
Molecular Biology of the Cell
Vol. 21, 584–596, February 15, 2010

Vascular Endothelial-Cadherin Stabilizes at Cell–Cell
Junctions by Anchoring to Circumferential Actin Bundles
through �- and �-Catenins in Cyclic AMP-Epac-Rap1
Signal-activated Endothelial Cells
Kazuomi Noda,*†‡ Jianghui Zhang,*‡ Shigetomo Fukuhara,* Satoshi Kunimoto,*§

Michihiro Yoshimura,† and Naoki Mochizuki*

*Department of Structural Analysis, National Cardiovascular Center Research Institute, Suita, Osaka 565-8565,
Japan; and †Division of Cardiology, Department of Internal Medicine, The Jikei University School of
Medicine, Minato-ku, Tokyo 105-8461, Japan

Submitted July 17, 2009; Revised November 19, 2009; Accepted December 15, 2009
Monitoring Editor: Asma Nusrat

Vascular endothelial (VE)-cadherin is a cell–cell adhesion molecule involved in endothelial barrier functions. Previously,
we reported that cAMP-Epac-Rap1 signal enhances VE-cadherin–dependent cell adhesion. Here, we further scrutinized
how cAMP-Epac-Rap1 pathway promotes stabilization of VE-cadherin at the cell–cell contacts. Forskolin induced
circumferential actin bundling and accumulation of VE-cadherin fused with green fluorescence protein (VEC-GFP) on the
bundled actin filaments. Fluorescence recovery after photobleaching (FRAP) analyses using VEC-GFP revealed that
forskolin stabilizes VE-cadherin at cell–cell contacts. These effects of forskolin were mimicked by an activator for Epac
but not by that for protein kinase A. Forskolin-induced both accumulation and stabilization of junctional VEC-GFP was
impeded by latrunculin A. VE-cadherin, �-catenin, and �-catenin were dispensable for forskolin-induced circumferential
actin bundling, indicating that homophilic VE-cadherin association is not the trigger of actin bundling. Requirement of
�- and �-catenins for forskolin-induced stabilization of VE-cadherin on the actin bundles was confirmed by FRAP
analyses using VEC-GFP mutants, supporting the classical model that �-catenin could potentially link the bundled actin
to cadherin. Collectively, circumferential actin bundle formation and subsequent linkage between actin bundles and
VE-cadherin through �- and �-catenins are important for the stabilization of VE-cadherin at the cell–cell contacts in
cAMP-Epac-Rap1 signal-activated cells.

INTRODUCTION

Endothelial cells lining blood vessels regulate endothelial
barrier function, which restricts the passage of plasma pro-

teins and circulating cells across the endothelium. Compro-
mising vascular integrity leads to an increase in vascular
permeability, which is associated with chronic inflamma-
tion, edema, and tumor angiogenesis (Dejana et al., 2008;
Wallez and Huber, 2008; Dejana et al., 2009). Endothelial
cells have two specialized junctional domains, adherens
junctions (AJs) and tight junctions. AJs are constituted by
vascular endothelial (VE)-cadherin (also known as cad-
herin-5 and CD144) and nectin, whereas tight junctions are
composed of members of junctional adhesion molecule,
claudins, and occludins (Dejana, 2004; Ebnet et al., 2004;
Wallez and Huber, 2008).

Interendothelial AJs are dynamic structures, and their
adhesive property is finely controlled by various signaling
molecules (Dejana et al., 2008; Vestweber et al., 2009). Inflam-
matory mediators such as thrombin and histamine induce
intercellular gap formation leading to an increase in endo-
thelial permeability (Andriopoulou et al., 1999; Gavard,
2009). Vascular endothelial growth factor also weakens in-
terendothelial cell junctions, which is thought to be a key
initiation step of angiogenesis (Paul et al., 2001; Weis et al.,
2004; Gavard and Gutkind, 2006; Dejana et al., 2008). In
contrast, angiopoietin-1 and sphingosine-1-phosphate stabi-
lize endothelial barrier integrity (Thurston et al., 1999; Gam-
ble et al., 2000; Garcia et al., 2001; Fukuhara et al., 2009;
Augustin et al., 2009). Furthermore, it is widely recognized
that an increase in intracellular cAMP level in endothelial
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cells strengthens barrier function and attenuates endothelial
permeability both in vitro and in vivo (Fukuhra et al., 2006;
Kooistra et al., 2007; Adamson et al., 2008; Pannekoek et al.,
2009). Consistently, cAMP-elevating G protein-coupled re-
ceptor agonists, such as adrenomedullin, prostacyclin, pros-
taglandin E2, and �-adrenergic agonists, reduce endothelial
hyperpermeability induced by inflammatory stimuli (Lan-
geler and van Hinsbergh, 1991; Farmer et al., 2001; Hippen-
stiel et al., 2002).

The mechanism by which cAMP enhances endothelial
barrier function is thought to involve two cAMP effectors,
protein kinase A (PKA) and exchange protein directly acti-
vated by cAMP (Epac) (Yuan, 2002; Fukuhara et al., 2005;
Cullere et al., 2005; Kooistra et al., 2005; Pannekoek et al.,
2009). Although we could not find a significant role for PKA
in cAMP-induced barrier function previously (Fukuhara et
al., 2005), several reports have suggested that PKA stabilizes
endothelial cell–cell junctions through reduction of myosin
light chain phosphorylation, leading to relaxation of acto-
myosin complex, inhibition of Rho, and activation of Rac
(Liu et al., 2001; Qiao et al., 2003; Birukova et al., 2004, 2007).
Lorenowicz et al. (2008) have also reported that PKA activa-
tion by N6-benzoyl-cAMP (6-Bnz), a specific cAMP analogue
for PKA, promotes endothelial barrier function in vitro.
However, they also observed increased stress fiber forma-
tion in 6-Bnz–stimulated cells, which is a hallmark of Rho
activation leading to disruption of endothelial cell–cell junc-
tions. Thus, the role of PKA in cAMP-enhanced endothelial
barrier function still remains elusive.

Epac is a guanine nucleotide exchange factor for Rap1
small GTPase (Kooistra et al., 2007; Pannekoek et al., 2009).
8-pCPT-2�-O-methl-cAMP (hereafter referred to as 007), a
cAMP analogue specific for Epac, enhances endothelial bar-
rier functions in vitro and in vivo (Fukuhara et al., 2005;
Cullere et al., 2005; Kooistra et al., 2005; Adamson et al., 2008).
Previously, we and others have shown that a cAMP–Epac–
Rap1 pathway promotes endothelial barrier function by po-
tentiating VE-cadherin–mediated cell–cell adhesions (Fuku-
hara et al., 2005; Cullere et al., 2005; Kooistra et al., 2005).
Consistently, Rap1 is involved in E-cadherin–based cell–cell
adhesions in epithelial cells (Hogan et al., 2004; Price et al.,
2004). In endothelial cells, 007 induces cortical actin bundle
formation along the cell–cell junctions, which is thought to
be required for Rap1-enhanced barrier function (Fukuhara et
al., 2005; Kooistra et al., 2005; Lorenowicz et al., 2008). Several
signaling molecules, including Rac, K-Rev Interaction
Trapped gene-1 (also known as CCM1), and AF-6, have been
reported to act downstream of Rap1 to regulate actin cy-
toskeleton and barrier integrity (Boettner et al., 2000; Boett-
ner et al., 2003; Arthur et al., 2004; Birukova et al., 2007;
Glading et al., 2007). However, it remains elusive how a
cAMP–Epac–Rap1 pathway enhances VE-cadherin-depen-
dent cell adhesions.

