduced 
accumulation of VE-cadherin at AJs. N-cadherin functions by increasing the rate of VE-cadherin recruitment to AJs and 
induces the assembly of VE-cadherin junctions. We identified the dual Rac1/RhoA Rho guanine nucleotide exchange factor 
(GEF) Trio as a critical component of the N-cadherin adhesion complex, which activates both Rac1 and RhoA signaling 
pathways at AJs. Trio GEF1-mediated Rac1 activation induces the recruitment of VE-cadherin to AJs, whereas Trio GEF2-
mediated RhoA activation increases intracellular tension and reinforces Rac1 activation to promote assembly of VE-cadherin 
junctions and thereby establish the characteristic restrictive endothelial barrier.
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Introduction
The endothelium lining vessels forms a physical barrier be-
tween the circulating blood and interstitium that restricts in a 
size-selective manner the passage of solutes and plasma proteins 
(Komarova et al., 2017). This specific property of the endothelium 
is attributed to vascular endothelial (VE)–cadherin junctions 
(known as adherens junctions [AJs]) located between endothelial 
cells (ECs; Simionescu et al., 1975; Del Vecchio et al., 1987; Mehta 
and Malik, 2006). In addition to VE-cadherin, ECs also express 
N-cadherin (Lampugnani et al., 1992; Salomon et al., 1992), which 
forms heterotypic adhesions with surrounding pericytes or vas-
cular smooth muscle cells (Salomon et al., 1992; Navarro et al., 
1998; Frye et al., 2015). Endothelial-specific deletion of either 
Cdh2 (N-cadherin) or Cdh5 (VE-cadherin) increases vascular 
permeability in mice and causes lethality in embryos at embry-
onic day 9.5 due to defective vascularization (Carmeliet et al., 
1999; Luo and Radice, 2005). Thus, both cadherins contribute to 
establishing the VE barrier, although N-cadherin has a unique 
role in recruiting pericytes during neonatal and postnatal angio-
genesis (Gerhardt et al., 2000; Tillet et al., 2005). Pericytes local-
ized at entry points of AJs are thought to stabilize the microvessel 
junctional barrier (Alimperti et al., 2017). Studies also show that 
N-cadherin up-regulates VE-cadherin protein expression (Luo 

and Radice, 2005) through a yet unknown mechanism. These 
raise intriguing questions as to the mechanisms of N-cadherin–
mediated assembly of VE-cadherin and the role of N-cadherin–
activated signaling in endothelial barrier function.

Here we investigated the role of N-cadherin in the forma-
tion of VE-cadherin junctions following the inducible deletion 
of N-cadherin in ECs or pericytes in mice. We identified a cru-
cial N-cadherin–activated signaling pathway responsible for the 
assembly of AJs. N-cadherin functioned by interacting with and 
activating Trio, a dual Rac1/RhoA guanine nucleotide exchange 
factor (GEF). Rac1 activation induced recruitment of VE-cad-
herin to AJs, whereas RhoA increased myosin II activity to rein-
force the activation of Rac1 at AJs. Thus, coordinated activation 
of both Rac1 and RhoA by N-cadherin–associated Trio is essential 
for the formation of a restrictive endothelial barrier.

Results
Deletion of N-cadherin in ECs and pericytes increases 
junctional permeability in mice
Studies were made in mice in which Cdh2 gene was deleted 
in ECs using the inducible tamoxifen-responsive Cre/loxP 
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recombination system (Gu et al., 1994). Here we crossed Cdh2flox/

flox mice (Luo and Radice, 2005) with endothelial specific end-
SCL-Cre-ERT2 mice (Göthert et al., 2004) to generate Cdh2flox/flox/
end-SCL-Cre-ERT2 mice (iEC-KO). Cdh2 was deleted in 6–8-wk-
old mice, and the effects of Cdh2 deletion were investigated as 
early as 2 wk after Cre induction (Fig. S1, A and B). These mice 
demonstrated no gross phenotype or reduction in lifespan. In 
contrast to embryonic lethality seen with conditional N-cad-
herin deletion in ECs due to down-regulation of VE-cadherin 
expression (Luo and Radice, 2005), inducible deletion of N-cad-
herin in ECs of adult mice had no effect on expression of either 
VE-cadherin or p120-catenin (Fig. S1, C and D). We observed 
that N-cadherin was absent on the abluminal surface of ECs in 
Cdh2 iEC-KO mice, whereas it was expressed normally in control 
ECs (Fig. S1 E).

EC-specific deletion of N-cadherin increased basal perme-
ability of both lung vessels to albumin from 6.8 ± 0.8 to 11.2 ± 
1.5 µl/min/100 g (P = 0.0308) and brain vessels from 0.3 ± 0.1 
to 1.0 ± 0.4 µl/min/100 g (P = 0.0488), respectively (Fig. 1, A 
and B). To address whether increased vascular permeability 
depended on the size of the tracer, in lieu of the albumin tracer 
used in the above experiments, we also used low (10-kD) and 
high (70-kD) molecular weight dextran tracers. In Cdh2 iEC-KO 
mice, we observed increased basal vascular permeability to 
both dextran tracers as compared with basal vascular perme-
ability values in control mice (Fig. 1, C and D; and Fig. S2 A). 
The lower permeability values of brain vessels compared with 
lung vessels are consistent with the greater restrictiveness of 

the blood–brain barrier as compared with other vascular beds 
(Armulik et al., 2010).

Next, to determine whether the increased endothelial per-
meability phenotype in Cdh2 iEC-KO mice can be reproduced 
following inducible deletion of Cdh2 in pericytes, we also gener-
ated Cdh2flox/flox/PDG FRβ-P2A-CreERT2 mice (Cuervo et al., 2017), 
termed iPC-KO (Fig. S1, F–I). iPC-KO mice also showed increased 
vascular permeability to dextran tracers as compared with 
control mice (Fig. 1, C and D; and Fig. S2 A). Thus, heterotypic 
N-cadherin trans-interaction between ECs and pericytes is re-
quired for restricting junctional permeability. Both KO mice also 
demonstrated increased permeability of pulmonary capillaries 
to fibrinogen (340 kD), an even larger protein than albumin, as 
evident from immunofluorescent staining (Fig. S2 B).

Since heterotypic N-cadherin adhesion may be required 
for contact between ECs and pericytes (Gerhardt et al., 2000; 
Daneman et al., 2010; Li et al., 2011; Frye et al., 2015), which, if 
reduced, could also explain the increased permeability (Armulik 
et al., 2010) seen in the N-cadherin KO mice described above, we 
next determined whether N-cadherin deficiency itself resulted 
in loss of pericyte coverage in capillaries. We observed that delet-
ing N-cadherin in either ECs or pericytes did not reduce the num-
ber of pericytes covering ECs (Fig. 1, E and F; and Fig. S2, C and D).

N-cadherin signaling promotes assembly of VE-cadherin 
junctions and restricts junctional permeability
To address whether the increased junctional permeability in Cdh2 
iEC-KO and iPC-KO mice shown above is coupled to alterations in 

Figure 1. Cdh2 deletion in ECs and pericytes increases junctional endothelial permeability. (A and B) Permeability times surface area (PS), a measure of 
transendothelial 125I-albumin permeability, in lung (A) and brain (B) of Cre-negative (Cre−) control and Cdh2 iEC-KO littermates. The data are expressed as the 
rate of 125I-albumin leakage normalized to the dry weight of the tissue; n = 4–8 mice per group. *, P < 0.05, a two-tailed, unpaired t test. (C and D) Measurement 
of lung (C) and brain (D) transendothelial permeability using 10-kD and 70-kD fluorescent dextran tracers. Data are presented as ratio of volume of fluorescent 
tracer to volume of lung or brain tissue for Cre−, Cdh2 iEC-KO, and Cdh2 iPC-KO mice. n = 10–15 fields from three to four mice per group. **, P < 0.01; ***, P 
< 0.001; ****, P < 0.0001, ANO VA with Tukey’s post hoc test. (E) 3D projected images of lung tissue from Cre−, Cdh2 iEC-KO, and Cdh2 iPC-KO mice stained 
for endothelial (PEC AM1; green), pericyte (PDG FRβ; magenta), and nuclear (DAPI; blue) markers. Bar, 10 µm. (F) Quantification of pericyte coverage of lung 
microvessels expressed as pericyte area per vessel area (PDG FRβ/PEC AM1) using images in E; n = 12–16 fields from three to four mice per group. ns, ANO VA 
with Tukey’s post hoc test. (A–D and F) Data are shown as mean ± SD. See also Fig. S1.
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VE-cadherin at AJs, we performed confocal microscopic analysis 
of VE-cadherin junctions. We observed 40% reduction in VE-cad-
herin density at AJs in lung and brain endothelia of both KO mod-
els (Fig. 2, A–C; and Fig. S3, A and B). However, VE-cadherin and 
p120-catenin protein expression in ECs of pulmonary vessels 
was unchanged (Fig. S1, A–D).

