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Supplementary Movie 1). Furthermore, these GFP-marked
structures were co-localized with in vivo biotin-labeled mem-
brane (Figure 7D), indicating that EndA1-BAR296-induced
fibrous structure seems to be a membrane invagination
originated from the plasma membrane. These structures
were found in other cells we tested (Figure 7C). In clear
contrast, AApp, ANT and a4 were incapable of inducing
membrane deformation in cells, indicating the importance
of helix 0, the rigid crescent shape, and the appendage of BAR
domain for membrane deformation in vivo.

Discussion

The endophilin-Al BAR domain dimer consists of three sub-
modules: the crescent-shaped main body, the helix 0 and the
unique appendage. We tried to understand the functional
roles for these sub-modules in the membrane curvature
formation. In this study by determining the structure of

Helix Il

K28

Figure 6 Close-up of helix 0 in an a4 mutant monomer {(orange).
The same superimposition as in Figure 5C but viewed from the side
and displays the helix 0. The helix 0 is disordered in the wild-type
structure {blue). The side chains of N-terminal residues are shown
(H11KATQKVSEKVGGAEGTKL29 in the a4 and G26TKL in the wild
type). The amphipathic helix 0 is stabilized by hydrophobic inter-
actions with the helix Il and III and also by hydrogen bonds with a
symmetrical molecule.

Figure 7 Endophilin A1 BAR domain induces membrane tubula-
tion in vivo. (A) HUVECs were transfected with plasmids expressing
C-teminally EGFP-tagged EndA1-BAR296 (amino acid 1-296 of
endophilin-Al), AApp, a4, and ANT. Cells were GFP-imaged on
an epifluorescnce microscope (Olympus IX-71). Fibrous structures
were observed exclusively in EndAl-BAR296-expressing cells.
Scale, 10um. (B) Protein expression of the EndAl-BAR296 and
the mutants tagged with EGFP in transfected 293T cells were
examined by immunoblotted with anti-GFP antibody. {C) Cells
indicated were similarly transfected to (A). Arrowheads indicate
the fibrous structures. Scale, 20um. (D) Live HUVECs expressing
EGFP-tagged EndAl1-BAR296 were biotinylated with sulfo-NHS-
biotin for 10 min and chased for further 10 min. Covalently bound
biotin was visualized using Alexa633-streptavidine. Fluorescnece
images for EGFP (left), Alexa633 (center), and merge (right) are
shown. Scale, 10 um. (E) A time lapse images of HUVECs expressing
EGFP-tagged EndA1-BAR296 were obtained at the time point {(sec-
onds) after the observation (Supplementary Movie 1). EGFP-
marked structure grows from the cell periphery towards the center
of the cell. Notably, both extension and retraction of GFP-marked
structure is observed (numbered arrow heads indicate each extend-
ing/retracting structure). Scale, 5 um.
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endopholin-Al BAR domain and developing mutants that
were critical for the sub-module structure, we have explored
the roles of sub-modules. )

Here, we show that the structural rigidity of the crescent-
shaped main body is critical for membrane tubulation. The
BAR dimer is sufficiently rigid to overcome the bending
resistance of the membrane and to be scaffolds for the
tubulation (McMahon and Gallop, 2005; Zimmerberg and
Kozlov, 2006). The insertion of one helical-pitch into the
helix I at distal to the kink brings flexibility to the dimer (a4
mutant). The relative position of the three helices in the
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mutant arm was not changed in a4 mutant irrespective of
the bend levels (Supplementary Figure 8). The mutant arm
behaves as a rigid body and its structure changes only in the
vicinity of the helix kinks when it swings. Therefore, it is
unlikely that the flexibility of the mutant dimer can be a result
of weakened inter-helix interactions in the arm. Moreover, we
could not find any specific structural features in the kink
region that might explain the flexible hinge in the swinging-
arm mutant as well as the rigid bend in the wild-type BAR
dimers of endophilin, amphiphysin, and arfaptin.

In this study, for the first time we could determine the
structure of the N-terminal amphipathic helix (helix 0) using
a swinging-arm mutant. Our mutant and previous mutation
analyses indicated that the N-terminal helical sequence of
endophilin-Al is indispensable for liposome binding (Farsad
et al, 2001), whereas that of amphiphysin is important but not
essential for liposome binding and tubulation (Peter et al,
2004). The BAR domain of endophilin-Al is an acidic poly-
peptide and the cluster of positive charge at the distal end of
the arm is not prominent (Figure 1A). This property can
explain the critical role for the helix 0 of the EndA1-BAR in
liposome binding by providing additional basic residues. The
helix 0 structure suggests that K12, K16 and possibly K8 are
in a suitable position for cooperation with the positive charge
cluster at the distal end. The amphipathic nature of the helix
0 implies that it can also insert into the membrane and
facilitate the membrane curvature formation (Peter et al,
2004; Gallop and McMahon, 2005; McMahon and Gallop,
2005). Loss of the membrane-deforming activities of the
A66D mutant (Figure 2) and the a4AApp mutant
(Figure 5D) accounts for the additional mechanism for mem-
brane deformation in addition to the membrane insertion
of the helix 0.

The N-BAR of endophilins has one additional step to
tubulate membrane. Here, we show that the hydrophobic
ridge of the endophilin-specific appendage is inserted into the
contacting membrane surface. Our data suggested that the
entire ridge of the wild-type BAR domain, about 8 A in height,
is embedded in the layer of lipid head-groups of the contact-
ing membrane leaflet. The embedding of the ridge into the
membrane is consistent with the local spontaneous curvature
mechanism that is reported very recently (Zimmerberg and
Kozlov, 2006). As a protruding structure found in epsinl
induces liposome tubulation by being inserted to one leaflet
of the lipid bilayer (Ford et al, 2002), the penetration of the
hydrophobic ridge can drive the positive curvature by causing
asymmetrical expansion of the surface area between two
leaflets as shown in Figure 8 (Farsad and De Camilli, 2003).

