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ntercellular junctions are crucial for mechanotransduc-

tion, but whether tight junctions contribute to the reg-

ulation of cell—cell tension and adherens junctions is
unknown. Here, we demonstrate that the tight junction
protein ZO-1 regulates tension acting on VE-cadherin—
based adherens junctions, cell migration, and barrier for-
mation of primary endothelial cells, as well as angiogenesis
in vitro and in vivo. ZO-1 depletion led to tight junction
disruption, redistribution of active myosin Il from junctions
to stress fibers, reduced tension on VE-cadherin and loss
of junctional mechanotransducers such as vinculin and

Introduction

Endothelial cells (EC) cover the internal surface of blood and
Iymphatic vessels, and play key roles in vessel formation and
function. Regulation of endothelial cell—cell junctions is criti-
cally important in inflammation and angiogenesis, and incorrect
junctional permeability is a major contributing factor to mor-
bidity and mortality in acute lung injury and sepsis (Weber
et al., 2007; Haskard et al., 2013). EC homeostasis requires the
integration of signals from sites of adhesion to the extracellular
matrix and neighboring cells, as well as signals from circulating
factors and mechanical stimuli. We are only starting to understand
how these different types of signals influence each other and
how they impact endothelial behavior and function (Cavallaro
and Dejana, 2011; Pulimeno et al., 2011). The integration, trans-
mission, and regulation of mechanical forces at sites of adhesion
is of fundamental importance, as they drive vessel development
and progression of diseases such as atherosclerosis and hyper-
tension (Conway and Schwartz, 2012).
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PAK?2, and induced vinculin dissociation from the a-catenin—
VE-cadherin complex. Claudin-5 depletion only mimicked
ZO-1 effects on barrier formation, whereas the effects on
mechanotransducers were rescued by inhibition of ROCK
and phenocopied by JAM-A, JACOP, or p114RhoGEF
down-regulation. ZO-1 was required for junctional recruit-
ment of JACOP, which, in turn, recruited p114RhoGEF.
ZO-1 is thus a central regulator of VE-cadherin—dependent
endothelial junctions that orchestrates the spatial actomy-
osin organization, tuning cell-cell tension, migration, an-
giogenesis, and barrier formation.

Intercellular tight junctions are crucial for the formation of
endothelial barriers, as they regulate paracellular diffusion. They
have also been linked to angiogenesis and polarization, and their
composition and integrity are affected by carcinogenesis and
inflammation (Bazzoni, 2011; Martin, 2014). Tight junctions are
composed of different types of transmembrane proteins and a
complex set of cytosolic proteins that link the junctional mem-
brane to the cytoskeleton to regulate endothelial barrier function
(Lampugnani, 2012). Tight junction transmembrane proteins in
EC include claudin-5, occludin, and several JAMs. Claudin-5
is a critical determinant of blood—brain barrier permeability in
mice (Nitta et al., 2003), and JAM family adhesion proteins
have been linked to angiogenesis, migration, and crosstalk with
FGF-2 and av(33 integrin signaling (Lamagna et al., 2005; Cooke
et al., 2006; Severson et al., 2009; Peddibhotla et al., 2013).

Z0-1 is a junctional adaptor protein that interacts with mul-
tiple other junctional components, including the transmembrane
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proteins of the claudin and JAM families (Bazzoni et al., 2000;
Ebnet et al., 2000; Fanning and Anderson, 2009). The relevance
of such interactions for the localization and function of the
binding partners is not well understood, largely because of a
lack of clear phenotypes in the analyzed epithelial model sys-
tems due to functional redundancy with ZO-2. Similarly, ZO-1
binds F-actin and has been linked to the regulation of the acto-
myosin cytoskeleton; however, the reported results from epithe-
lia are contradictory, and it is not clear whether ZO-1 is important
for overall actomyosin function (Yamazaki et al., 2008; Van
Itallie et al., 2009; Fanning et al., 2012). This contrasts with EC,
as ZO-1 knockout mice are embryonic lethal (embryonic day
9.5-10.5) and ZO-1 is required for normal blood vessel forma-
tion in the yolk sac, which suggests that ZO-1 may be function-
ally important for endothelial tissue organization. However, the
underlying cellular and molecular mechanisms for ZO-1’s im-
portance for vessel formation in the yolk sac, and its effect on
endothelial permeability are not known (Katsuno et al., 2008).

Here, we asked whether ZO-1 is important for endothelial
integrity and function in primary human dermal microvascular
EC (HDMEC) and whether it regulates angiogenic properties of
EC. Our results demonstrate that ZO-1 indeed regulates angio-
genesis in vitro and in vivo, and is essential for endothelial bar-
rier formation, spatial actomyosin organization, and cell—cell
tension as well as cell migration. Our data indicate that differ-
ent junctional membrane proteins that bind ZO-1 serve distinct
purposes, with JAM-A forming a cooperative unit with ZO-1
and claudin-5 functioning as a downstream effector required for
barrier formation. We demonstrate that ZO-1 regulates recruit-
ment of mechanotransducers to the VE-cadherin complex via
the recruitment of a junctional regulatory complex containing
JACOP and the RhoA activator pl14RhoGEF, and, thereby,
junctional tension. Our data thus establish a molecular regula-
tory network by which tight junctions regulate adherens junc-
tions and endothelial behavior and function.

Results

Z20-1 regulates endothelial cell-cell tension
We established a loss-of-function approach to determine the
role of ZO-1 in EC using HDMEC. HDMEC were chosen
because we found them to form robust and regular junctional
complexes. Two distinct siRNAs were identified that effec-
tively down-regulated ZO-1 (Fig. 1, A and B).

ZO0O-1 is thought to regulate the actomyosin cytoskeleton
in epithelial cells; however, its function remains controversial,
as depletion was linked to both increased and decreased junc-
tional actomyosin (Yamazaki et al., 2008; Van Itallie et al., 2009;
Fanning et al., 2012). We thus asked whether depletion of ZO-1
had an effect on the recruitment and activity of junctional ac-
tomyosin in EC. In control HDMEC, B-actin and myosin ITA
formed a junctional belt that was positive for double phosphory-
lated myosin light chain 2 (MLC2), which indicates that myosin
was active (Fig. 1 C). Upon depletion of ZO-1, both myosin ITA
and B-actin redistributed and formed stress fibers along the base
of the cells that were also positive for double-phosphorylated
MLC2. By immunoblotting, the levels of doubly phosphorylated
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MLC?2 were increased, whereas single phosphorylated MLC2
levels remained similar (Fig. 1 D). When mouse GFP-tagged
Z0O-1 was expressed in the ZO-1-depleted human EC, junctional
localization of myosin was rescued and formation of stress fi-
bers was repressed, which indicates that the observed pheno-
type in depleted cells was specific (Fig. 1 E). Loss of ZO-1 thus
induced a reorganization of the actomyosin cytoskeleton.

We next asked whether these changes resulted in altered
tensile force on the junctional complex. We used a FRET bio-
sensor based on VE-cadherin that carries an elastic force sen-
sor within the cytoplasmic domain between the p120 and the
[-catenin binding sites (Grashoff et al., 2010; Conway et al., 2013).
Fig. 2 (A and B) shows that the sensor was sensitive to the pres-
ence of the B-catenin binding site, which indicates that the
probe responded to forces that act on VE-cadherin. Depletion of
ZO0O-1 also led to increased FRET efficiency, indicating that the
tensile force acting on VE-cadherin was diminished (Fig. 2,
A and B). Therefore, reduced ZO-1 expression stimulated a
reduction in the tension on VE-cadherin, which suggests that
Z0-1 regulates tension on adherens junctions.

