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Introduction

Cardiovascular diseases are the major causes of death in industri-
alized countries. Cardiovascular cells are, therefore, one of the most
important targets in regenerative medicine. The regeneration of
cardiomyocytes, which principally cannot proliferate and regenerate
in the adult, is particularly expected to bring new hopes to cure
cardiac diseases. Many cell types, such as endothelial progenitor cells
from blood or bone marrow, cardiac progenitor cells from the heart,
mesenchymal cells from bone marrow or other tissues, and ES and
iPS cells, are currently being examined as cell sources for
cardiovascular regenerative cell therapy [1]. Previously, the authors
established a novel ES and iPS cell differentiation system, which can
reproduce the early cardiovascular development processes in vitro
[2-4]. Using and expanding this system as a tool for differentiation
studies, cell transplantation and drug discovery, we are trying to
explore novel cardiovascular regenerative strategies.

Differentiation from ES and iPS cells
Differentiation strategies — embryoid bodies vs. stepwise methods

To induce ES (or iPS) cell differentiation, embryoid bodies (EBs) which
form as aggregates of ES cells are often used. Spontaneous
differentiation of ES cells occurs in EBs by the interaction of cells
within EBs, locally mimicking the body plan in the embryo. EBs
contain various cell types including cardiomyocytes, endothelial cells
(ECs) and mural cells (MCs; pericytes in capillary vessels and vascular
smooth muscle cells in arteries and veins) and often form blood
vessel-like structures [5]. Though the EB method is convenient for

inducing differentiation and should be suitable for a large-scale
preparation of cell sources, the method possesses several weak-points
in dissecting cellular and molecular mechanisms during differentia-
tion such as: (i) difficulty to dissect the differentiation mechanisms by
highlighting cells and signals of interest in EBs, (ii) difficulty to directly
observe differentiating cells at the cellular level by microscopy, and
(iii) difficulty to conduct single cell analysis of differentiation.

To overcome these disadvantages in EB cultures, the authors
developed a 2-dimentional culture-based, stepwise cardiovascular
differentiation system (Fig. 1) [2,3,6]. In this system, Flk1*
mesoderm cells are first induced from undifferentiated ES cells in a
monolayer culture of ES cells in the absence of LIF (leukemia
inhibitory factor). FIk1™ cells, presumptive lateral plate mesoderm,
are purified by FACS (flow cytometry-assisted cell sorting) using
anti-Flk1 antibody. Various cardiovascular cells are then induced by
re-culture of purified FIk1* cells as common precursor cells. Though
this system requires purification and re-culture processes, it is
amenable for easy monitoring and analysis of differentiating cells at
the cellular level. To dissect molecular and cellular mechanisms of
cell differentiation or to apply ES/iPS cell differentiation system to
screen small molecules, such stepwise and systematic methods are
very powerful (see below).

Differentiation of vascular cells - vasculodiversity and a constructive
approach

Blood vessels consist of two cell types, ECs and MCs. The majority of
vascular cells are considered to be derived from the mesoderm.
Expression of FIk1 (also designated as vascular endothelial growth
factor receptor-2 (VEGF-R2)) is an indicator of the lateral plate
mesoderm [7]. FIk1 is also the earliest functional differentiation
marker for blood and ECs [8]. The Flk1 ligand, VEGF, is a key factor for
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Fig. 1 - Systemic and stepwise cardiovascular cell differentiation system with mouse ES/iPS cells.
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EC differentiation. VEGF-A heterozygotes die early in gestation due to
failure in vascular system formation, indicating that strict regulation of
VEGF function is critical in normal vascular formation [9]. Recent
reports for various molecular markers and functional molecules for
arterial, venous, and lymphatic ECs [10] provide a novel research field
as “vasculodiversity.” A transmembrane ligand ephrinB2 and its
receptor tyrosine kinase EphB4 are the first reported markers for
arterial and venous ECs, respectively. The ephrinB2-EphB4 system is
essential to establish mature blood vessel system with arterial-venous
identity. Notch (Notch 1, 4) and its cell-surface ligands (Delta like-1
[DII1], DIl4, and Jagged1 and 2) are expressed in arteries but not in
veins. Genetic studies of Notch signaling components have shown that
Notch signaling is essential for proper formation of the developing
vasculature and arterial specification. On the other hand, insufficient
Notch activation during angioblast differentiation to ECs leads ECs to
venous fate. COUP-TFII, an orphan nuclear receptor transcription
factor, was reported to repress Notch signaling through suppressing
neuropilin1 expression to maintain vein identity. Lymphatic ECs
originate from venous ECs. A subset of venous ECs expressing LYVET,
which are competent to lymphatic differentiation, are committed into
lymphatic ECs with the expression of Prox1 homeobox transcription
factor. Prox1 is considered as the most specific and functional
lymphatic EC marker.

The author's group succeeded in inducing a variety of vascular
cells from mouse ES cells using the stepwise ES cell differentiation
system [2,5,11]. ECs and MCs are specifically induced from ES cell-
derived FIk1* cells when they are cultured with VEGF and serum. In
this condition, induced ECs mainly show venous phenotype. When
cyclic AMP (cAMP) signaling is simultaneously stimulated with VEGF,
arterial ECs are induced. A multifunctional polypeptide, adrenome-
dullin (AM), which exerts its function by increasing the levels of
intracellular cAMP, is a candidate endogenous ligand that activates
cAMP [12]. Prox1-positive lymphatic ECs are induced [13] when
FIk1* cells are cultured on OP9 cells [14], which are stroma cells
established from bone marrow of op/op (monocyte colony stimulat-
ing factor deficient) mice. Lymphatic ECs are also induced with EB
methods. The authors group succeeded in inducing all three EC
phenotypes, arterial, venous, and lymphatic ECs from ES cells [10].

