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Endothelial cell migration is promoted by chemoat-
tractants and is accompanied with microtubule exten-
sion toward the leading edge. Cytoskeletal microtubules
polarize to function as rails for delivering a variety of
molecules by motor proteins during cell migration. It
remains, however, unclear how directional migration
with polarized extension of microtubules is regulated.
Here we report that Rapl controls the migration of vas-
cular endothelial cells. We found that Rapl-associating
molecule, RAPL, which belongs to the Ras association
domain family (Rassf), localized on microtubules and
that activated Rapl induced dissociation of RAPL from
microtubules. A Rapl activation-monitoring probe
based on the fluorescence resonance energy transfer
enabled us to demonstrate that local Rapl activation
occurs at the leading edge of the cells under the two
types of cell migration, chemotaxis and wound healing.
Time lapse imaging of microtubules marked by en-
hanced green fluorescent protein (EGFP)-RAPL showed
the directional growth of microtubules toward the lead-
ing edge of the migrating cells. Using adenovirus, inac-
tivation of Rapl by expression of rap1GAPII inhibited
wound healing. In addition, disconnection of Rapl and
RAPL by expression of a RAPL mutant also perturbed
wound healing. Collectively, the locally activated Rapl
and its association with RAPL controls the directional
migration of vascular endothelial cells.

Rapl belongs to the Ras GTPase family and cycles between a
GDP-bound inactive form and a GTP-bound active form (1), Rapl
activation is regulated by guanine nueleotide exchange factor
(GEF),' whereas Rapl inactivation is regulated by GTPase-
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activating protein (GAP). GEFs contain a catalytic domain and
regulatory domains that either bind to upstream molecules or are
regulated by sceond messengers such as cAMP and Ca®*. The
former GEFs include C3G and PDZ-GEF; the latter includes
CalDAG-GEFs and Epac (cAMP-GEF) (reviewed in Ref, 2}, Thus,
the spatial Rapl activation depends on the localization of GEF
and the spreading of second messengers. Like GEF', the spatial
Rapl inactivation depends on the localization of GAPs for Rapl
(3). We have currently developed a spatio-temporal activation/
inactivation monitoring probe for Rapl in living cells (4),

Once activated by GEFs, GTP-bound Rapl associates with
effector molecules including Raf-1, B-Raf, RalGDS, and AF-6
(2). Rapl shares these effector molecules with Ras protein;
thercfore, Rapl is suggested to function antagonistically on the
Ras-activated intracellular signaling pathway. However, Rap1
may have a unique function in regulating cell adhesion (5, 6).
Rapl was rocently reported to be indispensable for cell-extra-
cellular matrix (ECM) contacts by stabilizing the cell-ECM
contacts, indicating that Rapl enhances cell adhesion to ECM
(7, 8). Moreover, Budl, the yeast homologue of Rapl, deter-
mines the budding site (8), and Rapl regulates adherens junc-
tion positioning for cell division in Drosephila (10), implying
that Rap!l is also involved in cell polarization.

Cells have a polarity determined by cell protrusions and
retractions, when moving toward certain chemoattractants or
during wound healing. In the protrusions, actin is actively
polymerized and depolymerized, whereas in retractions stabi-
lized actin fibers are observed (11). For perpetual moving to-
ward the chemoattractants, asymmetrieal polarity of cell con-
tacts to ECM is required. Focal adhesions connecting actin
stress fibers are assembled in the protrusions and disassem-
bled in the retractions of migrating cells (reviewed in Ref, 12).
Like actin, microtubules are assembled toward the leading
edge of the protrusions. By constituting rails for motor proteins
carrying the molecules to the protrusive part of the cell, micro-
tubule promotes cell polarity (13). Furthermore, recently, as-
sembly and disassembly of focal adhesions are reportedly reg-
ulated by mierotubules (14, 15). Thus, microtubule extension
toward the leading edge parallels the change in polarity of the
motile eclls toward the chemoattractants or during wound

EGFP, enhanced green fluorescent protein; FRET, flucrescence reso-
nance energy transfer, GAP, GTPase-activating protein; GFP, green
flucrescent protein; GST, glutathione S-transferase; HAEC, human
nortic endothelial cell; HUVEC, human umbilical vein endothelial cell;
MTOC, microtubule-organizing center; Rassf, Ras association domain
family; S1P, sphingosine 1-phesphate; SDF-1, stromal-derived factor-1;
YFP, yellow fluorescent protein; MES, 4-morpholineethanesulfonic
acid.
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healing.

RAPL/NORE1B (hereafter referred to as RAPL) is identified
as a Rapl-hinding molecule (16), which contains a Ras/Rapl
binding domain and belongs to the Ras association domain
family (Rassf) (17, 18). Whereas Rass{ members function as
potent suppressor of tumors (19-21), RAPL links Rapl activa-
tion upon T cell receptor cross-linking and stromal-derived
factor-1 (SDF-1) stimulation to integrin activation. In addition,
RAPL mediates the polarized distribution of SDF-1 receptors
upon Rap! activation (16). Recently, Rassf1 has been shown to
localize at and stabilize microtubules (22), However, it is un-
clear whether other molecules belonging to Rassf function in
the association with Ras family GTPases.

We investigate the localization of RAPL in the vascular en-
dothelial cells and how Rap1-RAPL participates in determining
the directional migration in response to a chemoatiractant,
sphingosine 1-phosphate (S1P){23), and during wound healing.
RAPL localizes at the microtubule-organizing center (MTOC}
and microtubules. Rapl is activated at the leading edge of
migrating cells. In addition, inactivation of Rap1-RAPL signal
perturbed the wound closure. These data suggest that local
activation of Rapl and its association with RAPL regulates the
directional cell migration of vascular endothelial cells,

EXPERIMENTAL PROCEDURES

Reagents and Antibodies—S1D was purchased from Biomol (Plym-
outh, PA). Protoin A-Scpharose was from Calbiochem. Anti-green fluo-
rescent protein (GFP) was developed in our laboratery. Anti-g-tubulin,
unti-y-tubulin, and anti-FLAG (M2) were purchased from Sigma, and
anti-Rapl was from BD Biosciences. Anti-RAPL antibody was a kind
gift from T. Kinashi (Kyote University, Jopan).

Plusmids—The coding sequences of human RassflA, Rassf1C,
Rassf2 (KIAA0168), Rassf3, and RAPL (NORE1IB) were amplified by
PCR using human heart ¢cDNA library as a template, pCA-EGFP-
RassflA, -RassflC, -Rassf2, -Rassf3, and RAPL were derived from
pCAGGS eukaryotic expresaion vector and expressed enhanced green
fluorescent protein {EGFP)-tagged each Rassf molecules (24). cDNAs
encoding RAPL delction mutants as indicated in Fig. 4 were amplified
by PCR and ligated into pCA-EGFT vector similarly to Rassfl. dC1,
dC2, dC3, and dN cncoded amino acids 1-222, 1-168, 1-100, and
101-265 of RIPAL, respectively. A mutant of RAPL (hereafter referred to
as the RA mutant), in which Lys!*¥, Arg?*!, Lys¥, Lys®™, Lys'%9,
Asp'™, and Asn'™ were replaced with Ala, was reported to be incapable
of associating with Rapl (16). ¢DNA encoding an RA mutant was
amplified by PCR-based mutagenesis and subcloned inte pCA-EGFD.
pCXN2-FLAG-Rap! expressed FLAG-tagged Rapl. Either constitutive
active or dominant negative forms of Rapl (RaplV12 or RaplN17)
c¢DNAs were similarly inserted into pCXN2-FLAG. pIRM21-RaplV12
expressed FLAG-tagged RaplV12 and internal rihosomal entry site-
driven dsFIP’593 as described previously (24). pIRM21-raplGAPI] ex-
pressed both FLAG-tagged raplGAPIL and internal ribosomal entry
site-driven dsFI’593. pCA-DsRed-Crkl was derived from pCAGGS eu-
karyotic expression vector as doseribed previously (24). pRaichu-Rapl,
& Rapl activation monitoring probe based on fluorescence resonance
energy transfer (FRET), was doscribed previously (4). pRaichu-Rapl
expressed a chimeric protein consisting of yellow fluorescent protein
(YFP), Rapl, and Ras-binding domain of Raf and cyan fluorescent
protein (CFP) followed by the CAAX motif of Ki-Ras. In pRaicha-
RaplN17, a cDNA encoding RaplN17 was replaced with that enceding
Rapl. pGEX-RAPL was constructed by inserting a ¢cDNA encoding
full-length RAPL into pGEX (Amersham Biesciences).

Adenovirus—Both an adenovirus-expressing EGFP-tagged RAPL
and an adenovirus-expressing EGFP-tagged RA mutant of RAPL were
produced using the Adeno-X expression system (BD Biosciences).
Briefly, ¢DNA from pCA-EGFDP-RATL was inserted into Adeno-X viral
DNA using pShuttle as a transfer vector, Adenovirus-cxpressing EGFP-
RAPL was produced from HEK293 cells transfected with Adeno-X-
EGFP-RAPL. An adenovirus-expressing RA mutant of RAPL was pro-
duced in a similar manner to RAPL-expressing adenovirus. The EGFD-
expressing adenovirus and the rap1GAPII-expressing adenovirus were
generous gifts from H. Kurose (Kyushu University, Japan} and 8.
Hattori (Tokyo University, Japan), respectively.

Cefl Cullure gqnd Transfection—Human umbilical vein endothelial
cells (HUVECs) and human aortic endothelial cells (HAECs) were pur-

chased from Cascade Biologics, Inc. {(Portland, OR) and cultured in
Humedia-EG2 as previously reported (24), HEK293T cells were gener-
ous gifts from Dr. B, J. Mayer (University of Connecticut) and main-
tained as described previously. Jurkat cells and HEK?293 cells were
obtained from the American Type Culture Collection (Manassas, VA)
and cultured in RPMI 1640 (Invitrogen) and Dulbeceo's modified Ea-
gle’s medium supplemented with 10% fetal bovine serum. Cultured
cells were transfacted using Lipofectamine 2000 reagent (Invitrogen).

Reverse Transcription-PCR, Pull-down Assay, Immunoprecipitution,
and Immunoblelting—RNAs from cultured Jurkat cells and HUVECs
were prepared by TRIzol (Invitrogen). cDNAs was synthesized by re-
verse transcriptase reaction using random primer and RNAs as tem-
plates. The cDNA specific for human RAPL was amplified by PCR using
a primer set (5'RAPL, CTGGACGAGGAACTGGAAGACTGCTIC:
3'RAPL, AGGGATGGAGAAGGCATCCCACTCTAC), GTP-hound Rapl
was detected according to the method of Bos and co-workers (25).
Briefly, HUVECa stimulated with 1 uM S1P for the time indicated at
the tap of the figure were lysed in lysis buffer (50 mM Tris, pH 7.5, 150
mm NaCl, § mm MgCl,, 1% Nonidet P-40, 0.1% SDS, 0.5% decoxycholic
acid, 1 mM Na,V0,). Precleared lysates were incubated with GST-Rap1.-
binding domain of RalGDS and glutathione-Sepharose beads. Proteing
collected on the beads were subjected to SDS-PAGE followed by immu-
noblotting with anti-Rapl antibody, Immunoprecipitation and immu-
noblotting were performed as described previously (26). Briefly,
HER293T transfected with plasmids as indicated in the figures were
lysed using lysis buffer. Lysatcs were precleared by centrifugation at
15,000 X g for 10 mix, followed by immuneprecipitation using anti-GFP
and Protein A-Scpharese, Immunoprecipitates were subjected to SDS-
PAGE and immunocblotting with anti-FLAG antibody and perexidase-
conjugated goat anti-mouse IgG as a primary and a secondary antibody,
respectively, Proteins reacting with anti-FLAG were visualized by an
ECL system {Amersham Biosciences} and an LAS-1000 system (Fuji
Film, Japan).