We next determined whether reduced tension on VE-
cadherin indeed translated into reduced tension of endothelial
cell—cell contacts using laser ablation. HDMEC were infected
with a lentiviral vector encoding GFP—a-catenin to mark cell-
cell boundaries and were then transfected with siRNAs. In con-
trol cells, ablation of a cell led to a contraction of neighboring
cells and extension of the surface covered by the ablated cell
(Fig. 2 C and Video 1). In ZO-1-depleted cells, both extension
of the ablated cell and contraction of neighboring cells were
reduced by >60% (Fig. 2, C-E; and Video 2). Hence, ZO-1
regulates tension on endothelial cell-cell contacts.

Our data thus indicate that ZO-1 is an essential orchestra-
tor of endothelial spatial actomyosin organization and regulates
the tensile force acting on adherens junctions.

Z0-1 regulates endothelial cell migration
and angiogenic potential

Angiogenesis requires complex actin reorganization and migra-
tion of EC to generate functional new vessels. Hence, we asked
whether ZO-1 regulates the angiogenic potential of EC. We first
used a migration assay to determine if ZO-1 affected collective
cell migration. Fig. 3 (A and B) shows that cells lacking normal
ZO0O-1 expression migrated less. An in vitro Matrigel tubulogen-
esis assay further revealed that ZO-1 depletion led to reduced
network formation in vitro (Fig. S1, A and B). ZO-1 depletion
was also found to reduce endothelial sprouting in a 3D micro-
carrier (MC)-based fibrin gel angiogenesis assay (Fig. 3, C-E).
ZO-1 thus regulates the angiogenic potential of HDMEC pri-
mary cultures.

Next, we tested whether ZO-1 down-regulation inhibited
angiogenesis in vivo. To suppress ZO-1 expression in mouse,
we designed and tested specific mouse siRNAs (Fig. S1 C). Two
of these siRNAs were then used in in vivo angiogenesis experi-
ments using the Matrigel plug model (Birdsey et al., 2008). A
Matrigel mixture containing siRNA, heparin, and basic FGF was
injected subcutaneously into C57BL/6 mice. After 7 d, plugs
were harvested and analyzed (Figs. 3 F and S1, D and E).
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Figure 1. ZO-1 regulates the endothelial actomyosin distribution. (A-C) Cells transfected with nontargeting (Control) siRNA or siRNAs directed against
ZO-1 were analyzed by immunoblotting for ZO-1 and a-tubulin expression (A), or processed for immunofluorescence microscopy using antibodies against
ZO-1 (B) or B-actin, myosin lIA, or double-phosphorylated MLC2 (C). (D) Cells transfected with siRNAs were analyzed by immunoblotting for single- and
double-phosphorylated, as well as total, MLC2, and, as a loading control, a-tubulin. (E) Cells that had been transfected with siRNAs as indicated were
additionally transfected with GFP or GFP-mZO1, a fusion protein constructed with a mouse ZO-1 cDNA, 24 h before analysis. The cells were then fixed
and stained as indicated to monitor loss of stress fibers and increased junctional staining of F-actin and myosin upon ZO-1 reexpression. Bars: (A-C) 40 pm;

(E) 20 pm.

Immunofluorescence revealed that ZO-1 expression was reduced expected. Whereas control siRNAs did not significantly affect
with ZO-1-specific siRNAs in the sections of the plugs (Fig. S1 D). the angiogenic response to FGF, ZO-1 siRNAs reduced the ves-
Quantification of blood vessels by hematoxylin and eosin stain- sel number by ~50% (Fig. 3, F and G; and Fig. S1 E). Hence,
ing revealed that FGF strongly stimulated vessel growth, as Z0-1 also regulates angiogenesis in an in vivo mouse model.

Z0O-1 controls endothelial cell-cell tension
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Figure 2. ZO-1 down-regulation reduces en- A
dothelial cellcell tension. (A and B) Cells were
transfected with siRNAs and, after 2 d, with
a VE-cadherin-based FRET tension sensor con-
taining (TS) or lacking (Tminus) the B-catenin
binding site. FRET activity was then imaged
by gain of donor fluorescence after acceptor
bleaching from confluent monolayers. (A) FRET
efficiency maps and images taken from venus
fluorescent protein before bleaching. (B) Im-
ages were quantified by calculating the FRET
efficiencies at cellcell contacts. The values
were then normalized to the FRET efficiency
obtained with the tail-minus construct, which
does not sense tension and hence provides the
FRET signals that can maximally be expected
(shown are means = 1 SD [error bars]; n =
12). (C-E) Cells expressing GFP-a-catenin
were plated and transfected with siRNAs as
in A. The cells were then analyzed by ablat-
ing single cells (marked with an asterisk) within
the monolayer with a laser and recording the
movement of cell-cell contacts in the GFP chan-
nel for 1 min. The images in C show overlays
of frames taken before ablation in red, after
30 s in green, and affer 45 s in blue (see also
Videos 1 and 2). The increase in the surface
area of the ablated cells and the contraction of
the neighboring cells were then analyzed (D and
E, shown are means + 1 SD [error bars]; n =
11). Bars, 20 pm.
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These data show that ZO-1 is not only crucial for cortical
actomyosin function but regulates endothelial cell migration
and angiogenesis.

To identify the molecular consequences of ZO-1 depletion,
we next asked whether ZO-1 is required for the recruitment of

junctional proteins and mechanotransducers to cell—cell con-
tacts. Depletion of ZO-1 led to reduced junctional recruitment
of two crucial transmembrane components of tight junctions:
claudin-5 and JAM-A (Fig. 4, A and B). Claudin-5 was also
expressed at lower levels at least in part due to lysosomal deg-
radation (Fig. S2 A). In contrast, localization of ZO-2, which
is thought to function redundantly with ZO-1, was not affected.
These experiments therefore identify a ZO1-specific function
in EC that is not shared with ZO-2.
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Figure 3.  ZO-1 down-regulation reduces endothelial cell migration and angiogenic potential. (A) HDMEC were transfected with the indicated siRNAs for 48 h.
Scratch wounds were then inflicted to induce cell migration. Representative images of wounds are shown that were taken at O and 16 h after scratching.
(B) Percentages of the areas of closure of three independent experiments; shown are means + 1 SD (error bars). (C-G) The effect of the depletion of ZO-1 on
endothelial angiogenic potential was tested in vitro using an MC-based fibrin gel angiogenesis assay (C-E) or Matrigel plugs in vivo (F and G). For in vitro
assays, HDMEC were seeded onto beads 24 h after siRNA transfection and were then embedded in a 3D fibrin gel after another 24 h. (C) Sprouting was
then analyzed after 4 d by phase-contrast microscopy. (D) The cells were then fixed, permeabilized, and stained for nuclei (blue) and F-actin (red) to monitor
coverage of beads with cells. (D and E) The number of sprouts per bead (D) and the mean length (E) were then determined (shown are means + 1 SD [error
bars] of four experiments). (F and G) For in vivo assays, mice were injected with Matrigel-containing FGF and siRNAs as indicted to induce angiogenesis.
After 7 d, the plugs were harvested and fixed, embedded in paraffin, and sectioned. Sections in E were stained by hematoxylin and eosin, and were used
to quantify the number of vessels shown in F (shown are means + 1 SD [error bars]; control and FGF, n = 6; siRNA samples, n = 12). Bars, 250 pm.

Z0-1 controls endothelial cell-cell tension * Tornavaca et al.