Recently, novel roles of cAMP signaling in EC differentiation and
arterial specification were demonstrated with the stepwise method.
That is, a cAMP downstream gene, protein kinase A (PKA), specifically
upregulates selective and sensitive receptors for VEGF;gs, FIk1 and
Neuropilin1, in vascular progenitors, and enhances the “sensitivity of
the progenitors” to VEGF;¢s by more than 10 times [15]. PKA
activation increased the total EC number that appeared from FIk1*
cells, but had no effect on arterial-venous specification. Arterial
specification was caused by another pathway activated by cAMP, that
is, Notch and GSK3p-mediated B-catenin signaling [16]. Notch and 3-
catenin signaling, both of which are activated through phosphatidy-
linositol-3 kinase downstream of cCAMP, converges into single protein
complex on arterial genes. The effect of CAMP in arterial specification
was completely reproduced with neither Notch nor B-catenin, but
with simultaneous activation. Thus, two distinct roles of cAMP
pathways, common EC differentiation and arterial EC specification,
were demonstrated though a constructive approach by building up
each molecular functions to reproduce cell differentiation process in
vitro [5,10]. The stepwise and constructive reproduction of vascular
developmental processes with ES cell differentiation system can
provide novel understanding in cellular and molecular mechanisms of
vascular development from a new point of view.

Differentiation of cardiomyocytes, progenitors or stem cells

Cardiomyocytes are principally mesoderm derivatives. Mesodermal
cells give rise to two cardiac progenitor populations that exist in so-
called, primary heart field and secondary heart field [1,17,18].
Primary heart field is derived from the anterior splanchnic
mesoderm and form cardiac crescent. Primary heart field is positive
for Nkx2.5, Tbx5, and Hand1, and gives rise to mainly the left
ventricle. Secondary heart field originates from the pharyngeal
mesoderm and is situated medially to the primary heart field.
Secondary heart field is positive for isl1, Tbx1, FGF8 and 10, and gives
rise to mainly the right ventricle, outflow tract and inflow region. In
addition to these two populations, proepicardial cells and neural
crest cells also contribute to the heart structure [1].

Cardiomyocytes are one of the first cell types induced from ES cells.
Appearance of self-beating cells in EBs was reported four years after
the derivation of mouse ES cells [19]. The stepwise method showed
that ES cell-derived FIk1™ cells can give rise to vascular cells as well as
cardiomyocytes [3]. When FIk1™ cells were cultured on OP9 stroma
cells, self-beating cardiomyocytes appeared in 4 days. ES cell-derived
cardiac progenitors at a single cell level were first reported as Flk1*/
CXCR4™"/vascular endothelial cadherin™ (FCV) cells [3]. FIk1, Nkx2.5,
and/or islet1 were reported to mark multipotent cardiac progenitor
population [20]. Though these markers mainly represent lateral plate
mesoderm, primary heart field, and secondary heart field, respective-
ly, these marker expressions overlap each other [21]. For example,
islet1 is also expressed in Flk1* mesoderm, and Nkx2.5 is expressed in
both heart fields. These progenitor populations should therefore be
partially overlapping, and the relationship among them should be
further clarified. In human ES cells, KDR (human Flk1)* cells and Isl1™
cells were independently reported to be multipotent cardiovascular
progenitors [22,23]. As for cardiac stem cells, some reports show
clonal potential of tissue-derived cardiac stem cells, such as c-kit™ cells
or cardiac side population cells [24]. Though expansion of ES cell-
derived progenitor cells was reported with a sphere [25] or feeder cell
methods [23], the establishment of ES cell-derived cardiac stem cells
has not been completely demonstrated.

Cardiomyocyte induction from mouse iPS cells was first
reported in 2008 [4,26,27]. Cardiomyocytes could be induced
from mouse iPS cells with similar methods from mouse ES cells
with EBs or stepwise methods. Various cardiovascular cells,
cardiomyocytes, arterial, venous, and lymphatic ECs, and blood
cells, were systematically induced from Flk1* progenitor cells [4].
Comparable levels of cardiovascular cells could be induced from
iPS cells and ES cells. As for human iPS cells, cardiomyocyte
induction using EB methods was reported for the first time in 2009
[28]. Though functional analyses of induced cardiomyocytes
suggest that human cardiac cell models could be established
from human iPS cells, induction efficiency and stability are still not
sufficient, especially for cell therapy purpose. Further improve-
ments for more robust induction methods are still required.

Application to cell transplantation

As establishment of human iPS cells from human tissues can avoid
the legal and ethical controversy over human ES cells, iPS cells are
now one of the most promising cell sources for cardiac regenerative
cell therapy. Nevertheless, many hurdles have yet to be overcome
before the realization of cardiac regeneration by iPS cells.

yexcr.2010.04.004

Please cite this artlcle as: J K. Yamashlta ES and iPS cell research for cardlovascular regeneranon, Exp. Cell. Res (2010), dm 10 1016/j.

24 —



4 EXPERIMENTAL CELLRESEARCH XX (2010) XXX-XXX

There are various cardiovascular lineage cells. What cells are
suitable for cardiac regeneration? Cardiomyocytes? Cardiac progeni-
tors? More specific cardiac cells such as pacemaker cells? Vascular
cells? Mesenchymal cells? Alternatively, a mixture of different cell
types? Many studies are now ongoing all over the world. A large-scale
preparation and injection of human ES cell-derived cardiomyocytes
(107 cells) are reported to be able to ameliorate cardiac function [29].
FCV cardiac progenitor cells from mouse ES cells were shown to
efficiently generate cardiomyocytes after cell transplantation [21].
Recently, importance of non-cardiomyocytes in cardiac regeneration is
highlighted as a source of various humoral factors that help cardiac
regeneration in a paracrine fashion [30]. Transplantation of cardio-
myocyte/non-cardiomyocyte mixtures may be a good strategy for
efficient regeneration. Novel transplantation technologies such as
cardiosphere (cardiac cell aggregates) [31] and cardiac cell sheets
using temperature-responsive culture surface [32], would support
mixture transplantation strategies. Cardiovascular progenitors, which
can efficiently give rise to cardiomyocytes as well as endothelial cells
and mural cells, should be a good cell source for mixture strategies. In
addition to such technical hurdles, elimination of undifferentiated
ES/iPS cells to avoid teratoma formation is, by far the most critical issue
for the safety of ES/iPS cell therapy. Recently, an iPS cell-specific feature
in the teratoma-forming propensity was reported, where some iPS cell
lines showed a “differentiation-resistant” phenotype [33]. In a
particular iPS cell line, which may be incompletely reprogrammed,
undifferentiated cells persist even after induction of differentiation
resulting in teratoma formation after transplantation. Establishment of
standard for safe iPS cells would be critical to develop iPS cell therapy.