In the classical model, cadherin-�-catenin complexes are
statically linked to bundled actin filaments via �-catenin to
maintain AJs. Cytoplasmic region of cadherin binds to three
armadillo-family proteins, �-, �-, and p120-catenins (Ozawa
and Kemler, 1992; Kemler, 1993; Reynolds et al., 1994).
�-Catenin associates with not only �- and �-catenins but also
the actin cytoskeleton (Nagafuchi et al., 1994; Rimm et al.,
1995; Watabe-Uchida et al., 1998; Sako et al., 1998; Imamura
et al., 1999). However, the Weiss and Nelson groups have
recently suggested a new dynamic model that �-catenin
does not stably connect actin to cadherin by showing that
�-catenin does not bind simultaneously to both the cad-
herin-�–catenin complex and actin filaments (Yamada et al.,
2005; Drees et al., 2005; Gates and Peifer, 2005). However,

Abe and Takeichi have recently shown that epithelial pro-
tein lost in neoplasm (EPLIN) is able to mediate a stable
linkage between the cadherin–catenin complex and the actin
cytoskeleton (Abe and Takeichi, 2007). Thus, it is still con-
troversial how �-catenin functions in cadherin-based cell–
cell adhesions.

In the present study, we demonstrate that initial circum-
ferential actin bundling induced by the cAMP–Epac–Rap1
signal and its linkage to VE-cadherin-�-catenin by �-catenin
is essential for the stabilization of VE-cadherin at the cell–
cell contacts.

MATERIALS AND METHODS

Reagents and Antibodies
Materials were purchased as follows: forskolin (FSK) and latrunculin A
(Lat.A) were from Calbiochem (San Diego, CA), Epac-specific activator 007
was from Tocris Bioscience (Bristol, United Kingdom), PKA-specific activator
6-Bnz was from Biolog Life Science Institute (Bremen, Germany), H89 was
from Sigma-Aldrich (St. Louis, MO), and Cellmatrix type I-C was from Nitta
Gelatin (Osaka, Japan). Antibodies used here were purchased as follows:
anti-VE-cadherin was from Santa Cruz Biotechnology (Santa Cruz, CA), BD
Biosciences (San Jose, CA), and Cell Signaling Technology (Danvers, MA);
anti-�-catenin was from Zymed Laboratories (South San Francisco, CA),
anti-�-catenin and anti-p120-catenin were from BD Bioscience, anti-cAMP
response element-binding protein (CREB) and anti-phospho-CREB (Ser133)
were from Cell Signaling Technology; anti-Rap1 was from Santa Cruz Bio-
technology; anti-�-actin and anti-�-tubulin were from Sigma-Aldrich; rho-
damine-phalloidin, Alexa 488-labeled goat anti-mouse immunoglobulin G
(IgG), Alexa 633-labeled goat anti-mouse IgG, and Alexa 546-labeled goat
anti-rabbit IgG were from Invitrogen (Carlsbad, CA); horseradish peroxidase-
coupled goat anti-mouse and horseradish peroxidase-coupled goat anti-rabbit
IgG were from GE Healthcare (Piscataway, NJ); and horseradish peroxidase-
coupled donkey anti-goat IgG was from Santa Cruz Biotechnology.

Cell Culture, Transfection, Small Interfering RNA
(siRNA)-mediated Protein Knockdown, and Adenovirus
Infection
Human umbilical vein endothelial cells (HUVECs) were purchased from
Kurabo (Kurashiki, Japan), maintained as described previously (Fukuhara et
al., 2008), and used for the experiments before passage 9. 293T cells were
cultured in DMEM (Nissui, Tokyo, Japan) supplemented with 10% fetal
bovine serum and antibiotics (100 �g streptomycin/ml and 100 U penicillin/
ml). HUVECs and 293T cells were transfected using Lipofectamine 2000 and
293 fectin reagents (Invitrogen), respectively. Stealth siRNAs targeted to
human VE-cadherin (HSS101682), human �-catenin (HSS102451 and 5�-
UUAUUAGAGGGCCCUUUACUAUUGG-3�), human �-catenin (VHS50819
and VHS50822), and human p120-catenin (HSS102463 and HSS102465) were
purchased from Invitrogen. As a control, siRNA duplexes with irrelevant
sequences were used. HUVECs were transfected with 20 nM siRNA duplexes
using Lipofectamine RNAi MAX reagent (Invitrogen). After incubation for
48 h, the cells were replated, cultured for additional 24 h, and were used for
the experiments.

Recombinant adenoviruses encoding Rap1GAP and LacZ were obtained
from S. Hattori (The Institute of Medical Science, University of Tokyo, Tokyo,
Japan) and M. Matsuda (Research Institute for Microbial Disease, Osaka
University, Osaka, Japan), respectively. HUVECs were infected with adeno-
viruses at the appropriated multiplicities of infection as described in the
figure legends.

Plasmids
cDNAs for human VE-cadherin and human platelet/endothelial cell adhesion
molecule (PECAM)1 were amplified from human heart cDNAs by reverse
transcription-polymerase chain reaction (PCR) and cloned into pEGFP-N1
vector (Clontech, Mountain View, CA) to construct pEGFP-N1-VEC encoding
VE-cadherin carboxy-terminally tagged with green fluorescence protein
(VEC-GFP) and pEGFP-N1-PECAM1 encoding PECAM1 carboxy-terminally
tagged with GFP (PECAM1-GFP), respectively. To generate the plasmid
encoding VEC-GFP lacking �-catenin binding domain (VEC��-GFP) and that
encoding VEC-GFP lacking cytoplasmic domain (VEC�C-GFP), amino acids
1-700 and 1-631 fragments of VE-cadherin were amplified by PCR and sub-
cloned into pEGFP-N1 vector, namely, pEGFP-N1-VEC�� and pEGFP-N1-
VEC�C, respectively. To generate pEGFP-N1-VEC�C-� vector encoding
VEC-GFP mutant in which cytoplasmic domain of VE-cadherin is replaced
with �-catenin (VEC�C-�-GFP), a cDNA encoding full-length �-catenin was
amplified by PCR using an expression vector for �-catenin (a gift from A.
Nagafuchi, Kumamoto University, Kumamoto, Japan) as a template and
inserted into the site immediately upstream of GFP in pEGFP-N1-VEC�C
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vector. Similarly, a cDNA encoding amino acids 327–906 fragment of �-cate-
nin was amplified by PCR and inserted into the same site of pEGFP-N1-
VEC�C vector to construct the plasmid expressing VEC�C-��N-GFP. An
siRNA-insensitive version of pEGFP-N1-VEC�C-� plasmid, namely, pEGFP-
N1-VEC�C-�-in vector, was generated using QuickChange Site-directed mu-
tagenesis kit (Stratagene, La Jolla, CA). A cDNA fragment encoding PECAM1
lacking cytoplasmic region was amplified by PCR and inserted into pEGFP-
N1-vector to generate the pEGFP-N1-PECAM1�C plasmid encoding
PECAM1-GFP mutant lacking the cytoplasmic region of PECAM1 (PECAM1�C-
GFP). To construct the pEGFP-N1-PECAM1�C-� plasmid encoding
PECAM1-GFP mutant in which cytoplasmic region is replaced with �-catenin
(PECAM1�C-�-GFP), a cDNA encoding full-length �-catenin amplified by
PCR was inserted into the site immediately upstream of GFP in pEGFP-N1-
PECAM1�C vector. Similarly, a cDNA encoding cytoplasmic region of VE-
cadherin was also inserted into the same site of pEGFP-N1-PECAM1�C
vector to construct the pEGFP-N1-PECAM1�C-VEC/C plasmid encoding
PECAM1-GFP mutant in which cytoplasmic region is replaced with that of
VE-cadherin (PECAM1�C-VEC/C-GFP).