825

920z Ateniga g uo 3senb Aq Jpd 0y L ¥0YL0Z A0l/09€ 285 /1 28/9/802/4pd-alo1He/qol/Bi10 ssaidny//:dRy wouy papeojumoq



826

A gmzon oz cis s B 5.

: ' ;2

S g2

7 38
;j-ZSOkD

N
3@

a- Catenln -
p-Catenin = == -100kD

VE-Cadherin A. 1300
-130kD

p1 20 I .-100kD

Cldn5 M 250

JAM-A [E3KD
-55kD

Z0-1

o-— Catenln

p-Catenin

Control
siRNA

O-tuDUIIN w——

Z0-1
siRNA

D

Control siRNA
' ZO-1 siRNA

Vinculin PAK2 pPaxillin

Z0-1 i -250kD

PAKZmmss __ -
|LK—--55kD
-130kD

Control

Vinculin == —
pPaxillin I .o

Paxillin M ..,
pFAK = = -100kD

Z0-1

Control  ZO-1 ut Control ZO-1 FAK# ' -100kD
F Input "SRNA  siRNA < SIRNA siRNA c-tubuli E—-55<D
< = = pd
Z < S = x <z( RO RO
TZ0o 20 s 9DOD H
>822 5% UWgll o
S25 5% & gn 2829 input Contral Z0-1
= o« 2 F 8 F SO EQ0ED PUt SiRNA siRNA
OO0 ® E ® E ON ©=2a@=2 <
QN L 6L © BT W T d  VE-cadherin Z <
[~ .y g :
100kD- d g a-Catenin 5 e S e Be
i ek : - = 3 Y . i — e —
100kD- . H B-Catenin — P T g-catenin S 5 o8 o
c > &= 3.4
100kD-=.= 'ﬂ —‘ p120 100kD-F= = &% w [-catenin 8 9 § = § 5
' Rl Lok -250kD
WD-_VE Cadherin ____ p I ncui Ve
100kD- - " Vinculin iy e 1-130kD

250kD- - -
- I.i ! Myosin IIA o Z0-1 Vinculin
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ens junction (B and C) proteins, as well as mechanotransducers and regulators (D and E). (F-H) Control and siRNA-depleted cells were extracted and used
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The biosensor and ablation experiments indicated that
depletion of ZO-1 led to reduced tensile force on VE-cadherin—
based junctions; hence, we examined the distribution of the cad-
herin and associated catenins. However, neither the localization
nor the total expression levels of VE-cadherin, o- and 3-catenin,
or pl20catenin were noticeably affected (Fig. 4, B and C).
Because down-regulation of ZO-1 affected cell-cell tension,
we next examined localization and expression of vinculin,
which shows force-dependent association with endothelial VE-
cadherin junctions by binding to a-catenin (Grashoff et al., 2010;
Yonemura et al., 2010; Huveneers et al., 2012). Fig. 4 (D and E)
shows that ZO-1 down-regulation triggered redistribution of
vinculin from cell—cell junctions to focal adhesions, mirroring
the changes in active myosin shown in Fig. 1. Expression of
GFP-tagged mouse ZO-1 rescued the junctional localization of
vinculin in depleted cells (Fig. S2 B). Depletion of ZO-1 also
led to a selective loss of vinculin from immunoprecipitated
a-catenin and VE-cadherin complexes and increased coprecipi-
tation with the focal adhesion protein talin (Fig. 4, F-H), which
supports the conclusion that ZO-1 regulates the recruitment of
the force-generating and transducing machinery to VE-cadherin—
based junctions.

The redistribution of vinculin in ZO-1-depleted cells
suggested that the molecular complex that couples and regu-
lates actomyosin-generated forces to sites of adhesion may have
been redistributed along with myosin IIA; hence, we tested
other components of this supramolecular assembly. PAK2 and
phospho-paxillin were enriched at cell—cell junctions in control
cells, but concentrated in focal adhesions in ZO-1-depleted
cells (Fig. 4 D). Staining for ILK and activated FAK at focal
adhesion was also pronounced in response to ZO-1 deple-
tion (Fig. 4 D).

The data thus far indicate that ZO-1 orchestrates the spa-
tial distribution of major components of adhesive complexes
that regulate force generation and transmission at cell—cell
junctions and focal adhesions, with significant consequences
for cell—cell tension, migration, and angiogenesis.

Loss of Claudin-5 regulates barrier function
Claudin-5 is a component of junctional intramembrane strands
and a critical determinant of blood—brain barrier permeability in
mice (Nitta et al., 2003); hence, we asked whether its disappear-
ance from cell junctions is relevant for the defect in cell-cell
tension, migration, and angiogenesis induced by ZO-1 deple-
tion (Fig. 4, A and B).

siRNAs targeting claudin-5 induced efficient depletion
of the protein and a strong increase in transendothelial perme-
ability, indicating that the endothelial barrier was compromised
(Fig. S2, C-G). There were no differences in cell numbers, ne-
crosis, or apoptosis, which indicates that the increase in perme-
ability was due to defects in the paracellular diffusion barrier
(unpublished data). As the increase in paracellular diffusion was
comparable to what we observed upon ZO-1 depletion, loss of
junctional claudin-5 in ZO-1-depleted cells is sufficient to ex-
plain the barrier defect. In contrast, claudin-5 depletion affected
neither junctional and cytoskeletal markers nor tubulogenesis
and migration (Fig. S2). Therefore, depletion of claudin-5 led to

a selective defect in the endothelial permeability barrier and not
other phenotypic changes induced by ZO-1 depletion.

Loss of JAM-A induces disorganization

of Z20-1 and claudin-5

JAM-A regulates endothelial cell migration and angiogenesis,
as it influences both FGF-2 and av3 integrin signaling (Nehls
and Drenckhahn, 1995; Lamagna et al., 2005; Cooke et al.,
2006; Severson et al., 2009; Peddibhotla et al., 2013). There-
fore, we next asked whether the second tight junction protein
affected by ZO-1 depletion (Fig. 4, A and B) is important for
cytoskeletal rearrangement.

JAM-A was efficiently depleted by two siRNAs and af-
fected the localization of claudin-5 and ZO-1, but not VE-
cadherin (Fig. 5). Hence, JAM-A and ZO-1 appear to be linked
in a bidirectional, cooperative manner, as each influenced the
other’s distribution and both were required for claudin-5 local-
ization at tight junctions. Reduced expression of JAM-A in-
duced redistribution of PAK2 and vinculin from cell contacts to
focal adhesions and induction of stress fibers (Fig. 5 C). ZO-1
and JAM-A therefore form a functional unit that regulates tight
junction assembly and cytoskeletal organization.

Loss of PAKR2 stimulates reorganization of
the cytoskeleton

Depletion of ZO-1 and JAM-A stimulated a striking reorgani-
zation of the actin cytoskeleton. Among the cytoskeletal pro-
teins affected was PAK2, which has been observed to regulate
endothelial contractility and junctional integrity (Stockton et al.,
2004). Depletion of PAK?2 had a striking effect on junction
morphology (Fig. 6, A and B). Although ZO-1 and claudin-5
remained junctional, their distribution was partially disrupted
and irregular. VE-cadherin became irregular and did not form
linear junctions anymore. PAK?2 is thus critical for the normal
organization of tight and adherens junctions.