To identify the N-cadherin adhesion signaling responsible for 
assembling VE-cadherin junctions, we developed an N-cadherin 

biomimetic platform (N-cad-BioS) by covalently attaching the ex-
tracellular domain of N-cadherin in an oriented manner to a glass 
substrate (Fig. S3, C and D). This system enabled the formation of 
a confluent endothelial monolayer that interacted with the immo-
bilized N-cadherin (Fig. S3, C and D). Using total internal reflection 
fluorescence (TIRF) microscopy to visualize ECs on N-cad-BioS, we 
observed clustering of N-cadherin on the abluminal surface and an 
increased concentration of N-cadherin clusters at the abluminal 

Figure 2. N-cadherin adhesion signals assembly of VE-cadherin junctions. (A) Representative confocal images of mouse lung sections from Cre−, Cdh2 
iEC-KO, and Cdh2 iPC-KO mice stained for VE-cadherin (green on merged image), PEC AM1 (red), and nuclei (DAPI, blue). Bar, 10 µm; insets, 5 µm. VE-cadherin 
at PEC AM1-positive junctions is reduced in Cdh2 iEC-KO and Cdh2 iPC-KO mice as compared with controls. (B and C) Quantification of PEC AM1 area (B) and 
VE-cadherin adhesion area normalized to PEC AM1 area (C) in lungs of Cre−, Cdh2 iEC-KO, and Cdh2 iPC-KO mice; n = 15–26 images from three mice per group. 
****, P < 0.0001, ANO VA with Tukey’s post hoc test. (D) Representative confocal images of human pulmonary arterial ECs (HPA ECs) grown on either gela-
tin-coated glass or N-cad-BioS and stained for VE-cadherin (green), N-cadherin (red), and DAPI (blue). Bar, 10 µm. An anti–N-cadherin antibody targeting the 
cytosolic domain of N-cadherin was used to avoid staining of N-cad-BioS surface. (E) Quantification of VE-cadherin adhesion area from images in D; additional 
groups included denatured (Den) N-cad-BioS or N-cadherin depletion. n = 10–14 images per group. ****, P < 0.0001, ANO VA with Tukey’s post hoc test. (B, C, 
and E) Data are shown as mean ± SD. See also Fig. S2.
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side of VE-cadherin junctions (Fig. S3, E and F). In contrast, cells 
grown on the control substrate gelatin showed little such N-cad-
herin accumulation (Fig. S3, E and F). Furthermore, ECs grown 
on N-cad-BioS (but not on inert, denatured N-cad-BioS) showed 
significantly greater VE-cadherin accumulation as compared with 
cells grown on gelatin (Fig. 2, D and E; and Fig. S3, H–J). VE-cad-
herin expression levels were, however, indistinguishable between 
the groups (Fig. S3 G). Importantly, deficiency in N-cadherin in 
ECs failed to increase VE-cadherin accumulation in the cells grown 
on N-cad-BioS (Fig. 2 E and Fig. S3, K–M), indicating the role of 
N-cadherin–activated signaling in mediating the assembly of 
VE-cadherin junctions. Furthermore, consistent with the above 
in vivo endothelial permeability results (Fig. 1, A–D), VE-cadherin 
junctions that assembled in endothelial monolayers grown on 
N-cad-BioS in vitro were less permeable to albumin as compared 
with junctions formed in ECs grown on gelatin (Fig. 3, A–C). This 
finding reinforced our in vivo observation that defective VE-cad-
herin junctions in Cdh2 iEC-KO or iPC-KO mice were associated 
with increased junctional permeability (Fig. 1, A–D).

To gain insights into the role of N-cadherin–activated sig-
naling in assembling AJs, we next determined the kinetics of 
VE-cadherin assembly at AJs using the photo-convertible fluor-
escent probe Dendra2 tagged to the C terminus of VE-cadherin 
(Fig. 4). Simultaneous imaging of VE-cadherin–Dendra2 at λ = 
488 and 543 nm after photo-conversion enabled the measure-
ments of both kinetics of VE-cadherin recruitment (trafficking 
of VE-cadherin to junctions) and VE-cadherin internalization 
(trafficking of VE-cadherin from junctions; Fig. 4, A–D). We ob-
served that VE-cadherin recruitment and internalization rate 
constants in ECs grown on gelatin were 6 ± 2 × 10−3 and 11 ± 2 × 

10−3 s−1, respectively (Fig. 4, C and E). However, the recruitment 
rate constant was fourfold greater (25 ± 4 × 10−3 s−1) in the cells 
grown on N-cad-BioS as compared with control (Fig. 4, A–C). In 
contrast, the rate of VE-cadherin internalization did not change 
in the cells grown on N-cad-BioS (Fig. 4, A, D, and E). Thus, these 
results show that N-cadherin activated the signaling pathway 
responsible for mediating the recruitment of VE-cadherin to AJs.

N-cadherin induces assembly of VE-cadherin junctions through 
activation of the dual Rac1/RhoA GEF Trio
To identify the signaling mechanisms responsible for the N-cad-
herin–dependent assembly of AJs, we used N-cadherin–coated 
beads to capture the N-cadherin adhesion complex from primary 
human pulmonary artery ECs (Fig. S4 A). Mass spectrometry 
analysis of the N-cadherin adhesion complex identified canonical 
members of the cadhesome, α-, β-, and p120-catenins (Fig. S4 B 
and Table S1). We also identified several actin-binding proteins 
(Fig. S4, B and C; and Tables S1 and S2) consistent with the known 
association of the N-cadherin adhesion complex proteins to the 
actin cytoskeleton (Hatta et al., 1988). Focusing specifically on 
proteins that may be important in regulating endothelial permea-
bility, we identified by gene ontology (GO) analysis the association 
of the N-cadherin complex with several relevant signaling path-
ways (Fig. S4 C and Tables S2 and S3). The N-cadherin complex 
was associated with the dual Rac1/RhoA GEF Triple functional do-
main protein (Trio), along with its binding partner, Trio and actin- 
binding protein (Triobp; Fig. S4, B and C). Trio, known to interact 
with several cadherin members (Charrasse et al., 2007; Kashef et 
al., 2009; Timmerman et al., 2015), contains a GEF1 domain that 
activates Rac1 and a GEF2 domain, which activates RhoA (Debant 

Figure 3. N-cadherin–activated signaling 
restricts junctional permeability to albu-
min. (A) Confocal live cell imaging of HPA ECs 
expressing VE-cadherin–GFP (green) showing 
albumin–Alexa Fluor 647 (red) permeation across 
AJs. x-y (left) and x-z (enlarged, shown over time) 
sectional area of VE-cadherin–GFP junction. 
Albumin–Alexa Fluor 647 was added apically 
at 5 min. Time is shown in minutes; bar, 5 µm.  
(B) Measurement of average fluorescent inten-
sity of albumin–Alexa Fluor 647 within VE-cad-
herin–GFP junction over time. Fluorescence 
was normalized to starting fluorescent intensity 
before addition of albumin–Alexa Fluor 647.  
(C) Bar graph showing the permeability rate 
constant from B in endothelial monolayers on 
gelatin and N-cad-BioS. The permeability rate 
constant was reduced in cells grown on N-cad-
BioS as compared with gelatin. n = 14–15 junc-
tions from three independent experiments.  
(B) Data are presented as mean ± SEM; (C) data 
are presented as mean ± SD; *, P < 0.05, a two-
tailed, unpaired t test.
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et al., 1996). We observed that Trio was recruited to the N-cadherin 
complex formed at the abluminal side rather than interacting di-
rectly with N-cadherin (Fig. S4, D–H). Recruitment of Trio to the 
N-cadherin adhesion complex through the N-terminal portion of 
Trio (Fig. S4, G and H) was evident biochemically (Fig. S4, D and 
H) as well as microscopically (Fig. S4, E–G). We also observed that 
the formation of the N-cadherin adhesion complex had no effect 
on the association of Trio with VE-cadherin junctions (Fig. S5 A).

We next addressed the role of Trio in assembling VE-cadherin 
junctions. Trio depletion had no effect on the assembly of VE-cad-
herin junctions in cells grown on gelatin (Fig. 5, A and B; and Fig. 
S5 B), whereas Trio depletion significantly reduced the area of 
VE-cadherin junctions in the cells grown on N-cad-BioS (Fig. 5, 
A and B); thus, indicating the involvement of Trio in N-cadherin 
adhesion mediated assembly of VE-cadherin junctions. Further-
more, overexpression of the Trio inactive (“dead”) GEF1 mutant 
(Trio-D1d) only partially restored VE-cadherin adhesion area in 
Trio-depleted cells, whereas overexpression of the GEF2 “dead” 
mutant (Trio-D2d) failed to rescue VE-cadherin adhesion area 
(Fig. 5 C and Fig. S5 C). However, overexpression of full-length 
(FL) GFP-Trio in either control or Trio siRNA-depleted cells sig-
nificantly increased the VE-cadherin adhesion area as compared 
with cells overexpressing GFP alone (Fig. 5 C). These findings to-
gether show that activities of both Trio GEF1 and GEF2 domains 
downstream of N-cadherin adhesion are required for assembling 
VE-cadherin junctions.