Microtubule Binding Assay—Microtubule-associating protein-con-
taining microtubule fractions preparved from boving brain were gifts
from N. Yamagishi (Kyoto Pharmaceutical University, Japan). Gluta-
thione S-transferase-fused RAPL (GST-RAPL) expressed in BL21-Stor
bacteria (Invitrogen) was collected on glutathione-Sepharose {Amer-
sham Biesciences). GST-RAPL was eluted using 10 mm glutathione,
precleared by centrifugation at 400,000 x g, and polymerized in micro-
tubule-binding buffer (100 my MES-KOH (pH 6.8), 2 mu EDTA, 1 ms
MgCl,, 10 ma Taxol, 4 M glycerol, and 1 mm GTP). For the mierotubule
binding assay, 5 ug of purified micretubules and GST-RAPL at the
concentration indicated in the figure legeonds were mixed in 200 ul of
microtubule-binding buffer for 36 min at 37 °C, After centrifugation at
400,000 x g for 15 min, equal amounts of the supernatant and the pellet
were analyzed by SDS-PAGE and immunoblotting with anti-GST. Bo-
vine serum albumin fraction V was used as a negative control for
GST-RAPL.

Wound Healing Assay and Responses to Chemoatiractart from a
Micropipette—HUVECs or HAECs transfected with plasmids indicated
in the figures were cultured on 35-mm glass bettom dishes coated with
collagen until they reached the monolayer state. The cells were
scratched by a regular 20-ul pipette tip along the diameter of the bottom
glass. The culture medium remained unchanged during wound healing.
Monolayer-cultured HUVECs infected with an adenovirus expressing
raplGAPII, an adenovirus expressing EGFP-RAPL, or an adenovirus
expressing the RA mutant of RAPL were scratched and time lapse-
imaged, HAECs cxpressing EGFP-RAPL or those expressing Raichu-
Rapl cultured on glass-bottom dishes coated with collagen were ex-
posed to 1 um S1P supplied by a micropipette (Femtodet; Eppendorl
Japan).

Fluorescence Microscopy and Corfocal Imaging—HUVECs or
HAECs transfected with plasmids expressing fluorescence-tagged pro-
teins as indicated in the figure legends were imapged on sn Olympus
IX-81 inverted microscope. The microscope with a 75-watt xenon arce
lamp was equipped with a cocled charge-coupled device camera, Cool-
SNAP-HQ (Roper Scientific), and two filter exchangers, controlled by
MetaMorph 5.0 software (Molecular Devices). The EGFD image and
DsRed image were obtained through an XF2043 dichroie filter (Omega)
and either a set of an §484/15 excitation filter and an S515/30 emission
filter or & sct of an S555/25 excitation filter and an $630/60 emission
filter, respectively, as reported previously (27). HUVECs transfected
with pCA-EGFP-RAPL cultured on a collagen-—coated glass-base dish
were tixed by 4% paraformaldehyde at room temperature, followed by
permeabilization with 0.1% Triton X-100. Permeabilized cells were
incubated with anti-g-tubulin or anti-ytubulin antibedy. Immunoposi-
tive reaction was visualized with Alexa 546 goat-anti-mouse IgG (Mo-
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Fi;. 1. The association of RAPL with Rapl and its expression
in vascular endothelial cells. A, HEK293T cells were transfected
with plasmids as indicated at the fop. Cell lysates were subjected to
immunoprecipitation ([P} followed by immunoblotting (IB) with anti-
bodies as indicated on the left or directly subjected to SDS-PAGE
followed by immunoblotting with the antibodies as indicated on the lefr.
An arrow denotes GTP-bound Rapl co-immunoprecipitated with EGFP-
tagged RAPL. B, RNA prepared from the cells as indicated at the fop
was subjected to reverse transcription-PCR analysis. The sequence of
RAPL-specific primers is described under “Experimental Procedures.”
RNA from Jurkat cells was used as a positive control. The results are
representative of more than throe independent experiments.

lecular Probes, Inc., Eugene, OR), Confocal images of EGFP and Alexa
546 were obtained by an Olympus BX50WI microscope contrelled by
Fluoview. To monitor the cell shape and localization of fluorescence-
tagged molecules in living cells, a phase-contrast image and a fluores-
cence image were obtained every 20 s, A series of time lapse images
were converted into video format using MetaMorph 5.0.

Imaging of Rapl Activation in Living Cells=—~HAECs cultured on
collagen-coated 35-mm diameter glass base dishes were transfected
with pRaichu-Rapl and observed after scratching., Cells similarly
transfected with pRaichu-Rapl were chserved during exposure to 1 u
S1P supplied by a micropipette. The structure of Raichu-Rapl and the
principle of FRET is illustrated as in Fig. 5D. Cells were imaged on an
Olympus IX-81 inverted fluorescence microscope in a metheod similar to
fluorescence imaging as described previously (24). Dual images for CFP
and YFP were obtained through an XF1071 excitation filter, an XF2034
dichroic filter, and an XIF3075 emission filter for CFP and an XF3079
for YFP {Omega), respectively. The ratio image of YFI/C¥I* were cre-
ated by MetaMorph 5.0 software and displayed as an intensity-modu-
lated display image as described previously (4).

RESULTS

A Rapl-binding Protein, RAPL, Is Expressed in Vascular
Endothelial Cells—RAPL associates with Rapl upon T-cell re-
ceptor stimulation or chemokine stimulation, resulting in re-
distribution of integrin in lymphocytes (16). Vascular endothe-
lial cells and hewmatopoictic cells originate from common
hemangioblasts; therefore, we tested whether vascular endo-
thelial cells express RAPL, since Jurkat cells express RAPL
(16). RAPL expression was examined by reverse transcription-
PCR analysis using a RAPL-specific primer set. HUVECs ex-
pressed RAPL mRNA similarly to Jurkat cells used as a posi-
tive control (Fig. 14), We further examined the association of
GTP-Rapl with RAPL by the co-immunoprecipitation assay
using 293T cells (Fig. 1B).

A member of Rassf1A localizes to microtubules in COS cells
(22), whereas the localization of RAPL has not yet been clearly
demonstrated, although it is reported to accumulate at the
leading edge of T lymphocytes (16). Thus, we tested the local-

ization of RAPL in the vascular endothelial cells by using
EGFP-tagged RAPL. Rassf members as listed (Fig. 24) were
tagged with EGFP and expressed in HAECs, All Rassf mem-
bers contain the Ras- and Rapl-binding domain (RA domain}
(Fig. 2A). The expression of EGFP-tagged Rassfs was confirmed
by the immunoblot analysis from the lysates of HEK293T cells
transfected with the plasmids as indicated at the top (Fig. 2B).
EGFP-tagged RassflA and -1C, splicing variants from the
same gene, were found as circular fibers in the central region of
cclls cxeept the nucleus, whercas EGFP-tagged Rassf3 and
EGFP-RAPL were found as fibers emanating from the central
to the periphery. These results suggested that the circular
fibers on which EGFP-tagged Rassf1A and -1C localized may
represent microtubules deformed by Rassfl-induced stabiliza-
tion, as previously demonstrated (22), Rassf3 and RAPL ap-
peared to localize on normal microtubules originating from
MTOC to the periphery. Thus, we examined the colocalization
of EGFP-RAPL with B-tubulin-constituting microtubules and
with y-tubulin preferably localized on MTOC. As expected,
EGFP-RAPL clearly localized on microtubules from the MTOC
to the periphery (Fig. 2D). In clear contrast to these fibrous
expressions, EGFP-Rassf2 was found exclusively in the nu-
cleus. We compared the EGFP-RAPL with EGFP-RassflA ex-
pressed in motile vascular endothelial cells using time lapse
imaging. Both RAPL-expressing cells and RassflA-expressing
cells showed membrane ruffling (Supplemental Video 1) how-
ever, microtubules marked by EGFP-RAPL moved dynamically
as regular microtubules, whereas those marked by EGFP-Rassfl
were statie (Supplemental Video 2). These data indicated that
Rasaf members, Rassf3 and RAPL, appear to bind to microtu-
bules without affecting the endogenous microtubule structure.

We further confirmed the localization of RAPL on microtu-
bules by immunostaining using anti-RAPL antibody. Endoge-
nous RAPL localized on microtubules in HAECs (Fig. 3A). The
association of RAPL and microtubules were examined by bic-
chemical analysis using purified microtubules and GST-RAPL.
The microtubule binding assay revealed that GST-RAPL co-
sedimented with mierotubules in a concentration-dependent
manner. Although GST-RAPL and tubulin closely migrated in
SDS-PAGE (Fig. 3B, fop puanel), GST-RAFPL was clearly sepa-
rated by immuncblotting with anti-GST (Fig. 3B, middle
panel). In agreement with these observations, when mierotu-
bule formation was inhibited by nocodazole, the filamentous
expression of RAPL was not observed (Supplemental Fig. 1).
Collectively, these results indicated that endogenous RAPL
localizes on microtubules in vascular endothelial cells.

RAPL Requires Rapl-associating Domain for Localizing on
Microtubules, but Not Its Association with RapI—To define the
region responsible for the association of RAPL with microtu-
bules, we constructed a scries of truncated mutants and a
mutant incapable of associating with Rapl (RA mutant) (Fig.
44), The expression of EGFP-tagged RAPL and its mutants
was confirmed by the immunoblot analysis from the lysates of
HEK293T cells transfected with the plasmids as indicated at
the top of Fig. 4B. We examined the expression of EGFP-tagged
RAPL and its mutants in HAECs (Fig. 4C). EGFP-tagged full-
length RAPL and ¢oiled-coil domain-lacking mutant (8C1) lo-
¢calized on microtubules. Intriguingly, RA mutant alse localized
on microtubules, However, neither RA domain-lacking mutant
{dC2 and dC3) nor a mutant lacking the amino-terminal 100
amino acids (AN) localized on microtubules. The EGFP-tagped
RA domain alone was not expressed on the microtubules, These
data indicated that the association of RAPL with Rapl is not
required for the lecalization of RAPL on microtubules and that
the amino-terminal part of RAPL and the RA domain are
essential for its targeting to microtubules.
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Tic. 2. RAPL localizes to the microtubules in vascular endothelial cells. A, Rassf members are schematically illustrated. All Rassfs
contain a Ras/Rapl-asseciating domain (RA). Only Rassf1A contains the diacylglycerol-binding motif (DAG). Rassf3 and RAPL have coiled-coil
domain (CC) in the carboxy] terminus. The localization of each gene to human chromosome is indicated on the right. aa, amino acids. B, HEK293T
colls were transfected with EGFP-tagged plasmids as indieated at the fup. Cell lysates were subjected to SDS-PAGE followed by immunoblotting
with anti-GFD. —, untransfected. Molecular weight markers are indicated on the left. C, HARCs were transfected with the plasmids used in B and
imaged through an Olympus IX81 fluorescent microscope. Note that EGFP-tagged RassfiA and Rassf1C localize on the spiral fibers, whercas
EGFP-tagged Rassf3 and RAPL localize at fibrous structures emanating from the center of the cell to the periphery. The tubular structure observed
in HAECs expressing EGFP-RAPL is enlarged in the right bottom panel. Motile HAECs transfected with either EGFP-RassflA or EGFP-Rassf3
were video-imaged for phase contrast and EGFP, A series of phase-contrast images and EGFP images of each cell were converted to twe videos,
Supplemental Video 1 (phase contrast} and Supplemental Video 2 (EZGFP), Elapsed time in video is indicated as h: min. Noticeably, the spiral
structure surrounding the nucleus in the cell expressing Rassf1A does not move in the protrusive arca at all. In clear contrast, the array from the
center to the periphery of the cell expressing EGFP-Rassf3 moves toward the ruffled membrane, although both cells mave spontaneously, similar
to the untransfected cells. Bar, 20 pm. D, HAECs expressing EGFP-RAPL plated on a collagen-coated glass base dish were fixed with 4%
paraformaldehyde, permeabilized with 0.1% Triton X-100, and incubated with anti-g-tubulin (top) or anti-y-tubulin (hottom). Immunoreactive
proteins were visualized by Alexa46 goat anti-mouse IgG. Both EGFP ond Alexa546 images obtained through a BX50WI confocal microscope

controlled by Fluoview are shown as RAPL (green), tubulin (red), and superimposed (merge). Note that EGFP-RAPL localizes on microtubules from
the MTOC to the peripheral microtubules. Bar, 20 pm.