We next assayed effects on the actomyosin cytoskeleton.
Myosin IIA became redistributed and stress fibers were induced
in response to PAK2 depletion in a similar manner to when ZO-1
was depleted (Figs. 1 C and 6 C). Vinculin also disappeared
from cell—cell contacts and associated with the prominent focal
adhesions induced by PAK?2 depletion. Phosphorylated MLC2
was lost from junctions and became more enriched along basal
actin fibers (Fig. 6, C and D). Hence, PAK?2 depletion led to
a similar reorganization of the actin cytoskeleton as ZO-1 or
JAM-A depletion, which indicates that the loss of junctional
PAK2 in ZO-1- or JAM-A-depleted cells is functionally rel-
evant and that the kinase is required for the maintenance of en-
dothelial junctions. ZO-1 and claudin-5 were still junctional,
which indicates that PAK?2 functions downstream of ZO-1.

Balance of myosin activation maintains

the junctional complex

Depletion of ZO-1 or JAM-A led to a loss of junctional myosin
ITIA in favor of stress fibers. This was paralleled by an analo-
gous redistribution of vinculin; hence, we speculated that the
reorganization of the cytoskeleton and the deformation of cell
junctions was caused by an imbalance of myosin-generated
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immunoblotting. Results shown are representative from three duplicate experiments performed. Bars, 30 pm.

subcellular tension distribution. To test this, we tested the abil-
ity of ROCK inhibition to block myosin activation.

ROCK inhibition had a striking effect on the siRNA-
induced phenotypes (Fig. 7). Junctional proteins that had been
lost in response to ZO-1 or JAM-A depletion accumulated again
at cell—cell contacts (only localization, not expression levels
of claudin-5 were recovered; unpublished data). Myosin IIA,
[B-actin, and vinculin increased at cell-cell junctions, whereas
focal adhesions and stress fibers disappeared. There was also
recruitment of PAK2; however, junctional phosphorylated MLC2
remained low in ZO-1-depleted cells in the presence of the
ROCK inhibitor (unpublished data).

ROCK is activated by RhoA signaling. Hence, we tested
whether ZO-1 depletion affected the distribution of active RhoA
using a biosensor. Fig. S3 shows that ZO-1 depletion led to re-
duced RhoA activity at cell-cell contacts, whereas activity in
the rest of the cells increased.

These data thus indicate that the endothelial phenotype is
maintained by a balance between myosin-generated tension at
cell—cell and cell-matrix contacts, and that ZO-1 and JAM-A
are required to maintain junctional actomyosin activity, possi-
bly involving junctional recruitment of a RhoA regulator.

The cadherins are generally thought to be the master organizers
of cell—cell junctions; however, the data in EC on the role of
VE-cadherin in the recruitment of tight junction components
are conflicting. VE-cadherin could be efficiently depleted
(Fig. 8 A), which strongly affected junctional recruitment
of the core adherens junction components a- and (3-catenin
(Fig. 8 A). Actin and myosin IIA redistributed from junctions
to stress fibers, vinculin and PAK?2 redistributed to focal ad-
hesions, and tight junctions were disrupted. ROCK inhibition
did not rescue the disruption of a- and (3-catenin, but ZO-1,
claudin-5, and JAM-A relocalized to cell-cell junctions, stress
fibers were reduced, and vinculin and PAK2 disappeared from
focal adhesions (Fig. 8 C). These data indicate that VE-cadherin
functions upstream of ZO-1 and is required for its recruit-
ment in part through regulation of the actin cytoskeleton and
myosin contractility. Together with the overlap in the pheno-
types, this suggests that ZO-1 is an integral component of the
regulatory mechanisms that are activated by VE-cadherin to
stimulate endothelial junction formation and mediates reorga-
nization of the actin cytoskeleton to form functional endothe-
lial junctions.
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p114RhoGEF drives junctional myosin activation in epithelial
cells by forming a complex with ROCK-II and myosin (Terry
We next asked whether the link between ZO-1 and actomyosin et al., 2011, 2012). It is recruited to epithelial tight junctions
might involve Rho signaling regulators. The RhoA activator by cingulin; however, HDMEC express only low amounts of
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siRNAs (B), and 48 h later were incubated for 24 h in the presence or absence of the ROCK inhibitor Y27632 (10 pM). Then, the cells were fixed and
analyzed by immunofluorescence for the indicated proteins (A). Results shown are representative from three duplicate experiments. Bars, 40 pm.

cingulin, heterogeneously (unpublished data). A cingulin-like
protein has been identified, JACOP/paracingulin, and the two
proteins seem to have overlapping functions (Ohnishi et al.,
2004; Citi et al., 2012).

Anti-JACOP antibodies stained HDMEC tight junctions
strongly, and depletion of the protein resulted in a loss of junc-
tional staining (Fig. 9, A and B). However, ZO-1 was still re-
cruited to tight junctions. In contrast, ZO-1 depletion also led to

a redistribution of JACOP, which shifted to stress fibers along
the central basal membrane and with structures along the pe-
riphery distinct from cell-cell contacts (Fig. 9 B). JACOP, but
not vinculin, coimmunoprecipitated with ZO-1, which indicates
that JACOP and ZO-1 form a complex (Fig. 9 C). Hence, ZO-1
mediates tight junction recruitment of JACOP in EC. Moreover,
Z0O-1 depletion also led to reduced recruitment of pl90RhoGAP
to adherens junctions, a protein known to be involved in the

9z0z Arenigad g0 uo 1senb Aq 4pd 0y L 0¥ 102 A2l/09€ .85 L/1Z8/9/80Z/4Pd-8[onie/qol/Bi0"ssaidnu//:dny woly papeojumoq



o
<< < OR
ZZ =
o o o

< BB ol o
Zcc 2

CTS = a
‘m £ C© 7
— T T o]
S ®© © ©
500 e}
| T T
O L LW L
o>> >

VE-Cadherin I "%

a-Catenin
p-Catenin s 0
i i -130kD

Vinculin - - ~—
ZO-1 By -250kD

=

a-Tubulin —— — __ -55kD

Y27632
VE-cad siR Control siR

DMSO
VE-cad siR Control siR

Y27632
VE-cad siR Control siR

B-Actin

B-catenin

e

Figure 8. ROCK inhibition rescues the effects on the actin cytoskeleton and tight junctions of VE-cadherin down-regulation. (A) HDMEC transfected with the
indicated siRNAs were analyzed by immunoblotting as labeled. Cells were transfected with control or VE-cadherin siRNAs and, 48 h later, were incubated
for another 24 h in the presence or absence of the ROCK inhibitor Y27632. (B and C) Then, they were analyzed by immunofluorescence for the indicated
proteins. Results shown are representative from three duplicate experiments. Bars: (B) 30 pm; (C) 40 pm.

down-regulation of RhoA signaling in response to cadherin
ligation (Fig. S4). Strikingly, JACOP depletion also stimu-
lated a redistribution of vinculin from junctions to focal ad-
hesions and induction of stress fibers, which suggests that
JACOP links ZO-1 to the regulation of the actomyosin sys-
tem (Fig. 9 B).

In epithelial cells, cingulin can recruit pl 14RhoGEF to
tight junctions (Terry et al., 2011). As cingulin and JACOP
are homologous proteins, we asked whether JACOP associ-
ates with p114RhoGEF. Indeed, pl114RhoGEF and JACOP
coimmunoprecipitated from endothelial cell extracts, and both

Z0-1 and JACOP were required for junctional recruitment of
p114RhoGEF (Fig. 9, B and E). Although JACOP coimmuno-
precipitated with ZO-1, we were unable to detect ZO-1 in
p114RhoGEF precipitates. Hence, it seems unlikely that the
three proteins form a stable junction-associated heterotrimeric
complex, but recruitment of the GEF may involve transient
interactions. This is further supported by the observation that
p114RhoGEF, and not ZO-1, immunoprecipitates contained
vinculin (Fig. 9, C and E). Nevertheless, pl 14RhoGEF de-
pletion led to a loss of junctional vinculin and induction of
vinculin-stained focal adhesions and stress fibers comparable to
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depletions of ZO-1 and JACOP (Fig. 9, B and D; and Fig. S5). and did not induce stress fibers. These data thus indicate that
In contrast, depletion of GEF-H1, which also binds JACOP and p114RhoGEEF is recruited to endothelial junctions by ZO-1
is inactive at tight junctions, did not reduce vinculin staining and JACOP to stimulate junctional actomyosin activation and,
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thereby, to ensure coupling of mechanotransducers to the VE-
cadherin complex.