To reinforce these findings, we next investigated the role of 
N-cadherin–Trio signaling in regulating the dynamics of VE-cad-

herin at AJs using the Dendra2 probe described in Fig. 4. Loss 
of Trio significantly reduced the rate constant of VE-cadherin 
recruitment to AJs to 4 ± 10−3  s−1 as compared with the value 
26 ± 5 × 10−3 s−1 observed in control siRNA-treated cells grown 
on N-cad-BioS (Fig. 5, D–F), whereas this did not occur in en-
dothelial monolayers grown on gelatin (Fig. S5, D and E). Trio 
knockdown, however, had no effect on the rate of VE-cadherin 
internalization (Fig. 5, G and H; and Fig. S5, F and G). These data 
thus demonstrate N-cadherin–Trio signaling is required for the 
assembly of VE-cadherin junctions.

N-cadherin–dependent Rac1 activation via Trio mediates 
assembly of VE-cadherin junctions
To determine whether N-cadherin–Trio signaling activates 
Rac1, we precipitated GEFs with a nucleotide-free Rac1 G15A 
mutant from cells grown on either gelatin or N-cad-BioS (Fig. 6, 
A and B). We observed increased interaction of Trio with Rac1 
G15A in cells grown on N-cad-BioS as compared with gelatin 
(Fig. 6, A and B), indicating that N-cadherin adhesion promoted 
the interaction of Rac1 with Trio. Using the fluorescnece reso-
nance energy transfer (FRET) Rac1 biosensor (MacNevin et al., 
2016), we observed increased Rac1 activity at AJs in ECs grown 
on N-cad-BioS as compared with gelatin (Fig. 6, C–E). Further-
more, depletion of Trio reduced Rac1 activity at AJs in the cells 
grown on N-cad-BioS but had no effect on Rac1 activity in cells 
grown on gelatin (Fig.  6, C–E). These data demonstrate that 
N-cadherin adhesion activates Trio-dependent Rac1 signaling 
at VE-cadherin junctions.

Figure 4. N-cadherin induces assembly of AJs through increasing the rate of VE-cadherin recruitment. (A) Time-lapse images of VE-cadherin–Dendra2 
before and after photo-conversion at t = 0 within the irradiation zone (indicated by area between dashed lines in insets) in HPA ECs grown on either gelatin 
or N-cad-BioS. 488-nm channel (green) = unconverted VE-cadherin; 543-nm channel (red) = photo-converted VE-cadherin. Dashed lines of grayscale images 
outline cell borders. Bar, 5 µm; inset, 2 µm; time is shown in minutes. (B and C) Rate of VE-cadherin recruitment at AJs (B) and recruitment rate constant (k) cal-
culated by using nonlinear regression (C) in cells grown on gelatin or N-cad-BioS; n = 7 junctions from three independent experiments. **, P < 0.01, a two-tailed, 
unpaired t test. (D and E) Rate of VE-cadherin internalization from AJs (D) and internalization rate constant (E) in cells grown on gelatin or N-cad-BioS; n = 7 junc-
tions from three independent experiments. ns, a two-tailed, unpaired t test. (B and D) Data are shown as mean ± SEM. (C and E) Data are shown as mean ± SD.
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To address further the role of Trio-Rac1 signaling in assem-
bling VE-cadherin adhesion, we inhibited the interaction of Trio 
with Rac1 using the small molecule inhibitor ITX3 (Bouquier et 
al., 2009). ITX3 significantly reduced the VE-cadherin adhesion 

area in cells grown on N-cad-BioS (Fig. S6, A and B), indicat-
ing that N-cadherin adhesion–mediated signaling induced the 
formation of VE-cadherin junctions through Trio-mediated ac-
tivation of Rac1. Furthermore, inhibition of Trio GEF1 mirrored 

Figure 5. N-cadherin–Trio complex increases VE-cadherin recruitment rate at AJs. (A) Confocal images of HPA ECs grown on either gelatin or N-cad-BioS 
after depletion of Trio with siRNA or treatment with control siRNA. Cells were stained for VE-cadherin (green) and nuclei (DAPI, blue). Bar, 10 µm. (B) Quanti-
fication of VE-cadherin junction area using images in A. n = 9 images per condition from three independent experiments. ***, P < 0.001, ANO VA with Tukey’s 
post hoc test. Depletion of Trio significantly reduced VE-cadherin adhesion area only in cells grown on N-cad-BioS. (C) Quantification of VE-cadherin junction 
area (for cells expressing GFP or GFP-Trio) following overexpression of GFP alone, GFP-Trio-FL, and Trio GEF1 and GEF2 inactive mutants, Trio-D1d and Trio-Dd2, 
respectively. Loss of VE-cadherin after Trio depletion is rescued by overexpressing FL Trio-GFP and partially with GEF1 but not GEF2 “dead” Trio mutants.  
n = 12–25 images per condition from three independent experiments. *, P < 0.05; ****, P < 0.0001, ANO VA with Tukey’s post hoc test. (D) Time-lapse images of 
VE-cadherin–Dendra2 before and after photo-conversion at t = 0 within (as in Fig. 4) in HPA ECs grown on N-cad-BioS after depletion of Trio. 488 nm channel 
(green) = unconverted VE-cadherin; 543 nm channel (red) = photo-converted VE-cadherin. Dashed lines of grayscale images outline the cell borders. Bar, 5 µm; 
insets, 2 µm; time is shown in minutes. (E and F) Rate of VE-cadherin recruitment to AJs (E) and recruitment rate constant (F) from data in D. n = 7 junctions 
from three independent experiments. ***, P < 0.001, a two-tailed, unpaired t test. (G and H) Rate of VE-cadherin internalization from AJs (G) and internalization 
rate constant (H) from data in D. n = 7 junctions from three independent experiments. ns, a two-tailed, unpaired t test. (B, F, and H) Data are shown as mean ± 
SD. (C, E, and G) Data are shown as mean ± SEM. See also Fig. S3.
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the effects of Trio knockdown in reducing the VE-cadherin 
recruitment rate to AJs in cells grown on N-cad-BioS (Fig. S6, 
C–G). Importantly, we observed that photo-activation of PA-Rac1 
but not the light-insensitive (LI-Rac1) probe (Wu et al., 2009) 
restored the defective VE-cadherin recruitment rate in Trio- 
deficient cells (Fig. 7, A–C) and in cells treated with ITX3 (Fig. 
S6, H–J). Together, these data demonstrate that formation of the 
N-cadherin–Trio complex activates Rac1, which in turn signals 
the assembly of VE-cadherin junctions.

N-cadherin adhesion–mediated signaling increases Trio-
RhoA–dependent intracellular tension to reinforce Rac1 
signaling at AJs.
We next addressed the contribution of the Trio GEF2 domain 
in mediating the activation of RhoA (Debant et al., 1996) and 

whether this also contributed to assembly of VE-cadherin junc-
tions. Here we specifically determined whether RhoA-mediated 
intracellular tension, which is known to occur at AJs (Acharya 
et al., 2017), enables the activation of the Trio GEF1 domain, and 
thus reinforces Rac1-mediated recruitment of VE-cadherin at 
AJs. Upon measuring RhoA activity in ECs grown on N-cad-BioS, 
we observed that N-cadherin adhesion increased RhoA activ-
ity at the abluminal surface as well as AJs in a Trio-dependent 
manner (Fig. 8, A–C). Depletion of Trio, however, had no effect 
on RhoA activity in ECs grown on gelatin (Fig. 8, A–C), indicat-
ing the requirement of N-cadherin–Trio signaling in activating 
RhoA. Furthermore, we observed increased interaction of Trio 
with the active RhoA G17A mutant in cells grown on N-cad-BioS 
as compared with gelatin (Fig. 8 D), indicating increased binding 
of RhoA to Trio.