We further explored the importance of the ridge, rigid
crescent shape, and helix 0 in cells. We for the first time
showed that N-BAR domain induced membrane invagina-
tions originated from plasma membrane, although other BAR-
containing molecules have been reported to induce similar
invaginations (Itoh er al, 2005). Neither mutant that lacked
either the ridge or the helix 0 nor flexible mutant formed the
tubular invaginations in cells, indicating the significance of
these sub-module structure in cells as suggest by in vitro
studies. We constructed a series of endorphin-A1-EGFP ex-
pression plasmids to delineate the domain for the membrane
invagination. Full-length endophilin-expressing cells did not
show any tubular formation. Because endophilin consists of
BAR domain and an SH domain, SH3-binding molecule such
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Endophilin uses two

Figure 8 Two potential mechanisms for driving membrane curva-
ture by endophilin-Al. (A) Kissing adhesion of an N-BAR domain
on planar lipid bilayer. The helix 0 is essential for the membrane
binding. Membrane insertion of the helix 0 is supposed. (B)
Insertion of hydrophobic portions of macromolocules into one
leaflet can create bilayer surface discrepancy that causes membrane
curvature. (C) The simple N-BAR domain, such as amphiphysin and
AApp, induces membrane curvature by impressing the concave
surface onto the membrane. The rigidity of the molecule is required
for this mechanism. (D) To drive membrane curvature, the endo-
philin N-BAR domain uses both the rigid crescent shape-mediated
deformation and the insertion of hydrophobic ridge on the concave
surface in addition to kissing adhesion of N-BAR to membrane
surface.

as dynamin may inhibit the extension of membrane invagi-
nation. This possibility has been suggested in the membrane
invagination found in FBP17 and amphiphysin (Kamioka
et al, 2004; Itoh et al, 2005).

Collectively, EndA1-BAR uses two newly identified me-
chanisms to drive positive membrane curvature in addition
to the essential binding capacity of helix 0 to the membrane:
one by the scaffold mechanism common to the BAR domains
and the other by the local spontaneous curvature mechanism
caused by the membrane insertion of the ridge (Figure 8D).
The ridge, which occupies the bottom of the concave lipid-
binding surface, may not work until the main body of the
BAR dimer localizes itself to a curved membrane. The ridge
then inserts into the bilayer roughly perpendicular to the
main body, and thus both deformations will occur in the
same direction.

Materials and methods

Protein expression and purification by CRECLE

¢DNAs encoding BAR domains (amphiphysinl, 1-239; endophilin-
Al, 1-247; endophilin-Bl, 1-246 in amino-acid residues) were
amplified by PCR from a human brain ¢cDNA library. Recombinant
proteins were expressed in Escherichia coli as GST-fusions using the
pGEX6p3 vector, purified by glutathione-Sepharose, cleaved from
the GST-tag using Prescission protease (Amersham Biosciences),
and further purified by ion-exchange chromatography (Yamagishi
et al, 2004). The final polypeptide contained an artificial linker
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sequence of GPLGS at the N-terminus. EndA1-BAR proteins except
for F202W and a4 mutants were purified by crystallization during
Prescission protease cleavage. The method, crystallization by
regulated cleavage of large hydrophilic tag (CRECLE), was as
follows. Purified GST fusions were concentrated to 20~30 mg/ml in
an elution buffer (20mM glutathione, 100 mM Tris-HCl, pH 8.0,
10mM DTT, 1 mM EDTA, 1 mM EGTA) and then cleaved by a low
concentration of prescission protease (1 U/mg protein or less) at
4°C. Slow increase in the tag-free protein concentration might
be suitable for crystallization and more than a half of EndA1-BAR
protein could be recovered as 20-100um microcrystals. They
were washed with a low-salt buffer (20 mM HEPES, pH 7.4, 2 mM
DTT, 0.2mM EDTA, 0.2mM EDTA) and resolved into a high-salt
buffer (350 mM NaCl in the low-salt buffer) and used for further
analyses.

Protein crystallization

Seleno-methionine (S-Met) derivatives of the EndA1-BAR domain
and its appendage-less mutant (AApp) were produced in
B834(DE3)pLysS cells using Overnight Express Autoinduction
System 2 (Novagen). To make X-ray grade crystals in a cryo-ready
condition, modified high salt buffer (50 mM HEPES, pH 7.4, 300 mM
NaCl, 100mM KI, 28% ethylene glycol, 5% glycerol, 25 mM DTT)
was used. Crystals of 1 mm size were formed by dialysis against
50mM CHES, pH 9.5, 260mM NaCl, 28% ethylene glycol, 5%
glycerol, 25 mM DTT, 0.4% benzamidine - HCI at 4°C and were flush
frozen at 100K. Crystals could also be grown by vapor diffusion
from a similar protein solution using distilled water as the bath
solution. The crystals were equilibrated in 50 mM HEPES, pH 7.4,
150 mM NaCl, 25 mM DTT, 0.4% benzamidine - HCl, 5% PEG 8000
and the saturated amount of xylitol as a cryoprotectant. Some of the
crystals were soaked with 0.5 mM oleoyl-L-o-lysophosphatidic acid
(Sigma) or malonyl-CoA (Sigma) for 4 days with daily change for
the substrates. The a4 mutant crystals were grown by sitting-drop
vapour diffusion using a bath solution containing 100 mM HEPES,
pH 7.2, 200mM calcium acetate, 10mM DTT and 20% (w/v)
PEG3350 at 20°C and then flush frozen after brief immersion in the
same solution containing 16% DMSO. The wild type and the AApp
mutant crystals belong to the same space group /4; and contain one
monomer molecule in the asymmetric unit (Supplemental Figure 1).
The a4 crystal belongs to P2, and contains two dimers in the
asymmetric unit.