Fluorescence Recovery after Photobleaching Analysis
HUVECs plated on a 35-mm-diameter collagen-coated glass-base dish (Asahi
Techno Glass, Chiba, Japan) were transfected with the expression plasmids
encoding VEC-GFP, PECAM1-GFP, and their mutants and cultured for 24 h
at confluent cell density. The cells were then starved in medium 199
containing either 1 or 0.1% bovine serum albumin (BSA) for 3 h, and
stimulated with vehicle, 10 �M FSK, 0.2 mM 007, and 0.2 mM 6-Bnz for 30
min. Fluorescence recovery after photobleaching (FRAP) experiments were
performed on a FV1000 laser-scanning confocal microscope (Olympus,
Tokyo, Japan) with a 60� objective lens, and GFP fluorescence was imaged
by the excitation with 473-nm diode laser. All experiments were performed
at 37°C with 5% CO2 using a heating chamber (Tokai Hit, Shizuoka, Japan).
GFP-positive cells surrounded by GFP-negative cells were selected and
subjected to FRAP analysis. GFP fluorescence at the cell– cell contacts was
bleached for 5 s using 405-nm diode laser set at full power. To monitor
fluorescence recovery, images were acquired every 90 s over a period of
50 – 60 min using the FluoView version 1.7c software (Olympus). Using
Excel software (Microsoft, Redmond, WA), data were corrected for the
overall loss in total fluorescence intensity as a result of the imaging scans.
The fluorescence intensity of the bleached region over time was normal-
ized with the prebleached fluorescence intensity. Recovery measurements
were quantified by fitting normalized fluorescence intensities of bleached
areas to a one-phase exponential association by using Prism 5 software
(GraphPad Software, San Diego, CA). This program was also used for
plotting of the data and statistical analysis.

Immunocytochemistry
Monolayer-cultured HUVECs grown on a collagen-coated glass-base dish were
starved in medium 199 containing either 0.5 or 0.1% BSA for 3 h and subse-
quently stimulated with vehicle, 10 �M FSK, 0.2 mM 007, or 0.2 mM 6-Bnz for 30
min. After stimulation, the cells were fixed in phosphate-buffered saline (PBS)
containing 2% formaldehyde for 30 min at 4°C, permeabilized with 0.05% Triton
X-100 for 30 min at 4°C, and blocked with PBS containing 4% BSA for 1 h at room
temperature. The cells were then stained with rhodamine-phalloidin for 20 min
and with anti-VE-cadherin, anti-�-catenin, anti-�-catenin, and anti-p120-catenin
antibodies for 60 min at room temperature. Protein reacting with antibody was
visualized with species-matched Alexa 488-, Alexa 546- or Alexa 633-labeled
secondary antibodies. Fluorescence images of GFP, rhodamine, Alexa 488, Alexa
546, and Alexa 633 were recorded with an Olympus IX-81 inverted fluorescence
microscope (Olympus) equipped with pE-1 LED excitation system (CoolLED,
Andover, United Kingdom) with a cooled charge-coupled device camera Cool-
SNAP-HQ (Roper Scientific, Trenton, NJ) and appropriate filter sets for GFP,
Alexa 488, Alexa 546, and Alexa 633, and with a FluoView FV1000 confocal
microscope with 60� and 100� oil immersion objective lens. To quantify the
levels of F-actin at cell–cell contacts, fluorescence intensity of rhodamine along
the 5-pixel-width lines randomly drawn on the rhodamine images was deter-
mined by line intensity scanning using MetaMorph software (Molecular Devices,
Sunnyvale, CA). Peak fluorescence intensity at the points across the cell–cell
contacts was taken as the value of F-actin at cell–cell contacts. A minimum of 80
contacts were analyzed per experiment, and experiments were repeated three
times.

Detection of GTP-bound Form of Rap1 and
Phosphorylated CREB
Rap1 activity and phosphorylation of CREB were assessed as described
previously (Fukuhara et al., 2005). In brief, HUVECs starved in medium 199
containing 1% BSA for 6 h were stimulated with vehicle, 10 �M FSK, 0.2 mM
007, or 0.2 mM 6-Bnz for 15 min and lysed at 4°C in a pull-down lysis buffer
containing 20 mM Tris-HCl, pH 7.5, 100 mM NaCl, 10 mM MgCl2, 1% Triton
X-100, 1 mM EGTA, 1 mM dithiothreitol, 1 mM Na3VO4, and 1� protease
inhibitor cocktail (Roche Applied Science, Indianapolis, IN). GTP-bound Rap1
was collected on the glutathione transferase-tagged Rap1 binding domain of

RalGDS precoupled to glutathione-Sepharose beads and subjected to Western
blot analysis with anti-Rap1 antibody. Aliquots of total cellular lysates were
also subjected to Western blot analysis with anti-Rap1, anti-phospho-CREB,
anti-CREB, and anti-�-actin antibodies.

Fluorescence-activated Cell Sorting (FACS) Analysis
Expression levels of VEC-GFP, PECAM1-GFP, and their mutants were ana-
lyzed by FACS analysis using FACSAria cell-sorting system (BD Biosciences).

Statistical Analysis
Data are expressed as either mean � SD or mean � SE as indicated in figure
legends. Statistical significance was determined using Student’s t test for paired
samples or one-way analysis of variance and nonparametric tests for multiple
groups. Data were considered statistically significant if p values �0.05.

RESULTS

cAMP Stabilizes VE-Cadherin at Cell–Cell Contacts
through Epac–Rap1 Pathway, but Not PKA Pathway
To examine the dynamics of VE-cadherin in living cells, we
constructed the plasmid encoding VE-cadherin carboxy-ter-
minally tagged with GFP (VEC-GFP; Figure 1A). VEC-GFP,
but not GFP, expressed in confluent HUVECs localized at
the cell–cell contacts and seemed to form the zipper-like
structures, as did endogenous VE-cadherin (Supplemental
Figure 1A). On stimulation with FSK, VEC-GFP as well as
endogenous VE-cadherin was linearly accumulated at the
cell–cell contacts (Supplemental Figure 1A). Coimmunopre-
cipitation study using 293T cells revealed the ability of VEC-
GFP to associate with �-catenin, �-catenin, and p120-catenin
(Supplemental Figure 1B). These results indicate that VEC-
GFP behaves similarly to endogenous VE-cadherin. Thus,
we decided to use VEC-GFP as a tool to analyze the dynam-
ics of VE-cadherin in living cells.

To investigate whether intracellular cAMP stabilizes VE-
cadherin at the endothelial cell–cell contacts, we performed the
FRAP analysis of VEC-GFP. We examined the fluorescence
recovery at the photobleached region of the cell–cell junctions
in the confluent HUVECs expressing VEC-GFP using a confo-
cal time-lapse microscope. In control cells, fluorescence of
VEC-GFP recovered to 74.3% of the original level (Figure 1,
B–D), indicating that the mobile and immobile fractions of
VEC-GFP at the cell–cell contacts are 74.3 and 25.7%, respec-
tively (Figure 1D). Among the mobile fraction, the half-time of
fluorescence recovery for VEC-GFP was 10.1 min (Figure 1E).
On stimulation with FSK, the mobile fraction of VEC-GFP at
cell–cell contacts was reduced to 55.3%, whereas the half-time
of the fluorescence recovery was prolonged to 18.3 min (Figure
1, B–E). These results suggest that elevation of intracellular
cAMP level induces the stabilization of VE-cadherin at the
cell–cell contacts.