The observation that ROCK inhibition reverses the pheno-
type of ZO-1-depleted cells indicates an involvement of myosin
activity. Hence, we added the myosin inhibitor Blebbistatin to
siRNA-transfected cells and tested for F-actin and JAM-A redis-
tribution. Blebbistatin-treated cells all had the same phenotype
irrespective of whether control, ZO-1, or pl 14RhoGEF siRNAs
were transfected. Both the F-actin and the JAM-A staining junc-
tions had a wavy appearance but remained assembled, and stress
fibers were not induced, which indicates that myosin activity is
indeed required for the phenotype of ZO-1- or pl114RhoGEF-
depleted cells (Fig. 10, A and B). Inhibition of actin polymer-
ization using CK666, an inhibitor of the Arp2/3 complex, or
SMIFH2, a formin inhibitor, did not prevent induction of the
ZO-1 or pl114RhoGEF depletion phenotype (Fig. 10, A and B).
Hence, junction dissociation in ZO-1- or pl114RhoGEF-depleted
cells requires ROCK and myosin activity.

Given the role of the actomyosin system in junction as-
sembly, one would assume that the effect of ZO-1 depletion
differs if depleted cells have not formed fully mature junctions.
Hence, we repeated the siRNA experiments with cells plated at
low density. Depletion of ZO-1 or pl114RhoGEF in low-density
cells led a striking actomyosin reorganization, and cells re-
vealed gaps in between each other similar to control cells that
had not started to form linear junctions (Fig. 10 C). Even the
distribution of VE-cadherin itself was affected, as the protein
was only detected in spot-like cell—cell contacts rather than lin-
ear junctions in depleted cells (Fig. 10 D). As observed for tight
junction proteins at normal cell density, inhibition of ROCK re-
sulted in the formation of linear VE-cadherin staining in control
and depleted cells. In cells free of cell-cell contacts, depletion
of either of the two proteins did not have any detectable effect,
as expected if they normally function at cell-cell contacts.
These observations thus further support the conclusion that
Z0-1 directs the spatial actomyosin organization in endothelia
to regulate junction assembly and integrity.

Discussion

Endothelial tight junctions are essential components of the vas-
cular permeability barrier. Tight junctions are thought to be
regulated by cadherin signaling, but have not been known to
regulate adherens junctions. Here, we show that the tight junc-
tion adaptor protein ZO-1 is, in contrast to epithelia, essential
for barrier formation in human microvascular EC and that it
regulates cadherin-mediated cell—cell tension and cytoskeletal
organization, as well as angiogenic potential and cell migration.
Z0-1 functions as a major cytoskeletal organizer in EC, and not
only determines the overall distribution of F-actin but also the
recruitment of force-stimulating junctional proteins and force-
transmitting cytoskeletal linkers to VE-cadherin complexes, and,
hence, the tensile force acting on adherens junctions. Tight junc-
tions can thus regulate adherens junctions.

Z0-1 deficiency in mice has been shown to induce defects
in blood vessels in the yolk sac, with altered vascular trees as-
sociated with mislocalization of JAM-A (Katsuno et al., 2008).

However, the underlying molecular and cellular mechanisms
for this defect were not known. Moreover, the effect on perme-
ability is not clear in that model, as yolk sac vessels were al-
ready permeable to the tracer used in wild-type animals. The
effect of ZO-1 deficiency in epithelial cells depends on the ex-
perimental conditions and, in terms of junction formation, ZO-1
and ZO-2 seem to have redundant functions. In Eph4 mammary
epithelial and F9 cells, the combined deficiency of ZO-1 and -2
was shown to result in loss of tight junctions, and formation
of adherens junctions positive for E-cadherin and reorganized
F-actin but negative for myosin-II (Yamazaki et al., 2008). In
contrast, in MDCK cells, depletion of ZO-1 and ZO-2 was re-
ported to lead to an expansion of the perijunctional actomyosin
ring associated with adherens junctions and apical constriction
(Fanning et al., 2012). There is at present no explanation for these
striking differences. Furthermore, ARHGEF11 has also been
identified as a ZO-1-binding regulator of junction-associated
actomyosin in mammary epithelial cells, but only the simulta-
neous knockdown of ARHGEF11 and ZO-2 resulted in signifi-
cant impairment of TJs and of the perijunctional actomyosin
ring, similar to when both ZO-1 and ZO-2 were depleted (Itoh
et al., 2012). In contrast, pl 14RhoGEF can affect epithelial
junction assembly without depletion of other junctional proteins
(Terry et al., 2011). In our experiments with HDMEC, deple-
tion of ZO-1 or pl114RhoGEF alone was sufficient to induce a
dramatic reorganization of the actomyosin cytoskeleton. Unlike
any analyzed epithelial model, ZO-1 depletion induced increased
myosin activation along the basal cell membrane and stress
fiber formation. HDMEC express ZO-2, which was not affected
by ZO-1 depletion, indicating that the two proteins are not re-
dundant in EC. Moreover, our ROCK inhibition experiments
suggest that the contradictory phenotypes observed in epithelia
might have been caused by differential tension generated at
cell-matrix adhesion sites in different epithelial model systems.
In polarized simple epithelial cells, adherens and tight junctions
are spatially well-separated at the apical aspect of the lateral
plasma membrane. However, in EC, this topological separation
is not well-defined, which might be the reason for the more gen-
eral importance of ZO-1 for junction assembly. Nevertheless,
whether the role of ZO-1 depends on the differential topology
of the junctional complexes between epithelial cells and EC
will need further analysis.

Adherens junctions in EC and epithelial cells are thought
to be central bearers of tensile forces that are important for the
regulation of tissue development, homeostasis, and function
(Xiao et al., 2003; Birdsey et al., 2008; Hoffman et al., 2011;
Yonemura, 2011; Conway et al., 2013; Huveneers and de Rooij,
2013). Although it is clear that the forces are generated by myo-
sin motors and are transmitted by tension-sensitive linkers such
as vinculin, it is still poorly understood how the signaling path-
ways that lead to the spatial regulation of these forces are or-
chestrated. Our data demonstrate that ZO-1 is one such regulator
in primary EC that is essential for the maintenance of tensile
forces on adherens junctions. Depletion of ZO-1 did not affect
assembly of the core VE-cadherin complex; however, vinculin
and myosin II were no longer associated with the complex, pro-
viding a molecular explanation for the reduced tensile forces.
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Moreover, our data further indicate that the balance between
junctional and basal actomyosin activity is a crucial determi-
nant of junction assembly, as inhibition of ROCK or myosin
was sufficient to rescue recruitment of tight junction proteins.

VE-cadherin regulates cytoskeletal tension, cell spread-
ing, and focal adhesions by stimulating RhoA (Xiao et al., 2003;
Huveneers and de Rooij, 2013), and myosin II is the main force-
generating actin motor. Hence, ZO-1 regulates the functional
coupling of VE-cadherin to the force-generating machinery.
Inhibition of myosin counteracted the redistribution of myosin
and vinculin, indicating that it is the balance of forces between
focal adhesions and the junctional complex that is important for
junction assembly, and not force as such. Inhibition of ROCK
not only affected the cytoskeleton but also reversed the redistri-
bution of junctional claudin-5 and JAM-A, indicating that the
maintenance of junctional tension is a main function of ZO-1.