Figure 6. N-cadherin activates Trio GEF1 mediated 
Rac1 signaling. (A) Pulldown of GEFs with GST and GST-
Rac1(G15A) from HPA ECs grown on gelatin and N-cad-
BioS. The resulting precipitates were probed for Trio. Trio 
and Rac1 interaction increased in cells grown on N-cad-
BioS as compared with gelatin. 5% Coomassie-stained 
proteins used for pulldown. (B) Quantification of Trio 
GEF1 activity from A. Data are normalized to Trio activ-
ity in cells grown on gelatin. n = 3 independent experi-
ments. **, P < 0.01, ANO VA with Tukey’s post hoc test. 
(C) Confocal images of YFP and Rac1 activity (FRET/CFP) 
at AJs and abluminal surface of HPA ECs grown on either 
gelatin or N-cad-BioS and treated with control or TRIO 
siRNA. Ratiometric images were scaled from 0.5 to 4.5 
and color-coded as indicated on the right. Warmer col-
ors denote higher Rac1 activity. Trio-dependent increase 
in Rac1 activity is seen at AJs but not at the abluminal 
surface of the cells grown on N-cad-BioS. Bar, 10 µm. 
(D and E) Relative Rac1 activity presented as FRET/CFP 
from images in C; n = 20 junctions or abluminal surfaces 
from eight cells per group from three independent exper-
iments. **, P < 0.01; ***, P < 0.001, ANO VA with Tukey’s 
post hoc test. (B, D, and E) Data are shown as mean ± SD.
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Next, to investigate the role of RhoA activity in assembling 
VE-cadherin junctions, we determined alterations in VE-cad-
herin junctions in cells treated with the Rho kinase inhibitor 
Rockout (Fig. 9 A). Inhibition of RhoA reduced both phosphory-
lation of myosin light chain 2 and the VE-cadherin adhesion area 
of the cells grown on N-cad-BioS but not on gelatin (Fig. 9, B and 
C). These data suggest that intracellular tension downstream of 
N-cadherin–Trio–RhoA signaling like Rac1 also contributes to 
the assembly of VE-cadherin junctions. We next addressed the 
possible role of RhoA and intracellular tension in activating the 
Trio GEF1 domain by treating cells either with Rockout or with 
the myosin light chain 2 inhibitor blebbistatin, which both in-
hibit intracellular tension (Straight et al., 2003). Both treatments 
reduced Trio GEF1 activity in the cells grown on the N-cad-BioS 
platform (Fig. 9, D and E), demonstrating that RhoA-mediated 
intracellular tension downstream of N-cadherin contributes to 

the activation of the Trio-Rac1 pathway, which thereby mediated 
the recruitment of VE-cadherin to AJs (Fig. 9 F). However, the 
activation of intracellular tension in cells grown on gelatin failed 
to increase the VE-cadherin adhesion area (Fig. S7, A–D), demon-
strating that tension alone was insufficient to increase VE-cad-
herin assembly; rather, activation of both RhoA and Rac1 through 
Trio was required.

Discussion
This study describes the fundamental role of N-cadherin adhe-
sion, which forms between ECs and pericytes, in signaling the 
assembly of VE-cadherin junctions and in restricting vascular 
permeability. This role of N-cadherin involves the formation of 
the N-cadherin adhesion complex with the dual RhoGEF Trio to 
activate both Rac1 and RhoA signaling at AJs. We showed that Rac1 

Figure 7. Photo-activation of Rac1 restores VE-cadherin recruitment in Trio-deficient ECs. (A) Time-lapse images of VE-cadherin–Dendra2 before and 
after photo-conversion at t = 0 (as in Fig. 4) in HPA ECs grown on N-cad-BioS after siRNA Trio depletion or treatment with control siRNA. CFP-Rac1-photoacti-
vatable (PA) or CFP–Rac1–light-insensitive mutant (LI) were activated within the photo-conversion zone (rectangle) with λ = 458 nm. 488-nm channel (green) 
= unconverted VE-cadherin; 543-nm channel (red) = photo-converted VE-cadherin. Dashed lines of grayscale images outline the cell borders. Photoactivation 
of PA-Rac1 but not LI-Rac1 rescued the VE-cadherin recruitment rate in Trio-depleted cells. Bar, 5 µm; insets, 2 µm; time is shown in minutes. (B and C) Rate of 
VE-cadherin recruitment to AJs (B) and recruitment rate constants (C) from data in A; n = 7 junctions from three independent experiments. **, P < 0.01, ANO VA 
with Tukey’s post hoc test. (B) Data are shown as mean ± SEM. (C) Data are shown as mean ± SD.
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activation via the Trio GEF1 domain induces the recruitment of 
VE-cadherin to AJs. RhoA activation by the Trio GEF2 domain in-
creases intracellular tension, and promotes Trio GEF1 domain–
dependent activation of Rac1 at AJs to reinforce the assembly of 
AJs. Thus, Rac1 and RhoA function in a coordinate manner to es-
tablish the restrictive nature of the endothelial barrier.

Our studies describe a novel role of N-cadherin adhesion–
mediated signaling in ECs and in regulating endothelial per-
meability. Pericyte coverage of capillaries is organ-specific and 
varies depending on the tissue type and the organ’s endothelial 
barrier requirement (Armulik et al., 2005). Pericyte numbers are 
the highest in the brain and retinal capillaries, which also have 
the lowest permeability values (Armulik et al., 2011). Reduction 
in pericyte number in pdgf-bret allele mice and a microfluidic 
pericyte-EC co-culture resulted in increased endothelial per-
meability (Armulik et al., 2010; Daneman et al., 2010; Alimperti 

et al., 2017). Also, the loss of pericytes due to activation of in-
flammatory pathways (Zeng et al., 2016; Alimperti et al., 2017) is 
implicated in promoting leakiness of capillaries (e.g., in diabetic 
retinopathy, acute lung injury, septic shock, and brain trauma). 
Although pericytes appear to have an important role in endo-
thelial permeability regulation, the signaling mechanisms by 
which they control permeability are not well understood. Since 
N-cadherin adhesion between ECs and pericytes plays a role in 
regulating the endothelial barrier in vitro (Alimperti et al., 2017), 
here we determined the involvement of N-cadherin heterotypic 
adhesion in regulating microvessel permeability in vivo. Our re-
sults show that inducible deletion of Cdh2 (N-cadherin) in either 
ECs or pericytes increases junctional permeability of capillaries 
in lung and brain.

Increased endothelial permeability observed upon deletion 
of Cdh2 was associated with dysregulation of VE-cadherin junc-

Figure 8. N-cadherin interaction with Trio activates RhoA. (A) Confocal images of YFP and RhoA activity (FRET/CFP) at AJs and abluminal surface of HPA 
ECs grown on either gelatin or N-cad-BioS and treated with control or TRIO siRNA. Ratiometric images were scaled from 0.5 to 5 and color-coded as indicated 
on the right. Warmer colors denote higher RhoA activity. A Trio-dependent increase in RhoA activity is observed at both AJs and abluminal surface of cells 
grown on N-cad-BioS. Bar, 10 µm. (B and C) Relative RhoA activity presented as FRET/CFP ratio at AJs (B) and abluminal surfaces (C) of ECs from images in A; 
n = 20 junctions or abluminal surfaces from eight cells per group from three independent experiments. ***, P < 0.001, ANO VA with Tukey’s post hoc test. Data 
are shown as mean ± SD. (D) Pulldown of GEFs with GST and nucleotide free GST-RhoA (G17A) mutant from HPA ECs grown on gelatin and N-cad-BioS. The 
resulting precipitates were probed for Trio. Trio and RhoA interaction increased in cells grown on N-cad-BioS as compared with gelatin. 5% Coomassie-stained 
proteins used for pulldown.
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tions, the adhesion complex of AJs regulating endothelial perme-
ability (Lampugnani et al., 1992). We demonstrated by measuring 
the number of pericytes surrounding ECs of capillaries in Cdh2 
iEC-KO and Cdh2 iPC-KO mice that this response could not be 
ascribed to a loss in pericyte coverage. As deletion of N-cadherin 
did not induce the loss of pericytes, our results suggest that the 
cells may be held in place through integrin-mediated adhesion to 
the basement membrane (Courtoy and Boyles, 1983).

Since a key focus of these studies was to define the mechanism 
of N-cadherin–mediated assembly of VE-cadherin junctions, we 
performed mass spectrometric analysis of N-cadherin–interact-
ing proteins that may be responsible for restricting junctional 
permeability. We observed that N-cadherin assembles a com-
plex consisting of the dual GEF Trio at the abluminal endothelial 
surface. Further, the formation of this complex is coupled to the 
activation of both Rac1 and RhoA via the Trio GEF1 and GEF2 do-
mains, respectively. Trio interaction with N-cadherin appears to 
be distinct since VE-cadherin interaction with Trio only activates 
Rac1 (Timmerman et al., 2015).

