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activation is not specific during cell adhesion but rather a
general component.

Discussion

The present study reveals for the first time that PILSAP takes
part in the regulation of RhoA activation in ECs. We have
previously reported that PILSAP is involved in S6K activation by
catalyzing its upstream partner PDKI (Yamazaki et al., 2004).
Thus, RhoA is noted as another target of PILSAP among the
intracellular signaling pathways.

Amid three representative Rho family small GTPases, Rac and
cdc42 stimulate protrusion formation at the leading edge and
cause membrane ruffle formation, a remodeling of cortical actin
(Lauffenburger and Horwitz, 1996; Doughman et al., 2003),
whereas RhoA stimulates F-actin formation for contraction of
the cell body and the trailing edge. Cdc42 regulates cell
migration direction (Raftopoulou and Hall, 2004). The
phenotype of Mut-PILSAP transfectants with defective
activation of RhoA was quite logical, as they showed aborted
F-actin formation and cell polarity.

The importance of RhoA for EC organization during
angiogenesis has been documented by Hoang et al. (2004). In
that report, constitutive active RhoA stimulated ECs to form
vessels with functional lumens while dominant negative RhoA
impaired assembly of ECs for neovessel formation. Consistent
with that report, network formation by mouse endothelial
MSS31 cells on Matrigel was prevented by Mut-PILSAP
transfection as well as in the presence of Rho kinase inhibitor
(Y27632).

Rho family small GTPases are activated by various extracellular
signals through transmembrane proteins including integrins and
GPCRs (Karnoub et al., 2004). Among various integrins, B1
integrins support the activation of RhoA, which is associated
with a random mode of cell migration (Danen et al.,, 2005).
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GPCRs exhibit a common structural motif consisting of seven
membrane-spanning regions (Dohiman etal., 1987), and can be
activated by a diverse array of external stimuli, including
vasoactive polypeptides, chemoattractants, neurotransmitters,
hormones, phospholipids, odorants, and taste ligands
(Fukuhara et al,, 2001). In general, agonists provoke rapid
conformational changes in transmembrane « helices, resulting
in exposure of previously masked G protein binding sites in
intracellular loops (Altenbach et al., 1996; Bourne, 1997, Wess,
1997). This causes the exchange of GDP for GTP bound to G
protein a-subunits or By-complexes, and then the initiation of
the intracellular signaling response by acting on a variety of
effecters. In our study, PILSAP-dependent RhoA activation in
ECs is shown not only during cell adhesion but also upon
stimulation of PARs or LPA receptor. Thus, PILSAP is rather a
general player for RhoA activation in ECs.

Rho family small GTPases act as molecular switches by cycling
between GTP- and GDP-bound states. The GTP/GDP cycle is
tightly regulated by 3 distinct families of proteins; guanine
nucleotide exchange factors (GEFs), GTPase-activating
proteins (GAPs) and the guanine nucleotide dissociation
inhibitors (GDlIs) (Symons and Settleman, 2000). Among them,
GEFs activate GTPases by catalyzing the exchange of GDP for
GTP, thereby increasing the levels of GTP-bound forms
(Donovan et al.,, 2002; Schmidt and Hall, 2002). More than
70 GEFs have been isolated for Rho family small GTPases
(RhoGEFs; Rossman et al., 2005). Whereas many RhoGEFs are
highly promiscuous and activate plural Rho family small
GTPases, some show activity restricted to a single GTPase
(Karnoub etal., 2004). p1 1 5-RhoGEF is regarded asa prototype
of such RhoA specific GEFs (Hart et al., 1996; Holinstat et al,,
2003). Since the requirement of PILSAP was selective to RhoA
activation, we employed pl |5-RhoGEF as a model in our
system. Whereas expression of pi 15-RhoGEF of the mRNA
and protein levels were equivalent among Mock, Wt-PILSAP
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and Mut-PILSAP transfectants, the GDP/GTP exchanging
activity of pl 15-RhoGEF was significantly lower in Mut-PILSAP
transfectants (data not shown).