Our data indicate that ZO-1 activates multiple pathways
crucial for endothelial junction homeostasis. Junctional tension
is clearly regulated by the actomyosin cytoskeleton, and ZO-1
depletion led to the deregulation of two pathways that can affect
the activity of the actomyosin cytoskeleton. ZO-1 depletion led
to loss of junctional PAK?2, and depletion of the kinase was suf-
ficient to recapitulate the redistribution of cytoskeletal proteins.
However, PAK2 was not important for junctional recruitment
of claudin-5; and depletion of claudin-5 was sufficient to dis-
rupt the endothelial barrier, but did not affect actomyosin-driven
processes such as migration. Hence, PAK?2 and claudin-5 repre-
sent two distinct pathways regulated by ZO-1. In contrast, inhi-
bition of ROCK led to a recovery of junctional claudin-5 in
Z0O-1-depleted cells, as well as to a recovery of junctional re-
cruitment of PAK2 and components of the actomyosin cyto-
skeleton. Therefore, these results indicate that ZO-1"s main
role in junction assembly is the maintenance of junctional ten-
sion by promoting myosin activation through a pathway involving
ROCK and, thereby, integrating different pathways to coordi-
nate junction homeostasis and regulation.

Our data indicate that JACOP and p114RhoGEF are major
components of the junctional ROCK signaling mechanism ac-
tivated by ZO-1. ZO-1 forms a complex with JACOP, and
both proteins are required for the junctional recruitment of
p114RhoGEF. In mouse cardiac myocytes, ZO-1 was shown to
bind vinculin directly (Zemljic-Harpf et al., 2014); however, we
were unable to detect such vinculin—ZO-1 complexes in EC,
and vinculin could be recruited to junctions in the absence of
Z0-1 when ROCK was inhibited. Moreover, our data suggest
that p114RhoGEF and JACOP are part of a biochemical com-
plex that also contains vinculin but not ZO-1. As ZO-1 can bind
JACOP directly (Citi et al., 2012), it might serve as a platform
for the junctional recruitment of JACOP, which then forms
complexes with other components such as pl14RhoGEF and
vinculin to regulate and mediate mechanotransduction.

Claudin-5 and JAM-A are major partners of ZO-1 in EC.
Both transmembrane proteins have previously been shown to
interact with ZO-1 directly (Bazzoni et al., 2000; Ebnet et al.,
2000; Ooshio et al., 2010; Nomme et al., 2011). Based on our
depletion data, the function of JAM-A closely mirrors that of
Z0O-1, which suggests that the two proteins cooperate. JAM-A

has been linked to the regulation of paracellular permeabil-
ity, cell polarity, adhesion, migration, and angiogenesis, which
has been linked to FGF-2 and integrin signaling (Nehls and
Drenckhahn, 1995; Naik and Naik, 2008; Gutwein et al., 2009;
Severson et al., 2009; Peddibhotla et al., 2013). Here, we dem-
onstrate that JAM-A down-regulation in primary EC induces
formation of actin/myosin II stress fibers and redistribution of
vinculin and PAK2 from adherens junction to focal adhesions,
similarly to ZO-1. ZO-1-depleted cells showed reduced angio-
genic potential in VEGF-, FGF-2—, and IGF-containing media
in vitro and in FGF-2-induced angiogenesis in vivo in plug assays.
As JAM-A is known to regulate angiogenesis (Peddibhotla
et al., 2013). This indicates that the cooperation of ZO-1 and
JAM-A in EC is not only relevant for barrier formation but also
for dynamic cellular processes such as angiogenesis, and is
likely due to the deregulation of the actomyosin cytoskeleton
and, hence, the spatial tension distribution.

Depletion of ZO-1 or JAM-A led to a redistribution of
junctional claudin-5. Junctional accumulation could be recov-
ered by inhibition of ROCK, which suggests that the distribution
of tensile forces regulates claudin-5 accumulation at cell junc-
tions (but not expression levels). As ROCKs have been shown
to phosphorylate claudin-5, differential claudin phosphory-
lation may also contribute to the regulation of junctional re-
cruitment (Yamamoto et al., 2008). ZO-1 also affects claudin-5
expression via a posttranscriptional mechanism, as mRNA levels
were not affected by ZO-1 depletion (unpublished data). How-
ever, inhibition of lysosome function with chloroquine partially
reversed the claudin-5 expression levels, which suggests that
reduced expression was due to degradation upon disruption of
tight junctions.

In summary, ZO-1 is a central regulator of intercellular
junctions in EC that orchestrates the spatial organization of ac-
tomyosin activity, and thereby regulates junctional tension and
linkage of VE-cadherin junctions to the force-generating ma-
chinery, recruitment of tight junction proteins and barrier for-
mation, and endothelial cell dynamics. Our data indicate that
Z0O-1 and JAM-A form a cooperative unit that functions as a
master regulator of endothelial tight junctions that stimulates
junctional actomyosin activation via JACOP and p114RhoGEF,
and thereby regulates endothelial barrier formation, cell-cell
tension, and angiogenic potential by recruitment of additional
actomyosin regulators, such as vinculin and PAK2.

Materials and methods

Cell culture, RNAI, and transfection

Human dermal microvascular EC (HDMEC-c adult C-12212) were obtained
from PromoCell, maintained plated on 0.5% gelatin (G1393; Sigma-
Aldrich)-coated tissue-culture Petri dishes in endothelial cell growth Medium
MV2, and supplemented with C-39225 supplement mix (PromoCell). Cells
were used between passage two and four. The following sequences were
targeted with siRNAs: human ZO-1, 5-GCAAAGACAUUGAUAGAAA:3’
and 5'-CAAAAGAUCUGCAUCCUUA-3’; mouse ZO-1, 5-UAACGGAG-
UUUCAAUGGAU-3’ and 5'-GUAGGAGAUUCAUUCUAUA-3’; Cldn5, 5'-
CAAGAAGAACUACGUCUGA-3’, 5'-CAUUGUCGUCCGCGAGUUU-3’,
and 5-UGGCGUUCGUUGCGCUCUU-3’; JAM-A, 5'-GCCUUAUUU-
GUCUUCUACA-3" and 5-GAUAGUGAUGCCUACGAAU-3’; PAK2,
5'-GGAUUUCUUAAAUCGAUGU-3" and 5-GACAUAUGGUCUCUG-
GGUA-3’; and VE-Cadherin, 5'-GUGGAUUACGACUUCCUUA-3" and
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5"-GGUAUGAGAUCGUGGUGGA-3". The siRNAs for GEF-H1 (5-GG-
ACAAGCCUUCAGUGGUA-3’, 5'-CAACAUUGCUGGACAUUUC-3’,
5-GAAUUAAGAUGGAGUUGCA-3’, and 5'-GUGCGGAGCAGAU-
GUGUAA-3’), p114RhoGEF (5-UCAGGCGCUUGAAAGAUA-3" and
5-GGACGCAACUCGGACCAAU-3’), and JACOP (CGNL1, 5'-GCA-
GGGAGCUCGCAGAAAU-3’, 5'-CGGAGUACCUGAUUGAAUU-3’,
5-CGAGUAAAGUGCUGGAUGA-3’, and 5-GGGAGAAAUACGA-
CAGUUA-3') were as described previously (Terry et al., 2011, 2012;
Elbediwy et al., 2012). Non-targeting control siRNAs were 5’ UGUUU-
ACAUGUCGACUAA3’ and 5" UGGUUUACAUGUUGUGUGA.3". All
siRNAs were obtained from Thermo Fisher Scientific and Sigma-Aldrich.
Depending on the experimental condition, HDMEC were plated in multi-
well dishes (e.g., 30,000 cells per well in 48-well dishes on 10-mm cov-
erglasses, previously treated with 0.8 mg/ml Matrigel or 140 mm NUNC
plates; 500,000 cells). The following day, transfection of siRNAs was per-
formed using Lipofectamine RNAmax (Life Technologies) according to the
manufacturer’s instructions using a final siRNA concentration of 20-80 nM
in antibioticfree media. 24 h later, the medium was replaced and the cells
were collected after 2-3 d for immunofluorescence, Western blotting, or
immunoprecipitation. For DNA transfection, plasmids were mixed with
JetPei (Polyplus) and incubated with cells for 2 h. The GFP-tagged mouse
ZO-1 cDNA was generously provided by J. lkenouchi (Kyushu University,
Fukuoka, Japan). The ROCK inhibitor Y27632 (R&D Systems) was used
at a concentration of 10 pM. Blebbistatin (100 pM), CK666 (20 pM),
and SMIFH2 (25 pM) were purchased from Tocris Bioscience. The in-
hibitors were added to the media as indicated for 24 h. Chloroquine
(Sigma-Aldrich) was used at 100 pM for 10 h as described previously
(Xiao et al., 2003).