Previous studies show that cadherin proteins can both posi-
tively and negatively regulate Trio activity (Debant et al., 1996; 

Seipel et al., 1999; Medley et al., 2003; van Rijssel et al., 2012). 
VE-cadherin in ECs (Timmerman et al., 2015) and M-cadherin 
in myoblasts (Charrasse et al., 2002) preferentially activate the 
Trio GEF1 domain, leading to Rac1 signaling, whereas E-cadherin 
in epithelial cells inhibited Trio activity through interacting with 
Triobp (Seipel et al., 2001; Yano et al., 2011). In neural crest cells, 
cadherin-11 activates both Trio GEF1 and GEF2 domains during 
development (Kashef et al., 2009). In the present study, we also 
demonstrate that N-cadherin activates both Rac1 and RhoA via 
Trio in ECs and that activation of both GTPases is crucial in me-
diating the assembly of VE-cadherin junctions. The reasons for 
varying RhoGTPase activation responses induced by the interac-
tion of different cadherins with Trio are unknown. Our data in-
dicate that N-cadherin interaction with Trio activates both Rac1 
and RhoA, which is essential for the assembly of VE-cadherin 
junctions. Whereas Rac1 promotes recruitment of VE-cadherin 
to AJs, the Trio GEF2 domain activates RhoA, leading to intra-
cellular tension via myosin-II, which in turn reinforces GEF1- 
dependent Rac1 activation and thus also contributes to the as-
sembly of VE-cadherin junctions. It is not known, however, how 
RhoA-mediated intracellular tension can activate the interaction 

Figure 9. N-cadherin interaction with Trio 
increases intracellular tension and reinforces 
Rac1 activation and promotes assembly of 
VE-cadherin junctions. (A) Confocal images of 
HPA ECs grown on either gelatin or N-cad-BioS 
and treated with 50 µM Rockout to inhibit Rho 
kinase (ROCK) or vehicle (DMSO). Cells were 
stained for VE-cadherin (green), phosphorylated 
myosin light chain (pMLC, red) and nuclei (DAPI, 
blue). Bar, 10 µm. (B and C) Quantification of 
phospho-MLC (B) and VE-cadherin junction area 
(C) from images in A. Inhibition of ROCK signifi-
cantly reduced the area of VE-cadherin adhesion 
only in cells grown on N-cad-BioS. n = 8 images 
per group from three independent experiments. 
****, P < 0.0001, ANO VA with Tukey’s post hoc 
test. Data are shown as mean ± SD. (D) Analysis 
of Trio activity. Pulldown of Trio with GST and 
GST-Rac1(G15A) from HPA ECs grown on gelatin 
and N-cad-BioS platforms after treatment with 
DMSO (vehicle) or 50 µM Rockout for 10 min. The 
precipitates were probed for Trio. Treatment with 
Rockout reduced Trio interaction with Rac1. 5% 
Coomassie-stained proteins used for pulldown. 
(E) Analysis of Trio activity. Pulldown of Trio with 
GST and GST-Rac1(G15A) from HPA ECs grown on 
gelatin and N-cad-BioS platforms after treatment 
with DMSO (vehicle) or for 50 µM blebbistatin 
for 10 min. The precipitates were probed for Trio. 
Treatment with blebbistatin reduced Trio inter-
action with Rac1. 5% Coomassie-stained proteins 
used for pulldown. (F) The circuit describing the 
role of N-cadherin adhesion-mediated signaling 
in assembling of VE-cadherin junctions through 
Trio-mediated activation of both Rac1 and RhoA. 
(1) N-cadherin forms a complex with Trio; (2) Trio 
activates RhoA increasing intracellular tension; 
(3) increased tension activates the Trio GEF1 
domain toward Rac1; and (4) Rac1 increases 
VE-cadherin recruitment to AJs, whereas RhoA 
reinforces Rac1-mediated assembly of AJs.
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of Rac1 and Trio. RhoA-mediated tension may cause a conforma-
tional change to Trio, leading to binding of the GEF1 domain to 
Rac1 and activation of Rac1 signaling. An analogous process of 
tension-induced conformational changes also regulates GEF-H1 
and GEF p115 activities (Scott et al., 2016).

Aspects of N-cadherin adhesion–mediated signaling through 
the actin cytoskeleton have been studied in non-ECs (Mary et 
al., 2002; Comunale et al., 2007; Cosgrove et al., 2016). N-cad-
herin adhesion in myoblasts induces reorganization of the actin 
cytoskeleton, leading to myosin-II–dependent maturation of 
N-cadherin adhesion (Yano et al., 2004; Comunale et al., 2007). 
This involves recruitment of α-catenin to nascent N-cadherin 
adhesion sites and consequent attachment of the adhesion com-
plex to the actin cytoskeleton (Leonard et al., 2011). N-cadherin 
adhesion also activates Rac1 signaling in fibroblasts and mesen-
chymal stem cells, which restrains cell contractility and modu-
lates the cell’s adaptive response to stiffening of the extracellular 
matrix (Cosgrove et al., 2016; Alimperti et al., 2017). Our finding 
that N-cadherin interaction with Trio can activate Rac1 in a ten-
sion-dependent manner is consistent with this general concept.

The present results show a key role of small RhoGTPase 
signaling in regulating permeability of the endothelial barrier 
through organizing AJs and the actin cytoskeleton (Komarova 
et al., 2017). We demonstrated that N-cadherin adhesion–me-
diated signaling promotes the recruitment of VE-cadherin to 
AJs. These results thus position the N-cadherin–Trio complex 
as a regulator of Rac1 and RhoA activities and the assembly of 
VE-cadherin junctions. Rac1 is a reversible modulator of intra-
cellular tension that enables the stabilization of VE-cadherin 
trans-interactions to form mature AJs (Daneshjou et al., 2015). 
Rac1 functions by reducing the rate of VE-cadherin internaliza-
tion from AJs and thus induces assembly of AJs (Daneshjou et al., 
2015). These results explain Rac1-dependent reannealing of AJs 
in response to endothelial barrier–enhancing mediators such 
as spinghosine-1-phosphate (Paik et al., 2004; Itoh et al., 2012). 
Our present observations extend these findings by defining the 
role of N-cadherin adhesion as a mechanism responsible for es-
tablishing a restrictive endothelial barrier through N-cadherin– 
mediated activation of the RhoGEF Trio. In our model described 
in Fig. 9 F, N-cadherin–mediated activation of Rac1 via Trio GEF1 
and activation of RhoA via GEF2 coordinate the assembly of 
VE-cadherin junctions. RhoA functions by increasing intracel-
lular tension, which facilitates Trio GEF1–dependent activation 
of Rac1 to reinforce the recruitment of VE-cadherin to AJs. In 
this model, Rac1 is ultimately responsible for the assembly of 
VE-cadherin junctions and restricting endothelial permeability 
(Fig. 9 F). Based on our results, RhoA-mediated tension alone is 
insufficient to increase VE-cadherin assembly, suggesting that 
both RhoA and Rac1 activation mediated by the interaction of 
N-cadherin with Trio is needed to form a restrictive endothelial 
barrier. Consistent with our model, defective VE-cadherin junc-
tions in Trio-deficient ECs are rescued by activating Rac1 at AJs 
using a photoactivable probe.

Our findings demonstrate a novel role for N-cadherin–Trio 
signaling in cooperatively activating both RhoA and Rac1 and 
thereby assembling VE-cadherin junctions. Because the level of 
VE-cadherin expression and complexity of VE-cadherin junc-

tions at AJs are correlated with the permeability value of AJs 
(Lampugnani et al., 1992), our study provides direct mechanistic 
support for this relationship. Specifically, N-cadherin interaction 
with Trio is an important mechanism in the assembly of VE-cad-
herin junctions and thus endothelial permeability. It is possible 
that the specialized differences in N-cadherin–Trio complex in-
teractions are responsible for the differential permeability values 
in different vascular beds (e.g., blood–brain barrier versus other 
endothelial barriers; Armulik et al., 2010). Our results also raise 
the possibility that endothelial AJs in capillaries can be strength-
ened through promoting N-cadherin–Trio interactions such that 
AJs become more resistant to mechanical forces such as high hy-
drostatic pressure or shear stress (Weisberg, 1978; Baeyens et al., 
2016). The understanding of N-cadherin mechanobiology may 
thus lead to therapeutic strategies that limit vascular leakage in 
inflammatory diseases.

Materials and methods
Experimental model and subject details
Reagents
A full list of reagents can be found in Table S4.

Mice
All mice were maintained on a C57BL/6 genetic background. De-
letion of the Cdh2 gene in ECs and pericytes, herein Cdh2 iEC-KO 
and Cdh2 iPC-KO mice, was generated by crossing loxP-flanked 
Cdh2 (Cdh2flox/flox) mice (Luo and Radice, 2005) with either end-
SCL-Cre-ERT (Gu et al., 1994; Göthert et al., 2004) or PDG FRβ-
P2A-CreERT2 transgenic mice, respectively (Cuervo et al., 2017). 
Cdh2flox/flox mice have been bred to the F10 generation, authenti-
cated by genotyping and Western blotting for N-cadherin expres-
sion in lung ECs. No change in the expression of N-cadherin was 
observed in Cdh2flox/flox as assessed by Western blotting analysis of 
endothelial-specific fractions or isolated pericytes. Cdh2 iEC-KO 
and Cdh2 iPC-KO mice demonstrate no gross change in either be-
havior or heath. Cdh2flox/flox littermates were used as control (de-
noted Cre−). Both male and female mice were used in this study. 
Littermates were randomly assigned to experimental groups.

All animals were housed in the animal facility at the Univer-
sity of Illinois at Chicago, where they were maintained in a 12-h 
light/12-h dark cycle environment with access to water and food. 
All proposed animal procedures and experiments were approved 
by the University of Illinois at Chicago Animal Care and Use Com-
mittee. All animal studies were performed under the auspices of 
the University of Illinois Animal Care and Use Committee.