Drug discovery

iPS cell technology, which enables the establishment of patient-
specific pluripotent stem cells and patient cell models, brings two
new hopes in drug discovery. One is in vitro screening for adverse
or toxic effects of drugs. The other is discovering new drugs for
currently incurable diseases.

Safety test

Establishment of cardiac cell models from human iPS cells offers
novel tools for drug safety test. QT elongation is a critical adverse
effect caused by inhibition of human ERG (HERG) ion channel.
Currently, the so-called HERG test, in which inhibitory effects of
chemical substances are evaluated with HERG-overexpressed cell
lines (such as HEK293), is mainly used for safety screening of QT
elongation. HERG test often shows false negative results, that is,
though HERG test is negative, QT elongation occurs in patients (ex.
dl-sotarol). When inhibitory effects of substances on HERG current
were evaluated using human cardiomyocytes prepared from
human ES/iPS cells in vitro, the in vitro results precisely reflected
in vivo QT elongation [34]. Human cell models, thus, are potent
tool for drug safety test which may drastically simplify and
facilitate drug development.

Cardiac regenerative drugs

It would be ideal if cardiac regeneration could be achieved with drugs.
Some trials to discover small molecules which promote cardiomyo-

cyte differentiation are being performed using ES cell differentiation
systems. Cardiogenol, ascorbic acid, isoxazolyl-serines, sulfonyl
hydrazones, and so on are reported to enhance cardiomyocyte
differentiation from ES cells using EB methods [35]. Nevertheless, as
these substances were added to EBs (or P19 carcinoma cell lines) from
the initial step of differentiation, target cells or processes to which
these substances act on are unclear. For example, cardiogenol and
sulfonyl hydrazones should act on mesoderm induction stage.
Differentiation-stage specific screening and evaluation using stepwise
differentiation methods would be more powerful and suitable to
discover cardiac regenerative drugs. Indeed, the authors recently
demonstrated that an immunosuppressant, cyclosporin-A (CSA),
showed a novel effect specifically acting on mesoderm cells to
drastically increase cardiac progenitors (FCV cells) as well as
cardiomyocytes by 10-20 times [21]. CSA had an effect on specific
induction of cardiac lineage from mesoderm, that is, on cardiac
commitment process. Drugs acting on the late stages of cardiac
differentiation, such as cardiac commitment, differentiation, and
cardiomyocyte proliferation, should be promising targets as cardiac
regenerative drugs.

Novel perspective - epigenetic memory and iCM

Currently, iPS cells can be established from various cell types.
Recent studies suggest that differentiation properties of iPS cells
should be affected by their origin (personal communication). iPS
cells established from blood cells have a tendency to well
differentiate to blood cells but not to other lineages. This
phenomenon suggests that epigenetic information as blood cells
is still persistent in some degree as a kind of cell memory even
after iPS cell derivation process, though the molecular identity of
the epigenetic memory is still unknown. If iPS cells could be
induced from cardiomyocytes, those iPS cells may be ideal for the
efficient preparation of cardiomyocytes.

Recently, direct conversion of fibroblasts to functional neurons
(iN cells) was reported by transduction of three defined transcription
factors [36]. This result indicates that critical combination of
transcription factors can induce and reproduce any kind of distinct
cell types. Establishment of iN cells instantly prompts direct
induction of cardiomyocytes from fibroblasts (iCM). iCM would
offer another important option to research, cell therapy, and drug
discovery toward cardiovascular regeneration. iPS cell technologies
are still expanding, and will continue to bring various new hopes in
cardiovascular regeneration.
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olecular mechanisms controlling arterial-venous

specification have not been fully elucidated.

Previously, we established an embryonic stem
cell differentiation system and demonstrated that activa-
tion of cAMP signaling together with VEGF induces arte-
rial endothelial cells (ECs) from Flk1* vascular progenitor
cells. Here, we show novel arterial specification machin-
ery regulated by Notch and B-catenin signaling. Notch
and GSK3B-mediated B-catenin signaling were activated
downstream of cAMP through phosphatidylinositol-3

Introduction

One of the earliest occurrences in organogenesis is the develop-
ment of the vascular system. The vascular system is first formed
as a primitive vascular network by differentiation and assembly
of vascular progenitor cells. Molecular differences between
arterial and venous cndothelial cclls (ECs) become apparent at
this stage before circulation begins (Wang et al.,. 1998; Adams
etal., 1999; Zhong et al., 2001). Although acquisition of arterial
and venous EC identities from progenitors is a crucial step
for establishing the complete circulation system, cellular and
molecular processes that regulate arterial-venous specification
are not fully elucidated.