Rapl Locally Activated by S1P Triggers Directional Migration
Preceding Microtubule Extension--To understand the signifi-
cance of Rapl activation and RAPL localizing on microtubules,
we examined RAPL localization in HAECs expressing either
RaplV12 or raplGAPII. EGFP-RAPL dislocated from microtu-
bules in HAECs cxpressing RaplV12, whercas it localizes on
microtubules in HAECs expressing raplGAPII (Fig. 5A). These
results suggested that activated Rapl appears to determine the
localization of RAPL. Thus, we irvestigated the effect of local
activation of Rapl on localization of EGFP-RAPL. Since vascular
endothelial cells become motile upon S1P stimulation, S1P is
thought to function as a chemoattractant (23). S1P did activate
Rapl as demonstrated by pull-down assay (Fig. 5B). GTP-Rapl
was increased at 1 min after S1P stimulation, and its activation

persisted until 15 min after stimulation.

To examine the orientation of microtubule growth upon local
S1P stimulation, we applied S1P to HAECs using micropipette.
HAECs expressing EGFP-RAPL were monitored for cell move-
ment and microtubule growth by phase-contrast and EGFP
obscrvations, respectively. HAECs cultured on the collagen-
coated dish spontaneously moved around and exhibited prom-
inent mombrane ruffling, where the microtubules marked by
EGFP-RAPL grew forward as shown by the cenfer panels of
Fig. 5C. The same cell was stimulated by 1 um S1P released
from the micropipette tip (Fig. 5C, right panel}). The cell
changed the direction of movement and showed remarkable
membrane ruffles toward the pipette tip in response to S1P.
Notably, microtubules marked by EGFP-RAPL started to grow
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A

Fic.. 3. RAPL localizes on and binds
to microtubules, A, HAECs were immu-
nostained with anti-RAPL  antibody
(green). Microtubules were visualized
with immunostaining with anti-g-tubulin
{red). A merged image is shown in the
right panel {merge). Bar, 20 um. B, GST-
BAPL at the concentration as indicated at
the top was mixed with 5 ug of purified
tubulin {+) or without tubulin (=), After
centrifogation at 400,000 X g for 30 min
at 37 °C, supernatant (S) and pelict (P)
were subjected to SDS-PAGE {top panel)
followed by immunoblotting (ZB) with an-
ti-GST Gnidddle panel). Arrows, arrow-
heads, and a broken arrow indicate GST-
RAPL, tubulin, and bovine serum
albumin (BSA), respectively. Note that
GET-RAPL cosedimented with microtu-
bules is detected in the pellet, To examine
the specificity of the cosedimentation of
GST-RAPL with microtubules, bovine se-

ant-RAPL

anti

;' «—GST-RAPL
.= tubulin

i +—GST-RAPL
IB: anti-GST

rum albumin was used as a nepative con- tubutin ) )
trol in similar analyses to GST-RAPL BSA .
(bottom panel). (ug) 5 P

61— .

in the protrusive arca in the U-turned cell. The responses to
S1P were constantly observed when HAECs were exposed to
S1P from the tip of the mieropipette. A series of phasc-contrast
images and EGFP images were converted to a video {Supple-
mental Video 3). We further confirmed the requirement of
microtubule growth for directional migration by examining
whether endothelial cells cxtend membranes in response to
S1P in the presence or absence of nocodazole. Before the no-
codazole treatment, endothelial cells responded to S1P and
extended their membranes, whereas after nocedazole, the cells
did not extend their membranes (Supplemental Video 4). These
data indicated that microtubules grow toward the chemoatirac-
tant, which prormotes the directional cell movement.

To meonitor the spatio-tcrporal activation of Rapl in re-
sponse to S1P from a micropipette, HAECs expressing Raichu-
Rapl were subjected to time lapse FRET imaging. Raichu-Rapl
consists of YFP, Rapl, the Ras-binding domain of Raf, CFP,
and a CAAX box of Ki-Ras. This probe cnabled us to show Rapl
activation by the increased ratio of YFP/CFP, based upon
FRET from CFP to YFP (Fig. 56D). Raichu-Rapl-cxpressing
" HAECs exhibited remarkable membrane ruffles when stimu-
lated with 81P from a micropipette (Fig. 5E, third column, fop).
At this time point, the increased FRET reflecting Rapl activa-
tion was observed at the ruffled membrane (Fig, 5E, third
column, bottom). When S1P was released from the relocated
micropipette tip, the same cell responded to 81P and showed
membrane ruffles toward the micropipette, similar to the first
test. The similar Rapl activation demonstrated by increased
FRET was obscrved at the ruffled membrane (Fig. 5E, right
column). A video image for both phase-contrast view and that
for FRET images is shown as Supplemental Video 5. Rapl
activation at the ruffled membrane upon S1P stimulation was
confirmed by the observation that Rapl was not activated at
the ruffled membrane before the S1P stimulation (Supplemen-
tal Fig. 2A). In addition, FRET observed at the ruffled mem-

brane using Raichu-Rapl was not detected when Raichu-
RaplN17 was used, although S1P-induced membrane ruffling
was observed (Supplemental Fig. 2B and Video 6). By stimu-
lating cells with S1P-free media, we also excluded the possibil-
ity that fluid pressure or the proximity of the pipette tip to the
cell might cause FRET (Supplemental Video 7). These data
indicated that chemoattractant-induced local activation of
Rapl may become a trigger of directional migration accompa-
nied with extension of EGFP-RAPL-marked microtubules.
Rap! Activated during Wound Heuling Is Accompanied by
Microtubule Extension—To assess the consequence of the Rapl
activation and the association of activated Rapl with RAPL, we
examined the activation of RAPL and EGFP-RAPL-marked
microtubules during wound healing, Microtubules grow in the
protruding region of motile polarizing fibroblasts (28), It has
been unclear what determines the polarized growth of miere-
tubules. During wound healing, monolayer vascular endothe-
lial cells migrated to the wound unidirectionally (Fig. €A, top
panels, phase-contrast observations), Crk is an adaptor protein
linking signaling from integrins as well as receptor tyrosine
kinases to its Src homology 3 domain-binding proteins via Sre
homology 2 domain. It localizes at focal adhesions by constitut-
ing complexes with Src homology 2 domain-binding partners,
paxillin and pl130Cas (29, 30). To monitor the focal adhesion
assembly and growth of microtubules simultaneousty, endothe-
lial cells were transfected with the plasmids expressing DsRed-
Crkl and EGFP-RAPL. Before scratching, DsRed-Crkl was
punctually expressed in the focal adhesions at the cell periph-
cry and the ccll body (Fig. 64, bottom, left panel). When cclls
started to move toward the wound, the focal complexes and
focal adhesions marked by DsRed-CrklI developed profoundly
in the leading edge of the cells (24, 31); meanwhile, those in the
retracting region were disassembled (Fig. 6A, bottom, right
panel). During cell migration upon scratching, mierotubules
marked by EGFP-RAPL grew in the protrusive region and
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Coiled-coll

Fig. 4. The sequence besides the essential amino acids in RA
domain required for the association of RAPL with Rap] is nec-
essary for the localization of RAPL to microtubules. A, schematic
illustration of RAPL and its mutants. RAPL consists of an uncharac-
terized amino terminus, followed by a Ras/Rapl-associating domain
(RA domain) and coiled-coil domain, The amino acid {ea) number en-

developed toward the leading edge marked by DsRed-CrkI (Fig.
6A). A series of images for microtubules marked by EGFP-
RAPL and those for foca)l adhesions marked by DsRed-Crkl
were converted to a video file (Supplemental Video 8). We
further confirmed that endogenous RAPL localized on miero-
tubules in the protruding area of migrating cells during wound
healing (Fig. 6B).

Rapl is activated downstream of Crk via its Sre homology 3
domain-binding protein, C3G, which is a GEF for Rapl (32),
Thus, we examined whether Rapl was activated during ceil
migration using Raichu-Rapl. HAECs cultured as a monolayer
sheet were transfected with plasmids expressing Raichu-Rapl
and time lapse-imaged under the phase-contrast and FRET
view after scratching. Cells were moving into the wound as
revealed by phase-conirast observations (Fig. 7, left panels).
Cell expressing Raichu-Rapl as well as untransfected cells
moved toward the wound. Rapl was activated at the membrane
ruffles in the leading edge (Fig. 7, right panels), where Crk was
localized at focal complexes or growing focal adhesions (Fig. 6).
These results suggested that Crk-Rapl signaling upon focal
adhesion assembly may contribute to the directional migration.

Rapl-RAPL Signaling Is Required for Directional Movement
during Wound Healing—To test whether Rapl is required for
wound healing, we cxamined the effect of inactivation of Rapl
by overexpression of raplGAPII on the directional cell migra-
tion. Rap family consists of RaplA, RaplB, Rap2A, and RapZB
(1). These molecules sharc common GEFs and GAPs for their
activation and inactivation, respectively, To examine the effect
of the Rap family on wound healing, inactivation of Rap by
raplGAPIL, & common GAP for all of the Rap family members
(33), is preferable rather than knocking down these Rap mole-
cules using the small interfering RNA technique. In addition,
raplGAPII is suitable for the inactivation of Rapl, because itis
reported that Rap1N17 does not work as a dominant negative
form of Rapl (34). HUVECs cultured as a monolayer were
infected with adenovirus expressing either EGFP or
raplGAPII for 24 h. Infection cfficiency exceeded 80%, as eon-
firmed by fluorescence microscopy (Fig. 8C). There was no
difference in cell confluence between HUVECs expressing
raplGAPII and those expressing EGFP. The EGFP-cxpressing
cells separated by the wound moved toward the center line of
the wound, whereas raplGAPIl-expressing HUVECs did not.
The wound was almost closed by mobilized EGFP-expressing
HUVECSs 24 h after scratching, whereas it was not closed by
raplGAPII-expressing HUVECs (Fig. 84).

To test the requirement of Rapl-RAPL signaling for direc-
tional movement, we used the RA mutant of RAPL to interfere
with the association of RAPL with Rapl. HUVECs cxpressing
EGFP-RA mutant were compared with those expressing
EGFP-RAPL during wound healing. HUVECs infected with
EGFP-RAPL-expressing adenovirus closed the wound 24 h af-

coding cach domain is indicated at the {op. RA muient, the mutant
incapable of associating with Ras and Rapl. The sfars indicate the
geven amine acids required for the association of RAPL with Rapl that
are replaced with Ala. dC1 and dC2 lacks the coiled-coil domain and
both the RA domain and the coiled-coil domain, respectively. dC3 con-
sists of the amino-terminal 100 amino acids. dN lacks the amino-
terminal 100 amino acids, which have not been characterized. The
coiled-coil and the RA consist of the only coiled-coil domain and the RA
domain, respectively. The localization of RAPL and its mutants on
microtubules is summarized on the right. B, HEK293T cells were trans-
fected with the plasmids enceding amino-terminally EGFP-tagged
DNA, as indicated at the top. Cell lysates were subjected to SDS-PAGE,
followed by immunoblot probed with anti-GFP antibody. Molecular
weight markers are indicated at the left. C, HAECs transfected with the
plasmids used in B were imaged using an Olympus IX-81 fluorescent
microseope. Note that RA mutant and dC1 localize on microtubules as
well as full-length RAPL. Bar, 40 pm.
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Fie. 5. Rapl regnlates the localization of RAPL and precedes the extension of microtubules toward the leading edge of migrating
cells upon chemotactic S1P stimulation. A, HAECs were co-transfected with pCA-EGFP-RAPL and either pIRM21-RaplV12 (top} or
PIRM21-raplGADII (hottom). Note that EGFP-RATL is dissociated from microtubules in Rap1V12-expressing cells, whereas EGFP-RAPL is
associated with microtubules in rap1GAPIT-expressing cells, B, HAECs stimulatod with 1 pm S1P during the time period indicated at the fop were
Iysed and analyzed by Bos's pull-down method using the GST-Rapl binding domain of RalGDS. C, HAECs expressing EGFP-RADPL were time
lapse-imaged before (—19 mink and after (17 min) the point (03 when 1 M S1P was applicd from a micropipette. Note that at time péint 0, the ¢ell
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Fic. 6. Microtubules marked by
EGFP-RAPL grow toward the lead-
ing edge during wound healing. 4,
monolayer-caltured HAECs expressing
both EGFP-RAPL and DsRed-Crkl were
time lapse-imaged after scratching.
Phase-contrast {lop), EGFP (middle), and
DsRed (bottom) images were obtained
through Olympus IX81 fluoreseent micro-
scope at the time point after scratching as
indicated at the fop. The arroies in the
bollom panel indicate the nascent focal
complexes at the leading edge, whereas
the arrowheads indicate the focal adhe-
sions in the retracting region. Note that
microtubules marked by EGFP-RAPL
grow toward the leading edge marked by
DsRed-CrkI. Wound, scratched arca. Bar,
50 pm. A series of time lapse images of
phase-contrast, EGFP, and DsRed view
were converted to a video (Supplemental
Video 7). B, monolayer-cultured HAECs
were immunostained with anti-RAPL 4 h
after scratching. Phase contrast tleft) and
immungstaining with anti-RAPL (right)
followed by visualization with Alexad88-
conjugated  secondary antibody are
shown.