Tamoxifen (T6548; Sigma-Aldrich) was reconstituted in 1 ml 
corn oil (C8267; Sigma-Aldrich) at a concentration of 20 µg/ml. 
The solution was passed through a 0.2-µm filter and used fresh 
at 2 µg/mouse. Tamoxifen was injected for five consecutive days 
in 6–8-wk-old mice to delete Cdh2 in endothelial or mural cells. 
Mice were used for experiments at different times after Cre in-
duction (2–6 wk after induction for permeability studies, peri-
cyte analysis, Western blotting, and VE-cadherin analysis; 36–40 
wk for pericyte analysis in aged Cdh2 iEC-KO mice). Deletion of 
Cdh2 in either cell type is not lethal and causes no major health 
issue even 1 yr after induction.
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The sample size was calculated for each experiment using 
power analysis using JMP release 6 software programs (SAS).

Permeability times surface area product. Given a mean value 
of 6.8 ± 0.8 µl/min/100 dry lung in Mus/Cdh2flox/flox mice, a pop-
ulation SD of 8, a significance level of 0.05, and power of 0.8 
requires a group size of n = 9 as the minimum number of mice 
required to obtain a significant increase of 50% more than the 
control. Since the differences between groups were about two-
fold, we limited our animal studies to five to eight mice per group, 
required to reach statistical significance.

Lung and brain tissue (histology). We used at least three mice 
per experiment due to variability of the effect of Cdh2 deletion. 
We generated at least five sections for each analysis by immuno-
fluorescent staining.

Lung lysate collection. Lung lysate collection was performed as 
described by our group (Komarova et al., 2012). To collect endo-
thelial fractions directly from lungs of Cre− or iEC-KO mice, mice 
were anesthetized and lungs were perfused with Hepes-buffered 
RPMI medium (pH 7.4) through the pulmonary artery at constant 
flow (0.4 ml/min), temperature (37°C), and venous pressure (∼0 
cm H2O) with continued ventilation (120/min, peak inspiratory 
pressure of 10 cm H2O, end expiratory pressure of 2 cm H2O). 
The endothelial lysates were collected via a left atrial cannula 
by perfusing fractionation buffer (50 mM Tris-Cl, pH 7.8, 0.2% 
Triton X-100, and protease and phosphatase inhibitor cocktails). 
Samples were collected every 30 s. Fractions positive for endo-
thelial-specific markers were used for analysis of N-cadherin, 
VE-cadherin, p120 catenin, and tubulin.

Cell isolation. One mouse gives ∼2.5 × 105 ECs after several days 
of culture and reseeding for an experiment. We used three to five 
mice per group to pool the cells for each individual experiment.

All the experiments involving animals have had two or more 
independent replications.

Human primary ECs
Human pulmonary aortic ECs (CC-2530; Lonza) and human lung 
microvascular ECs (CC-2527; Lonza) were grown in Endothelial 
Basal Media (CC-3156; Lonza) supplemented with Endothelial 
Growth Medium 2 (CC-4176; Lonza) or Endothelial Growth Me-
dium 2 MV (CC-4147; Lonza), respectively, and supplemented with 
10% FBS (35–015-CVX; Mediatech). Cells were used at passages 
four to eight. All cell lines were maintained at 37°C and 5% CO2.

Primary murine lung microvascular ECs
The isolation and culture of microvascular ECs from mouse lungs 
were performed as described by us (Siddiqui et al., 2011). Briefly, 
lungs were removed, minced, and suspended in 1.0 mg/ml col-
lagenase A. The released cells were centrifuged, resuspended, 
and filtered through a 200-µm mesh filter. Platelet–EC adhesion 
molecule (PEC AM)-1–positive cells bound to Dynabeads M-450 
were separated on a magnetic column and grown in EGM-2 MV 
(CC-3202; Lonza) culture medium supplemented with 15% FBS 
(35–015-CVX; Mediatech). KO of specific genes was validated with 
Western blot analysis. Characterization of ECs was routinely as-
sessed by measuring Dil-Ac-LDL uptake and by immunostaining 
for endothelial-specific markers, VE-cadherin, von Willebrand 
factor, and lectins as standardized for primary culture.

Isolation of primary pericytes
Cortical pericytes were isolated as described (Boroujerdi et 
al., 2014) with modification. Briefly, the cortex was dissected, 
chopped, and centrifuged in Minimal Essential Media MEMα 
(Thermo Fisher Scientific) at 1,000 g for 5 min at 4°C. The pel-
let was triturated using a 19-G needle in MEMα containing pa-
pain (17 U per brain; Worthington Biochemical) and DNase (84 
U per brain; Worthington Biochemical). The suspension was 
then incubated for 15 min in a 37°C water bath, triturated with 
a 21-G needle, and mixed with 2 volumes of a 25% BSA solu-
tion and centrifuged at 3,880 g for 15 min at 4°C. The pellet was 
suspended in pericyte media (1231; ScienCell) containing peri-
cyte growth supplement (1252; ScienCell), 10% FBS, penicillin/
streptomycin, and heparin (5.5 U per 1 ml), and centrifuged at 
1,000 g for 5 min at 4°C. The pericytes were grown in pericyte 
media on plates coated with 50 µg/ml fibronectin (F0895; Sigma- 
Aldrich), 0.0001% laminin (L2020; Sigma-Aldrich), and 0.005% 
collagen type 1 (C8919; Sigma-Aldrich). Cells were used at P2 for 
Western blot analysis.

Methods details
125I-albumin permeability assay
150  µl of 125I-albumin containing 2 µCi was intravenously in-
jected via tail vein. 30 min later, mice were anesthetized with 
2.5% isoflurane (Pinter et al., 1974). The depth of anesthesia was 
determined by pinching the toe of the animal. Blood and organs 
(lung and brain) were collected for measurement of radioactivity 
in the whole organ using a gamma counter. Humane euthanasia 
was performed by vital organ removal under anesthesia.

Fluorescent dextran tracers
10-kD and 70-kD dextran tracers conjugated with Alexa Fluor 555 
or Oregon Green 488 (1 mg/mouse) were injected intravenously 
via retroorbital sinus (100 µl per mouse). Dextran tracers were 
chosen to measure leakage only through the paracellular pathway 
(Kawedia et al., 2007) and confirmed opening of inter-endothelial 
junctions (as compared with albumin, which can be transported 
through caveolae-mediated transcytosis). The mouse was eutha-
nized with 2.5% isofluorane and placed in a supine position, and 
anesthesia was continued by a nose cone. Heparin sodium (700 
U/kg) was administered intraparietally to prevent clotting. The 
whole body was perfused through the right ventricle to remove 
intravascular dye with warm PBS, and the right atrium was re-
moved to allow clearance. Lung and brain tissues were collected, 
fixed, embedded, and sectioned. The samples were analyzed using 
a confocal LSM880 microscope, and leak of fluorescent dextran 
outside of circulation was quantified as described below.

Tissue fixation and freezing for cryosectioning
The whole body was perfused through the right ventricle to re-
move intravascular dye and with warm PBS to remove blood, 
and either prefixed in situ by perfusing 4% formaldehyde or em-
bedded in optimal cutting temperature compound and frozen in 
block. The lung was inflated before fixation or optimal cutting 
temperature compound embedding. The frozen tissue (brain or 
lung) was cryosectioned. 12-µm sections were sliced, attached 
to a coverslip, and fixed in 4% formaldehyde overnight. Antigen 
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retrieval was performed by boiling samples in sodium citrate (pH 
6.0) for 30 min using a 100°C water bath and stained.

Immunofluorescent staining
Cells or frozen tissue sections were fixed in 4% formaldehyde 
for 20 min, washed once with PBS, and permeabilized for 15 
min using 0.01% Triton X-100 in PBS. Nonspecific sites were 
blocked using 3% BSA for 2  h at room temperature. Samples 
were incubated with primary antibodies using a 1:100 dilution 
at either 1 h at room temp or overnight at 4°C. Samples were in-
cubated with secondary antibodies using a 1:100 dilution for 1 h 
at room temperature.

N-cad-BioS
Glass coverslips or dishes were sonicated for 20 min for each 
treatment in absolute ethanol, acetone, 2 N HCl, and 10 N so-
dium hydroxide followed by washing three times with ddH2O 
after each treatment, and allowed to dry completely. Glass cov-
erslips or dishes were incubated overnight in toluene vapor 
containing 2% Glymo, washed three times in ddH2O, and in-
cubated overnight in 2% AB-NTA (Dojindo) at 60°C and 10 mM 
NiCl2 and 5  mM glycine (pH 8.0) for 2  h followed by washing 
three times in ddH2O. To attach protein, Ni-NTA surfaces were 
incubated for 1  h at room temperature with the extracellular 
domain of N-cadherin fused with a His tag at the C terminus. 
Protein was covalently linked to the Ni-NTA glass using 50 mM 
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) and 
100  mM n-hydroxysuccinimide (NHS) in 20  mM Hepes and 
100 mM NaCl for 45 min at room temperature. Non-covalently 
linked proteins were eluted by adding 1 M imidazole in 10 mM 
EDTA (Chevalier et al., 2010). For control surfaces, Ni-NTA sur-
faces were incubated with 0.2% gelatin and 0.1% fibronectin for 
30 min and washed with 20 mM Hepes, 100 mM NaCl, and 1 M 
imidazole in 10 mM EDTA. Surfaces were denatured using 8 M 
urea for 30 min.