Structural determination

The EndAl-BAR structure was determined using the multiple
anomalous dispersion (MAD) method. Multiple-wavelength X-ray
diffraction data sets were collected from a single Se-Met crystal
{crystal 1) at SPring-8 beamline BL44B2 (Supplementary Table ).
Single wavelength data sets of another crystal (crystal II) and of a
AApp crystal used for the refinement were collected at BL45PX. The
data set for the a4 mutant was collected at BL38B1. All diffraction
data sets were collected at 90K and were processed using HKL2000
suite (Otwinowski and Minor, 1997). The seven positions out of 10
expected selenium atoms were identified by SOLVE (Terwilliger and
Berendzen, 1999). The initial phases calculated by SOLVE with
a figure of merit of 0.59 at 3.2 A resolution were further improved
by RESOLVE (Terwilliger, 1999). The density modified MAD map
(Supplementary Figure 1) had sufficient quality to trace the
polypeptide chain except for the N-terminus and the loop region
of the appendage. The model was built with TURBO-FRODO
(Rogssel and Cambillau, 1996) and refined to the resolutions of
3.1A by CNS (Brunger et al, 1998). The final model includes 210
residues (residues 26~71 and 84-247), and has an R factor of 23.6%
(Riree Of 26.4%). The AApp structure was solved by molecular
replacement by MOLREP in the CCP4 suite (CCP4, 1994) and
refined to the resolution of 2.9 A by CNS. The simulated annealing
omit electron density map calculated by CNS confirmed the
continuous c-helical structure of the replaced region as designed
(Supplementary Figure 7). The final model includes 200 amino-
acid residues and has an R factor of 23.8% (Rgee Of 26.9%). The ad
mutant structure was solved by molecular replacement using the
central core of the EndAI-BAR as a starting model and the arms
were manually built (Supplementary Figure 7). The structure was
refined to the resolution of 2.4 A by CNS with an R factor of 21.5%
(Ryree Of 26.9%). Main-chain dihedral angles of all non-glycine
residues of these three models lie in allowed regions of the
Ramachandran plot, with 94.3% for the EndA1-BAR, 94.1% for the
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AApp mutant, and 96.4% for the a4 mutant in most-favored
regions, respectively. Graphical representations were prepared
using the programs TURBO-FRODO, MOLSCRIPT (Kraulis, 1991),
RASTER3D (Merritt and Bacon, 1997}, GRASP (Nicholls et al, 1991)
and Pymol (DeLano, 2002).

Liposome binding and tubulation assays

Liposome sedimentation assay and tubulation assay were as
earlier described (Peter et al, 2004 see also McMahon lab protocols:
http://wwwz.mrc—lmb.cam‘ac.uk/NB/MCMahon_H/group/techniqs/
technigs.htm) with slight modifications. Briefly, Folch fraction 1
(Sigma) was used as the lipid source and liposome suspension,
1 mg/ml in liposome buffer (20 mM HEPES, pH 7.4, 150 mM NaCl,
1mM DTT) was made by sonication. Freshly purified BAR domain
proteins were diluted at about 1 mg/ml in the liposome buffer and
ultracentrifuged at 400000 g for 10 min just before use. No crystal-
lization occurred at this or lower concentrations. For sedimentation
assays, 20pg proteins were mixed with 25 or 75 ug liposomes in
100l of the liposome buffer, incubated for 10min on ice and
ultracentrifuged at 200000g for 10min. For tubulation assays,
400 pg/ml proteins were mixed with an equal volume of 400 pg/ml
liposomes, left for 10s to 30 min at room temperature, and then
processed for negative staining. Judging from the liposome
sedimentation and the tryptophan fluorescence assays, this protein
to lipid ratio ensured nearly saturated protein-liposome binding.
Magnification was calibrated using a grating replica of 2160/mm.

Tryptophan fluorescence and FRET assay

Fluorescence emission spectra were recorded with a Hitachi F-4500
fluorescence spectrophotometer (Ohki et al, 2004). For tryptophan
fluorescence assays, 140ug/ml tryptophan-containing mutants
were mixed with 0-200 pg/mi liposomes in the liposome buffer,
incubated for 3 min, and excited at 280 nm. For FRET assays, DPH-
liposomes were made by adding DPH (Molecular Probe) into lipid
solution (1:500 to lipid, w:w). The fluorescence of DPH-liposomes
(200 pg/ml) excited at 280 nm was scanned from 400 to 500 nm at
I-min intervals. The first measurement of the 430-nm DPH peak
was obtained at about 30s after mixing with mutant proteins
(100 pg/ml).

Cell culture, transfection and surface biotinylation

HUVECs were purchased from Kurabo and cultured in HuMedia-
EG2 as described previously (Sakurai et al., 2006). 293T cells, CHO
cells, Cos7 cells, and NIH-3T3 cells were cultured in DMEM
supplemented with 10% fetal bovine serum as described previously
(Kamioka et al., 2004). Cells were transfected using LipofectAMINE
2000 (Invitrogen). Live HUVECs were biotinylated with 5 mM sulfo-
NHS-biotin (Pierce) in Opti-MEM (Invitrogen) for 10 min. They
were washed once with Opti-MEM and chased for 10 min with the
normal culture medium, and fixed with 2% formaldehyde after
a brief wash with Opti-MEM containing 1/20 volume of Avidin D
blocking solution (Vector Laboratory) to reduce the cell surface
background staining. HUVECs were permeabilized with cold MeOH
and biotin was visualized using Alexa633-streptavidine (Molecular
Probe).

Supplementary data
Supplementary data are available at The EMBO Journal Online.
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Cardiac Ischemia Activates Vascular Endothelial Cadherin
Promoter in Both Preexisting Vascular Cells and Bone
Marrow Cells Involved in Neovascularization

Naoko Kogata, Yuji Arai, James T. Pearson, Kazuaki Hashimoto, Kyoko Hidaka, Tatsuya Koyama,
Satoshi Somekawa, Yoshikazu Nakaoka, Minetaro Ogawa, Ralf H. Adams, Masato Okada, Naoki Mochizuki

Abstract—Vascular endothelial cadherin (VE-cadherin) is expressed on vascular endothelial cells, which are involved in
developmental vessel formation. However, it remains elusive how VE-cadherin—expressing cells function in postnatal
neovascularization. To trace VE-cadherin—expressing cells, we developed mice expressing either green fluorescent
protein or LacZ driven by VE-cadherin promoter using Cre-loxP system. Although VE-cadherin promoter is less active
after birth than during embryogenesis in blood vessels, it is reactivated on cardiac ischemia. Both types of
reporter-positive cells are found in the vasculature and in the infarcted myocardium. Those found in the vasculature were
pre-existing endothelial cells and incorporated endothelial progenitor cells derived from extracardiac tissue. In addition
to the vasculature, VE-cadherin promoter-activated cells were positive for CD45 in the bone marrow cells of the
infarcted mice. VE-cadherin promoter-reactivated CD45-positive leukocytes were also found in the infarcted area. In
addition, VE-cadherin promoter was activated in the bone marrow vessels of the infarcted mice. Collectively, our
findings reveal a new ischemia-induced neovascularization mechanism involving VE-cadherin; the re-expressed
VE-cadherin—mediated cell adhesion between cells may be involved not only in homing of bone marrow—derived cells
to ischemic area but also mobilization from bone marrow. (Circ Res. 2006;98:897-904.)