EGFP-RAPL phase contrast

DsRed-Crkl

ter scratching, whereas those infected with EGFP-RA mutant-
expressing adenovirus did not (Fig. 8B). To exclude the possi-
bility that RA mutant-expressing cells moved more slowly than
EGFP-expressing cells, we monitored randomly migrating cells
expressing either RA mutant or EGFP. There was no signifi-

downstream effectors of Rho family proteins are proposed to
function as microtubule-capturing molecules at the cell cortex.
Such candidate systems include Cded2-Par6-protein kinase Cf-
dynein and Rac/Cded2-1QGAP-CLIP170 (35, 38). Here we dem-
onstrate, for the first time, that Rapl-RAPL signaling contrib-

cant change of the migratory velocity between two groups (Sup-
plemental Fig. 2C). These data indicated that Rapl activation
and subsequent Rapl-RAPL association is required for direc-
tional movement of endothelial cells during wound healing,

utes to determining the divection of eell migration accompanicd
with microtubule growth upon chemoattractant stimulation
and during wound healing.

Given that RAPL was expressed in vascular endothelial cells
and associated with GTP-Rapl, it is important to ask where
and how RAPL is regulated by active Rapl in living cells. To
answer this question, we first examined the localization of
RAPL and found that RAPL localized on microtubules from
MTOC to the periphery. Previously, it has been reported that
RassflA localizes on microtubules in a variety of cells (22) and
participates in mitosis by inhibiting the binding of anaphase-
promoting complex to Cdc20{(39) or by stabilizing microtubules
for tumor suppression (22). Rassf members were originally
isolated as a tumor suppressor, Thus, Rassfs have been mainly

DISCUSSION

The directional migration is accompanied with microtubule
growth toward the leading edge of migrating cells. The micro-
tubule extension depends on the localization of microtubule-
capturing or -attracting molecules. Microtubules cooperatively
promote cell migration accompanied with cell polarization to-
gether with actin cytoskeleton (35, 36). Extracellular stimuli
activating Rho family proteins, Rho, Rac, and Cde42, via
plasma membrane receptors and ccll-ECM complexes deter-
mine the dirvection of microtubule growth (28). Therefore, the

moving toward the left top corner exhibited microtubules growing in the same direction as the cell movement. An enlerged image is shown in the
white box (bottom Ieft). Upon start of the S1D application, the cell turn to the micropipette tip {black arrows), began to move and exhibited a
protrusion toward the tip, in which the microtubules extended forward along the direction of mevement. An enfarged image is shown in the white
box (hottom right), The white errows indicate the moving direction. A series of phase-contrast images and EGFP images were converted inte a video
{Supplemental Video 3), Bar, 40 um. D, schematic illustration of Raichu-Rapl. FRET efficiency depends on the guanine nucleotide hinding.
GDP-bound Raichu-Rapl emits 475-nm fluorescence when excited at 433 nm, whereas GTP-bound Raichu-Rapl emits 527-nm fluorescence due to
FRET. Raf, Ras/Rapl binding domain of Raf. E, HAECs cxpressing Raichu-Rapl were imaged during exposure to S1P from the micropipette tip.
Phaso-contrast images and FRET images were obtained before and afier the 81P stimulation. The time points indicated at the fop show the first
location and stimulation with S1P (black), the relocation of the tip, and the stimulation with S1P (red). Note that increased FRET reflecting Rapl
activation was observed at the edge of protrusion toward the micropipette tip, Red and blue hue indicate the increased and decreased FRET,
respectively. The arrowheads indicate the activated Rapl shown by the increased FRET. A series of phase-contrast images and FRET images were
converted to a video (Supplemental Video 4). HAECs expressing Raichu-RapIN17 was FRET-imaged during exposure to S1P from the micropipette
tip similarly to Raichu-Rapl. Note that FRET does not accur at the ruffled membrane induced by S1P (Supplemental Video 5). Untransfected
HAECs do not exhibit membrane ruffles in vesponge to S1P-free medium (Supplemental Video 6).

AGK
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Fic. 7. Rapl is activated at the lead-
ing edge of the migrating cells.
HAECs cultured as a monolayer sheet
transfeeted with pRaichu-Rapl were
scratched (scralch) and time lapse-im-
aped for phase-contrast and FRET obser-
vations. The elapsed time after seratehing
is indicated on the left. The red hue and
blue hue in the FRET images indicate an
increase (high) and a decrease (low) in the
ratio of YI'P to CIP, reflecting Rapl acti-
vation and inactivation, respectively. The
arrowheads indicate the activation of
Rapl at the leading edge of the cells mi-
groting into the wound. The regions
pointed out by the arrows are cnlarged
and shown in the right corner in the same
panel. Wound, scratched arca,

focused on as regulators of tumor suppression. We noticed that
microtubules found in HAECs transfected with pEGFP-
RassflA and -1C were different from those found in HAECs
transfected with pCA-EGEFP-RAPL. Rassfl appeared to deform
and thicken microtubules, whereas RAPL seemed tolocalize on
cndogenous microtubules, Recently, Rassf1A and -1C are re-
ported to suppress tumors by stabilizing microtubules and
maintaining genomic stability (40). The circular fibers found in
the EGFP-Rassfl-expressing cells appear to reflect the stabi-
lized microtubules. Furthermore, although RassflA-trans-
fected cells exhibited the membrane ruffling, microtubules
marked by EGFP-Rassf1A did not grow or shrink at all (Fig, 2
and Supplemental Videos 1 and 2, left). In clear contrast,
EGFP-tagged RAPL and endogenous RAPL localizes on micro-
tubules (Figs. 2D and 3 and Supplemental Videos 1 and 3,
right). RAPL dislocated from microtubules when cells were
transfected with RaplV12-cxpressing plasmids (Fig. 54). In
addition, inactivation of Rapl and disconnection between Rapl
and RAPL perturbed the directional migration (Fig. 8). These
results imply that Rap1-RAPL signal may participate in regu-
lation of microtubule growth. Further study is required to
decipher the mechanism by which Rap1l-RAPL-mediated signal
regulates microtubule growth and/or stabilization.
Microtubules marked by EGFP-RAPL grew toward the lead-
ing edge, where DsRed-Crkl assembled as focal adhesions dur-
ing wound healing. C3G is an Sre homology 3 domain-binding
protein of Crk and is required for stabilizing focal adhesions (7,
41). Thus, Rapl, a substrate of C3G, was likely to be activated
at the assembly of focal adhesions. We used a FRET-based
probe for visualizing Rapl activation during wound healing. As
expected, Rapl was activated at the ruffled membrane where
focal complexes were about to be assembled (Fig. 7). Thus,
Rapl activation at the leading edge preceded the directional
migration. Racl activated downstream of CrkI via DOCK180
may tether microtubules through Racl-binding protein, 1Q-
GAP1, and microtubule tip protein, CLIP-170 (42).
Microtubules have been suggested to target to focal adhesion,
subsequently being captured and stabilized at focal adhesions

(14, 15). We have not revealed the complex of Rapl-RAPL-
microtubule at focal adhesions; however, Rapl stabilizes focal
adhesions, theveby indirectly contributing to the extension of
microtubules. We have previously shown that Rapl tightens the
adhesion of cell ECM complex (7) and that Rapl is involved in
maturation of focal complex to focal adhesions (24). RAPL was
dislocated from the microtubules when constitutive active Rapl
was expressed (Fig. 5A). Katagiri ef al. (16) reported that RAPL
stabilizes the integrin-mediated cell attachment in lymphocytes
stimulated with SDF-1. Accerdingly, Rapl activated at the focal
adhesion may associate with RAPL, thereby stabilizing integrin-
mediated focal adhesion to which microtubules target.

S1P triggers membrane ruffling, a hallmark of cell migration
(26). We demonstrated that Rapl was activated at S1P-induced
membrane ruffling (Fig. §). Membrane ruffling is the reorga-
nization of actin by activated Rac. Rac activation downstream
of Rapl was previously reported in the Rapl-dependent seere-
tory pathway (43). Rapl promotes membrane extension by
activating Rac via Vav2 and Tiaml (44). Very recently, RIAM
has been found to bind GTP-bound Rapl and enhance integrin-
mediated ccll adhesion by regulating actin eytoskeleton (45).
Thus, Rapl appears to extend membranes by not only stabiliz-
ing integrin-mediated cell adhesion but activating Rac. Nota-
bly, microtubules marked by EGFP-RAPL grew toward locally
activated Rapl by S1P in the ruffled membrane. Although it is
uncertain whether Rac activation is required for Rapl-RAPL-
mediated signaling, Rac activation by S1P in parallel with or
downstream of Rapl may contribute to microtubule extension
where RAPL localizes.

FRET-bascd probes, which can be introduced into living cells,
have enabled us to monitor the spatial and temporal activation of
signaling molecules: the activation of Ras superfamily members
upon EGF-stimulation (4), the involvement of Crk in SiP-
triggered signaling (26), and Rac activation during cell migration
(37). We have previously shown that the phosphorylation of Crk
was prominent at the S1P-induced membrane rufling in vaseu-
lar endothelial cells (26), Therefore, Rapl activation by 81P in
the present data is consistent with our previous data in that
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Fic. 8. Rapl activation and subsequent Rapl-RAPL associa-
tion are required for wound healing. A, HUVECs were either
infected for 24 h with adenovirus expressing EGFP (Ad-EGFP) or
adenovirus expressing raplGAPII (Ad-raplGAPLI). 24 h after infection,
the monolayer HUVECs were wounded by scratching. The wound heal-
ing was monitored at the time point as indicated on the left. Note that
the cells expressing EGFI” used as a control healed the wound, whereas
the cells expressing rapl1GAPII could not, HAECs infected with GFP-
expressing adenovirus for 24 h were imaged. B, similarly to A, HUVECs
were infected with either an adenovirus expressing EGFP-RAPL (Ad-
EGFP-RAPL) or that expressing the EGFP-RA mutant of RAPL (Ad-
EGFP-RA mutant). 24 h after scratching, cclls were imaged. Note that
the RAPL-cxpressing cells closed the wound, whereas those expressing
RA mutant did not. C, the efficiency of infection was confirmed by the
expression of EGFP in HUVECs infected with an adenovirus-expreas-
ing EGFP. .

Crk-Rapl signaling is triggered by 81P. During wound healing,
Crk accumulated at focal adhesions and focal complexes near the
leading edge. Although we could show Rapl activation at the
leading edge, it will be nccessary to monitor the precise local
activation of Rapl at fucal adhesions.

In conelusion, we have demonstrated that locally activated
Rapl regulates the directional cell migration accompanied by
microtubule extension, presumably by dissociating RAPL
from mierotubules.
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Cyclic AMP Potentiates Vascular Endothelial Cadherin-Mediated

Cell-Cell Contact To Enhance Endothelial Barrier Function
through an Epac-Rapl Signaling Pathway
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Cyclic AMP (cAMP) is a well-known intracellular signaling molecule improving barrier function in vascular
endothelial cells. Here, we delineate a novel cAMP-triggered signal that regulates the barrier function. We
found that ¢eAMP-elevating reagents, prostacyclin and forskolin, decreased cell permeability and enhanced
vascular endothelial (VE) cadherin-dependent cell adhesion. Although the decreased permeability and the
increased VE-cadherin-mediated adhesion by prostacyclin and forskelin were insensitive to a specific inhibitor
for cAMP-dependent protein kinase, these effects were mimicked by 8-(d-chlorophenylthio)-2'-O-methylad-
enosine-3', 5'-cyclic monophosphate, a specific activator for Epac, which is a novel cAMP-dependent guanine
nucleotide exchange factor for Rapl. Thus, we investigated the effect of Rapl on permeability and the
VE-cadherin-mediated cell adhesion by expressing either constitutive active Rapl or Rap1GAPIL Activation of
Rapl resulted in a decrease in permeability and enhancement of VE-cadherin-dependent cell adhesion,
whereas inactivation of Rapl had the counter effect. Furthermore, prostacyclin and forskolin induced cortical
actin rearrangement in a Rapl-dependent manner. In conclusion, cAMP-Epac-Rapl signaling promotes

decreased cell permeability by enhancing VE-cadherin-mediated adhesion lined by the rearranged cortical

actin,

Endothelial cells lining blood vessels regulate endothelial
barrier function, which restricts the passage of plasma proteins
and circulating cells across the endothelial cells. Endothelial
barrier dysfunction results in an increase in vascular perme-
ability, thereby causing edema or inflammatory or metastatic
cell infiltration. Inflammatory mediators such as thrombin and
histamine induce intercellular gap formation, leading to an
increase in endothelial permeability (1, 4). In contrast, angio-
poietin 1 and sphingosine-1-phosphate (S1P) stabilize endo-
thelial barrier integrity (17, 18). In addition, cyclic AMP
(cAMP), a second messenger downstream of Gs-coupled re-
ceptor, improves endothelial cell barrier function (32, 39, 43).
Consistently, cAMP-elevating G protein-coupled receptor
(GPCR) agonists, adrenomedutlin (AM), prostacyclin (PGI2),
prostaglandin E2 (PGE2), and B-adrenergic agonists reduce
endothelial hyperpermeability induced by inflammatory stim-
uli (15, 19, 25).