Microscopy
Live cell microscopy was performed with a Zeiss LSM 710 confo-
cal microscope equipped with a Zeiss 63× Plan Apochromat 1.4 
NA objective and Zeiss Zen software. ECs grown in glass-bottom 
dishes were imaged at 5% CO2 and 37°C in phenol-red free Endo-
thelial Growth Medium containing 10% BSA.

Imaging of fixed cells and/or tissue was performed at room 
temperature with a Zeiss LSM 880 confocal microscope, Zeiss 
63× Plan Apochromat, 1.4 NA objective, and Zeiss Zen software 
unless otherwise specified.

Live cell imaging of fluorescent albumin permeation across 
VE-cadherin junctions
Live cells expressing VE-cadherin–GFP were grown on either N-
cad-BioS or gelatin-coated surfaces for 24 h to form a confluent 
monolayer. Alexa Fluor 647–conjugated albumin was added to the 
cells at a concentration of 1 mg/ml during image acquisition. A 
z-stack of images was acquired using a Zeiss LSM 710 confocal 
microscope as described above at 5% CO2 and 37°C at λ = 488 nm 
(VE-cadherin) and λ = 647 nm (albumin) for 30 min.

Imaging of VE-cadherin dynamics at AJs using VE-cadherin–Dendra2
Live cells expressing the photo-convertible protein VE-cad-
herin–Dendra2 alone or coexpressing PA-Rac1-mCerulean or 
LI-Rac1-CFP were imaged at 5% CO2 and 37°C with λ = 488 nm 
and λ = 543 nm for green and red states of Dendra2, respec-
tively, and λ = 458 nm for CFP detection. Dendra2 was irre-
versibly photo-converted from green to red with λ = 405-nm 
laser at 8–12% power. PA-Rac1 was photoactivated continuously 
using a 458-nm laser at 8–12% power. Images in green and red 
channels were simultaneously acquired every 10 s using a Zeiss 
LSM 710 confocal microscope equipped with two gallium arse-
nide phosphide detectors, allowing a simultaneous imaging of 
green and red states of Dendra2 as described by us (Daneshjou 
et al., 2015). See Quantification and statistical analysis below 
for further details.

FRET imaging
Live cells were imaged with a Zeiss LSM 710 confocal microscope 
at 5% CO2 and 37°C as described previously (Siddiqui et al., 2011; 
Daneshjou et al., 2015). Cells were irradiated with a λ = 458-nm 
laser, and simultaneous FRET and CFP images were acquired at λ 
= 570 nm and λ = 485 nm, respectively. A YFP image was acquired 
separately and used for generation of a binary mask.

TIRF and epifluorescence imaging of N-cadherin adhesion
Epifluorescent and TIRF images of ECs stained for VE- and 
N-cadherin proteins were acquired using a Zeiss Axio Observer 
Z1/7 equipped with an α Plan-Fluar 100×/1.45 Oil objective, a 
Hamamatsu CCD camera, and a TIRF adaptor.

Western blot
Total protein concentrations for each sample were measured 
using a BCA protein assay kit and were adjusted according to 
the protein concentration in each sample. Samples were boiled 
in Laemmli sample buffer for 5 min and separated using the 
SDS-PAGE system. Proteins were transferred to nitrocellulose 
membranes overnight at 4°, and nonspecific sites were blocked 
with 3% milk for 1 h. Proteins of interest were then detected by 
probing with the indicated primary and horseradish peroxidase–
conjugated secondary antibodies, and the immune reactivity was 
developed using the ECL method.

Isolation of N-cadherin complexes
N-cadherin–His protein was incubated with magnetic Ni-NTA 
beads (88831; Thermo Fisher Scientific) at a concentration of 
1 µg/µl for 1  h at room temperature. N-cadherin–His protein 
was cross-linked to beads using EDC/NHS for 45 min at room 
temperature (Chevalier et al., 2010). Beads were incubated with 
the culture of ECs for 1 h. Proteins were cross-linked with the 
reversible cross-linker 50 µM DTSP. Beads were then collected 
from cell lysates using a magnetic separator, washed five times 
in PBS, and boiled in sample buffer containing 1  mM DTT to 
break the cross-link. Lysates were separated by SDS-PAGE and 
silver-stained to highlight the bands of interest. Each lane of the 
gel was cut into three pieces and submitted to the Taplin Biologi-
cal Mass Spectrometry Facility, Harvard University, Boston, MA, 
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for analysis by microcapillary liquid chromatography–tandem 
mass spectrometry.

Purification of GST or GST-Rac1-G15A:
Transformed DH5α Escherichia coli carrying either GST-Rac1-
G15A or GST cDNA were grown overnight. Protein expression 
was induced with IPTG to a final concentration of 100 µM and 
grown overnight. All the following steps were performed at 4°C. 
Bacteria was spun down, resuspended in lysis buffer, and son-
icated for 1 min. Lysates were then spun down at 20,000 g for 
15 min. The supernatant was transferred to a tube containing 
500 µl of glutathione-sepharose preequilibrated in lysis buffer. 
The tube was rotated at 4°C for 1 h. Beads were spun down and 
washed twice with 10 ml lysis buffer and then two times with 
10 ml HBSS containing 5 mM MgCl2 and 1 mM DTT. Wash buffer 
was aspirated to reduce initial sepharose volume of 50% slurry, 
and 0.5 volumes of glycerol were added. Protein concentration 
was estimated on Coomassie blue–stained gel and using a series 
of BSA concentrations as the standard (García-Mata et al., 2006).

Pulldown of Trio with nucleotide-free Rac1 and RhoA
Cells grown on either gelatin or N-cad-BioS–coated surfaces 
were washed with PBS and lysed in radioimmunoprecipitation 
assay buffer. Cells were treated with either 50 µM Rockout or 
blebbisatin for 10 min where indicated. Lysates were collected, 
and debris was spun down at 16,000 g for 1 min. Protein concen-
tration was calculated using a BCA protein assay kit, and the total 
amount of protein as well as the total volume of each sample were 
equalized. The lysates were incubated with 10 µg GST, GST-Rac1-
G15A beads, or RhoA-G17A beads, and rotated for 1 h at 4°C. Beads 
were then washed six times using lysis buffer. Samples were then 
boiled in Laemmli buffer at 95°C for 5 min and separated by SDS-
PAGE. Proteins were transferred to a nitrocellulose membrane 
overnight at 4°C and probed with the appropriate antibodies 
(García-Mata et al., 2006).

Treatment with siRNA and inhibitors
ECs grown to 70% confluence were treated with scrambled 
siRNA duplexes or siRNA targeting a specific protein of inter-
est using GeneSilencer (Gentlantis) according to the manufac-
turer’s instructions. Cell were used for the experiments 48–72 h 
after treatment. Depletion of the target protein was validated by 
Western blot analysis.

Cells were treated for 30 min with 50 µM ITX3 (Bouquier et 
al., 2009), 50 µM Rockout (Yarrow et al., 2005), or 50 µM bleb-
bistatin (Straight et al., 2003) for 10 min and used for the exper-
iments. 0.005% DMSO (vehicle) was added to a control group.

Transfection
Cells were electroporated using the Nucleofector Kits for Primary 
Cells (Lonza) according to the manufacturer’s instructions.

Quantification and statistical analysis
Image quantification and presentation
All image quantification (fibrinogen leakage, adhesion area or 
projected area, VE-cadherin/vessel area, endothelial permeabil-
ity to albumin, VE-cadherin Dendra2 rates, pericyte coverage, 

and FRET/CFP ratios) was performed using ImageJ software 
except were otherwise noted. GraphPad Prism was used to 
make all graphs.

Quantification of leakage of fluorescent dextran tracers
Mouse lung or brain tissues from mice injected with 10-kD and 
70-kD dextran tracers were sectioned and imaged using a Zeiss 
LSM 880 confocal microscope. The far-red channel was used to 
capture tissue autofluorescence and to measure the total tissue 
volume. The sections were reconstructed using Imaris software 
(Bitplane), and the volumes of both tracers and the tissue volume 
were measured. The data are presented as a ratio of tracer vol-
ume to tissue volume.

Quantification of fibrinogen leakage in lung
To analyze fibrinogen leakage, murine lung sections were immu-
nostained for fibrinogen and CD31. The Z projection of the images 
was then thresholded to eliminate background fluorescence. The 
leakage was expressed as the percentage of fibrinogen-positive 
area normalized to the total vessel area, as previously described 
(Chang et al., 2017).

Quantification of adhesion area or projected area
Area was calculated by creating a Z-projected image for each 
channel using only the in-focus frames of a z-stack. A thresh-
old was used to eliminate background or nonspecific intra-
cellular fluorescence, and the total area of cell or adhesion 
area between adjacent cells was measured using Metamorph 
(Daneshjou et al., 2015).