Notch is a single-pass transmembrane receptor known for
its function in controlling cell fate decisions and creating bound-
aries through cell-cell communication (Lai, 2004). Ligand
binding to Notch leads to cleavage and release of the Notch
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kinase. Forced activation of Notch and B-catenin with
VEGF completely reconstituted cAMP-elicited arterial EC
induction, and synergistically enhanced target gene pro-
moter activity in vitro and arterial gene expression during
in vivo angiogenesis. A protein complex with RBP-J,
the intracellular domain of Notch, and B-catenin was
formed on RBP-J binding sites of arterial genes in arterial,
but not venous ECs. This molecular machinery for arterial
specification leads to an infegrated and more comprehen-
sive understanding of vascular signaling.

intracellular domain (NICD), and NICD translocates to the
nucleus and associates with the transcription factor RBP-J
(also called CSL, CBF-1 in mammals, Suppressor of Hairless
[Su(H)] in Drosophila, and LAG-1 in Caenorhabditis elegans;
Christensen et al., 1996; Kidd et al., 1998; Artavanis-Tsakonas
et al.,, 1999). Notch (Notch 1, 4) and its cell surface ligands
(Delta like-1 [DI11], D114, and Jaggedl and 2) are expressed in
arteries but not in veins (Villa et al., 2001; Sorensen et al., 2009).
Genetic studies of Notch signaling components have shown that
these arterial EC markers are essential for proper formation of
the developing vasculature (Xue et al., 1999; Lawson et al.,
2001; Duarte et al., 2004; Krebs et al., 2004). Thus, Notch sig-
naling plays an important role in arterial specification.
Wnt/B-catenin signaling regulates embryogenesis and is
involved in the pathogenesis of a variety of diseases (Nusse,
2005; Clevers, 2006; Grigoryan et al., 2008). Recent studies
suggested that Wnt/B-catenin signaling also plays a key role
in vascular biology (Goodwin and D’ Amore, 2002). Mice defi-
cient for Wnt2 displayed vascular abnormalities including
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Figure 1. Inhibitory effect of PI3K inhibitor LY294002 on
arterial EC induction from Flk1* cells. (A) Double-fluorescent
staining for CD31 and ephrinB2 affer o 3-d culture of
Flk1* cells (Flk-d3). Top panels: CD31 (pan-ECs, red) and
DAPI (blue). Bottom panels: EphB4-Fc (ephrinB2* arterial
ECs, green) and DAPI (blue). FIk1* cells stimulated with
VEGF alone (50 ng/ml; left panels), VEGF and 8bromo-
cAMP (0.5 mM; middle panels), or VEGF, 8bromocAMP,
and a PI3K inhibitor, LY294002 (7.5 pM; right panels).
Bars: 100 pm. (B) Flow cytometry for CD31 and CXCR4
expression at Flk-d3. Percentages of CXCR4*/CD31* ar-
terial ECs and CXCR4~/CD31* venous ECs in total ECs
(CD31* cells) are indicated. (C) PI3K activity at Flk-d3.
FIk1* cells stimulated with vehicle, VEGF, 8bromo-cAMP,
VEGF and 8bromo-cAMP, or VEGF, 8bromo-cAMP, and
lY294002 (7.5 pM; n = 3; **, P < 0.01 vs. vehicle;
NS: not significant). (D) Double-fluorescent immunostain-
ing for cleaved Notch intracellular domain (NICD) and
CD31 at Flk-d3. Left panels, CD31 (panECs, red). Mid-
dle panels, cleaved NICD (green). Right panels, merged
image. Flk1* cells stimulated with VEGF alone, VEGF and
8bromo-cAMP, VEGF, 8bromocAMP and LY294002, or
VEGF, 8bromo-cAMP, and a +y-secretase inhibitor, DAPT
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defective placental vasculature (Monkley et al., 1996). Knock-
out mice for the Wnt receptor gene, Frizzled-5, died in utero
due to defects in yolk sac angiogenesis (Ishikawa et al., 2001).
Defects of the B-catenin gene in ECs caused aberrant vascular
patterning and increased vascular fragility (Cattelino et al., 2003).
Nevertheless, the role of Wnt/B-catenin signaling in arterial-venous
development is unknown.

We previously demonstrated that Flk1* (also designated as
VEGEF receptor 2) cells derived from embryonic stem (ES) cells
serve as vascular progenitors and can constructively reproduce the
early vascular organization processes including differentiation of
both endothelial and mural cells (MCs; vascular smooth muscle
cells and pericytes) and vascular structure formation (Yamashita
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et al., 2000; Yamamizu et al., 2009). We also reported that activa-
tion of the adrenomedullin/cAMP pathway induced differentia-
tion of arterial ECs from Flk1* cells. Activation of the cAMP
pathway induced Notch activation in differentiating ECs. Although
inhibition of Notch signaling abolished arterial EC induction,
activation of Notch using a NICD-estrogen receptor fusion pro-
tein together with VEGF treatment did not induce arterial ECs
(Yurugi-Kobayashi et al., 2006). These results indicated that
Notch signaling is essential but not sufficient for arterial EC in-
duction, suggesting that other factors are involved in this process.

In this study, we investigated signal transduction events
downstream of the cAMP pathway with the use of our ES cell
differentiation system and found novel molecular machinery for
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Figure 2. Inhibitory effect of GSK3p on arterial EC differentiation. (A) Double-fluorescent staining for CD31 and ephrinB2 ot Flk-d3. Top panels, CD31
(pan-ECs, red) and DAPI (blue). Bottom panels, EphB4-Fc (ephrinB2* arterial ECs, green) and DAPI (blue). Flk1* cells stimulated with VEGF alone (50 ng/ml),
VEGF and 8bromocAMP (0.5 mM), VEGF, 8bromo-cAMP, and LY294002 (7.5 pM), or VEGF, 8bromo-cAMP, 1Y294002, and o GSK3 inhibitor, Bio (100 nM).
Bars: 100 pm. (B) Flow cytometry for CD31 and CXCR4 expression at Flk-d3. Percentages of CXCR4*/CD31* arterial ECs and CXCR4~/CD31*
venous ECs in total ECs (CD31* cells) are indicated. (C) Experimental system for GSK3B expression. ES cell line expressing constitutive active (CA) form
or dominant-negative (DN) form of GSK3B by tetracycline-inducible expression system (Tet-OF) were established. Doxycycline (Dox) was added during
the first 4.5 d of culture of ES cell differentiation to Flk1* cells. Subsequently, FIk1* cells were sorted by MACS and plated on type IV collagen-coated
dishes, and cells were cultured in the presence or absence of 1 pg/ml Dox. (D and E) Induction of CA-GSK3B. (F and G) Induction of DN-GSK3p.
(D and F) Double-fluorescent staining for CD31 and ephrinB2 at Flk-d3. Top panels, CD31 (pan-ECs, red) and DAPI (blue). Bottom panels, EphB4-Fc
(ephrinB2* arterial ECs, green) and DAPI (blue). Flk1* cells were cultured with VEGF alone, or VEGF and 8bromocAMP, in the presence or absence of Dox.
Bars: 200 pm. (E and G) Flow cytometry for CD31 and CXCR4 expression at Flk-d3. Percentages of CXCR4"/CD31" arterial ECs and CXCR4~/CD31*