Key Words: vasculogenesis B angiogenesis B hemangioblast @ ischemia @ CD45

Cell-based therapies have been aimed at neovasculariza-
tion in ischemic diseases.! Recruitment of both angio-
genic factor-producing hematopoietic cells and vasculature-
constituting endothelial cells to the ischemic area contributes
to neovascularization.? Endothelial progenitor cells (EPCs)
and circulating bone marrow~derived EPCs (CEPCs) are
incorporated into the nascent vessels.?# These cells have been
suggested to originate from bone marrow. On the basis of this
potential differentiation capability, bone marrow cell-based
therapy has been attempted and proven to be effective for
ischemic heart disease and peripheral artery disease.>¢ How-
ever, it is unclear how bone marrow—derived cells are
recruited to the ischemic area.

Postnatal neovascularization includes angiogenesis and
vasculogenesis. Both steps cooperatively work by involving
the sprouting and branching of the pre-existing endothelial
cells and recruiting EPCs in the vascular tree.” Proangiogenic
factors released from ischemic tissue and infiltrating cells,
including vascular endothelial growth factor (VEGF), fibro-
blast growth factor, granulocyte macrophage colony-
stimulating factor, and placental growth factor, mobilize

hematopoietic stem cells (HPCs) as well as EPCs to the
infarcted area.3-'°© Thus, HPCs and EPCs homing to the
ischemic area are involved in angiogenesis and vasculogen-
esis in coordination with pre-existing vascular cells. Similar
to adult neovascularization, embryonic vasculogenesis and
angiogenesis are coordinated by both endothelial lineage cells
and hematopoietic cells originating from hemangioblasts.

Several cell surface molecules, including CD133, VEGF
receptor 2, vascular endothelial cadherin (VE-cadherin), and
CD34, have been used to characterize the EPCs in the bone
marrow and CEPCs in the peripheral blood.® Although the
cells purified by cell surface marker have been demonstrated
to be recruited to the ischemic area when transferred for
cell-based therapy, it is elusive how and what endogenous
EPCs, CEPCs, and HPCs are mobilized to ischemic area for
neovascularization in ischemic diseases.

VE-cadherin (Cadherin5, CD144), which belongs to cad-
herin super family, is expressed on cultured vascular endo-
thelial cells and is essential for endothelial cell-cell interac-
tion.!! Whereas N-cadherin, another cadherin expressed on
the endothelial cells, is thought to function in adherens

Original received April 20, 2005; revision received February 28, 2006; accepted March 8, 2006.

From the Departments of Structural Analysis (N.K., Y.N., TK., §.S., N.M.), Bioscience (Y.A., K.H.), and Cardiac Physiology (J.T.P.); National
Cardiovascular Center Research Institute, Osaka, Japan; the Department of Cell Differentiation, Institute for Molecular Embryology and Genetics (K.H.,
M.0.), Kumamoto University, Kumamoto, Japan; the Vascular Development Laboratory (R.H.A.), Cancer Research UK London Research Institute,
United Kingdom; and the Department of Oncogene Research (M.O.), Institute for Microbial Disease, Osaka University, Japan.

Correspondence to Naoki Mochizuki, Department of Structural Analysis, National Cardiovascular Center Research Institute, 5-7-1 Fujishirodai, Suita,
Osaka 565-8565, Japan. E-mail nmochizu@ri.ncve.go.jp

© 2006 American Heart Association, Inc.

Circulation Research is available at http://circres.ahajournals.org DOI: 10.1161/01.RES.0000218193.51136.ad

897

- 220 -



898 Circulation Research April 14, 2006

Junctions between endothelial cells and mural cells (pericytes
and vascular smooth muscle cells [VSMCs)).12 VE-cadherin
is required in vivo in the postnatal vasculature to maintain
endothelial cell integrity and barrier function.!*! Moreover,
VE-cadherin associated with VEGF receptor is involved in
the regulation of permeability after myocardial ischemia.!s

In the present study, we investigated the role of VE-
cadherin promoter-activated cells in ischemia-induced neo-
vascularization. We demonstrate that VE-cadherin promoter
is activated in the pre-existing vascular endothelial cells of
bone marrow and heart. In addition, we noticed VE-cadherin
promoter is activated in the bone marrow cells and peripheral
blood cells presumably corresponding to EPCs/CEPCs and
CD45-positive cells preferentially homing to infarcted heart.
Thus, we raise the possibility of VE-cadherin—mediated
cell-cell contact for effective homing of proangiogenic cells
to ischemic tissues.

Materials and Methods

Generation of Transgenic Mice

Cre recombinase driven by VE-cadherin promoter (VE-cad-Cre)
mice contained the 4.2-kb VE-cad-Cre transgene (Figure 1A) ex-
cised from pBluescript-VE-cad-Cre (online supplement, available at
http://circres.ahajournals.org). VE-cad-Cre mice were crossed with
LacZ reporter mice (cAct-XstopX-LacZ from the Jackson Labora-
tory, Bar Harbor, Me) or enhanced green fluorescent protein (GFP)
reporter mice (CAG-CAT-enhanced GFP [EGFP] obtained from J.
Miyazaki, Osaka University).’6 The offspring were named VE-
cadherin promoter-driven LacZ-expressing mice (VE/Z) and VE-
cadherin promoter-driven EGFP-expressing mice (VE/EG), respec-
tively. All animal experiments were approved by the animal
committee of the National Cardiovascular Center and performed
according to the regulation of the National Cardiovascular Center.

Detection of Fluorescence In Vivo

VE/EG embryos and dissected organs from VE/EG mice were
examined using an Olympus SZX12 stereo-fluorescent microscope
equipped with a VB-6010 charge-coupled device camera. The organs
from control mice were imaged next to those from VE/EG mice.

Histochemistry, Immunostaining,
Immunofluorescence, and In Situ Hybridization
The procedures of histological examination are described in the
online supplement.

Neovascularization Models
To monitor VE-cadherin promoter-activated cells during neovascu-
larization, we used a corneal angiogenesis model of 8-week-old
VE/EG mouse and myocardial infarction model. Both methods are
described in the online supplement.

Parabiosis Model

Pairs of a 6- to 10-week-old wild-type and VE/Z mice were subjected
to parabiotic surgery. Mice were surgically joined from shoulder to
femur. One week after parabiotic surgery, the coronary artery was
ligated in the wild-type mouse.