Intracellular cAMP regulates diverse cellular functions
mainly through two downstream effectors; Epac and PKA.
Therefore, we investigated which effectors are involved in
cAMP-induced VE-cadherin stabilization at cell–cell contacts
by using specific activators for PKA and Epac, 6-Bnz and 007,
respectively. 007 but not 6-Bnz induced activation of Rap1, a
small GTPase acting downstream of Epac, whereas 6-Bnz but
not 007 induced phosphorylation of CREB, a direct PKA sub-
strate, confirming their specificity (Figure 1F). The mobile frac-
tion of VEC-GFP at the cell–cell contacts was decreased by 007
to the level observed in FSK-stimulated cells (Figure 1G). 007
prolonged the half-time of the fluorescence recovery of VEC-
GFP (Figure 1H). In contrast, 6-Bnz did not affect the mobile
fraction and recovery rate of junctional VEC-GFP (Figure 1, G
and H). In addition, H89, a PKA-specific inhibitor, did not
affect FSK-reduced mobile fraction of VEC-GFP, although it
blocked FSK-induced CREB phosphorylation (Figure 1I and
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Supplemental Figure 2A). However, increased recovery rate of
VEC-GFP observed in either FSK- or 007-stimulated cells was
partially inhibited by H89 (Supplemental Figure 2B; data not
shown). Thus, basal PKA activity may influence the mobility of
VE-cadherin at cell–cell contacts. Furthermore, overexpression
of Rap1GAP, a GTPase-activating protein for Rap1, not only
prevented FSK-induced Rap1 activation but also inhibited
FSK-decreased mobile fraction of junctional VEC-GFP and the
FSK-prolonged half-time of its fluorescent recovery (Figure 1J
and Supplemental Figure 2, C and D). Collectively, these re-
sults indicate that cAMP stabilizes VE-cadherin at cell–cell
contacts through Epac–Rap1 pathway, but not PKA pathway.

Circumferential Actin Bundles Induced by cAMP Are
Required for Stabilization of VE-Cadherin at the
Endothelial Cell–Cell Contacts
Previously, we and others have reported that cAMP induces
accumulation of polymerized actin at the endothelial cell–

cell contacts (Fukuhara et al., 2005; Kooistra et al., 2005;
Lorenowicz et al., 2008). Thus, we decided to investigate
whether reorganization of actin cytoskeleton is required for
cAMP-mediated stabilization of VE-cadherin at cell–cell
contacts. In control HUVECs, VE-cadherin formed zipper-
like structures along the cell–cell junctions (Figure 2A).
Staining with rhodamine-phalloidin revealed that actin
stress fibers terminating at VE-cadherin-based cell–cell con-
tacts were distributed through the cytoplasm (Figure 2A).
Stimulation with either FSK or 007 reduced the central stress
fibers and induced the formation of circumferential actin
bundles along the cell–cell junctions (Figure 2, A and B). In
these cells, VE-cadherin clearly concentrated along the cir-
cumferential actin bundles (Figure 2A). In contrast, PKA
activation induced by 6-Bnz did not affect the organization
of actin cytoskeleton and the localization of VE-cadherin
(Figure 2, A and B). Furthermore, H89 inhibited neither
FSK-induced formation of circumferential actin bundles nor

Figure 1. cAMP stabilizes VE-cadherin at
cell–cell contacts through Epac, but not PKA.
(A) Schematic illustration of VEC-GFP in
which a GFP tag is fused to the carboxy termi-
nus of full-length VE-cadherin. VE-cadherin
consists of an extracellular region (Ext) con-
sisting of five cadherin domains (CD), a
transmembrane region (Tm), and a con-
served cytoplasmic region (Cyto) containing
p120–catenin-binding domain (p120 BD) and
�-catenin-binding domain (�Cat BD). (B) Con-
fluent HUVECs plated on a collagen-coated
glass-base dish were transfected with the plas-
mid encoding VEC-GFP. After 24 h, the cells
were starved in medium 199 containing 1%
BSA for 3 h and stimulated with vehicle (top,
control) or 10 �M FSK (bottom) for 30 min. To
measure the mobility of VEC-GFP at cell–cell
junctions, GFP-positive cells surrounded by
GFP-negative cells were selected and immedi-
ately subjected to FRAP analysis as described
in Materials and Methods. Representative GFP
images before and at the indicated time points
after photobleaching are shown. Photo-
bleached areas are marked by dotted rectan-
gles and enlarged at the bottom of each image.
Bar, 20 �m. (C) Quantitative analysis of FRAP
experiments in B. Plot of normalized fluores-
cence intensity of VEC-GFP expressed in the
cells stimulated with vehicle (control, black
circles) or FSK (red squares) versus time (min-
utes) after photobleaching. Data are expressed
as mean � SD of five independent experi-
ments. (D and E) The mobile fraction (D) and
the recovery half-time (E) of VEC-GFP ex-
pressed in the cells stimulated with vehicle
(control) or FSK were calculated from the fluorescence recovery curves shown in C. Data are expressed as mean � SE of five independent
experiments. (F) HUVECs starved in 0.5% BSA-containing medium 199 for 6 h were stimulated with either vehicle (control), 0.2 mM 007, 0.2
mM 6-Bnz, or 10 �M FSK for 15 min as indicated at the top. GTP-bound Rap1 was collected as described in Materials and Methods and
subjected to Western blot analysis with anti-Rap1 antibody (GTP-Rap1). Aliquots of cell lysates were also subjected to Western blot analysis
with anti-Rap1 (Rap1), anti-phospho-CREB (pCREB), anti-CREB (CREB), and anti-�-actin (�-actin) antibodies. (G and H) Confluent HUVECs
expressing VEC-GFP were stimulated with vehicle (control), 0.2 mM 007, 0.2 mM 6-Bnz, or 10 �M FSK for 30 min and subjected to FRAP
analysis as described in B. The mobile fraction of VEC-GFP (G) and its recovery half-time (H) were calculated similarly to D and E. Data are
expressed as mean � SE of six independent experiments. (I) Confluent HUVECs expressing VEC-GFP were starved in medium 199 containing
0.1% BSA for 3 h, treated with or without 10 �M H89 for 30 min, and subsequently stimulated with vehicle (control) or 10 �M FSK for 30
min as indicated at the bottom of each graph. The cells were then subjected to FRAP analysis as described in B. The mobile fraction of
VEC-GFP was calculated similarly to D. (J) Confluent HUVECs plated on collagen-coated glass-base dish were transfected with the plasmid
encoding VEC-GFP and infected with adenoviruses encoding either LacZ or Rap1GAP. After 24 h, the cells were starved, stimulated with
FSK, and subsequently subjected to FRAP analysis as described in B. The mobile fraction of VEC-GFP was calculated similarly to D. Data are
expressed as mean � SE of four to five independent experiments. Significant differences from the control (D, E, G, and H) or between two
groups (I and J) are indicated as *p � 0.05. n.s. indicates no significance between two groups.
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FSK-induced accumulation of VE-cadherin at the cell–cell
contacts (Supplemental Figure 3). However, overexpression
of Rap1GAP in HUVECs prevented FSK-induced circumfer-
ential actin bundling (Figure 2, C and D). Collectively, these
findings suggest that a cAMP–Epac–Rap1 pathway induces
circumferential actin bundling and accumulation of VE-cad-
herin on the bundled actin filaments.