PARs constitute a subclass of GPCRs that convert extracellular
serine protease activity to intracellular signaling events.
Proteolysis of PARs results in the cleavage of specific sites in the
extracellular domain and formation of a new N-terminus that
functions as a tethered ligand. Four types (PAR1, PAR2, PAR3,
and PAR4) of this receptor class have been identified in
mammals. PARI, 3 and 4 are activated essentially by thrombin,
whereas PAR2 can be activated by trypsin (Cottrell et al., 2002).
ECs express at least PAR| and PAR2 (Brass and Molino, 1997).
RhoA-GTP was robustly activated by PAR| stimulation, but
only weakly by PAR2 stimulation by receptor-selective
concentration of agonist peptides, and activity of RhoA-GTP
and myosin light chain phosphorylation is required for
PARI-mediated monolayer permeability (Kiarenbach et al.,
2003). Moreover, recent studies have revealed that PARs are
involved in vascular development and other biological
processes including vascular remodeling (Barnes et al., 2004).
The LPA receptor belongs to the endothelial differentiation
gene (EDG), also known as the sphingosine |-phosphate (S1P)
receptor family of GPCRs. S|P has the potential to act through
endothelial EDG1, EDG3 and probably EDGS5, whereas LPA is
limited to EDG2 and/or EDG4 (Panetti, 2002). LPAandSIPare
important regulators of the vascular system, including
angiogenesis and vascular permeability (Panetti, 2002). Thus,
the involvement of PILSAP in downstream signaling of PARs and
LPA receptor indicate that PILSAP should function in the broad
range of vascular pathophysiology.

In summary, the present study reveals for the first time that
PILSAP takes part in the regulation of RhoA activation in ECs.
This data should provide clues to devise a novel strategy for the
regulation of EC function during various processes including
angiogenesis.
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The Vasohibin Family

A Negative Regulatory System of Angiogenesis Genetically Programmed
in Endothelial Cells

Yasufumi Sato, Hikaru Sonoda

Abstract—Biological phenomena are under the precise control by the genome. For the regulation of angiogenesis,
proangiogenic genes such as VEGFs and angiopoietins are highly conserved, act specifically on endothelial cells, and
play a fundamental role. In this sense, nature should prepare specific antiangiogenic genes as well. However, this
counterpart of genomic regulation of angiogenesis remains to be established. We recently isolated a novel
endothelium-derived angiogenesis inhibitor and named it vasohibin. Vasohibin is dominantly expressed in endothelial
cells, induced by the stimulation with VEGF or FGF-2, and selectively affects on endothelial cells and inhibits
angiogenesis. Although the mechanism of how vasohibin inhibits angiogenesis remains to be elucidated, our discovery
of vasohibin as an endothelium-derived VEGF-inducible angiogenesis inhibitor should shed light on the genomic basis
of the negative regulation of angiogenesis. (Arterioscler Thromb Vasc Biol. 2007;27:37-41.)

Key Words: endothelial cell m angiogenesis inhibitor @ VEGF m negative feedback

lood vessels are one of the most quiescent tissues in the

body, but have the capacity to form neovessels under
certain conditions. Angiogenesis, ie, the formation of neoves-
sels from existing ones, is a key event in various processes
that takes place under physiological and pathologic condi-
tions. Physiological conditions include embryonic develop-
ment, reproduction, and wound healing; whereas pathologic
conditions include cancers, proliferative retinopathy, and
rheumatoid arthritis. Angiogenesis consist of multiple se-
quential steps: detachment of mural pericytes for vascular
destabilization, extracellular matrix degradation by endothe-
lial proteases, migration of ECs, proliferation of ECs, tube
formation by ECs, and reattachment of pericytes for vascular
stabilization.!