Characterization of EGFP-Expressing Cells by
Flow Cytometric Analysis

EGFP expression of these cells was analyzed by FACS (fluores-
cence-activated cell sorting) Calibur (BD Biosciences). EGFP to-
gether with cell surface antigen immunostained with phycoerythrin-
conjugated anti-CD31 or anti-CD45 were investigated using FACS
VantageSE or FACS Aria (BD Biosciences).
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Figure 1. VE-cadherin (Cadherin5, Cdh5) promoter is activated
during developmental vascularization. A, VE-cadherin promoter-
driven Cre recombinase expressing mouse. BHI, Bam HI; Bll,
Bglll; ERV, EcoRV. B, VE-cadherin promoter-dependent EGFP-
expressing mouse (VE/EG). EGFP was expressed in intersomitic
vessels (IV), and basilar artery (BA), and endocardium (EC) of i
VE/EG mice at embryonic day 10.5 (E10.5). No EGFP expres-
sion in a littermate lacking Cre gene (Cre-). C, VE-cadherin-de-
pendent LacZ-expressing mouse (VE/Z). Whole-mount X-gal
staining of E10.5 VE/Z 'mice shows similar reporter expression
to VE/EG. NLS indicates nuclear localization signal. D, Cross-
section of neural tube, dorsal aorta, and somites of E10.5 VE/Z -
embryo shows LacZ-positive signals in dorsal aorta (DA).
Bar=200 um. E, Box in D is enlarged. LacZ-positive cells are
present in the hematopoietic cells in the dorsal aorta lumen and
its lining cells (arrowhead). Bar=50 um. F, In the liver, LacZ-
expressing cells are detected in the sinusoidal endothelium and
the scattered cells, which seem to be hematopoietic cells (aster-
isks). Bar=20 um.

Results

VE-Cadherin Promoter Is Activated in Cells
Responsible for Developmental Vessel Formation
To trace the VE-cadherin—-expressing cells in fetal vascular
development and postnatal neovascularization, we first gen-
erated transgenic mice expressing VE-cad-Cre (Figure 1A).
By crossing three lines of VE-cad-Cre mice with either EGFP
reporter mice or LacZ reporter mice, we obtained VE/EG and
VE/Z (Figure 1B and 1C).

EGFP and LacZ expression by VE-cad-Cre-mediated re-
combination was observed in embryonic vascular develop-
ment (Figure 1B and 1C). We examined LacZ expression in
Aorta-Gonad-Mesonephros (AGM) region of VE/Z mice
where hemangioblasts reside.'”'# LacZ-positive cells were
detected in the dorsal aorta (Figure 1D, boxed). We noticed
that LacZ-stained cells were in the limen and in the lining
cells of the ventral wall (Figure 1E, arrowhead) and in the
cells that seemed to bud off from the inner layer. LacZ-
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Figure 2. VE-cadherin promoter is less activated after birth than
before birth. Organs from littermates lacking Cre gene (Cre-) do
not show any EGFP expression (A, C, E, and G). A, EGFP is
observed in the heart of newborn (3 days after birth) VE/EG
mice. B, In the section of a newborn VE/EG mouse heart, EGFP
is detected by anti-GFP (green) among the CD31-positive (red)
arterial vascular endothelial cells (arrow) and capillary endotheli-
al cells (arrowhead). Positive immunoreaction for anti-GFP and
anti-CD31 is visualized by Alexa488-conjugated goat anti-rabbit
antibody (green) and Alexa 546-conjugated anti-mouse antibody
(red), respectively. C, EGFP is not expressed in the 5-week-old
VE/EG mouse heart. D, A few EGFP-positive cells (arrowhead)
are detected in capillaries of 5-week-old VE/EG mice. E, Similar
to the heart, EGFP is observed in the newborn VE/EG mouse
lung. F, EGFP (green) is merged with CD31-positive (red) arterial
endothelial cells (arrow) and capillary endothelial cells (arrow-

. head). G, Lungs of 5-week-old VE/EG mice do not express
EGFP. H, A few EGFP-positive cells (arrowhead) were detected
in capillaries of the VE/EG mouse lung. Bar=50 um.

stained cells were also found in the newborn VE/Z mouse
liver, where hepatic hematopoiesis is organized (Figure 1F,
asterisks). These results suggest that VE-cadherin promoter is
activated in the cells probably corresponding to hemangio-
blasts responsible for fetal vasculogenesis.

VE-Cadherin Promoter Becomes Less Active

After Birth

To assess the involvement of VE-cadherin in postnatal
vascular development, we examined changes in EGFP re-
porter expression with age in tissues. Although EGFP expres-
sion in both neonatal heart and lung was noticeable, its
expression was gradually decreased by aging and no longer
observed by the fifth week (Figure 2A, 2C, 2E, and 2G).
EGFP and CD31 (platelet and endothelial cell adhesion
molecule-1) expression overlapped in the vascular endothe-
lium of both heart and lung of the neonatal VE/EG mice, as
revealed by immunohistochemical analyses using anti-GFP
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Figure 3. VE-cadherin expression and VE-cadherin mRNA
expression in embryogenesis. A, VE-cadherin is detected in the
basilar arteries (BA), endocardium (EC), and intersomitic vessels
(IV) by immunohistochemistry in an embryonic 9.5 (E9.5) wild-
type mouse embryo using anti-VE-cadherin antibody. B, In situ
hybridization using antisense probe for VE-cadherin mRNA
reveals that VE-cadherin mRNA is expressed in BA, EC, and IV
of an E9.5 wild-type mouse embryo. Sense probe used as a
negative control does not detect any VE-cadherin mRNA (data
not shown). Bar=50 um.

and anti-CD31 antibodies (Figure 2B and 2F). In clear
contrast, GFP was not detected in the CD31-positive vascular
endothelium of 5-week-old VE/EG mice (Figure 2D and 2H).
Similarly, we found that EGFP expression was decreased
with age in other organs, including the brain, liver, and
kidney (data not shown).

Tie2 is a tyrosine kinase receptor for angiopoietin and is
expressed in the endothelial cells and hematopoietic cells.!®
Thus, we further compared the VE-cadherin promoter-
dependent EGFP expression with that dependent on Tie2
promoter. EGFP expression persisted through the entire life
(supplemental Figure II), supporting that the VE-cadherin
promoter is more active during embryonic and prenatal
vascularization than postnatal vessel maintenance. Similarly,
VE-cadherin promoter-driven LacZ expression was de-
creased with aging (supplemental Figure II).