It has been reported that circumferential actin filament
networks are required for the maintenance of E-cadherin-
based cell–cell contacts in epithelial cells (Quinlan and
Hyatt, 1999; Kobielak and Fuchs, 2004; Mege et al., 2006).
Therefore, we investigated whether circumferential actin

bundle formation is responsible for cAMP-induced accumu-
lation of VE-cadherin at the cell–cell contacts. Treatment
with 200 nM Lat.A, an inhibitor of actin polymerization
(Spector et al., 1989), resulted in not only disruption of
central stress fibers in the control HUVECs expressing VEC-
GFP but also in fragmentation of circumferential actin bun-
dles formed upon stimulation with either FSK or 007 (Figure
3A). In these cells, VEC-GFP could not accumulate at the
cell–cell junctions even when stimulated with FSK and 007
(Figure 3A). We further performed the FRAP analysis of
VEC-GFP in the presence or absence of Lat.A; 100 nM Lat.A
less suppressed FSK-induced circumferential actin bundling

Figure 2. cAMP induces circumferential ac-
tin bundle formation and accumulation of
VE-cadherin on the bundled actin filaments
through an Epac-Rap1 pathway. (A) Monolay-
er-cultured HUVECs starved in 0.5% BSA-con-
taining medium 199 for 3 h were stimulated
with vehicle (top, control), 10 �M FSK (second
panel), 0.2 mM 007 (third panel), and 0.2 mM
6-Bnz (bottom) for 30 min. After stimulation,
the cells were fixed, immunostained with anti-
VE-cadherin antibody and visualized with Al-
exa 488-conjugated secondary antibody. The
cells were also stained with rhodamine-phal-
loidin to visualize F-actin. Alexa 488 and
rhodamine images were obtained through a
confocal microscope. Alexa 488 (VE-cadherin,
green), rhodamine (F-actin, red) and the
merged (merge) images are shown as indicated
at the top of each column. The boxed areas
marked by dotted line in the images are en-
larged in the bottom right corner of each im-
age. (B) Levels of F-actin at cell–cell contacts
observed in A were quantified as described in
Materials and Methods. Values are expressed as
a percentage relative to that in the control cells
and shown as mean � SE of �80 contacts.
Similar results were obtained in three inde-
pendent experiments. (C) Confluent HUVECs
were infected with adenoviruses encoding
either LacZ (Ad-LacZ) or Rap1GAP (Ad-
Rap1GAP) as indicated at the left. After 24 h,
the cells were starved in 0.5% BSA-containing
medium 199 for 3 h and stimulated with vehi-
cle (control) or 10 �M FSK for 30 min. The cells
were then stained with anti-VE-cadherin anti-
body and visualized with Alexa 488-conju-
gated secondary antibody as described in A.
The cells were also stained with rhodamine-
phalloidin to visualize F-actin. Alexa 488 (VE-
cadherin, green), rhodamine (F-actin, red) and
the merged (merge) images are shown as indi-
cated at the top of each column. The boxed
areas marked by dotted line in the images are
enlarged in the bottom right corner of each
image. (D) Levels of F-actin at cell–cell contacts
observed in C were quantified similarly to B.
Values are expressed as a percentage relative
to that in the control cells infected with adeno-
viruses encoding LacZ and are shown as
mean � SE of �100 contacts. Similar results
were obtained in three independent experi-
ments. Bars, 50 �m (A and C). Significant dif-
ferences from the control (B) or between two
groups (D) are indicated as *p � 0.05. n.s.
indicates no significance between two groups.

K. Noda et al.

Molecular Biology of the Cell588



and less decreased the junctional localization of VEC-GFP
than 200 nM Lat.A (Supplemental Figure 4). Therefore, we
tested the effect of Lat.A. on the stabilization of VE-cadherin
at the cell–cell contacts by using the cells treated with 100
nM Lat.A. FSK-decreased mobile fraction of VEC-GFP at the
cell–cell junctions and the FSK-prolonged half-time of its
fluorescent recovery were partially inhibited by 100 nM
Lat.A (Figure 3, B and C). These results suggest that the
circumferential actin bundles induced by cAMP-Epac-Rap1
signal are required for stabilization of VE-cadherin at the
cell–cell contacts.

The Circumferential Actin Bundling upon cAMP
Stimulation Does Not Need Homophilic
VE-Cadherin-based Cell–Cell Adhesions
The cytoplasmic region of cadherin binds �-catenin, which
in turn associates with �-catenin (Ozawa and Kemler, 1992;
Kemler, 1993). It has been shown that �-catenin coordinates
actin dynamics at the sites of cadherin-based cell–cell con-
tacts (Kobielak and Fuchs, 2004; Mege et al., 2006; Weis and
Nelson, 2006). Cadherin associates with p120-catenin through
its juxtamembrane domain as well as �-catenin (Reynolds et
al., 1994). p120-catenin regulates actin cytoskeleton by con-
trolling the activity of Rho family small GTPases (Reynolds,
2007). Thus, we hypothesized that a cAMP-Epac-Rap1 path-
way initially promotes VE-cadherin–based cell–cell adhe-
sions, which subsequently induce circumferential actin bun-
dling through catenins. To test this hypothesis, we examined
the effect of depletion of either VE-cadherin, �-catenin,
�-catenin, or p120-catenin on actin reorganization. Depletion

of either of them resulted in the disruption of central stress
fibers and the induction of membrane ruffle formation close
to the cell–cell contacts (Figure 4, A–D). These results sug-
gest that central stress fiber formation depends on VE-cad-
herin/catenin complexes. However, unexpectedly FSK-in-
duced circumferential actin bundling was not affected by
depletion of VE-cadherin/catenin complexes (Figure 4,
A–D, and Supplemental Figure 5, A–D). Furthermore, we
examined the effect of extracellular Ca2� chelation on FSK-
induced circumferential actin bundling, because cadherin-
dependent cell adhesion requires extracellular Ca2�. FSK
apparently induced formation of circumferential actin bun-
dles even in the presence of EGTA (Supplemental Figure 6),
although VE-cadherin disappeared from the cell–cell border
in the presence of EGTA even when the cells were stimu-
lated with FSK (Supplemental Figure 6). These results
clearly indicate that cAMP-induced circumferential actin
bundling does not require VE-cadherin/catenin complex-
dependent reorganization of actin cytoskeleton.

�- and �-Catenins Are Required for cAMP-induced
Accumulation of VE-Cadherin at Cell–Cell Contacts
It had been believed that cadherin–�-catenin complex is
physically linked with actin fibers via �-catenin, although
this model is recently challenged by the report that �-catenin
dose not bind simultaneously to both the cadherin–�-catnin
complex and the actin fibers (Yamada et al., 2005; Drees et al.,
2005; Gates and Peifer, 2005). To test the requirement of �-
and �-catenins in cAMP-induced accumulation of VE-cad-
herin at the cell–cell contacts, we examined the effect of

Figure 3. Circumferential actin bundle formation is responsible for cAMP-induced stabilization of junctional
VE-cadherin. (A) Confluent HUVECs transfected with the plasmid encoding VEC-GFP were starved in 0.5%
BSA-containing medium 199 for 3 h and incubated with vehicle [left, (�)] or 200 nM Lat.A (right, Lat.A) for 30
min. The cells were then stimulated with vehicle (control), 0.2 mM 007 (007), and 10 �M FSK (FSK) for 30 min
as indicated at the top and stained with rhodamine-phalloidin as described in legend of Figure 2A. GFP and
rhodamine images were obtained through a confocal microscope. GFP (VEC-GFP), rhodamine (F-actin), and the
merged (merge) images are shown as indicated at the left. Bars, 30 �m. (B and C) Confluent HUVECs expressing
VEC-GFP were starved in medium 199 containing 1% BSA for 3 h, treated with or without 100 nM Lat.A for 30
min, and stimulated with vehicle (control) or 10 �M FSK for 30 min as indicated at the bottom of each graph. The
cells were then subjected to FRAP analysis as described in the legend of Figure 1B. The mobile fraction of VEC-GFP (B) and its recovery
half-time (C) were calculated as described in the legend of Figure 1, D and E. Data are expressed as mean � SE of five to seven independent
experiments. Significant differences between two groups are indicated as *p � 0.05. n.s. indicates no significance between two groups.
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Figure 4. cAMP-induced circumferential actin bundling does not depend upon VE-cadherin–based cell–cell adhesions. (A–D) HUVECs were
transfected with control siRNA (top panels of each figure) or with siRNAs targeting against VE-cadherin (A), �-catenin (B), �-catenin (C), and
p120-catenin (D) (bottom panels of each figure), cultured for 48 h, and replated onto the collagen-coated glass-base dish. After 24 h, the cells were
starved in medium 199 containing 0.5% BSA for 3 h and stimulated with vehicle (control) or 10 �M FSK for 30 min as indicated at the left of each
figure. The cells were stained with anti-VE-cadherin (A), anti-�-catenin (B), anti-�-catenin (C), and anti-p120-catenin (D) antibodies and visualized
with Alexa 488-conjugated secondary antibody as described in Figure 2A. The cells were also stained with rhodamine-phalloidin to visualize
F-actin. Alexa 488 and rhodamine images were obtained through a confocal microscope. Alexa 488 images for VE-cadherin (A), �-catenin (B),
�-catenin (C), and p120-catenin (D) are shown at the left column. Rhodamine (F-actin) and the merged (merge) images are shown at the middle
and right columns, respectively. The boxed areas marked by dotted line in the images are enlarged in the bottom right corner of each image. Bars,
50 �m.
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depletion of catenins on the accumulation of VE-cadherin.
Depletion of either �- or �-catenin weakened not only the
junctional localization of VE-cadherin in control HUVECs
but also the FSK-induced accumulation of VE-cadherin at
cell–cell contacts without affecting the expression level of
VE-cadherin (Figure 5, A–C, and Supplemental Figure 7, A
and B). Knockdown of p120-catenin by siRNA also resulted
in disappearance of VE-cadherin at cell–cell contacts in ei-
ther control- or FSK-stimulated cells but possibly due to the
primarily down-regulated expression of VE-cadherin (Fig-
ure 5C and Supplemental Figure 8). These results indicate
that �- and �-catenins are responsible for cAMP-induced
accumulation of VE-cadherin at the cell–cell contacts and
suggest that �- and �-catenins mediate the physical link
between actin and VE-cadherin.