The local balance between angiogenesis stimulators and
inhibitors regulates angiogenesis. Understanding of the mech-
anism of angiogenesis regulation has advanced significantly
since the discovery of endothelium-specific proangiogenic
factors, namely vascular endothelial growth factor (VEGF)
and angiopoietins (Ang) family proteins. VEGFs bind to
specific VEGF receptors (VEGFRs), while Angs bind to a
tyrosine kinase receptor having Ig and EGF homology do-
mains (TIE) receptor expressed exclusively in the endotheli-
um. Among the VEGF family members, VEGF-A is the most
important factor for angiogenesis, stimulating protease syn-
thesis, migration, and proliferation of endothelial cells (ECs),
and most of the VEGF-A-mediated signals are transduced via
VEGFR-2.2 TIE-2-mediated signals determine vascular mat-

uration by the pericyte attachment. Amid Ang family mem-
bers (Ang 1-4), Ang-1 and Ang-3/4 are agonistic ligands,
whereas Ang-2 is a very weak ligand and acts as an antagonist
of TIE-2 receptor.® Ang3 (mouse) and Angd4 (human) are
interspecies orthologs.*

Various molecules are listed as angiogenesis inhibitors.s
Most of them, such as pigment epithelium derived factor
(PEDF), platelet factor 4, angiostatin, and endostatin, are
extrinsic to ECs. In addition, ECs themselves have the
capacity to express some angiogenesis inhibitors, eg, soluble
VEGFR-1 (SVEGFR-1), vascular endothelial growth inhibi-
tor (VEGI), Down syndrome critical region gene 1 (DSCR1),
and vasohibin.

The VEGFR-1 gene encodes for both the full-length
receptor and a soluble form. SVEGFR-1 carries 6 Ig-like
domains as well as a 31-amino-acid stretch derived from
intron 13.¢ sSVEGFR-1 can be distinguished from the other
angiogenesis inhibitors because of its specific activity. It is
able to bind specifically VEGF-A as well as VEGF-B and
PIGF with high affinities, and functions as a decoy receptor
by sequestering them.S sSVEGFRI1 cannot inhibit angiogenesis
stimulated by other angiogenic factors such as fibroblast
growth factor 2 (FGF-2) or hepatocyte growth factor (HGF)
because of its binding specificity. The regulation of the
expression of sSVEGFR-1 is yet to be characterized.

VEGI is a novel member of the tumor necrosis factor
(TNF) family identified from the human umbilical vein
endothelial cell (HUVECs) ¢cDNA library.” VEGl is a type II
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transmembrane protein composed of 174 amino acid residues.
Unlike other members of the TNF family, VEGI is expressed
predominantly in ECs,” but importantly, the effect of VEGI is
not selective to ECs, and inhibits proliferation of various
caner cells as well.®2 The expression of VEGI is regulated
mainly by transcription factor NF-«B in parallel with other
inflammatory cytokines.?

DSCR1 and vasohibin are VEGF-inducible molecules in
ECs.1° DSCRI is a cytoplasmic protein and is shown to act as
an endogenous calcineurin inhibitor,!! and because of this
property, DSCR1 is thought to inhibit angiogenesis.!2 Indeed,
overexpression of DSCR1 in ECs inhibited angiogenesis.!?
However, our analysis revealed that specific knockdown of
DSCR1 in ECs inhibited angiogenesis.!* Moreover, our
subsequent analysis showed that DSCR1 bind not calcineurin
but also Raf-1.!5 Thus, the role of DSCR1 in angiogenesis
may not be simple.

Vasohibin and its homologue vasohibin-2 are the most
recently identified angiogenesis inhibitors.!617 This review
will focus on the vasohibin family, a negative regulatory
system of angiogenesis genetically programmed in endothe-
lial cells.

Vasohibin

Isolation

DNA microarray analysis was used to identify VEGF-
inducible genes in ECs.!® Among 7267 human sequences, 97
were induced more than 2-fold by VEGF stimulation in
HUVEC:s at the 24 hour time point. Of these 97 sequences, 11
were uncharacterized in terms of their biological function,
and we could isolate 1 of thesell genes that had antiangio-
genic activity, and named it vasohibin.'s Human vasohibin
protein is composed of 365 amino acid residues, without any
detectable glycosilation. A cluster of basic amino acids was
present in the C-terminal region, but neither a classical
secretion signal sequence nor any other functional motif was
found among these amino acid sequences by the database
search. The lack of classical signal sequence suggests that
vasohibin is an unconventional secretory protein.