VE-Cadherin Is Expressed in

Developing Vasculature

To confirm that VE-cadherin promoter-driven EGFP and
LacZ reporter expression reflects endogenous VE-cadherin
expression in vivo, we examined the expression of VE-
cadherin and VE-cadherin mRNA in embryo. VE-cadherin,
VE-cadherin mRNA was detected in developing vessels of
the embryo stained with anti~VE-cadherin antibody (Figure
3A) and of the embryo probed with antisense—VE-cadherin
c¢DNA (Figure 3B). VE-cadherin protein and VE-cadherin
mRNA were detected in the basilar arteries, intersomitic
vessels, and endocardium as reporters of VE/EG and VE/Z
mice were expressed. These results indicate that VE-cadherin
promoter-driven reporter expression of both VE/EG and
VE/Z mice reflects the endogenous VE-cadherin expression.

VE-Cadherin Promoter-Activated Cells Are
Involved in Neovascularization

EPCs are positive for VE-cadherin and involved in neovas-
cularization.6 We hypothesized that VE-cadherin promoter is
turned on in EPCs during adult vasculogenesis and that
VE-cadherin promoter may be reactivated in vessels. There-
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Figure 4. Reactivation of VE-cadherin promoter in response to
VEGF and cardiac ischemia. A, New vessel formation monitored
by EGFP expression in the VE/EG mouse cornea just O days (0
d), 2 days (2 d), and 15 days (15 d) after the implantation of a
VEGF-containing pellet (P). Arrowheads and arrows denote the
limbus vessels and nascent vessels, respectively. B, Section of
sham coronary-ligated VE/Z mouse shows no LacZ-stained cells
in the heart. Bar=100 um C, Numerous LacZ-stained cells are
present in the infarcted region of the VE/Z mouse 3 days after
coronary ligation. Bar=100 um. D, The section of the sham-
operated VE/EG mouse heart was immunostained with anti-GEP
and anti-CD31. Similar to Figure 2, Alexa488 image and that
merged with Alexa546 image are shown in the left and right
panels, respectively. E, Immunostaining similar to D shows par-
tial colocalization of GFP (green) and CD31 (red) in the infarcted
area of VE/EG mouse heart. F, Colocalization of GFP (green)
and CD31 (red) in the both arteries and capillaries in the viable
area surrounding the infarcted area. Arrowheads denote the
GFP-positive cells outside of the endothelium and inside of vas-
cular wall. Bars (in D, E, and F)=50 um. G, VE-cadherin is
detected (brown) in the vessels of infarcted heart but not sham-
operated heart. Bar=25 um.

fore, we first tested whether VEGF induces EGEP expression
in using a cornea model of VE/EG mice. After implanting
VEGF-containing pellets, EGFP expression was monitored
cvery day. Not only new vessels growing toward the im-
planted pellets but also limbus vessels exhibited EGFP
expression (Figure 4A), indicating that VE-cadherin promoter

is activated in the vascular cells involved in
neovascularization.

We next tested whether ischemia triggers VE-cadherin
expression in a myocardial infarction model. When the
coronary artery of VE/Z mice was ligated, LacZ-positive cells
were found 3 days after coronary ligation in the hearts of the
infarcted mice but not those in the sham-operated mice
(Figure 4B and 4C). Similarly, EGFP expression was exam-
ined by immunohistochemistry using anti-GFP antibody. In
sham-operated control VE/EG mice, GFP-positive cells were
not detected in the heart except a few capillaries (Figure 4D),
whereas GFP-positive cells were observed in the infarcted
area (Figure 4E, left). Notably, among GFP-positive cells, we
found CD31-positive cells in the merged image (Figure 4E,
right). More than 50% of GFP-positive cells were negative
for CD31, suggesting that GFP-positive cells may include
nonendothelial lineage cells. Intriguingly, the endothelial
cells lining the vessels marked by CD31 in the adjacent viable
region were positive for GFP (Figure 4F). In addition, we
could find GFP-positive cells in the nonendothelial cell layer
in the arterial walls, probably smooth muscle cell layer in the
viable area (Figure 4F, arrows). Consistent with GFP reporter
expression, VE-cadherin was detected by immunohistochem-
istry in the endothelium and smooth muscle cells in the
vessels of the infarcted heart but not in the sham-operated
heart (Figure 4G).

Ischemia Triggers VE-Cadherin Expression in

Preexisting Vascular Cells and Mobilized Cells

To test whether the VE-cadherin promoter-activated cells are
derived from extracardiac tissues of infarcted mice, we used
a parabiotic pairing between a wild-type mouse and a VE/Z
mouse (Figure 5, gray mouse and blue mouse, respectively).
In a parabiotic mice model, circulating blood cells are mixed
through vascular anastomoses that form between the two
mice.?*2! LacZ-positive cells were found in both endothelial
cell layer and smooth muscle cell layer of infarcted VE/Z
mouse (Figure 5A, arrowhead and arrow, respectively), as
confirmed by the same section immunostained with anti-
CD31 and anti-a-smooth muscle actin (SMA). In a parabio-
sis model in which the wild-type mouse was coronary ligated
(indicated by cross), we observed that LacZ-positive cells
were recruited to the infarcted area of the wild-type mouse
(Figure 5B, denoted by cross) from the VE/Z mice (Figure
5B, left). These results indicate that VE-cadherin promoter-
reactivated cells are derived from extracardiac tissues and
subsequently home to the infarcted heart. Notably, these
LacZ-stained cells were negative for CD31 or a-SMA (Fig-
ure 3B, right). These results were consistent with those found
in the infarcted area of VE/EG mice (Figure 4E). In addition
to the infarcted area, LacZ-positive cells were incorporated in
the vascular endothelial cell layer and VSMC layer of the
viable area (Figure 5C and D), although the number of
LacZ-positive cells were much less than that of unconnected
mouse. Given that most of the endothelial cells lining the
vessels of viable area of infarcted VE/EG mice were positive
for GFP (Figure 4E) and that the number of LacZ-positive
cells found in the vessels were much less in parabiotic model,
VE-cadherin promoter is activated in the pre-existing vessels
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Figure 5. Ischemia induces the recruitment of circulating
VE-cadherin promoter-activated cells. Sections show tissues for
the mouse indicated by the broken line box. In all panels,
crosses indicate coronary ligation, and arrowheads and arrows
denote LacZ/CD31-positive and LacZ/a-SMA-positive cells,
respectively. All images were obtained by a confocal micro-
scope (LSM510 META, Carl Zeiss). A, LacZ-stained cells in both
a-SMA-positive cell layer and CD31-positive cell layer in the
arteries of the viable area of infarcted VE/Z mice (cross). B, C,
D, and E, A parabiotic pairing between a wild-type (WT) mouse
(gray) and a VE/Z mouse (blue). B, Sections of the infarcted
heart region of the wild-type mouse were examined for LacZ
expression. LacZ-positive cells are negative for CD31 and
a-SMA. C and D, In the same model as B, LacZ expression was
examined in variable area of infarcted wild-type mouse. E, Coro-
nary arteries of the noninfarcted VE/Z mouse were examined for
LacZ expression. Bars=10 um.