venous ECs in total ECs (CD31* cells) are indicated.

arterial EC induction. That is, not single, but dual activation of
Notch and B-catenin signaling together with VEGF success-
fully reconstituted arterial EC induction from vascular progeni-
tors. RBP-J, NICD, and B-catenin formed a protein complex
specifically in arterial but not venous ECs both from ES cells
and in vivo. Moreover, dual induction of NICD and B-catenin
enhanced promoter activity of target genes in vitro and arterial
gene expression during in vivo angiogenesis in adults. Thus,
Notch and B-catenin signaling converge via formation of a
single protein complex which should form a core molecular
machinery that induces arterial fate in ECs.

Results

PI3K is invoilved in arterial EC induction
cdlownstream of cAMP

Previously, we reported that two vascular cell types, ECs (posi-
tive for CD31/vascular endothelial [VE]—-cadherin/endothelial
nitric oxide synthase [eNOS]/Claudin5) and MCs (positive for
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smooth muscle actin [SMA]/Calponin/SM22a), were selec-
tively induced (Yamashita et al., 2000; Yamamizu et al. 2009)
when purified ES cell-derived Flk1* cells were cultured with
VEGF and serum. Under these culture conditions, only these
two cell types (i.e., ECs and MCs), but not blood cells such as
CD45" cells, were specifically induced (Yamamizu et al., 2009).
Most of the CD31* ECs induced with VEGF and serum had a
venous phenotype, which did not express ephrin B2, an arterial
EC marker. Simultaneous stimulation of VEGF and cAMP
signaling by addition of a cAMP analogue, 8bromo-cAMP,
successfully induced ephrinB2* arterial ECs, indicating that the
cAMP pathway regulates arterial EC induction (Fig. 1 A;
Yurugi-Kobayashi et al., 2006).

We then investigated the downstream targets of cAMP.
First we examined various kinase inhibitors (Fig. S1). Among
them, LY294002, a phosphatidylinositol-3 kinase (PI3K) inhib-
itor, potently and specifically inhibited the cAMP-elicited
induction of ephrinB2* arterial ECs (ephrinB2*/CD317), but not
total EC (CD31%) appearance from Flk1* progenitor cells

Arterial endothelial cell specification * Yamamizu et al
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established. CA-B-catenin was induced by depletion of Dox, and Notch activation was induced by nuclear translocation of NERT* with addition of
4-hydrotamoxifen (OHT). 1 pg/ml Dox was added during the first 4.5 d of culture of ES cell differentiation to Flk1* cells. After FIk1* cells were sorted by
MACS and plated on type IV collagen-coated dishes, cells were treated with or without Dox and/or OHT (150 ng/ml). (B and C) Activation of B<atenin
together with VEGF. (B) Double-fluorescent staining for CD31 and ephrinB2 at Flk-d3. Left panels, Dox treatment. Right panels, Dox free (expression of
CA-Batenin). (C) Flow cytometry for CD31 and CXCR4 expression at Flk-d3. Percentages of CXCR4*/CD31* arterial ECs and CXCR4~/CD31* venous
ECs in total ECs (CD31" cells) are indicated. (D-F) Dual activation of Notch and B<atenin signaling. (D) Double-fluorescent staining for CD31 and ephrinB2
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(Fig. 1 A and Fig. S1). We further quantitatively evaluated arte-
rial EC induction at the cellular level with flow cytometry. We
used a chemokine receptor, CXCR4, as an arterial EC marker
(Tachibana et al., 1998; Ara et al., 2005; Yurugi-Kobayashi
et al., 2006). CXCR4™/CD31"* venous ECs were mainly in-
duced by VEGF treatment alone. CXCR4*/CD31" arterial ECs
were induced in the presence of 8bromo-cAMP together with
VEGF. Addition of LY294002 almost completely inhibited
CXCR4* arterial EC induction, but not total CD31* cell appear-
ance (Fig. 1 B).

PI3K is known as one of the downstream molecules of
VEGEF signaling in adult ECs (Dayanir et al., 2001; Shiojima
and Walsh, 2002). Although VEGF treatment alone induced no
significant activation of PI3K in FIk1* cells, treatments with
8bromo-cAMP significantly activated PI3K (Fig. 1 C). These
results indicated that cAMP signaling, but not VEGF, can acti-
vate PI3K in vascular progenitors or differentiating ECs and
contributes to arterial EC induction.

Notch signaling is known to have important functions
during arterial-venous specification (Xue et al., 1999; Lawson
et al., 2001; Villa et al., 2001; Duarte et al., 2004; Krebs et al.,
2004; Sorensen et al., 2009). Previously we demonstrated that
addition of 8bromo-cAMP together with VEGF induced Notch
activation in differentiating ECs (Fig. 1 D and Fig. $2; Yurugi-
Kobayashi et al., 2006). Addition of LY264002 virtually
abolished cAMP-induced Notch activation (Fig. 1 D), indi-
cating that PI3K acts downstream of cAMP to activate Notch
signaling in differentiating ECs.