Initially the antiangiogenic activity of vasohibin was
shown using the in vitro Matrigel assay.'® Recombinant
vasohibin protein inhibited the spontaneously formed
network-like structures of HUVECs when plated on Matrigel.
The antiangiogenic activity of vasohibin was then further
determined by 3 independent in vivo assays When matrigel
mixed with VEGF with or without vasohibin protein was
inoculated subcutaneously to mice, vasohibin inhibited the
VEGF-stimulated angiogenesis. However, vasohibin did not
inhibit phosphorylation of VEGFRs in HUVECs.!¢ More-
over, the “Miles assay” revealed that vasohibin exhibited no
inhibitory effect on VEGF-stimulated acute vascular perme-
ability (unpublished observation, 2005). Indicating that vaso-
hibin is not merely an antagonist of VEGF.

When vasohibin was applied to pellets containing fibro-
blast growth factor (FGF)-2 in a mouse corneal micropocket
assay, vasohibin inhibited FGF-2—-stimulated angiogenesis.!¢
Introduction of the vasohibin gene into a replication-defective
adenovirus vector, and applied it to chicken chorioallantoic
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membrane (CAM) assay, the adenovirus vector encoding
vasohibin abrogated the vessel formation whereas the control
adenovirus vector encoding 3-galactosidase (AdLacZ) did
not.'¢ All these data implicate that the antiangiogenic effect of
vasohibin is not restricted to VEGF-stimulated angiogenesis.
The mechanism as to how vasohibin inhibits angiogenesis
remains to be elucidated.

Expression Profile
The expression profile of vasohibin was examined in both in
vitro and in vivo. In vitro, vasohibin was predominantly
expressed in ECs. The expression in ECs was induced not
only by VEGF but also by FGF-2. However, human aortic
smooth muscle cells (HASMCs) expressed vasohibin weakly,
and platelet derived growth factor (PDGF) modestly in-
creased its expression. In addition, fibroblasts did express
very low levels of vasohibin, but was unresponsive to the
FGF-2 stimulation. Vasohibin expression was not observed in
keratinocytes under either basal or EGF-stimulated
conditions.!6

Inflammation often associates pathological angiogenesis.
Our analysis revealed that inflammatory cytokines such as
TNFe, interleukin (IL)-18, and interferon (IFN)y reduced the
VEGF-induced expression of vasohibin in ECs.!618 The
effect of IL-13 was comparable to that of TNFea, whereas the
effect of IFNvy was less pronounced. Hypoxia is known to act
as a trigger of both physiological and pathological angiogen-
esis by inducing VEGF. Hypoxia did not affect the basal
expression of vasohibin in ECs. However, hypoxia did inhibit
the VEGF-stimulated vasohibin mRNA expression, as well as
vasohibin protein synthesis in ECs.!s

Northern blot analysis of the samples from various tissues
revealed that vasohibin was expressed in the brain, and to a
lesser extent, in the heart and kidney in the adult.!s Moreover,
a robust expression of vasohibin was demonstrated in the
placenta and various developing organs of the human em-
bryo.!¢ Furthermore, immunohistochemical analysis revealed
that vasohibin was present only in ECs of the human placenta
and developing organs in embryo.!617 Thus vasohibin is
thought to be a molecule selectively expressed in ECs during
angiogenesis.