cAMP Induces Formation of Circumferential Actin
Bundles, Which Anchor Junctional VE-Cadherin through
�- and �-Catenins
To confirm that �- and �-catenins mediate physical link
between actin and VE-cadherin in cAMP–Epac–Rap1 signal-
activated endothelial cells, we decided to examine the local-
ization and dynamics of the mutants of VE-cadherin in
which the cytoplasmic domain was modified. We also con-
structed the plasmids encoding the mutants of VEC-GFP
(Figure 6A and Supplemental Figure 9, A and B): VEC��-GFP
in which the �-catenin binding domain is deleted, VEC�C-
GFP in which the cytoplasmic domain is deleted, VEC�C-
�-GFP in which the cytoplasmic domain is replaced with
�-catenin, and VEC�C-��N–GFP in which the cytoplasmic
domain is replaced with �-catenin lacking N-terminal
�-catenin binding domain. When these expression plasmids
were transfected into HUVECs, all VEC-GFP mutants as

well as wild type VEC-GFP localized at cell–cell contacts
(Figure 6B and Supplemental Figure 9C). FACS analysis
revealed that their expression levels are similar (Supplemental
Figure 9D). Stimulation with FSK resulted in accumulation
of wild-type VEC-GFP on the circumferential actin bundles
(Figure 6B). When the cells expressing either VEC��-GFP or
VEC�C-GFP were stimulated with FSK, circumferential ac-
tin bundling occurred. However, neither of them could ac-
cumulate on the bundled actin filaments and was broadly
distributed around the cell–cell junctions (Figure 6B). In
contrast, VEC�C-�-GFP clearly concentrated on the circum-
ferential actin bundles formed upon the stimulation with
FSK (Figure 6B). Similarly, VEC�C-��N-GFP also accumu-
lated on the bundled actin filaments in FSK-stimulated cells
(Figure 6B). Together with the evidence that VEC�C-��N-
GFP was incapable of associating with �-catenin (Supple-
mental Figure 9E), these results indicate that the ability of
VE-cadherin/�-catenin chimera to concentrate on the cir-
cumferential actin bundles is not due to �-catenin acting as
a �-catenin binding site. Consistently, VEC�C-�-GFP, but
not VEC-GFP, could accumulate on the bundled actin fila-
ments even in the �-catenin–depleted cells (Supplemental
Figure 10, B and D). Furthermore, depletion of �-catenin by
siRNA did not affect the accumulation of VEC�C-�-GFP on
the bundled actin filaments, although �-catenin was re-
quired for the localization of VEC-GFP on the actin bundles
(Supplemental Figure 10, A and C). Collectively, these re-
sults indicate that �- and �-catenins localize VE-cadherin to
the circumferential actin bundles.

Furthermore, we performed FRAP analyses of VEC-GFP
mutants. FSK significantly reduced the mobile fractions of
VEC-GFP, VEC�C-�-GFP, and VEC�C-��N-GFP at the
cell–cell contacts and prolonged the half-time of their fluo-

Figure 5. �- and �-Catenins are essential for
cAMP-induced accumulation of VE-cadherin
at cell–cell contacts. (A and B) HUVECs were
transfected with control siRNA (top panels of
each figure) or with siRNAs targeting against
�-catenin (A) and �-catenin (B) (bottom panels
of each figure) and stimulated with vehicle
(control) or FSK as described in the legend of
Figure 4. The cells were immunostained with
either anti-�-catenin (A) or anti-�-catenin (B)
antibody and with anti-VE-cadherin antibody
and then visualized with Alexa 488- and Alexa
546-conjugated secondary antibodies, respec-
tively. Phase contrast, Alexa 488 and Alexa 546
images were obtained using an IX81 inverted
microscope (Olympus). Phase contrast (bright
field), Alexa 488 (�-catenin in A and �-catenin
in B), Alexa 546 (VE-cadherin), and the merged
(merge) images are shown as indicated at the
top of each column. The boxed areas marked
by dotted line in the images are enlarged in the
lower right corner of each image. Bars, 30 �m.
(C) HUVECs were transfected without [(�)] or
with control siRNA (negative control) or siR-
NAs targeting �-catenin, �-catenin, p120-cate-
nin, and VE-cadherin as indicated at the top
and cultured for 72 h. Cell lysates were sub-
jected to Western blot analysis with anti-�-
catenin, anti-�-catenin, anti-p120-catenin, anti-
VE-cadherin, and anti-�-actin antibodies as
indicated at the left.
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rescence recovery (Figure 6, C and D). Effect of FSK on the
stability of VEC�C-�-GFP as well as VEC-GFP at cell–cell
contacts was canceled by treatment with 100 nM Lat.A (Fig-
ure 3, B and C, and Supplemental Figure 11, A and B). In
clear contrast, the mobile fraction of junctional VEC�C-GFP
and its recovery rate were unaffected by stimulation with
FSK (Figure 6, C and D). Collectively, these results strongly
suggest that anchoring of VE-cadherin to circumferential
actin bundles through �- and �-catenins results in the sta-
bilization of VE-cadherin at cell–cell junctions.