of viable area. Collectively, these data indicate that VE-
cadherin—expressing cells, which do not correspond to vas-
cular cells, are recruited to infarcted area from extracardiac
tissue. Notably, when examining the heart of the donor VE/Z
mouse without myocardial infarction, LacZ-stained cells
were found in both endothelial cell layer and VSMC layer in
spite of the absence of cardiac ischemia (Figure SE), indicat-
ing that circulating stimuli may activate VE-cadherin pro-
moter in either the pre-existing vascular cells or the mobilized
cells from extracardiac tissue to the vasculature. Parabiosis
itself did not trigger LacZ expression before the ischemia
(supplemental Figure IIIA). Cardiac ischemia, not but other
organ ischemia, is critical for VE-cadherin expression in the
heart (supplemental Figure III).

VE-Cadherin Promoter Is Activated in Bone
Marrow Cells and Circulating Blood Cells on
Myocardial Ischemia

To investigate the origin of the cells homing to the ischemic
tissues from extracardiac tissue, we explored EGFP-
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expressing cells in bone marrow and peripheral blood of the
infarcted VE/EG mice by flow cytometry. Although EGFP-
expressing cells were not detected in the bone marrow of the
sham-operated mice, EGFP-expressing bone marrow cells
increased after coronary ligation and reached 5% of total
bone marrow mononuclear cells (Figure 6A and 6B). In
parallel with the increase of EGFP-expressing cells in bone
marrow, EGFP-expressing cells also increased in the periph-
eral blood (Figure 6C). No EGFP-expressing cells were
detected in the blood from sham-operated mice. EGFP-
expressing cells increased up to 6% of total circulating
mononuclear cells 7 days after ligation (Figure 6D).

EGFP-expressing cells were observed in situ in the vascu-
lature as well as in the marrow cells of infarcted VE/EG mice
(Figure 6F) but not in sham-operated mice (Figure 6E),
suggesting that VE-cadherin—mediated cell adhesion may be
involved in mobilization of bone marrow cells into the
bloodstream.

We further examined the expression of endogenous VE-
cadherin in the EGFP-expressing cells sorted from the bone
marrow of infarcted VE/EG mice. More than 90% and 40%
of EGFP-expressing cells were positive for VE-cadherin and
for CD31, respectively (Figure 6G and 6H). These data
indicate that EGFP reporter expression reflects endogenous
VE-cadherin expression in bone marrow cells. To character-
ize the CD31-negative cells, we performed flow cytometric
analysis on mononuclear bone marrow cells obtained from
infarcted VE/EG mice 2 days after coronary ligation using
anti-CD31 and anti-CD45 because CD45 is expressed in the
common origin of both myeloid cells and endothelial cells.’
Among EGFP-positive cells, 50% were positive for CD31, in
agreement with the immunostaining of GFP-positive cells
with anti-CD31 (Figure 6H and 6I). Of note, all EGFP-
expressing cells were positive for the pan-leukocyte cell
marker CD45. VE-cadherin mRNAs of bone marrow CD45-
positive cells of infarcted mice were twice as much as those
of sham-operated mice (supplemental Figure V). These re-
sults indicate that EGFP-expressing cells consist of either
multilineage cells or distinct stages of differentiated cell from
a common origin;: CD45-positive EPCs, CD45-positive he-
matopoietic precursor cells, and CD45-positive hematopoi-
etic cells.

VE-Cadherin Promoter-Activated CD45-Positive
Cells Are Actively Recruited to Ischemic Area

We found that VE-cadherin promoter-activated cells were
positive for CD45 (Figure 6I) and that CD31-negative GFP-
expressing cells were detected in the infarcted area (Figure
4E). Thus, we assumed that CD31-negative GFP-expressing
cells might be CD45-positive cells in the infarcted heart. The
heart of the infarcted VE/EG mice were immunostained with
anti-GFP and anti-CD45. Double-positive staining was found
in cells other than elongated cells that seemed to be endothe-
lial cells (Figure 7A). The percentage of double-positive cells
among CD435-positive cells in the infarcted area (>10% of
CD45-positive cells were positive for GFP) was greaier than
that of CD45/EGFP-expressing cells in bone marrow cells as
examined by FACS analysis (=1.5% of CD45-positive cells
were GFP positive; Figure 6I), indicating that double-positive
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Figure 6. Ischemia induces increases in VE-cadherin promoter-acti-
vated bone marrow cells and blood cells. A, Flow cytometric analysis
reveals EGFP-expressing cells appearing in bone marrow (BM) 3 days
after coronary artery ligation in a VE/EG mouse (green) but notin a
sham-operated VE/EG mouse (gray). B, EGFP-expressing cells in
bone mamrow cells obtained from the infarcted VE/EG mice were
counted by flow cytometry. WT indicates wild-type mice; VE/EG,
VE/EG mice without any operation; sham, sham-operated VE/EG
mice; 1d,3d,7d,and 14 d; 1 day, 3 days, 7 days, and 14 days after
coronary ligation of VE/EG mice, respectively (n=3). C, Similar to A,
EGFP-expressing cells increased in peripheral blood cells (PBC) of the
coronary-ligated VE/EG mouse (green) but not in the sham-operated
mouse (gray). D, Similar to B, EGFP-expressing peripheral blood cells
obtained from infarcted mice were analyzed by flow cytometry. E,
Expression of VE-cadherin in BM of sham-operated VE/EG mouse
examined by immunostaining with anti-GFP. F, Similar to E,
VE-cadherin promoter-reactivated cells were examined in the infarcted
VE/EG mouse BM. Arrowheads indicate the immunopositive signal
(green) in the endothelium of vessels. Bar=50 um. G, EGFP-
expressing cells obtained by cell sorting from the BM of VE/EG
mouse 3 days after coronary ligation were immunostained with anti-
GFP (eft) and anti-VE-cadherin (center). The GFP image (green) and
VE-cadherin image {red) is merged (right). A representative result of
more than three independent experiments is shown. H, EGFP-
expressing cells obtained from the same mouse as in G were immu-
nostained with anti-GFP (left) and anti-CD31 {(center). The merged
image is shown in the right panel. |, Bone marrow cells obtained from
an infarcted VE/EG mouse 2 days after coronary ligation were immu-
nostained with phycoerythrin (PE)-conjugated anti-CD31 (top) or
PE-conjugated anti-CD45 (bottom) and subjected to FACS analysis.
Numbers indicate the percentage of cells in the fraction. A representa-
tive result of more than three independent experiments is shown.

cells were more selectively recruited to the ischemic area than
single CD45-positive cells.