GSK3j3 is negatively involved in arterial

EC induction

We previously reported in our ES cell system that Notch signal-
ing is essential but not sufficient for arterial EC induction (Yurugi-
Kobayashi et al., 2006). We next investigated other downstream
targets of the cAMP and PI3K pathways involved in arterial
EC induction. When activation of glycogen synthase kinase
(GSK) 38, one of the downstream targets of PI3K (Cross et al.,
1995), was blocked by addition of a GSK38 inhibitor, Bio, the
inhibitory effects of LY294002 on ephrinB2* arterial EC induc-
tion was partially restored (Fig. 2 A). The inhibitory effect of
LY294002 on CXCR4*/CD31" arterial EC appearance was also
partially reversed by the addition of Bio (Fig. 2 B). We gener-
ated ES cell lines expressing constitutively active (CA) or
dominant-negative (DN) mutants of GSK30 using a tetracycline-
regulatable system (Tet-Off; Fig. S3; Summers et al., 1999;
Rommel et al., 2001; Yamamizu et al., 2009). We then induced
expression of the CA- or DN-GSK38 in Flk1* cell cultures by
depleting doxycycline (Dox), a tetracycline analogue (Fig. 2 C).

CA-GSK3p expression in Flk1* progenitor cells inhibited arte-
rial EC induction by VEGF and cAMP treatment (Fig. 2, D and E).
On the other hand, DN-GSK3p expression in Flk1* progenitor
cells weakly induced arterial ECs with VEGF treatment alone
(Fig. 2 F and G), indicating that GSK3f negatively regulates
arterial EC induction downstream of PI3K.

Activation of B-catenin and Notch signaling
induces arterial ECs

Next, we investigated whether B-catenin, a negatively regulated
downstream target of GSK3B (Nusse, 2005), is involved in arte-
rial EC induction. We generated an ES cell line expressing CA-
B-catenin regulated by the Tet-Off system (Fig. S3; Hirabayashi
et al., 2004; Yamamizu et al., 2009). Flk1* cells were sorted and
recultured with VEGF in the presence or absence of 1 pug/ml
Dox (Dox* or Dox™; Fig. 3 A). CA-B-catenin expression (Dox ™)
together with VEGF stimulation showed almost no induction
of ephrinB2* arterial ECs (Fig. 3 B) as well as CXCR4"*/
CD31" arterial ECs (Fig. 3 C), indicating that B-catenin signal-
ing alone is not sufficient for arterial EC induction.

Previously we established an inducible Notch activation
system in ES cells using a fusion protein (NERT*°%) of the intra-
cellular domain of murine Notchl (N1ICD) and the estrogen
receptor (ER), which allows regulated nuclear translocation of
N1ICD with an ER ligand, 4-hydroxytamoxifen (OHT; Fig. 3 A;
Schroeder et al., 2006; Yurugi-Kobayashi et al., 2006). We sub-
sequently generated an ES cell line expressing both the NERT*°F
fusion protein and tetracycline-regulated CA-B-catenin. Activa-
tion of Notch by addition of 150 ng/ml OHT together with
VEGF induced only a faint arterial EC induction, compatible
with our previous results (Yurugi-Kobayashi et al., 2006). How-
ever, remarkable appearance of ephrinB2* ECs was clearly
observed after dual activation of Notch and 3-catenin signaling
by the addition of OHT and depletion of Dox, respectively, even
in the absence of cAMP (Fig. 3 D). FACS analysis further dem-
onstrated that the dual activation of Notch and B-catenin signal-
ing completely reproduced the effects of cCAMP on arterial
EC induction (Fig. 3, E and F). Moreover, though 1.Y294002
or a +y-secretase inhibitor, DAPT, almost completely abolished
arterial EC induction by cAMP, the dual activation of Notch and
B-catenin signaling completely reversed their inhibitory effects
(Fig. 3 G). These results indicate that the dual activation of
Notch and B-catenin is sufficient to reconstitute the roles of
cAMP in arterial EC induction.

Cytoplasmic f3-catenin translocates into the nucleus where
it forms a complex with transcription factors of the TCF/LEF
family and activates target molecules (Orsulic and Peifer, 1996;
Nusse, 2005). To investigate whether the TCF transcription factor

at Flk-d3. Top panels, CD31 {panECs, red) and DAPI (blue). Bottom panels, EphB4-Fc (ephrinB2* arterial ECs, green) and DAPI (blue). Flk 1+ cells were treated
with VEGF alone (50 ng/ml), together with Dox* (control), Dox*/OHT* (Notch activated), or Dox™/OHT* {dual activated) condition. VEGF and 8bromo-
CAMP {0.5 mM] treatment in Dox* condition is shown as positive control. Bars: 100 pm. (E) Flow cytometry for CD31 and CXCR4 expression. Percentages of
CXCR4*/CD31* arterial ECs and CXCR4™/CD31* venous ECs in total ECs {CD31” cells) are indicated. {F and G) Expression profile of CXCR4 in CD31* ECs
by flow cytometry. Percentages of CXCR4* arterial ECs in fotal ECs are indicated. {F) VEGF treatment alone (blue line), VEGF and 8bromo-cAMP (red line),
and VEGF together with dual activation of B<catenin and Notch activation {Dox, OHT*; green line) are shown. (G) VEGF treatment alone (blue line), VEGF
and 8bromo-cAMP {red line), VEGF, 8bromo-cAMP, and LY294002 (7.5 pM; left panel), DAPT {2.5 pM; right panel, orange line), VEGF, 8bromo-cAMP, and
LY294002 {left panel), or DAPT [right panel) together with dual activation of B-catenin and Noich activation {Dox, OHT*; green line} are shown.
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Figure 4. Effects of DN-TCF4 on arterial EC induction from