Immunofluorescence, protein analysis, and antibodies

Cells were fixed either with methanol at —20C° for 5 min, 95% ethanol
for 10 min at —20C°, or with 3% PFA for 20 min at room femperature
followed by 0.3% Triton X-100 permeabilization for 5 min. The cells were
then incubated with indicated primary antibodies and labeled using sec-
ondary antibodies labeled with Cy3, Cy5, or Alexa Fluor 488 (Jackson
ImmunoResearch Laboratories, Inc.), and nuclei were visualized using
Hoechst 33258 (Sigma-Aldrich) as described previously (Sourisseau et al.,
2006). Coverslips were mounted with Prolong Gold mounting medium
(Invitrogen) and stored at 4°C. Images were collected with a fluorescent mi-
croscope (DMIRB; Leica) using a 63x/1.4 NA oil immersion objective lens
with a camera (C4742-95; Hamamatsu Photonics) and simple PCl software
(Hamamatsu Photonics), or an inverted microscope (Eclipse Ti-E; Nikon)
using a 60x/1.4 NA oil immersion objective lens, a camera (CoolSNAP
HQ2; Photometrics), and Nikon software. Brightness and contrast were ad-
justed with Photoshop CS4 software (Adobe). For immunoblotting of whole-
cell lysates, the cells were washed twice with PBS, lysed in SDS-PAGE sam-
ple buffer, and denatured at 70°C for 10 min (Sourisseau et al., 2006). The
samples were then homogenized with a 1-ml syringe and a 25- and 3/4-g
needle before SDS-PAGE and blotting onto nitrocellulose membranes. The
membranes were blocked with 5% defatted milk powder dissolved in PBS
containing 0.1% Tween-20. The following primary antibodies were used:
mouse anti-ZO-1 (Invitrogen), mouse anti—B-actin (Sigma-Aldrich), rab-
bit anti-a-Catenin (Sigma-Aldrich), rabbit anti-B-Catenin (Sigma-Aldrich),
mouse anti-Talin (Sigma-Aldrich), rabbit anti-Claudin5 (Abnova), rabbit anti-
FAK (Santa Cruz Biotechnology, Inc.), rabbit anti-pFAK (Y397; Invitrogen),
rabbit anti-ILK (Cell Signaling Technology), mouse anti-JAM-A (Santa Cruz
Biotechnology, Inc.), rabbit anti-JAM-A (Invitrogen), mouse anti-pMLC2
(19; Cell Signaling Technology), rabbit anti-ppMLC2 (18-19; Cell Signal-
ing Technology), rabbit anti-MyosinllA (Sigma-Aldrich), rabbit anti-PAK2
(Epitomics), rabbit anti-paxillin (Cell Signaling Technology), mouse anti-
p120Catenin (BD), mouse anti—VE-Cadherin (BD), rabbit anti-VE-cadherin
(AbD Serotec), mouse anti-Vinculin (Sigma-Aldrich), rabbit anti-JACOP
(Sana Cruz Biotechnology, Inc.), and goat anti-p114RhoGEF (Everest Bio-
tech Ltd.). A mouse anti—a-tubulin antibody was used that had been gen-
erated against the 11 Cerminal amino acids of porcine a-tubulin (Kreis,
1987). The rabbit anti-ZO-1 (antigen: the peptide N-YTDQELDETLNDEVC-
C), anti-ZO-2 (antigen: the peptide N-KMEGMDDDPEDRMSC-C), and GEF-
H1 (anfigen: the peptide N-CDFTRMQDIPEETES-C) have been described
previously (Benais-Pont et al., 2003). For coimmunoprecipitation, 500,000
HDMEC were seeded onto 140-mm NUNC cell culture dishes treated with
0.5% gelatin. Three dishes were used per immunoprecipitation. Cells were
lysed and extracted with RIPA buffer (50 mM Tris, pH 7.5, 150 mM NaCl,
0.1% SDS, 0.5% sodium deoxycholate, and 1% Triton X-100) containing a
cocktail of protease inhibitors (50 pg/ml PMSF, 10 pg/ml aprotinin, 10 pg/ml
leupeptin, and 10 pg/ml pepstatin) at 4°C. The whole-cell lysates were

JCB « VOLUME 208 « NUMBER 6 « 2015

incubated with unconjugated Sepharose beads for 30 min at 4°C. The ex-
tracts were then spun for 10 min at 10,000 g in a cooled microcentrifuge,
and the supernatants were loaded onto protein G-Sepharose that had been
conjugated with a rabbit anti—a-Catenin antibody (Sigma-Aldrich), mouse
anti4alin antibody (Sigma-Aldrich), or mouse anti-VE-cadherin antibody
(BD). Corresponding negative controls were rabbit or mouse IgGs. Affer
3.5 h on a shaker at 4°C, the beads were washed with extraction buffer
followed by PBS. Precipitates were then analyzed by immunoblotting.

Microcarrier-based fibrin gel angiogenesis assay

Gelatincoated cytodex-3 MCs (Sigma-Aldrich) were suspended in PBS at
30% and autoclaved. MCs were washed with EMB-2 (Lonza) before being
added to EC to a final density of 100 cells/MC. The day after the siRNA
transfection, HDMEC were trypsinized and allowed to attach to the MCs
in 1.5 ml of medium for 4 h at 37°C. The MCs were then resuspended
and cultivated for another 24-48 h at 37°C in 1-2 wells of a 24-well dish
(Thermo Fisher Scientific). HDMEC attached to MCs were used in fibrin
gel angiogenesis assays as described previously (Nehls and Drenckhahn,
1995; Sun et al., 2004) with some modifications. Fibrinogen (Sigma-Aldrich)
was prepared by diluting the stock solution of fibrinogen (20 mg/ml in
PBS) in EBM-2 to a concentration of 1.7 mg/ml, supplemented with EGF
(PeproTech EC Ltd) and hydrocortisone (Sigma-Aldrich) at 10 ng/ml and
1.0 pg/ml, respectively. The 48-well plates were used for the assays, 200 pl of
fibrinogen solution containing ~150 HDMEC-coated MCs was added per
well, and the clotting was induced by the addition of thrombin (0.5 U/ml).
After 30 min of polymerization, 0.5 ml of EBM-2 supplemented with 10 ng/ml
of EGF, 40 ng/ml of bFGF (PeproTech EC Ltd) and VEGF-165 (PeproTech
EC Ltd), 1.0 pg/ml of hydrocortisone, and 50 ml/liter adult human serum
(Sigma-Aldrich) were layered on top of the gel. To prevent excess fibrino-
lysis by fibrin-embedded cells, aprotfinin was added to the growth media
at 200 KIU/ml for only the first day. The medium was replaced every 2 d
and phase confrast pictures were taken affer 4-5 d in fibrinogen culture.
The cells were then fixed with 3% PFA and permeabilized with 1% Triton
X-100 in PBS and 1% BSA to stain DNA with Hoechst 33258 dye and
F-actin with Cy3-phalloidine for confirmation that MC beads were covered
with cells.