The endothelial cell barrier is structurally organized by ad-
herens junctions {AJ) and tight junctions. Vascular endothelial
(VE) cells express both VE-cadherin (alse known as cad-
herin-5 and CD144) and neural (N)-cadherin (9, 33). VE-
cadherin constitutes AJ, whereas N-cadherin formed the cell-
cell contacts between endothelial cells and endothelial celi-
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supporting pericytes. VE-cadherin mediates calcium-dependent,
homophilic intercellular adhesion. Its short cytoplasmic tail
binds to three armadillo family proteins, B-, y-, and p120-
catenins. B- and vy-catenins associated with a-catenin link the
VE-cadherin complex to the actin cytoskeleton and, therefore,
strengthen the AJ adhesiveness (9).

Endothelial AY are dynamic structures, and their adhesive
property is finely regulated by several different mechanisms.
Tyrosine phosphorylation of VE-cadherin, B-catenin, and
p120-catenin correlates with weakened endothelial cell-cell ad-
hesion. VE growth factors and inflammatory mediators such as
histamine and thrombin induce tyrosine phosphorylation of AJ
components, resulting in the weakened cell-cell contacts and
increased endothelial cell permeability (1, 14, 40). In clear
contrast, angiopoietin 1, which stabilizes cell-cell contacts, in-
duces dephosphorylation of endothelial cell adhesion mole-
cules, VE-cadherin, and platelet endothelial cell adhesion mol-
ecule 1 (17). It has been also reported that SIP induces AJ
formation and enhances barrier function through a Rac-de-
pendent cortical actin rearrangement (18). cAMP-dependent
protein kinase A (PKA) is suggested to be crucial for cAMP-
triggered stabilization of cell-cell contacts and for barrier in-
tegrity of endothelial cells (43). However, it has not been clear
whether PKA-independent signaling is involved in the regula-
tion of endothelial barrier function.

Rapl, belonging to Ras family GTPase, is involved in the
formation and stabilization of AY in Drosophila melanogaster
(23). Rapl becomes the GTP-bound active form by guanine
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nucleotide exchange factor (GEF) and the GDP-bound inac-
tive form by GTPase-activating proteins (GAP), respectively.
GEFs for Rapl include C3G, CalDAG-GEFs, Epacs, and
DOCK4 (reviewed in reference 6). DOCK4, which is disrupted
in various types of human cancers, regulates the formation of
A (41). Very recent reports also revealed that Rapl activity is
required for the formation of E-cadherin-based cell-cell con-
tacts (20, 36). These findings prompted us to investigate how
Rapl is activated to stabilize cell-cell contacts and to examine
the physiological consequence of stabilized cell-cell contacts by
Rapl.

In the present study, we investigated the mechanism by
which cAMP-elevating GPCR agonists potentiate endothelial
barrier function and restrict cell permeability. We found that
increased cAMP triggers Epac-Rap] signaling to reduce per-
meability independently of PKA by augmentation of VE-cad-
herin-mediated cell-cell adhesion.

MATERIALS AND METHODS

Reagents and antibodies. Human recombinant AM was kindly provided by
Shionogi & Co. Ltd (31). Materials were purchased as follows: isoproterencl
(Iso), PGE2, PGI2, thrombin, forskolin (FSK), and 3-isobutyl-1-methytxanthine
(IBMX) from Wako Pure Chemical Industries; dibutyryl-cAMP (dbcAMP) from
Sigma-Aldrich; H89 from Seikagaku Corporation; 8-(4-chlorophenylthio)-2'-0-
methyladenosine-3°,5'-cyclic monophosphate (3-CPT-2'-0-Me-cAMP) from
Tocris; fluorescein isothiocyanate (FITC)-labeted dextran (molecular weight,
42,000) and purified human immunoglobulin G (IgG) Fe protein from ICN
Biologicals; vascular endothelial growth factor (VEGF) from R & D Systems.
Anti-RaplGAPII antibody was developed by immunization of glutathione -
transferase (GST)-tagged RaplGAPII (amino acids 411 to 694 of Rapl GAPII).
Other antibodies used here were purchased as follows: anti-VE-cadherin from
Chemicon International and Transduction Laboratories; anti-B-catenin from
Transduction Laboratories; anti-CREB and anti-phospho-CREB (Ser133) from
Cell Signaling Technology; anti-Rapl from Santa Cruz Biotechnology; anti-
cortactin from Upstate Biotechnology, Inc; rhodamine-phalloidin and Alexa
488-labeled goat anti-mouse IgG from Molecular Probes; horseradish peroxi-
dase-coupled goat anti-mouse and goat anti-rabbit IgG from Amersham Bio-
sciences.

Cell culture and transfection. Human umbilical vein endothelial cells
(HUVECs) and human arterial endothelial cells (HAECs) were purchased from
Kurabo (Kurashiki, Japan). The cells were maintained in HuMedia-EG2 with a
growth additive sef as described previously {12) and used for experiments before
passages 7 and 10, respectively, HEK293, 293T, and HeLa cells were maintained
in Dulbecco’s modified Eagle’s medium (DMEM; Nissut, Tokyo, Japan) supple-
mented with 10% fetal bovine serum and antibiotics (100 pg of streptomycin/ml
and 100 U of penicillin/ml). HUVECs and 293T cells were transfected by using
Lipofectamine Plus reagent (Invitrogen) and by the calcium-phosphate precipi-
tation technique, respectively.

Plasmids and adenovirus. pcDNA-VE-cad-Ect-Fe-His is a medified vector of
pcDNA31-Fe-PECAM-1 (a kind gift from W. A. Muller, Cornell University) for
producing the secreted form of the extracellular domain of VE-cadherin fused
with Fc followed by a six-His tag. A DNA fragment encoding human Epac
lacking the cAMP binding domain (amino acids 324 to 881) was amplified by
PCR with pMT25M-HA-Epac (a kind gift from I. L. Bos, Utrecht University,
Utrecht, The Netherlands) as a template and ligated into the pCXN2 vector (12).
pCXN2-FLAG-RaplV12-IRES-EGFP expressed both FLAG-tagged Rap1VI12
and internal ribosomal entry site (IRES)-driven enhanced green fluorescent
protein (EGFP), and pCXN2-Rapl GAPII-IRES-EGFP expressed both FLAG-
tagged Rap1GAP]Y and IRES-driven EGFP. pGL3 control vector was purchased
from Promega Corp. Recombinant adenoviruses encoding RaplGAPII {Ad-
RapGAP) and LacZ (Ad-LacZ) were obtained from S, Hattori (The Institute of
Medical Science, University of Tokyo) and M. Matsuda (Research Institute for
Microbial Disease, Osaka University, Osaka, Japan), respectively, Adenoviruses
cxpressing FLAG-tagged Rap1V12 and IRES-driven EGFP (Ad-Flag-RaplV12-
IRES-EGFF) were produced by using the Adeno-X system according to the
manufacturer’s protocol (Clontech), Endothelial cells were infected with adeno-
viruses at the appropriate multiplicities of infection (MQT) as described in the
figure legends.
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Permeability assay. Permeability across the endothelial cetl monclayer was
measured by using type I collagen-coated transwell units {6.5-mm diameter,
3.0-pm-pore-size polycarbonate filter; Corning Costar Corporation). HUVECs
plated at 10° cells in each well were cultured for 3 to 4 days before experiments.
After serum starvation in medium 199 containing 1% bovine serum albumin
(BSA) for 1 b, the cells were treated with the agonists or drugs, as indicated in
the figure legends, for 30 min. Permeability was measured by adding 1 mg of
FITC-labeled dextran {molecular weight, 42,000)/ml together with or without 2
U of thrombin/ml to the upper chamber. After incubation for 30 min, 5¢ ! of
sample from the lower compartment was diluted with 300 p! of phosphate-
buffered saline (PBS} and measured for fluorescence at 520 nm when excited at
492 nm with a spectrophotometer F-4500 (Hitachi). HUVECs infected with
adenovirus for 24 h after becoming confluent and kept for another 24 h in
replaced medium were subjected to a cell permeability assay,

Immunocytockemistry. Monolayer<ultured HUVECs grown on a 35-mm-
diameter glass base dish (Asahi Techno Glass) were starved in medium 199
containing 0.5% BSA for 3 h and subsequently incubated with the stimulants
indicated in the figure legends for 30 min. After stimulation, the cells were fixed
in PBS containing 2% formaldehyde for 30 min at 4°C, washed with PBS, and
permeabilized with 0.05% Triton X-100 for 30 min at 4°C. Ce!ls were blocked
with PBS containing 4% BSA for 1 h at room temperature (RT) and stained with
rhodamine-phalloidin for 20 min, anti-VE-cadherin for §0 min, and anticortactin
for 60 min at RT. Protein reacting with antibody was visualized with Alexa
488-1abeled goat anti-mouse 1gG. Images were recorded with a confocal micro-
scope (BXS0WI, Fluoview; Olympus) with a water immersion objective lens
(LUMPIlanF1 100X1.00W).

VE-cadherin translocation assay and Western blot analysis. HUVECs plated
in six-well plates were serum starved in medium 199 containing 1% BSA over-
night. The cells were stimulated with PGI2 and FSK for the indicated time and
fractionated with cytoskeleton-stabilizing buffer (10 mM HEPES [pH 7.4], 250
mM sucrose, 150 mM KCl, 1 mM EGTA, 3 mM MgCl,, 1X protease inhibitor
cockiail [Roche Diagnostics], 1 mM Na;VO,, 0.5% Triton X-100) by centrifu-
gation at 15,000 X g for 15 min. The Triton X-100-inscluble fraction was sub-
jected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) followed by transfer to Immobilon-P (Amersham Biosciences) and
immunoblotting with the indicated antibodies, Immunocomplexes were visual-
ized by enhanced chemiluminescence detection (Amersham Biosciences) with
species-matched peroxidase-conjugated secondary antibodies.

Furification of recombinant VE-cadherin ectodomain-Fc chimeric protein.
293T cells transfected with pcDNA-VE-cad-Ect-Fe-His were cultured in DMEM
supplemented with 10% fetal calf serum for 24 h and subsequently kept in
replaced medium (DMEM-F21 containing 1% fetal calf serum) for 7 days.
VE-cadherin-Fe (VEC-Fc) protein secreted into the medium was collected every
2 days and centrifuged to remove floating cells and debris. VEC-Fc was collected
on ProBond resin (Invitrogen) by gentle agitation overnight at 4°C. VEC-Fc
protein bound to the beads was eluted with 500 mM imidazole, concentrated with
Amicon Centriplos 30 (Millipore), and buffer exchanged into PBS containing 2
mM CaCl, and 2 mM Mg(l; (PBS-Ca/Mg) by dialysis.