Flk1* cells. (Top) Double-fluorescent staining for CD31 and
ephrinB2 at Flk-d3. CD31 panels, CD31 (pan-ECs, red)
and DAPI (blue). ephrinB2 panels, EphB4-Fc (ephrinB2*
arterial ECs, green) and DAPI (blue). Flk1* cells induced
from DN-TCF4 ES cell line were cultured with VEGF alone
(50 ng/ml) or VEGF and 8bromo-cAMP (0.5 mM), in
the presence or absence of 1 yg/ml Dox. Bars: 100 pm.
(Bottom) Flow cytometry for CD31 and CXCR4 expression
at Flk-d3. Percentages of CXCR4*/CD31* arterial ECs
and CXCR47/CD31* venous ECs in total ECs (CD31*
cells) are indicated.
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is involved in arterial EC induction, we generated an ES cell
line expressing DN-TCF4 regulated by the Tet-Off system
(Fig. S3; van de Wetering et al., 2002; Yamamizu et al., 2009).
Even when we expressed DN-TCF4 in Flk1* vascular progeni-
tors, cAMP-elicited arterial EC induction was not affected
(Fig. 4, A and B). Thus, TCF did not appear to be involved in the
arterial specification process.

A protein complex of RBP-J, NICD, and
B-catenin is formed specifically in

arterial ECs

We further investigated how Notch and B-catenin signaling
pathways interact to induce arterial ECs. We first attempted to
examine the expression and molecular interaction of these two
molecules in purified arterial and venous ECs induced from ES
cells (Fig. 5 A; Yurugi-Kobayashi et al., 2006). Purified arterial
and venous ECs showed a distinct mRNA expression pattern
of arterial EC markers (ephrinB2, Notchl, DIl4, Hesl, Alkl,
CXCR4, and NRP1) and venous EC markers (NRP2 and COUP-
TFII), respectively (Fig. 5 B). Western blot analysis revealed
that Notchl and 4 protein expression was specifically detected
in arterial ECs but not in venous ECs (Fig. 5 C), suggesting that
cAMP regulates both Notch induction and activation. Further-
more, the NICD was present almost specifically in the nuclear
fraction of arterial ECs but not in that of venous ECs. Although
B-catenin was observed in the nuclear fraction of both arterial
and venous ECs, arterial ECs showed a higher nuclear 3-catenin
expression than venous ECs (Fig. 5 D). Immunoprecipitation
(IP) assays revealed that the arterial-expressed NICD formed a
protein complex with 3-catenin (Fig. 5 E). We further confirmed
the formation of a NICD/B-catenin protein complex on several
arterial genes by chromatin-IP (ChIP) assays. Recently, RBP-J
binding sites in mouse ephrinb2 or hesl genes were reported to
regulate their expression in response to Notch activation (Grego-
Bessa et al., 2007; Shimizu et al., 2008). We further performed
in silico investigations of RBP-J binding sites within other
arterial-specific genes, and found conserved RBP-J binding sites
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CXCR4

in both the mouse and human genome in neuropilinl, dil4, and
cxcr4 genes (Fig. S4). ChIP assays demonstrated that although
the RBP-J protein was present on these RBP-J binding sites in
both arterial and venous ECs, NICD and B-catenin formed a
protein complex with RBP-J only in arterial ECs (Fig. 5 F). We
further confirmed the functional relevance of the dual activation
of NICD and B-catenin on target gene expression in Flk1* cells.
Compared with NICD alone, dual expression of NICD and
[B-catenin synergistically increased Hes1 gene promoter activity
by approximately threefold (n = 3; P < 0.002; Fig. 5 G). Taken
together, these results suggest that Notch and 3-catenin signal-
ing converge into a single protein complex with RBP-J, NICD,
and B-catenin (arterial protein complex) on RBP-J binding
sites specifically in arterial ECs, and that this heterotrimeric
arterial protein complex synergistically activates target gene
expressions in Flk1* vascular progenitors and induces arterial
EC specification.

The arterial protein complex is also formed
in embryonic and adult vessels

We purified arterial (CXCR4"/CD31°/CD457) and venous
(CXCR47/CD31'/CD457) ECs from embryonic day (E) 11.5
mouse embryos (Fig. 6 A) and performed ChIP assays for the
RBP-J binding sites in ephrinb2, neuropilinl, dli4, hesl, and
cxcr4 genes. Purified arterial and venous ECs showed distinct
mRNA expression patterns of arterial and venous EC markers,
respectively (Fig. 6 B). Similar to ECs derived from ES cells,
the arterial protein complex (NICD/B-catenin/RBP-J protein
complex) was formed on RBP-J binding sites of arterial marker
genes specifically in arterial ECs, but not in venous ECs in the
embryo (Fig. 6 C). Moreover, we investigated whether the arte-
rial protein complex is also formed in adult mice using isolated
aorta and vena cava. Notchl and 4 proteins were specifically
detected in the aorta (Fig. 6 D). IP assays revealed that NICD
and B-catenin formed a protein complex only in the aorta
(Fig. 6 E). ChIP assays further demonstrated that the arterial
protein complex was evidently identified in the aorta rather than
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the vena cava (Fig. 6 F). Together, these results indicate the
existence of the same molecular interaction in both embryos
and adults.