Capillary-like formation on Matrigel and cell migration

Ice-cold Matrigel growth factor reduced (BD; 8-10 mg/ml, 50 pl/well) was
added to flatbottom 96-well plates and allowed to solidify for 1 h at 37°C.
HDMEC (15,000 cells/well) that had been transfected with siRNAs 48 h be-
fore were seeded in duplicate into the coated wells and incubated at 37°C
in ECGMV2. Pictures were taken at different times and capillaries were fixed
in phosphate-buffered formalin at the end of the experiment. Branching
points were quantified in four different fields and two different experiments
per conditions. For cell migration analysis, HDMEC were plated on 48-well
dishes and RNAi was performed as described above. 40 h later, a wound
was inflicted with a plastic yellow tip and pictures were taken. Cells were
allowed to migrate at 37°C. Pictures were taken at different times using a
5x/0.12 NA obijective lens on an inverted microscope (DMIRB; Leica), a
camera (C4742-95; Hamamatsu Photonics), and simple PCl software (ambi-
ent femperature). The area without cells was calculated at the different times
using Image).

Endothelial permeability assay

HDMEC were seeded in 140-mm dishes, and transfected the following day
with siRNAs. 24 h later, the cells were trypsinized and plated in Costar/
Corning permeability inserts (6.5-mm diameter, 1.0-pm pore size) precoated
with Matrigel (0.8 mg/ml; 100,000 cells per insert; BD). After 24 h, tran-
sendothelial electrical resistance (TER) was determined using an epithelial
volt ohm meter (EVOM). After another 24 h, a second determination of TER
was performed and endothelial paracellular permeability was assayed by
adding 4 and 70 kD FITC- and Rhodamine-conjugated dextran (1 mg/ml;
Sigma-Aldrich), respectively, to the apical side. Permeability was determined
by measuring the respective fluorescence intensity that was emitted from
50 pl medium taken from the basolateral side using a fluorescence reader
(BMG Labtech; Steed et al., 2009).

Apoptosis assay

HDMEC that had been transfected with siRNAs for 48 h were seeded onto
96-well plates pretreated with 0.8 mg Matrigel and incubated at 37°C in
ECGMV2 for 24 h. Then, the total cell numbers were determined using Cy-
Quant and an identical plate was analyzed for apoptosis by measuring
caspase 3 and 7 activity using the Caspase-Glo 3/7 Assay (Promega) and
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for necrosis by measuring lactate dehydrogenase release (Promega) as de-
scribed previously (Nie et al., 2012).

FRET tension and Rho activity measurements

HDMEC were plated into coated 8-well multi-chamber ibidi slides (40,000
cells/well) and then transfected with siRNAs after 19 h. On day 3 after
plating, the cells were transfected with plasmids encoding the VE-cadherin-
based FRET tension sensors (Conway et al., 2013) or the RhoA biosen-
sor (pRaichu-RhoA,; Yoshizaki et al., 2003; Terry et al., 2011) using JetPei
(Elbediwy et al., 2012). The transfection mixes were incubated with the
cells for 2 h and then replaced with fresh medium. 20 h later, FRET was
assessed using an SP2 microscope (leica; 63x/1.4 NA objective lens,
37°C) and LCS FRET software (Leica) using the donor recovery after ac-
ceptor bleaching protocol and generating the shown FRET efficiency maps
according fo the equation [[DposDyre)/Dpost] x 100 (where D represents
donor intensity).

Matrigel plug angiogenesis assay

The Matrigel plug assay was performed and analyzed as described previ-
ously (Birdsey et al., 2008). In brief, C57BL/é mice were injected with a
mix of Matrigel (BD), heparin, and, depending on the condition, FGF, and
2 pM siRNAs near the abdominal midline. Plugs were harvested after 7 d
from killed mice, fixed in 4% paraformaldehyde in PBS for 2 h at room
temperature, transferred to 70% ethanol, embedded in paraffin, and pro-
cessed for hematoxylin and eosin staining. For quantification, vessels con-
tained in the Matrigel plug were identified by the presence of nucleated
cells surrounding a lumen containing red blood cells. Vessels were counted
in four fields of view using a 20x objective lens. For immunofluorescence,
sections were dewaxed and antigen retrieval was performed in sodium ci-
trate buffer (0.01 M, pH 6) in a microwave for 10 min. Images were ac-
quired with an inverted microscope (Eclipse Ti-E; Nikon) using a 60x/1.4
NA oil immersion objective lens, a camera (CoolSnap HQ2; Photometrics),
and Nikon software at ambient temperature. Experiments were performed
according to the Animals (Scientific Procedures) Act of 1986.

Laser ablation experiments

HDMEC were labeled by transduction with a lentiviral vector encoding
GFP-a-catenin (Huveneers et al., 2012). The cells were then seeded and
transfected with siRNAs using ibidi 8-well multi-chamber slides. Ablation
experiments were then performed at 37°C with an inverted microscope
(Eclipse Ti-E; Nikon) equipped with a Micropoint Galvo system (Andor
Technology) containing a pulsed N, laser. To enable observation of GFP
and ablation at 404 nm, a beam splitter was used that allowed transmis-
sion of 70% of the laser light. The laser intensity was calibrated to allow
ablation with the lowest energy required firing the laser once into the tar-
geted cell (60-80% of the laser power depending on the age of the dye).
All experiments were performed with a CFI Apochromat Nano-Crystal 60x
oil objective lens (NA 1.2). Movies were made by recording 1 frame per
second for 1 min and are shown playing 5 frames per second. Images col-
lected just before ablation, and 30 s and 45 s after ablation, were used for
analysis using Image). The overlays in Fig. 2 show the starting image in
red, 30 s in green, and 45 s in blue.

Online supplemental material

Fig. S1 shows the immunofluorescence of ZO-1 for control and ZO-1-
depleted sections from Matrigel plug assays, the depletion of ZO-1 in mouse
EC using different siRNAs, and endomucin staining of Matrigel plug sec-
tions. Fig. S2 shows the effect of ZO-1 depletion on claudin-5 expression,
rescue of junctional vinculin upon mouse GFP-ZO-1 expression in human
cells, and the effect of claudin-5 depletion on tight junction functions and
in vitro angiogenesis. Fig. S3 shows the analysis of active RhoA localization
in control and ZO-1-depleted cells. Fig. S4 shows the defect in junctional
recruitment of p19ORhoGAP in ZO-1-depleted cells. Fig. S5 shows the re-
distribution of active myosin IlA in response to down-regulation of ZO-1,
JACOP, or p114RhoGEF. Online supplemental material is available at
http://www.icb.org/cgi/content/full/jcb.201404140/DC1.
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