Cell adhesion assay. Twenty-four-well tissue culture plates were coated with
10 pg of VEC-Fc or Fe protein/ml in PBS-Ca/Mg at 4°C avernight. After washing
with PBS-Ca/Mg, the plates were blocked with 1% heat-inactivated BSA in PBS
(heat inactivated at 85°C for 12 min) for 1 h at RT. To examine cell aghesion to
the VEC-Fe- or Fe-coated dish, cells were suspended in 0.5% BSA-containing
medium 199 and incubated for 30 min at 37°C. Cells (1.5 X 10°) were plated on
each VEC-Fc- or Fe-coated well in the presence or absence of agonists, drugs,
and 5 mM EGTA and adhered to the dish at 37°C for the indicated time. To
analyze cell adhesion to a collagen-covered surface, cells were plated onto a
collagen-coated six-well plate (Iwaki) and adhered to the dish in the presence or
absence of 5 mM EGTA. After washing with PBS-Ca/Mg four times to remove
nonadherent cells, adherent cells and input cells were quantified by measuring
endogenous alkaline phosphatase activity as described elsewhere (35). Briefly,
the cells were lysed in a buffer containing 100 mM Tris-citrate (pH 6.5) and
0.25% Triton X-100, and alkaline phosphate activity in the lysate was measured
by using the AttoPhos AP fluorescent substrate system (Promega Corp.). To
examine the effects of RaplV12, EpacAcAMP, and RaplGAPII, HUVECs
were transfected with plasmids encoding either RaplV12, EpacAcAMP, or
Rap1GAPII together with the luciferase reporter construct (pGL3 control vec-
tor). The adhesion of cells expressing RapIV12, EpacAcAMP, or RaplGAPII to
the VEC-Fe-coated dish was normalized by measuring the luciferase activity of
the cells and input cells {16).

Detection of GTP-bound form of Rapl. Rap1 activity was assessed by a mod-
ified Bos's method as described previously (34). Briefly, HUVECs starved in
medium 199 containing 1% BSA overnight were stimulated with the indicated
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FIG. 1. cAMP enhances barrier function of monolayer VE cells.
{A) Vascular permeability, reflecting barrier function, was analyzed by
measuring the fluorescence of FITC-labeled dextran across the mono-
layer-cultured HUVECs as described in Materials and Methods.
HUVECs grown on transwell filters were incubated with control
(Cont), 0.1 uM AM, 200 uM Iso, 200-ng/ml PGE2, 10-pg/ml PGI2, 1
mM IBMX, 1 mM dbcAMP, and 10 pM FSK for 30 min. Average
permeability + standard deviation is expressed as a percentage com-
pared to the control. (B) The effects of PGI2 and ESK on vascular
permeability were quantified in the presence (+) or absence (=) (Ve-
hicle) of 2 U of thrombin (Thr)/ml. Average permeability + standard
deviation is expressed as the increase relative to that observed in
unstimulated HUVECGs in the vehicle. Data shown are the results from
at least three independent experiments. Significant differences from
the control (A) or between two groups (B) determined by Student's ¢
test are indicated by a single asterisk (P < 0.05) or double asterisks
(P < 0.01),

agonists and drugs and lysed at 4°C in 2 pull-down lysis buffer (20 emM Tris-HCI
{pH 7.5), 100 mM NaCl, 10 mM MgCls, 1% Triton X-100, t mM EGTA, 1 mM
dithiothreitol, 1 mM Na,VQ,, 1% protease inhibitor cocktail). GTP-bound Rap!
was collected on the GST-Rapl binding domain of RalGDS precoupled to
glutathione-Sepharose beads and subjected to SDS-PAGE followed by immu-
noblotting with anti-Rapl. )

In vivo permeability assay. In vivo permeability was quantified by a modified
Miles assay as described previously (29). In brief, ICR mice (Japan SLC, inc.)
shaved 3 days before experiments were lightly anesthetized and intravenously
injected with 150 p! of 1% Evans blue dye solution (in saline) passed through a
0.22-pm-pore-size filter. Fifteen minutes later, 20 wl of PBS, VEGF (50 pg/ml),
and/or 8-CPT-2"-O-Me-cAMP {1 mM) were applied by intradermal injections
with a 30-gauge needle. The sites of intradermal injection were photographed 60
min after the injection, carefully dissected, and weighed. To quantify the vascular
permeability, extravasated blue dye was eluted from the dissected skin with
formamide at 56°C, and optical density was measured by spectrophotometry at
620 nm.

RESULTS

¢AMP enhances the barrier property of monolayer-cultured
endothelial cell. To evaluate the barrier function, we examined
the permeability of FITC-labeled dextran across monolayer
HUVECGs. Expectedly, AM, Iso, PGE2, and PGI2 reduced
basal endothelial permeability in HUVECs (Fig. 1A). PGI2
also reduced thrombin-induced vascular permeability (Fig,
1B). Other cAMP-elevating bio-ligands similarly reduced
thrombin-induced permeability (data not shown). The bio-li-
gands for cAMP-elevating GPCR that we used in this study
indeed increased ¢cAMP in HUVECs (data not shown).
Furthermore, IBMX (an inhibitor for phosphodiesterase),
dbcAMP (a membrane-permeable cAMP analogue), and FSK
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FIG. 2. cAMP induces AJ formation. (A) HUVECs cultured on a
glass base dish were stimulated with 10 ug of PGI2/ml (upper panels)
or with 10 WM FSK (lower panels) for 20 min and shown as phase-
contrast images. Left and tight panels show the cells before and after
stimulation, respectively, The arrows indicate the sites of cell-cell con-
tacts induced by PGI2 and FSK. The area boxed by the white broken
line is enlarged in the right top of the panels. Bars, 50 um. (B) Sub-
confluent HUVECs stimulated with vehicle {Cont), 10-ug/mi PGI2,
and 10 wM FSK for 45 min were fixed, stained with anti-VE-cadherin
antihody, and visualized with Alexa 488-conjugated secondary anti-
bedy through a confocal microscope (BX50WI; Olympus). Note that

-cadherin {green) was accumulated at the cell-cell contact upon
PGI2 and FSK stimulation, Bars, 50 pm. {C) Translocation of VE-
cadherin was assessed by Triton X-100 solubility, HUVECs were stim-
ulated with vehicle (top), 10-pg/ml PGI2 {middle), and 10 pM FSK
{bottor) for the time indicated at the top and fractionated with cy-
toskeleton-stabilizing buffer as described in Materials and Methods.
The Triton X-100-insoluble fraction was subjected to SDS-PAGE fol-
lowed by Western blot analysis (WB) with anti-VE-cadherin,

(an adenyly! cyclase activator) resulted in 2 reduction of both
basal and thrombin-induced endothelial permeability (Fig. 1;
data not shown).

cAMP potentiates formation of AJ. Endothelial barrier func-
tion is largely dependent upon endothelial cell junctions. To
investigate how cAMP affects AJ formation, we examined AJ
organization by immunostaining with anti-VE-cadherin before
and after stimulation. When subconfluent HUVECs with in-
tercellular gaps were stimulated with PGI2 or FSK, the cells
extended the plasma membrane and established cell-cell con-
tacts with neighboring cells (Fig. 2A). Similar results were
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obtained with AM and PGE2 (data not shown). Stimulation of
HUVECs with PGI2 and FSK dramatically enhanced accumu-
lation of VE-cadherin at cell-cell contacts (Fig. ZB).

‘The maturation of AJ requires homophilic binding of inter-
cellular VE-cadherins and tight anchoring to the actin cy-
toskeleton via the eytoplasmic region through catenins. VE-
cacherin anchored to the actin cytoskeleton is detected in
detergent-insoluble fractions of cell lysates (26). We found an
increase in VE-cadherin in the Triton X-100-insoluble fraction
after stimulation with PGI2 or FSK (Fig. 2C). These results
suggest that cAMP-elevating GPCR agonists potentiate AT
formation, which results in a cAMP-induced decrease in per-
meability.

¢AMP promotes VE-cadherin-dependent endothelial cell
adhesion. VE-cadherin is required for AJ formation (9). To
test the involvement of a homophilic interaction of VE-cad-
herin in cAMP-enhanced AJ formation, we directly examined
VE-cadherin-mediated cell adhesion, To mimic the VE-cad-
herin-dependent cell adhesion, we used VEC-Fe chimeric pro-
tein, which consisted of the extracellular domain of VE-cad-
herin fused to the Fc portion of immunoglobulin. HUVECs
were plated onto VEC-Fe-coated dishes and time-lapse im-
aged. Cells attached within 5 min to the VEC-Fe-coated dish,
subsequently spread, and exhibited a typical fried-egg mor-
phology characterized by a large circular lamellipodium (Fig.
3A). No cells attached to the Fe-coated dish (Fig. 3B and C).
Since cadherin-dependent cell adhesion requires Ca®*, we ex-
amined the effect of Ca®** chelation on cell adhesion to VEC-
Fe-coated dishes, Cell adhesion to VEC-Fc-coated dishes was
completely abolished by chelating extracellular Ca?*, although
cell attachment to the collagen-coated dish was unaffected
(Fig. 3C and D). Basal and FSK-augmented cell adhesion to
VEC-Fc-coated dishes was inhibited by EGTA (Fig. 3C). Both
HUVECs and HAEC:s expressing VE-cadherin adhered to the
VEC-Fc-coated dish (Fig. 3E). In clear contrast, HeLa and
HEK293 cells, which express N-cadherin, but not VE-cadherin
(20, 42}, did not adhere to the VEC-Fc-coated dish, although
these cells could attach to the collagen-coated dish (Fig. 3E;
data not shown). Collectively, these results indicate that endo-
thelial cell achesion to the VEC-Fe-coated dish depends upon
the homophilic ligation of VE-cadherin.

We proceeded to investigate the effect of cAMP-elevating
GPCR agonists on VE-cadherin-mediated cell adhesion. The
adhesion of HUVECs plated in the presence of PGI2 or FSK
was evaluated by the alkaline phosphatase activity of remaining
cells after washing., PGI2 enhanced adhesion of HUVECs to
the VEC-Fc-coated dish in a concentration-dependent manner
(Fig. 4A) and in a time-dependent manner (Fig. 4B). In a time
course analysis, we noticed that enhanced adhesion was ob-
served 7 min after the plating (Fig. 4B). Other cAMP-¢levating
GPCR agonists, including AM, Iso, and PGE2, potentiated
VE-cadherin-dependent cell adhesion (Fig. 4C). In addition,
similarly enhanced cell adhesion to the VEC-Fe-coated dish
was also observed in the cells treated with cAMP-elevating
drugs such as IBMX, dbcAMP, and FSK (Fig. 4F). Like PGIZ,
the effect of FSK on cell adhesion to the VEC-Fe-coated dish
was concentration dependent and time dependent (Fig. 4D
and E). This cAMP-induced cell adhesion to the VEC-Fe-
coated dish depends on the enhanced homophilic ligation of
VE-cadherin because FSK did not augment endothelial adhe-
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FIG. 3. Endothelial cells adhere to a VEC-Fe-coated dish through
homophilic ligation of VE-cadherin. (A) HUVECs were plated onto
the VEC-Fe-coated dish and time-lapse imaged at the time points (in
minutes) indicated on the panels. Bar, 20 pyM. (B) HUVECs were
plated on the Fe-coated dish (top panel) or the VEC-Fc-coated dish
(bottom penel) for 1 h and phase-contrast imaged after removal of
nonadherent cells by washing with PBS-Ca/Mg. (C) HUVECS were
plated onto either an Fe- or VEC-Fe-coated dish in the absence (=) or
presence (+) of 5 mM EGTA and 10 pM FSK for 7 min. Cell adhesion
was quantified as described in Materials and Methods. (D) Adhesion
of HUVECs to a collagen-coated dish i the presence or absence of 5
mM EGTA was analyzed by a method similar to that described for
panel C. (E) Adhesion of HUVECs, HAECs, and HeLa and HEK293
cells to the VEC-Fe-coated dish was examined as described in the
legend for panel C. Cells adhering to the dishes of total input cells
{percentage) is expressed as the mean * standard deviation by mea-
suring alkaline phosphatase activity of adherent cells divided by that of
total input cells. Representative results from three independent exper-
iments were shown in all panels. .
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FIG. 4. cAMP potentiates VE-cadherin-dependent ccll adhesion.
(A) HUVECs were plated onto a VEC-Fc-coated dish in the presence
of PGI2 at the concentrations indicated at the bottom for 7 min, Cell
adhesion was quantified as described in Materials and Methods. Mean
adhesion activity * standard deviation is expressed as the increase
compared with that observed in unstimulated cells. (B) HUVECs were
plated onto the VEC-Fe-coated dish in the absence (circle) or pres-
ence (square) of 10-pg/m! PGI2 for the time indicated at the bottom.
The percent adhesion was calculated by measuring the alkaline phos-
phatase activity of adherent cells divided by that of total input cells.
(C) HUVECs stimulated with cAMP-elevating lipands similar to that
described in the legend to panel A were assessed for adhesion activity.
The concentration of stimulants was the same as described in the
legend to Fig. 1A. (D) The effect of FSK on cell adhesion was analyzed
by a method similar to that described for panel A, except that cells
were preincubated for 10 min before plating. (E) The effect of 10 pM
FSK on time-dependent adhesion was analyzed as described in the
legend to panel B, except that cells were preincubated for 10 min
before plating. (F) HUVECs stimulated with the reagent indicated at
the same concentration used as described in the legend to Fig, [ A were
analyzed for cell adhesion by a method similar to that described for
panel D. Data are expressed as means * standard deviations of the
results from three independent experiments in panels A, C, D, and F.
Representative results from three independent experiments were
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sion to the Fe-coated dish or attachment to the VEC-Fc-coated
dish in the absence of extracellular Ca** (Fig. 3C). These
results indicate that cAMP potentiates VE-cadherin-depen-
dent cell adhesion.