PECAM1 is an immunoglobulin-family cell adhesion mol-
ecule expressed in endothelial cells and localized at cell–cell
junctions (Woodfin et al., 2007). However, unlike VE-cad-
herin, localization of PECAM1 is not confined to the AJs
because it is incapable of associating with actin cytoskeleton.
Indeed, PECAM1 did not accumulate on the circumferential
actin bundles in FSK-stimulated HUVECs (Figure 7A),
which is reminiscent of the localization of VEC�C-GFP and
VEC��-GFP. Thus, we assumed that the importance of the
link between actin and VE-cadherin through �- and
�-catenins for the stabilization of VE-cadherin can be
claimed by comparing the localization and dynamics of
VE-cadherin to those of PECAM1. To this end, we con-
structed the plasmid encoding PECAM1 carboxy-terminally
tagged with GFP (PECAM1-GFP) and those encoding its
mutants (Figure 7B and Supplemental Figure 9, A–D);
PECAM1�C-GFP in which the cytoplasmic region is de-
leted, PECAM1�C-�-GFP in which the cytoplasmic region is
replaced with �-catenin and PECAM1�C-VEC/C-GFP in

which the cytoplasmic region is replaced with that of VE-
cadherin. As expected, PECAM1-GFP and PECAM1�C-GFP
were broadly localized around the cell–cell junctions, irre-
spective of the presence or absence of circumferential actin
bundles upon stimulation with FSK (Figure 7C). Consis-
tently, FSK did not affect the mobile fractions of PECAM1-
GFP and PECAM1�C-GFP at the cell–cell contacts and their
recovery rate (Figure 7, D and E). In contrast, PECAM1�C-
�-GFP and PECAM1�C-VEC/C-GFP clearly accumulated
on the circumferential actin bundles in the FSK-stimu-
lated cells (Figure 7C). FSK-induced concentration of
PECAM1�C-�-GFP on the bundled actin filaments occurred
even in the �-catenin–depleted cells (Supplemental Figure
12). Furthermore, the mobile fraction of PECAM1�C-�-GFP
was significantly reduced by stimulation with FSK, although
FSK did not affect its recovery rate (Figure 7, D and E),
possibly due to the interaction with endogenous PECAM1.
These findings indicate that �- and �-catenins have potential
to locate VE-cadherin to the circumferential actin bundles
induced by a cAMP–Epac–Rap1 signal and to stabilize VE-
cadherin at the cell–cell contacts.

DISCUSSION

We found that a cAMP-Epac–Rap1 signal initially induces
circumferential actin bundle formation independently of
VE-cadherin/catenin complexes and that �- and �-catenins
have potential to locate VE-cadherin to the bundled actin
and to stabilize VE-cadherin at the cell–cell contacts. cAMP

Figure 6. �- and �-Catenins locate and stabi-
lize VE-cadherin at the circumferential actin
bundles. (A) Schematic illustrations of VEC-
GFP and its mutants. VEC-GFP, VE-cadherin
carboxy-terminally tagged with GFP; VEC-
GFP��-GFP, a VEC-GFP mutant lacking the
�-catenin binding domain of VE-cadherin;
VEC-�C-GFP, a VEC-GFP mutant lacking the
cytoplasmic region of VE-cadherin; VEC�C-�-
GFP, a VEC-GFP mutant in which the cyto-
plasmic region of VE-cadherin is replaced with
�-catenin; and VEC�C-��N-GFP, a VEC-GFP
mutant in which the cytoplasmic region of
VE-cadherin is replaced with �-catenin lacking
N-terminal �-catenin binding domain. (B)
HUVECs were transfected with the plasmid
encoding either VEC-GFP or its mutant as in-
dicated at the top. The cells were starved in
medium 199 containing 0.5% BSA for 3 h and
stimulated with vehicle (control) or 10 �M FSK
(FSK) for 30 min. The cells were stained with
rhodamine-phalloidin to visualize F-actin as
described in the legend of Figure 2A. GFP and
rhodamine images were obtained through a
confocal microscope. GFP, rhodamine (F-ac-
tin), and the merged (merge) images are
shown as indicated at the left. The border be-
tween the untransfected cell and the cell ex-
pressing GFP tagged-VE-cadhein is shown.
Bars, 5 �m. (C and D) Confluent HUVECs
plated on collagen-coated glass-base dish were
transfected with the plasmid encoding VEC-
GFP, VEC�C-GFP, VEC�C-�-GFP, or VEC�C-
��N-GFP as indicated at the bottom of each
figure. The cells were starved, stimulated with
vehicle (control) or 10 �M FSK for 30 min, and
subjected to FRAP analysis as described in the

legend of Figure 1B. The mobile fraction of VEC-GFP and its mutants (C) and their recovery half-time (D) were calculated as described in
the legend of Figure 1, D and E. Data are expressed as mean � SE of six to eight independent experiments. Significant differences between
two groups are indicated as *p � 0.05. n.s. indicates no significance between two groups.
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is a well-known intracellular second messenger that is capa-
ble of promoting endothelial barrier function through both
PKA and Epac (Yuan, 2002; Cullere et al., 2005; Fukuhara et
al., 2005; Kooistra et al., 2005; Pannekoek et al., 2009). Previ-
ously, we and others have reported that cAMP potentiates
VE-cadherin–based cell–cell adhesions through an Epac–
Rap1 pathway (Cullere et al., 2005; Fukuhara et al., 2005;
Kooistra et al., 2005). Thus, circumferential actin bundling
induced by cAMP–Epac–Rap1 signal is essential for endo-
thelial barrier function mediated by VE-cadherin.

The mechanism how stabilization of VE-cadherin is reg-
ulated in cAMP–Epac–Rap1 signal-activated endothelial
cells fits the classical static model: Catenin tethers cadherin
to actin cytoskeleton. The cadherin–�-catenin complex has
been believed to be physically linked with actin cytoskeleton
directly or indirectly through �-catenin, which is responsible
for maintenance of AJs (Nagafuchi et al., 1994; Rimm et al.,
1995; Sako et al., 1998; Watabe-Uchida et al., 1998; Imamura
et al., 1999). However, the Weis and Nelson groups have
recently suggested a new dynamic model in which �-catenin
does not statically link cadherin to actin but directly regu-
lates actin dynamics at the cell–cell contacts by demonstrat-

ing that �-catenin does not associate with the cadherin–�-
catenin complex and with cytoskeleton simultaneously
(Drees et al., 2005; Gates and Peifer, 2005; Yamada et al.,
2005). By performing FRAP analysis of GFP-tagged E-cad-
herin (E-cadherin-GFP), they showed that 	80% of E-cad-
herin-GFP is immobilized at cell–cell contacts in epithelial
cells. However, the mobility of junctional E-cadherin-GFP
was not affected by disruption of actin cytoskeleton. In ad-
dition, a mutant of E-cadherin-GFP lacking its cytoplasmic
domain had a mobility fraction similar to that of the full-
length E-cadherin-GFP. These observations suggest that an-
choring to actin cytoskeleton through �- and �-catenins does
not contribute to the stabilization of E-cadherin at cell–cell
junctions. In clear contrast to their findings, we found that
�70% of VE-cadherin is mobile at the cell–cell contacts in
unstimulated endothelial cells under confluent culture and
that elevation of intracellular cAMP level reduced the mo-
bile fraction of junctional VEC-GFP, which was significantly
inhibited by disruption of actin cytoskeleton. Furthermore,
elevation of intracellular cAMP level did not affect the
mobile fractions of VEC�C-GFP but decreased that of
VEC�C-�-GFP. These results indicate that a stable linkage

Figure 7. PECAM1 that is incapable of asso-
ciating with actin cytoskeleton is not stabilized
on the circumferential actin bundles. (A)
Monolayer-cultured HUVECs were stimulated
with vehicle (top, control) or 10 �M FSK (bot-
tom) for 30 min as described in the legend of
Figure 2A. After stimulation, the cells were
immunostained with anti-PECAM1 antibody
and visualized with Alexa 488-conjugated sec-
ondary antibody. The cells were also stained
with rhodamine-phalloidin to visualize F-ac-
tin. Alexa 488 and rhodamine images were
obtained through a confocal microscope. Al-
exa 488 (PECAM1), rhodamine (F-actin), and
the merged (merge) images are shown as in-
dicated at the top of each column. (B) Sche-
matic illustrations of PECAM1-GFP and its
mutants. PECAM1-GFP, PECAM1 carboxy-
terminally tagged with GFP; PECAM1�C-
GFP, a PECAM1-GFP mutant lacking the
cytoplasmic region of PECAM1; PECAM1�C-
�-GFP, a PECAM1-GFP mutant in which the
cytoplasmic region of PECAM1 is replaced
with �-catenin; and PECAM1�C-VEC/C-GFP,
a PECAM1-GFP mutant in which the cytoplas-
mic region of PECAM1 is replaced with that of
VE-cadherin. (C) HUVECs were transfected
with the plasmid encoding either PECAM1-
GFP or its mutant as indicated at the top. The
cells were stimulated with vehicle (control) or
10 �M FSK and stained with rhodamine-phal-
loidin similarly to the legend of Figure 6B. GFP
and rhodamine images were obtained through
a confocal microscope. GFP, rhodamine (F-
actin), and the merged (merge) images are
shown as indicated at the left. The border
between the untransfected cell and the cell
expressing GFP tagged-PECAM1 is shown.
(D and E) Confluent HUVECs plated on a
collagen-coated glass-base dish were trans-
fected with the plasmid encoding PECAM1-
GFP, PECAM1�C-GFP, or PECAM1�C-�-
GFP as indicated at the bottom of each
graph. The cells were starved, stimulated with vehicle (control) or 10 �M FSK for 30 min, and subjected to FRAP analysis as described
in the legend of Figure 1B. The mobile fraction of PECAM1-GFP and its mutants (D) and their recovery half-time (E) were calculated
as described in the legend of Figure 1, D and E. Data are expressed as mean � SE of five to six independent experiments. Significant
differences between two groups are indicated as *p � 0.05. n.s. indicates no significance between two groups. Bars, 30 �m (A) and 5
�m (C).
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between VE-cadherin and actin bundles mediated by �-
and �-catenins is responsible for cAMP-induced stabiliza-
tion of VE-cadherin at cell–cell contacts.