Discussion
Here we show for the first time that VE-cadherin promoter-
activated cells are detected in both bone marrow cells and

VE/EG, infarcted B VE/EG, viable

Figure 7. VE-cadherin promoter-activated CD45-positive cells
after cardiac ischemia migrate to the infarcted area. A, The
infarcted area of the mouse heart immunostained with anti-GFP
(top) and anti-CD45 (middle). The GFP image and the CD45
image are merged (bottom). B, The viable area of the same
mouse heart was also immunostained with anti-GFP (top), anti-
CD45 (middle), and merged (bottom). Bar=100 pm.

blood vessels in the infarcted mice. Although VE-cadherin
promoter is less active with aging, reactivated VE-cadherin
promoter drives VE-cadherin expression in the pre-existing
vessels of ischemic hearts. Our results do not suggest that
VE-cadherin is not expressed in mature vessels but rather
suggests that VE-cadherin expression is enhanced during
ischemia, as detected by anti~VE-cadherin antibody (Figure
4G). Although VE-cadherin is required in the postnatal
vascular endothelial cell integrity,'3** VE-cadherin is hardly
detectable by immunohistochemistry.??2 Ischemia may drive
VE-cadherin promoter, resulting in detectable increased VE-
cadherin expression in the pre-existing vessels.

What is the role of re-expressed VE-cadherin of the
vascular vessels during ischemia? VE-cadherin expression
during ischemia may make conditions favorable for the
homing of EPCs/CEPCs and the integration of these cells to
create the neovessels. VE-cadherin may function not only as
an endothelial cell-cell adhesion molecule, but as a leukocy-
te—endothelial cell adhesion molecule. Leukocytes extrava-
sate across the endothelial cell layer via homophilic platelet
and endothelial cell adhesion molecule-1 (CD31), binding
between leukocytes and vascular endothelial cells because
leukocytes do not express VE-cadherin.232¢ Because VE-
cadherin promoter was activated in CD45-positive leukocytes
on ischemia, VE-cadherin on both pre-existing vessels and
CD45-positive cells may help to the extravasation of CD45-
positive cells.

We noticed that ischemia induced VE-cadherin promoter
activation of both marrow cells and endothelium in the bone
(Figure 6F). In addition, VE-cadherin promoter-activated
marrow cells were positive for VE-cadherin (Figure 6G).VE-
cadherin re-expression induced by ischemia appears to pro-
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mote the mobilization of VE-cadherin-expressing cells from
bone marrow because VE-cadherin regulates the mobilization
of bone marrow cells across bone marrow endothelium 2
Angiopoietin-1/Tie2 signaling maintains an HPC quiescence
in bone marrow, probably by regulating N-cadherin.?s Thus,
ischemia may trigger the cadherin switch from N-cadherin to
VE-cadherin in cells mobilizing from the bone marrow niche.
These CD45-positive cells may function as proangiogenic
factor-producing cells at the ischemic tissue.

VE-cadherin may be expressed in both prenatal and post-
natal hemangioblasts. In embryos and embryonic stem cells,
VE-cadherin-expressing cells have the potential to generate
hematopoietic precursors,2’-2° which exist and repopulate in
the AGM o differentiate into both hematopoietic cells and
endothelial cells.!” Consistently, we found LacZ-positive
cells in the lumen of dorsal aorta and those budding from the
lining cells of the dorsal aorta (Figure 1D and 1E). Moreover,
no blood cells were found within VE-cadherin—deficient
embryos, in addition to impaired vascularization.3® During
embryogenesis, vasculogenesis and hematopoiesis are coor-
dinated by hemangioblasts residing in AGM region, including
the dorsal aorta.’' VE-cadherin—expressing cells may func-
tion as adult hemangioblasts because VE-cadherin promoter—
activated cells were positive for both CD31 and CD45. It
should be tested in the future whether GFP-expressing CD45-
positive cells in the infarcted area function as cytokine-
secreting cells because EPCs are derived from monocytes and
secrete angiogenic factors.?

It has been controversial whether bone marrow-derived
cells are integrated into vasculature.3233 By using parabiotic
mice model, we demonstrated that cells from extracardiac
tissues were incorporated into both pre-existing endothelial
cell and VSMC layers (Figure 5C and 5D). Furthermore, we
detected VE-cadherin in both vascular layers of infarcted
mice (Figure 4G). VE-cadherin promoter-activated cell de-
tected among smooth muscle cells may be either incorporated
cell or pre-existing smooth muscle cells. The former cell may
use VE-cadherin—dependent cell-cell interaction for incor-
poration into the smooth muscle layer across the VE-cad-
herin—expressing endothelial cells on ischemia. Both endo-
thelial cells and VSMCs originate from the same lineage
serving as vascular progenitor cells in embryonic stem cells. >4
Even mature vascular endothelial cells can differentiate into
smooth muscle cell.’s It will be necessary to test whether
VE-cadherin promoter-activated cells can give rise to the
smooth muscle cells to examine the potential function as
vascular progenitor cells.

We obtained the data indicative of unidentified factors that
drives VE-cadherin promoter in bone marrow and heart.
VEGF-induced mobilization of EPCs depends on the expres-
sion of Flk-1 expressed on the EPCs as placental growth
factor recruits HPCs that express Flt-1.836 It is of note that we
find that circulating factors affect the activity of VE-cadherin
promoter just in the vessels of the heart, without affecting
activity in other organs (supplemental Figure III). By identi-
fying VE-cadherin promoter-activating factors, we may aug-
ment neovascularization in combination with EPC-based cell
therapy.
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In conclusion, VE-cadherin promoter is reactivated in the
ischemic tissue vessels and bone marrow—derived cells.
Thus, reactivation of VE-cadherin may be involved in the
integration of vessel-constituting cells and angiogenic factor~
producing cells.
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