cAMP augments endothelial barrier function in a PKA-
independent manner. PKA is suggested to be involved in
cAMP-enhanced endothelial barrier function (43). Thus, we
investigated the involvement of PKA in the regulation of en-
dothelial barrier integrity by PGI2 and FSK. Unexpectedly,
PGI2- and FSK-induced reduction of endothelial permeability
was insensitive to a specific PKA inhibitor, H89 (7) (Fig. 5A
and B). The reduction of thrombin-increased permeability by
FSK was also unaffected by H89 (Fig. 5C). Consistently, H8%
did not affect VE-cadherin-mediated cell adhesion enhance-
ment by PGI2 and FSK (Fig. SD and E}. To confirm that H89
worked in HUVECs, we examined FSK-induced phosphoryla-
tion of CREB, a direct PKA substrate (38). Phosphorylation of
CREB upon FSK stimulation was significantly inhibited by
HS9, indicating the effectiveness of this inhibitor in HUVECs
(Fig. 5F). Therefore, these results apparently suggest a novel
PKA-independent signaling pathway involved in ¢AMP-in-
duced endothelial barrier function.

¢AMP induces Rapl activation, Besides PKA, Epac (cAMP-
GEF) was identified as a novel cAMP target and a Rapl-
specific GEF (5, 21). We therefore hypothesized that cAMP-
activated Epac-Rap] signaling is involved in the enhancement
of VE-cadherin-dependent cell adhesion and endothelial bar-
rier function. To address this possibility, we tested whether
cAMP-elevating GPCR agonists induce Rapl activation in
HUVECs. Rap1 activity was determined by a pull-down assay
by using a GST fusion protein of Rapl-binding domain of
RalGDS according to the Bos’s method. Bio-ligands for
cAMP-elevating GPCR activated Rapl (Fig. 6A). PGI2 rap-
idly induced Rapl activation, which peaked at 1 to 5 min after
the stimulation and then declined to the basal level by 10 min
(Fig. 6C). A second wave of Rapl activation was also observed
15 to 45 min after the stimulation (Fig. 6C). PGI2-induced
Rap1 activation occurred in a concentration-dependent man-
ner (Fig. 6B), which was associated with enhancement of VE-
cadherin-dependent cell adhesion (Fig. 4A). Similarly, dbcAMP,
FSK, and IBMX activated Rapl (Fig. 6D). FSK-induced Rapl
activation rcached a maximal level 2 to 5 min after the stimu-
lation, and the level was sustained for up to 15 to 30 min (Fig.
6E). Collectively, these findings indicate that cAMP induces
Rap1 activation in endothelial cells.

Specific activation of Epac reduces endothelial permeability
and enhances VE-cadherin-dependent cell adhesion. To test
whether the activation of endogenous Epac is sufficient to
reduce endothelial permeability and to induce VE-cadherin-
dependent cell adhesion, we used a recently developed cAMP
analog, 8-CPT-2'-O-Me-cAMP, which specifically activates
Epac without affecting PKA activity (13). As expected, 8-CPT-
2"-0O-Me-cAMP induced Rapl activation in HUVECs (Fig.
7A), indicating that Epac is expressed in endothelial cells.

shown in pancls B and E. A significant difference from the control
determined by Student’s ¢ test is indicated with a single asterisk (P <
0.05) or double asterisks (P < 0.01).
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FIG. 5. ¢cAMP-enhanced VE-cadherin-dependent cell adhesion
and endothelial barrier function does not depend upon PKA. (A) Per-
meability across monolayer HUVECs grown on transwell filters were
assessed by measuring FITC-labeled dextran as described in the legend
to Fig. 1A. The effect of 10-pg/ml PGI2 on cell permeability without
pretreatment (Vehicle) or with pretreatment with 5 pM H89, a specific
PKA inhibitor, for 10 min is indicated as the percent permeability
compared to that observed in untreated cells. +, present; —, absent.
(B} The effect of 10 pM FSK on cell permeability without pretreat-
ment (Vehicle) and with pretreatment with H89 was assessed similar to
that described for panel A. (C) The effect of pretreatment of HUVECs
with 5 pM H89 on FSK-induced reduction of 2-U/ml thrombin-in-
duced permeability was analyzed. Permeability indicates the increase
relative to that observed in untreated cells. (D) HUVECs untreated or
pretreated with H89 for 10 min prior to stimulation with 10-pg/m!
PGI2 were analyzed for cell adhesion as described in the legend to Fig.
4A. (E) HUVECSs untreated or pretreated with H89 for 10 min prior
to stimulation with 10 WM FSK were analyzed for cell adhesion as
described in the legend to Fig. 4D. For panels A to E, data are
expressed as means * standard deviations of the results from triplicate
samples. Similar results were obtained in at least three independent
experiments. Significant differences between two groups determined
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FIG. 6. cAMP induces Rapl activation. {A) Serum-starved HUVECs
kept in medium 199 containing 1% BSA overnight were stimulated
with cAMP-elevating agonists for 2.5 min as indicated at the top and
at the concentrations described in the legend to Fig. 1A. GTP-bound
Rapl was detected by pull-down assay as described in Materials and
Methods. Activation indicates the ratio of the poststimulation GTP-
Rapl intensity of total Rapl intensity to the prestimulation GTP-Rapl
intensity of total Rapl intensity. (B) Rapl activation was analyzed by
detecting GTP-bound Rapl with lysates from HUVECs stimulated
with PGI2 for 2.5 min at the diffsrent concentrations indicated at the
top. {C) Rap1 activation was analyzed by detecting GTP-bound Rapl
with lysates from cells stimulated with 10-pg/ml PGI2 for the time
period indicated at the top. (D) Serum-starved HUVECs similar to
thosc described in the legend to panel A were stimulated with the
reagents indicated at the top for 10 min at the same concentrations
described in the legend to Fig. 1A. Rapl activation was assessed by a
method similar to that described for panel A. (E) The effect of 10 pM
EFSK on time-dependent Rapl activity was examined as described for
panel C. Representative results from at least three independent ex-
periments are shown for all panels.

8-CPT-2'-O-Me-cAMP dramatically reduced basal endothelial
permeability, as did FSK and dbcAMP (Fig. 7B). Thrombin-
induced permeability was also inhibited by 8-CPT-2'-O-Me-
cAMP (Fig. 7C). Furthermore, we examined the effect of
8-CPT-2'-Me-cAMP on in vivo vascular permeability. VEGF-
induced vascular permeability was completely blocked by coin-
jection of §-CPT-2'-O-Me-cAMP (Fig. 7D). In addition, adhesion

by Student’s ¢ test are indicated by a single asterisk (P < 0.05) or
double asterisks (P < 0.01). (F) HUVECs serum starved in 1% BSA-
containing medium 199 for 6 h, followed by pretreatment with (+) or
without (—) 5 uM H89 for 10 min, were stimulated with vehicle and 10
M FSK for 10 min. Phosphorylation of CREB was assessed by West-
ern blot analysis with anti-CREB {CREB) and anti-phospho-CREB-
specific (pCREB) antibodies.
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FIG. 7. Activation of Epac is sufficient to enhance VE-cadherin-
dependent cell adhesion and endothelial barrier function. (A) Serum-
starved HUVECS in medium 199 containing 1% BSA were stimulated
with 0.2 mM 8-CPT-2"-0-Me-cAMP (8CPT) for the indicated time.
Rap] activity was determined as described in the legend to Fig. 6A.
The result is a representative from three independent experiments.
(B) Permeability of cells treated with the reagents as indicated on the
bottom for 30 min was analyzed as desceibed in the legend to Fig. 1A,
(C) The effect of 0.2 mM 8CPT-2'-0-Me-cAMP on 2-U/ml thrombin-
induced permeability was analyzed as described in the legend to Fig.
1B. (D) Effect of 8CPT-2'-0-Me-cAMP on VEGF-induced permeabil-
ity was assessed by intradermal Miles assay as described in Materials
and Methods. Amounts of extravasation of Evan blue in mouse dermal
skin were measured 60 min after intradermal injection of vehicle and
VEGF together with (+) or without (=) 8CPT. Mean leakage +
standard deviation of the results from 6 mice per group is expressed as
nanograms of weight of extravasated Evans blue per milligram of
weight of dermal skin. A photograph on the bottom shows leakage of
Evans blue in dermal skin. (E) HUVEC adhesion to the VEC-Fc-
coated dish in the presence of 0.2 mM 8CPT and 1 mM dbcAMP for
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of HUVECs to the VEC-Fc-coated dish was significantly en-
hanced by 8-CPT-2'-O-Me-cAMP (Fig. 7E). Hence, Epac activa-
tion is sufficient to enhance VE-cadherin-dependent cell adhesion
and to augment endothelial barrier function in vitro and in vivo.

Rap1 activation is essential for VE-cadherin-dependent cell
adhesion and endothelial barrier function. We next proceeded
to investigate the role of Rapl in VE-cadherin-dependent cell
adhesion and endothelial barrier function. To examine the
effect of Rapl on cell permeability and VE-cadherin-mediated
cell adhesion, we inactivated endogenous Rap1 by adenovirus-
expressing RaplGAPII (Ad-RapGAP), which specifically cat-
alyzes the hydrolysis of GTP to GDP on Rapl (30). As shown
in Fig. 8A, endogenous Rapl activity was almost completely
suppressed by the expression of increasing amounts of
Rap1GAPII in HUVECs. This Rap]l inactivation paralleled
the increase in basal permeability (Fig. 8B) and the inhibition
of cell adhesion to the VEC-Fe-coated dish (Fig. 8D). In con-
trast, a constitutively active Rapl, Rap1V12, reduced both
basal and thrombin-increased cell permeability (Fig. 8C). VE-
cadherin-mediated cell adhesion was also enhanced by
RaplV12 and EpacAcAMP, a constitutively active mutant of
Epac (Fig. 8D). Taken together, these results indicate that
Rapl activation is required for VE-cadherin-mediated cell ad-
hesion and endothelial barrier function.

cAMP enhances VE-cadherin-dependent cel! adhesion and
endothelial barrier function by activating Rapl. To test the
requirement for Rap1 in endothelial barrier enhancement by
cAMP-glevating GPCR. agonists, we infected HUVECs with
Ad-RapGAP and examined the effect of inactivation of Rapl
on PGI2- and FSK-induced reduction of cell permeability.
Although basal endothelial permeability was reduced by PGI2
and FSK (Fig. 9A and B), overexpression of Rapl1GAPII in-
creased not only basal but also PGI2- and FSK-reduced endo-
thelial permeability, indicating the requirement of Rap1 activ-
ity for PGI2- and FSK-induced barrier enhancement, We also
investigated the involvement of Rapl in PGI2- and FSK-in-
duced VE-cadherin-dependent cell adhesion. PGI2 and FSK
augmented VE-cadherin-dependent cell adhesion of HUVECs
infected with control adenovirus (Ad-LacZ); however, their
effects were dramatically suppressed by overexpression of
RaplGAPII (Fig. 9C and D). These data demonstrate that
cAMP enhances VE-cadherin-dependent cell adhesion and
endothelial barrier functions by activating Rapl.