�- and �-Catenins might indirectly tether VE-cadherin to
bundled actin. �-catenin is known to interact with various
actin binding proteins including vinculin, �-actinin, spec-
trin, zonula occludins-1, and afadin (Kobielak and Fuchs,
2004). Therefore, these proteins may mediate linkage of the
cadherin–catenin complex to actin cytoskeleton. Consis-
tently, Abe and Takeichi (2007) have recently reported that
EPLIN binds �-catenin and actin filaments simultaneously,
thereby linking the cadherin–catenin complex to the actin
cytoskeleton. Because EPLIN is expressed not only in epi-
thelial cells but also in endothelial cells (our unpublished
data), VE-cadherin–�-catenin–�-catenin complex may be an-
chored to circumferential actin bundles through EPLIN.

We noticed that homophilic VE-cadherin–based cell–cell
adhesion is not the trigger for promoting circumferential
actin bundling in cAMP–Epac–Rap1 signal-activated cells. It
has been reported that �-catenin directly regulates actin
dynamics instead of simply linking the cadherin–�-catenin
complex to actin cytoskeleton (Kobielak and Fuchs, 2004;
Mege et al., 2006; Weis and Nelson, 2006). The Weis and
Nelson groups have shown that �-catenin homodimer com-
petes with the Arp2/3 complex for binding to actin fila-
ments, thereby inhibiting branching nucleation of actin fila-
ments, instead promoting formation of linear actin bundles
(Drees et al., 2005; Gates and Peifer, 2005). EPLIN also acts
not only in linking the cadherin–catenin complex to actin
bundles but also in actively stabilizing these bundles (Abe
and Takeichi, 2007). Furthermore, it has been reported that
�-catenin locates several actin regulators such as formin-1,
vinculin and Ena/VASP to the nascent AJs, thereby induc-
ing formation of radial actin cables (Watabe-Uchida et al.,
1998; Weiss et al., 1998; Vasioukhin et al., 2001; Kobielak and
Fuchs, 2004; Kobielak et al., 2004). These results indicate that
cadherin-based cell–cell adhesions coordinate actin dynam-
ics at cell–cell junctions through �-catenin. Consistently, we
found that VE-cadherin–based cell–cell adhesions are re-

sponsible for formation of central stress fibers in unstimu-
lated cells. However, FSK-induced circumferential actin
bundling was not inhibited by the depletion of either VE-
cadherin, �-catenin, �-catenin, or p120-catenin or by disrup-
tion of cadherin-dependent cell adhesions by extracellular
Ca2� chelation. This result is consistent with the previous
report that VE-cadherin–specific blocking antibody does not
affect 007-induced actin remodeling in endothelial cells
(Kooistra et al., 2005). Thus, these findings demonstrate that
circumferential actin bundling induced by cAMP signal
does not require VE-cadherin–based cell–cell adhesions.

How does cAMP-Epac-Rap1 signal induce reorganization
of actin cytoskeleton at endothelial cell–cell contacts? It has
been reported that Rap1 promotes cell spreading by localiz-
ing a subset of Rac guanine nucleotide exchange factors such
as Vav2 and Tiam1 to sites of active lamellipodia extension
(Arthur et al., 2004). Consistently, Rac has been shown to be
involved in cAMP-induced endothelial barrier function
(Birukova et al., 2007; Baumer et al., 2008). Thus, cAMP-
induced Rap1 activation at cell–cell contacts may lead to the
local activation of Rac, thereby inducing circumferential ac-
tin bundling. Indeed, our previous report revealed that Rap1
is activated at endothelial cell–cell contacts (Sakurai et al.,
2006). In addition, other Rap1 effectors such as K-Rev Inter-
action Trapped gene-1 and AF-6 may also be involved in
cAMP-induced actin bundling (Boettner et al., 2000, 2003;
Glading et al., 2007). Furthermore, it still remains unknown
how cAMP signal locally regulates actin dynamics at cell–
cell junctions. Because VE-cadherin–based cell–cell adhe-
sions are dispensable for cAMP-induced actin bundling,
other cell adhesion molecules may be involved in local reg-
ulation of actin dynamics. One of the candidates is nectin
that is involved in formation of AJs in epithelial cells (Takai
et al., 2008), although its function in endothelial cells is still
unknown. Thus, further studies are required to elucidate the
molecular mechanisms by which a cAMP–Epac–Rap1 path-
way induces circumferential actin bundling.

Intracellular cAMP activates two downstream effectors
Epac and PKA, both of which are known to enhance endo-

Figure 8. Schematic representation of our proposed model that accounts for how VE-cadherin is stabilized at the cell–cell contacts in
cAMP–Epac–Rap1 signal-activated endothelial cells. (A) In unstimulated endothelial cells, the majority of VE-cadherin molecules (	75%) is
mobile at cell–cell junctions, possibly due to the lack of circumferential actin bundles. VE-cadherin that does not associate with actin
cytoskeleton has weak cell–cell adhesion activity. (B) When cAMP-Epac-Rap1 signal is activated, circumferential actin bundling occurs
independently of VE-cadherin-based cell–cell adhesions. (C) Subsequently, �- and �-catenins link VE-cadherin to the bundled actin filaments,
thereby stabilizing VE-cadherin at cell–cell contacts. Stabilization of VE-cadherin on the bundled actin filaments results in strong cell–cell
adhesions. VE-cadherin that associates with bundled actin filaments through �- and �-catenins is outlined. �- and �-Catenins which link
VE-cadherin to the bundled actin filaments are also outlined.
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thelial barrier functions. In this study, we clearly indicate
that PKA activation by 6-Bnz does not induce circumferen-
tial actin bundling and does not enhance stability of VE-
cadherin at cell–cell contacts. Recently, Lorenowicz et al.
(2008) have reported that Epac promotes the formation of
cortical actin bundles, whereas PKA induces formation of
stress fibers, although activation of either cAMP effector
decreases endothelial permeability. Therefore, Epac and
PKA may regulate endothelial barrier function through dis-
tinct signaling mechanisms.

In conclusion, we have demonstrated that circumferential
actin bundle formation and subsequent linkage between
actin bundles and VE-cadherin through �- and �-catenins
are responsible for the stabilization of VE-cadherin at the
cell–cell contacts in cAMP–Epac-Rap1 signal-activated cells
(Figure 8). These findings strongly support the classical
model that �-catenin is required for statically linking cad-
herin–�-catenin complexes to bundled actin filaments to
maintain AJs.
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