Quantification of VE-cadherin/vessel area
VE-cadherin/vessel area in lung and brain was calculated by 
creating a z-projected image for each VE-cadherin and PEC AM1 
channel. A threshold was used to eliminate background or non-
specific intracellular fluorescence, and the total area of PEC AM 
was measured. To determine the VE-cadherin ratio, a binary 
mask of the PEC AM1 image was multiplied by the VE-cadherin 
image, and the area of VE-cadherin within AJs was measured.

Quantification of VE-cadherin junction area at AJs
To analyze the amount of VE-cadherin at AJs (defined as an 8-pix-
el-wide band around the inner edge of the cell) in cells expressing 
GFP, Trio-GFP, or Trio mutants, a VE-cadherin z-projected image 
was thresholded to eliminate background fluorescence. The 
threshold area within an 8-pixel-wide band around the inner 
edge of the cell was calculated. The data were normalized to cells 
treated with control siRNA and expressing GFP.

Quantification of endothelial permeability to albumin
To analyze endothelial permeability to albumin, the average 
fluorescent intensity of Alexa Fluor 647 was measured in an 
x-z cross-sectional plane along the VE-cadherin junction. The 
albumin signal was normalized to the background fluorescence 
(before albumin was added). The values were plotted as the nor-
malized albumin signal over time. The permeability rate constant 
(k) was calculated by fitting the data to a nonlinear one-phase 
association equation (Quadri et al., 2012).
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Measurement of VE-cadherin recruitment and internalization 
rates at AJs using VE-cadherin–Dendra2
VE-cadherin undergoes turnover at junctions through recruit-
ment (influx of new VE-cadherin to the junctions) as well as 
internalization (efflux of VE-cadherin from the junctions). We 
measured both the recruitment and the internalization rates of 
VE-cadherin using the photo-convertible probe Dendra2 tagged 
to the C terminus of VE-cadherin. Upon irradiation with a 405-
nm laser in a specific photo-conversion zone (a 5–10-µm section 
of VE-cadherin junction), the probe changes its emission (irre-
versibly) from green (λ = 488 nm) to red (λ = 543 nm), allowing 
two separate groups of VE-cadherin to be tracked over time. The 
changes in mean fluorescent intensities at λ = 488-nm and 543-
nm maximum emission spectra were measured inside the pho-
to-conversion zone. By measuring the changes in fluorescence 
of the green channel over time within the irradiation zone, we 
determined the recruitment of new VE-cadherin to AJs since all 
VE-cadherin molecules within this zone were photo-converted to 
red. By measuring the changes in fluorescence of the red chan-
nel over time, we determined the internalization of junctional 
VE-cadherin. For each time point, the relative changes in fluores-
cence for either green or red were calculated within the irradia-
tion zone. The rate constants for VE-cadherin internalization and 
recruitment were calculated from decay and recovery kinetics, 
respectively. The recruitment and internalization rate constants 
(k) were calculated using nonlinear regression to fit the values 
to the one-phase association equation Y = Y0 + (Plateau − Y0) × [1 
− exp(−k * t)], where Y = fluorescent intensity, Y0 = initial fluores-
cent intensity, Plateau is the maximum or minimum fluorescent 
intensity (recovery or decay) after photo-conversion, and t = time 
(Daneshjou et al., 2015). The rate of VE-cadherin–Dendra2 lateral 
movement within the cell–cell junction was determined from the 
rate of fluorescence lateral movement at λ = 543 nm outside the 
photo-conversion zone using kymograph analyses.

Analysis of N-cadherin complexes
Non-unique peptides were excluded from the mass spectrome-
try data. 1,120 unique candidates for constituents of N-cadherin 
complexes were represented by more than 3 of the 20,607 re-
maining unique peptides or with arbitrarily chosen log10 mean 
peptide intensities greater than 6. These candidate proteins were 
evaluated for known interactions within ten protein interaction 
databases, including BioGRID, Bell09, HPRD, IntAct, and MNT, 
as well as other studies via the Human Integrated Protein-Pro-
tein Interaction Reference (HIP PIE). Protein interactions were 
filtered to only include those with confidence scores greater than 
0.2 (Alanis-Lobato et al., 2017). Of the 1,120 interrogated proteins, 
1,046 had at least two established interactions, with a maximum 
of 1,759 (IQG AP1) and median of 77 interactions per protein. An 
interaction profile was created for each of these proteins using a 
Euclidean distance comparison with all other protein interaction 
confidence scores.

We chose to examine the proteins ARH GAP21, ARH GAP31, 
ARH GEF17, CDH2, IQG AP1, PAC SIN2, PEC AM1, TJP1, TJP2, TRIO, 
and TRI OBP for their potential roles related to their physical 
associations with N-cadherin. Affinity propagation clustering 
(Frey and Dueck, 2007) was used to autonomously group pro-

teins into clusters (n > 3) based on the protein interaction matrix. 
Inter-cluster linkages were trimmed to include only those with 
strong support (>0.7 confidence score). GO terms were obtained 
from BioMart, and associations were computed using the hyper-
geometric test (n > 5) for each of the nine clusters containing the 
proteins of interest. Generic cellular structure GO terms such as 
“cytoplasm,” “membrane,” “nucleus,” etc. were excluded.

R packages used. The packages used were biomaRt, igraph, ap-
cluster, parallel, RColorBrewer, RedeR, and ggplot2.

Colocalization analysis of Trio and N-cadherin
Cells expressing GFP-Trio or GFP-Trio deletion mutants were 
immunoassayed for N-cadherin and imaged using a Zeiss LSM 
880 microscope equipped with 63× 1.4 NA objective. The colo-
calization coefficient for GFP and N-cadherin was determined 
using z-stack images and Zen software according to the man-
ufacturer’s instructions. Thresholded images were used to set 
the vertical and horizontal crosshairs to separate clusters into 
four quadrants (1: Trio+/N-cadherin−; 2: Trio−/N-cadherin+; 
3: Trio+/N-cadherin+; and 4: Trio−/N-cadherin−). Cross-hair 
threshold values were set using cells expressing only GFP-Trio 
and not stained for N-cadherin or cells not expressing GFP-Trio 
and stained for N-cadherin. Colocalization analysis was done on 
a pixel-by-pixel basis. The Manders colocalization coefficient 
(Manders et al., 1992) was calculated as the sum of GFP-colocal-
ized pixels (with N-cadherin–stained pixels) divided by the total 
number of GFP-Trio pixels.

Quantification of pericyte coverage area in lung and brain
Fixed mouse lung or brain sections were costained for pericyte 
markers (PDG FRβ or desmin) and vessel markers (PEC AM1 or 
laminin) and imaged using a Zeiss LSM 880 confocal microscope. 
The resultant z-stack was projected onto a two-dimensional 
plane. A threshold was used to eliminate background signal for 
each channel. The percent coverage was defined as the pixel area 
positive for both the pericyte and the vessel markers divided by 
the total vessel area in pixels (Armulik et al., 2010).

Quantification of FRET/CFP ratio
For FRET analysis, a single confocal slice of the YFP image (at the 
junction or the abluminal surface) was used to create a binary 
mask with a value of 0 outside the cell and a value of 1 inside 
the cell. To generate a ratio image, the single-slice confocal FRET 
image was first multiplied by a binary mask image and then di-
vided by the CFP image. The ratio images were rescaled to the 
lower value, and a linear pseudocolor table was applied to gen-
erate the color-coded image map. The integrated intensities for 
FRET and CFP within the region of interest were measured, and 
the relative activity of Rac1 and RhoA were expressed as mean 
pixel intensity of FRET/CFP ratio (Pertz et al., 2006).

Statistics
Statistical significance calculations were performed using 
GraphPad Prism. A two-tailed, unpaired t test was used for ex-
periments with two experimental groups and ANO VA for more 
than two experimental groups. Data distribution was assumed 
to be normal, but this was not formally tested. The following 
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notations are used throughout the text: ns, P > 0.05; *, P < 0.05; 
**, P < 0.01; ***, P < 0.001; and ****, P < 0.0001.

Online supplemental material
Fig. S1 shows that genetic deletion of N-cadherin in ECs or peri-
cytes induces vascular leakage. Fig. S2 shows that genetic dele-
tion of N-cadherin in ECs or pericytes induces vascular leakage. 
Fig. S3 shows that genetic deletion of N-cadherin disassembles 
VE-cadherin adhesion. Fig. S4 shows that N-cadherin complexed 
with Trio signals assembly of VE-cadherin adhesion. Fig. S5 
shows that N-cadherin complexed with Trio signals assembly of 
VE-cadherin adhesion. Fig. S6 shows that Trio GEF1 activity is 
required for assembly of VE-cadherin junctions downstream of 
N-cadherin signaling. Fig. S7 shows that activation of RhoA and 
increased intracellular tension are not sufficient to induce as-
sembly of VE-cadherin junctions. Table S1 shows peptides iden-
tified in the N-cadherin mass spectrometry (MS) experiment. 
Table S2 shows GO terms from the N-cadherin MS experiment. 
Table S3 shows protein interaction scores from the N-cadherin 
MS experiment. Table S4 provides information regarding re-
agents and tools used in the paper.
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