cAMP induces endothelial cortical actin rearrangement in a
Rapl-dependent manner. Endothelia! barrier function is
largely dependent upon the actin cytoskeleton supporting junc-
tional adhesion molecules (10). Thus, we examined the effect
of cAMP on cortical actin polymerization and assembly of
polymerized actin in a monolayer of endothelial cells. Cortac-
tin, an actin-binding protein, is known to be implicated in
cortical actin rearrangement (8) and suggested to regulate
S1P-induced endothelial barrier enhancement (11). PGI2,

7 min was analyzed as deseribed in the legend to Fig. 4F. In paneis B,
C, and E, data are expressed as means * standard deviations of the
results from triplicate samples. A significant difference from the con-
trol in panels B and E or between two groups in panels C and D was
determined by Student’s # test and indicated by a single asterisk P<
0.05) or double asterisks (P < 0.01).
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FIG. 8. Rapl plays a critical role in VE-cadherin-dependent cell
adhesion and endothelial barrier function. (A) Rap] inactivation was
assessed by detecting GTP-Rapl in HUVECS infected with different
MOI of adenovirus-expressing RaplGAPII (RapGAP) as indicated at
the top. An adenovirus-expressing LacZ, at an MOI of 50 was used as
a control. GTP-bound Rapl (GTP-Rap) was detected by pull-down
assay as described in Materials and Methods. Rapl (Rap) and
RaplGAPII (RapGAP) expression were examined by Western blot
analysis. (B} The permeability of FITC-dextran across HUVECs in-
fected with adenovirus as indicated at the bottom was analyzed as
described in Materials and Methods. Data are the means * standard
deviations of the results from three independent experiments and are
expressed as increases relative to those of LacZ-infected cells.
(C) Monolayer HUVECs infected with either an adenovirus-express-
ing LacZ or that expressing RaplV12 at an MOI of 50 for 24 h were
medium changed and cultured for another 24 h, The permeability of
cells upon 2-U/ml thrombin stimulation (Thr) after starvation for 1 h
was analyzed as described in the legend to Fig, 18. Data are the means
£ standard deviations of the resuits from five independent experi-
ments and are expressed as inductions relative to those of untreated
HUVECs infected with the LacZ-expressing virus. (D) HUVECs were
transfected with either empty vector (Mock), plasmids expressing
RaplGAPII (RapGAP), EpacAcAMP, or RaplV12 together with the
luciferase reporter construct. Transfected cells were plated on the
VEC-Fe-coated dish and allowed to adhere for 15 min. Cel! adhesion
was analyzed as described in Materials and Methods. Data are ex-
pressed as increases compared to those of mock-transfected cells. The
results indicate the means > standard deviations of the results from
triplicate samples, Similar results were obtained in three independent
experiments. Significant differences between two groups in panel Cor
from the control in panel D are determined by Student’s ¢ test and are
indicated by a single asterisk (# < 0.05) or double asterisks (P <0.01).
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FIG. 9. Inactivation of Rap! reduces PGI2- and FSK-induced bar-
rier function and VE-cadherin-mediated cell adhesion. (A) Mono-
layer-cultured HUVECs grown on transwell filters were infected with
cither LacZ-expressing adenovirus {Ad-LacZ) or RaplGAPII-express-
ing virus (Ad-RapGAP) at an MOI of 40 for 24 h. Medium was
replaced with fresh medium after infection. Cells were cultured for an
additional 24 h and treated with 10 pg of PGI2/m! for 30 min after
serum starvation for 1 h. Permeability was analyzed as described in
Materials and Methods. (B) The effect of 10 pM FSK on permeability
in HUVECs infected with Ad-RapGAP was similarly analyzed.
(€) HUVECs were infected with either Ad-LacZ or Ad-RapGAP at
an MO of 40 for 24 h. HUVECs resuspended in medium 199 with
0.5% BSA were plated onto VEC-Fe-coated dishes in the presence (+)
or absence (—) of 10 pg of PGIZ/m! for 7 min. Cell adhesion activity
was quantified as described in the legend to Fig. 4A. (D) The effect of
FSK on adhesion of HUVECs infected with Ad-RapGAP was ana-
lyzed similarly to that described for panel C, Resuspended HUVECs
were preincubated with 10 uM FSK for 10 min before plating. Signif-
icant differences between two groups determined by Student’s ¢ test are
indicated by a single asterisk (P < 0.05) or double asterisks (P < 0.01),

FSK, and 8-CPT-2'-O-Me-cAMP dramatically induced accu-
mulation of polymerized actin and cortactin at cell-cell con-
tacts (Fig. 10A). To explore the involvement of Rap1 in cAMP-
mediated cortical actin rearrangement, an expression vector
encoding RaplGAPIT was introduced into endothelial cells.
FSK enhanced actin polymerization at cell-cell contacts in cells
transfected with control vector encoding EGFP, whereas it did
not in cells expressing Rap1GAPII (Fig. 10B). Cytochalasin D,
an actin-depolymerizing agent, attenuated FSK-induced bar-
rier enhancement (Fig. 10C) and inhibited FSK-induced VE-
cadherin-dependent cell adhesion (Fig. 10D). These results
suggest that the cortical actin rearrangement promoted by
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FIG. 10. ¢cAMP induces cortical actin rearrangement in a Rapl-
dependent manner. (A} Monolayer-cultured HUVECS starved in 0.5%
BSA-containing medium 199 for 3 h were stimulated with vehicle (top
row), 10-pg/ml PGI2 (second row), 10 pM FSK (third row), and 0.2
mM 8-CPT-2'-0-Me-cAMP (8CPT) (bottom row) for 30 min, Fixed
and permeabilized cells were stained with rhodamine-phalloidin (left
column) and with anti-cortactin {center column). Rhodamine images
to detect F-actin (red) and Alexa 488 images for cortactin visualized by
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¢AMP-Epac-Rap1 signaling may contribute to the potentiation
of endothelial barrier function and VE-cadherin-dependent
cell adhesion.

DISCUSSION

cAMP is a well-known intracellular signaling molecule that
is capable of restoring diminished endothelial barrier function.
Previous reports suggested that ¢cAMP-induced barrier en-
hancement occurs through PKA (27, 39). In this study, how-
ever, we demonstrated a novel PKA-independent signaling
pathway, the cAMP-Epac-Rap] signaling pathway, involved in
cAMP-induced barrier function based on the following obser-
vations, PGI2- and FSK-reduced endothelial permeability was
insensitive to H89. A specific activator for Epac, 8-CPT-2'-O-
Me-cAMP, reduced both basal and thrombin-increased per-
meability, Plasma leakage in response to VEGF was also in-
hibited by 8-CPT-2"-O-Me-cAMP in vivo. We found that the
activation of Rapl leads to decreased permeability. Not only
all cAMP-clevating bio-ligands we tested but also FSK, db-
¢AMP, and IBMX activated Rapl. Consistently, ;cAMP-depen-
dent Rapl activation upon stimulation by these ligands in-
volved Epac in the regulation of barrier function, A previous
report showed that Rap1 is phosphorylated by PKA i neutro-
phils and platelets, although the function of phosphorylated
Rap1 has not been elucidated (37). So far, Epac is known to
regulate several biological functions including integrin-depen-
dent cell adhesion, insulin secretion, and calcium release
through ryanodine-sensitive Ca** channels (reviewed in refer-
ence 5). In addition to these Epac-mediated functions, we
show, for the first time, that Epac-Rap! signaling is important
for regulation of endothelial barrier function,

AT assembly contributes to the regulation of barrier func-
tion. Rap1 is involved in the formation and maintenance of AJ
constituted by cadherin (23, 41). Recently, it has been reported
that homophilic ligation of E-cadherin induced Rapl activa-
tion, which may be responsible for maturation of AJ (20).
Consistently, suppression of endogenous Rap]1 inhibits forma-
tion of E-cadherin-dependent cell adhesion (36), suggesting
the critical role of Rap1 in the establishment of cadherin-based
cell-cell contacts. Here, we demonstrate that Rapl also acts
downstream of cAMP-Epac to potentiate VE-cadherin-depen-

Alexa 488-labeled secondary antibody (green) were obtained through
a confocal microscope (BXS0WI). Right panels show the merged im-
ages of rhodamine and Alexa 488 images, Bars, 20 wm. (B) HUVECs
transfected with an EGFP-expressing vector (left) and pCXN2-
RaplGAPIL-IRES-EGFP (right) were serum starved in 0.5% BSA-
containing medium 199 for 3 h and stimulated with vehicle (top panels)
and 10 pM F3K (bottom panels). Cells were fixed, permeabilized, and
stained with Rhodamine-phalloidin. EGFP images (green) and rhoda-
mine images showing F-actin (red) were obtained similar to those in
panel A. Arrows and arrowhead indicate transfected and untrans-
fected cells, respectively. Bars, 20 pm. (C) Cell permeability of
HUVECs pretreated with 2 M cytochalasin D (CytoD) for 30 min
followed by 10 WM FSK stimulation for 30 min was analyzed as de-
scribed in the legend to Fig. 1A. —, absent; +, present. (D) The effect
of pretreatment of 2 M cytochalasin D {CytoD) on adhesion of
HUVEGs stimulated with FSK was analyzed as described in the legend
to Fig. SE. A significant difference between two groups determined by
Student’s £ test is indicated by double asterisks (£ < 0.01).
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dent cell adhesion, thereby improving barrier function. In ad-
dition to cAMP-¢levating ligands, S1P, which enhances AT
formation and barrier function (18, 26), also activated Rapl
(our unpublished data). Thus, Rap! may play a crucial role in
barrier function induced by various types of barrier-improving
factors.

QOur data and previous studies show that cAMP protects
thrombin-induced endothelial barrier dysfunction. cAMP does
not limit the effect of thrombin on the initial loss of endothelial
barrier (32). Instead, cAMP enhances the restoration of bar-
rier function disrupted by thrombin. Recently, it was also
reported that Cdc42 regulates the restoration of endothelial
barrier function disrupted by thrombin (24). Thus, cAMP-
Epac-Rap] signaling may facilitate the formation of VE-cad-
herin-based cell-cell contacts, cooperatively or in parallel with
Cdc42. '

Rapl enhances integrin-dependent cell adhesion in a variety
of hematopoietic cells by modulating the affinity and avidity of
integrin (6, 22). Cell adhesion to VEC-Fc-coated dishes was
augmented by Rapl activation, suggesting that the homophilic
binding of VE-cadherin is also likely ascribed to the affinity
and avidity of VE-cadherin modulated by Rapl-triggered in-
side out signaling. Hogan et al. reported that Rapl activity
is required for the targeting of E-cadherin molecules into
nascent cell-cell contact sites, which in turn leads to the mat-
uration of E-cadherin-based cell-cell contacts (20). Thus,
cAMP-Epac-Rapl signaling may also regulate the recruitment
of VE-cadherin into maturing cell-cell contacts. Since down-
stream signaling of Rapl that increases homophilic binding of
VE-cadherin has not yet been characterized, the effector of
cAMP-Epac-Rapl] signaling will need to be identified.

The actin cytoskeleton is a critical determinant of vascular
integrity (10). PGI2, FSK, and 8-CPT-2'-O-Me-cAMP induced
cortical actin rearrangement in a Rapl-dependent manner.
FSK-induced VE-cadherin-dependent cell adhesion was inhib-
ited by cytochalasin D. Thus, Rapl may promote VE-cadherin-
dependent cell adhesion by inducing cortical actin rearrange-
ment. AF-6 may act downstream of Rapl to regulate the actin
cytoskeleton, since it binds to GTP-bound Rapl and the actin
cytoskeleton regulator, profilin, and is localized at AJ (2).
Consistently, Canoe, the drosophila homolog of AF-6, and
Rap1 function in the same molecular pathway during embry-
onic dorsal closure, which requires cell-cell contacts (3). S1P
promotes endothelial barrier function by inducing Rac-depen-
dent cortical actin rearrangement. S1P also induces Rapl ac-
tivation (our unpublished data). A previous report indicates
that Rac can function downstream of Rapl in the processing of
the amyloid precursor protein (28). Taken together, Rac may
act downstream of Rapl to induce cortical actin rearrange-
ment,

In conclusion, we have demonstrated that the cAMP-Epac-
Rapl signaling pathway promotes VE-cadherin-mediated cell
adhesion and consequently improves endothelial barrier func-
tion.
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