Dual activation of Notch and B-catenin
signaling enhances arterial gene expression
during in vivo angiogenesis

Finally, to investigate whether Notch and B-catenin signal-
ing is involved in arterial specification during angiogenesis

in adults, we examined in vivo angiogenesis using a gel plug
assay (Kim et al., 2002). Adenoviral vectors for NICD and/or
CA-B-catenin were mixed into Matrigel plugs with VEGF
(100 ng/ml) and heparin (10 units/ml). Transgene products
were successfully induced in gel plugs at 1 wk after trans-
plantation (Fig. 7 A). Formation of vascular structures and
the presence of blood cells within the vascular lumen oc-
curred in gel plugs to a similar extent under all experimental
conditions tested (Fig. 7 B). Although expression of a pan-EC
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marker, VE-cadherin, was not altered, expression of the arte-
rial markers ephrinB2 and Neuropilinl was significantly in-
creased in gel plugs only with the dual induction of NICD and
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CA-B-catenin (Fig. 7, C and D). These results indicate that dual
activation of Notch and B-catenin signaling also functions in
arterial EC induction during in vivo angiogenesis in adults.
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Figure 6. Formation of the arterial protein complex in the embryo and adult vessels. (A) Purification of arterial and venous ECs from the mouse embryo.
Arterial ECs (CXCR4*/CD31*/CD457) and venous ECs (CXCR4~/CD31*/CD457) were isolated from E11.5 embryos. (B) RT-PCR for mRNA expression
of arterial and venous EC markers in purified arterial and venous ECs from E11.5 mouse embryo. (C) ChIP assays for RBP-J, NICD, and B-catenin on RBP-J
binding sites of arterial markers in ECs from embryos. (D) Western blot for Notch1 and Notch4 in isolated aorta and vena cava. (E) Immunoprecipitation
assay for isolated aorta and vena cava. Immunoblot with anti-B-catenin antibody for total cell lysates or cell lysates immunoprecipitated with anti-NICD
antibody. (F) ChIP assays for RBP-J, NICD, and B-catenin on RBP-J binding sites of arterial markers in the aorta and vena cava.
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Figure 7. Enhancement of arterial gene expression through dual activation of Notch and B-catenin during in vivo angiogenesis. Matrigel containing VEGF
(100 ng/ml), heparin (10 units/ml), and adenoviral vectors (vehicle [control], HAtagged N1ICD [NICD], and/or CA-B<atenin) were injected subcutane-
ously in mice. After 7 d, the mice were sacrificed and plugs were excised. (A) Western blot for HAtagged N1ICD and CA-B-catenin in recovered cells from
Matrigel plugs. (B] Hematoxylin and eosin staining of Matrigel sections. Overall appearances were not different. Invasion of blood vessels with vascular
lumen and blood cells were observed. Bars: 200 pm. (C) Representative result of Western blot for VE<adherin, ephrinB2, and Neuropilin1 in recovered
cells from Matrigel plugs. (D) Quantitative evaluation of VEcadherin (left graph), ephrinB2 (middle graph), and Neuropilin1 (right graph) protein expres-
sion in Matrigels. Relative expression normalized with B-actin expression is shown. (n = 3; *, P < 0.05 vs. control).
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Figure 8. Molecular mechanisms of arterial EC specifica-
fion. cAMP signaling, which could be induced by adreno-
medullin, shear stress, and so on, activates Notch and
B-catenin signaling through PI3K (and GSK3B) in vascular
progenitors (as well as differentiating ECs). Notch and
B-catenin signaling subsequently converges into a single
protein complex with RBP-J, NICD, and B-catenin (arterial
complex) on arterial genes. Notch signaling from Notch
ligand binding and B-atenin signaling from Whnt and
VE<adherin should also participate in forming the com-
plex. The arterial complex should play a central role in
the specification of arterial cell fate in ECs.

Discussion

Here, we demonstrated that simultaneous activation of Notch
and B-catenin signaling can constructively reproduce the induc-
tion processes of arterial ECs from Flk1* vascular progenitors
through the formation of an arterial-specific protein complex.
cAMP, PI3K, Notch, and B-catenin signaling interact and con-
verge during EC differentiation to specify arterial cell fate.
These findings provide novel insights into vascular signaling
necessary for cell differentiation and diversification as well as
into molecular mechanisms of cell fate determination.

In ECs, Notch (Notchl, 4) activation can be induced by
various Notch ligands, including D111, D114, and Jagged2, which
are expressed by arterial ECs, and Jagged|1, which is expressed
in ECs and mural cells (Villa et al., 2001; Sérensen et al., 2009).
All of this Notch signaling is considered to be mediated by
the NICD and RBP-J transcription factor. On the other hand,
f-catenin signaling in ECs can be activated through Wnt ligands
as well as VE-cadherin. Thus, Wnt ligands such as Wnt2, Sa,
and 10b, expressed in fetal blood vessels, are involved in EC
differentiation (Monkley et al., 1996; Goodwin and D’ Amore,
2002). VE-cadherin is heavily tyrosine phosphorylated and is
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linked to B-catenin. When adherens junctions mature, tyrosine
residues in VE-cadherin tend to be dephosphorylated and B-catenin
is partially released from the complex (Dejana et al., 1999),
allowing nuclear translocation of B-catenin and activation of
downstream signaling cascades. As VE-cadherin and B-catenin
are broadly expressed in ECs and mice with EC-specific disrup-
tion of B-catenin show broad vascular phenotypes (Cattelino et al.,
2003), B-catenin should possess both common roles in ECs and
specific roles in arterial ECs. Adrenomedullin, which is mainly
secreted from vascular smooth muscle cells, activates the cAMP
pathway and induces arterial ECs in the ES cell system (Yurugi-
Kobayashi et al., 2006). Many other factors, such as fluid shear
stress, should be involved in cAMP activation in ECs. All of this
signaling in blood vessels should finally converge into the sin-
gle arterial protein complex (NICD/B-catenin/RBP-J protein
complex) and contribute to induce arterial ECs (Fig. 8).

In addition to induction of arterial ECs, Notch and B-catenin
could also be potentially involved in maintenance of the arterial
EC phenotype. When activation of Notch and B-catenin signal-
ing was ceased in arterial ECs from Flk-d3, ephrinB2 expression
was attenuated and disappeared until Flk-d12 (Fig. S5). On the
other hand, When Notch and -catenin signaling was activated