Signals for the Induction of Vasohibin in ECs

The intracellular signaling for the induction of vasohibin in
HUVECs by VEGF was characterized using blocking anti-
VEGFRs mAbs to test which receptor was involved in the
induction of vasohibin.!® Anti~-VEGFR-2 antibodies but not
anti-VEGFR-1 antibodies inhibited the VEGF-stimulated
induction of vasohibin. The downstream intracellular signal-
ing pathways of VEGFR-2 for the induction of vasohibin
were further investigated. GF109203X, a broad-spectrum
inhibitor of protein kinase C (PKC), strongly inhibited the
increase of vasohibin mRNA and protein in response to
VEGF, which was in line with the observation that Phorbol
12-myristate 13-acetate (PMA), an activator of PKC, en-
hanced the expression of vasohibin in HUVECs. Selective
PKC isoform inhibitors were used to clarify which PKC
isoforms were involved in the upregulation of vasohibin.
Rottlerin, a specific inhibitor of PKCS8, completely blocked
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the upregulation of vasohibin, whereas G66976, a specific
inhibitor of PKCa, and HBDDE, an inhibitor of PKC« and
PKCl, partially inhibited it. Hispidin, a specific inhibitor of
PKCB, did not affect the upregulation of vasohibin.!® From
these results it is concluded that PKCS transduced a principal
signal for the upregulation of vasohibin through VEGF.
FGF-2 increased the expression of vasohibin in ECs to a level
comparable to that obtained with VEGF, and rottlerin again
completely blocked FGF-2-stimulated upregulation of vaso-
hibin.!® Accordingly, the principal signaling pathways for the
induction of vasohibin by 2 representative angiogenic growth
factors considerably overlap. PKC-8 is known to be a
transducer of antiangiogenic signals in ECs.'* Thus, vaso-
hibin can be a downstream effecter of PKC-8 in ECs for
angiogenesis inhibition.

Actinnomycin D treatment did not change the decay of
VEGF-induced vasohibin mRNA.!8 Thus, the increase of
vasohibin mRNA by VEGF is not determined by mRNA
stability. However, when cycloheximide was added, the
expression of vasohibin mRNA was completely abolished in
both basal and VEGF-stimulated condition.!® Thus, de novo
protein synthesis is indispensable for the induction of vaso-
hibin mRNA.

Posttranslational Processing, Secretion, and
Biolegical Activity

To understand the posttranslational modification of vasohibin
protein, vasohibin cDNA was overexpressed in ECs.2° The
calculated vasohibin protein is 44 kDa. When the retroviral
vector encoding human vasohibin ¢cDNA was transfected to
the HUVEC-derived HUV-SVS cells, 2 major (42, 36 kDa)
bands and 2 minor (32, 27 kDa) bands were detected in their
cellular extract, whereas 42 kDa product was detected in the
conditioned medium. Because the 44 kDa complete from was
not seen, amino terminal region is thought to be processed
simultaneously or immediately after the translation. To char-
acterize the structures of these multiple forms of vasohibin
proteins, various vasohibin cDNA mutants were generated to
substitute some basic amino acids. This analysis revealed that
there were 2 cleaving sites in the amino terminal region;
arginine 29 and arginine 76. The 42 kDa form is generated by
the cleavage at arginine 29, whereas the 36 kDa form is
generated by the cleavage at arginine 76. Because only 42
kDa vasohibin was shown in the conditioned medium, the
domain from arginine 29 to arginine 76 is thought to be

42 kDa (secretory active form)

36 kDa (non-secretory active form) J

27 kDa {non-secretory inactive form)
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Figure 1. Posttranslational processing,
secretion, and biological activity of
vasohibin-1. Forty-four-kDa full-length
vasohibin-1 cannot be detected. Four
different forms of vasohibin-1 are gener-
ated after the translation. Forty-two-kDa
vasohibin-1 is the major secretory form
with antiangiogenic activity. N terminus
region is important for secretion,
whereas C terminus region is important
for antiangiogenesis. The antiangiogenic
activity of 32-kDa form is not
determined.

Major forms

Minor forms

important for the secretion. The mechanism of its secretion is
not known at present. Cleaving sites in the carboxyl terminal
region are not determined yet. However, because the calcu-
lated molecular weight of the vasohibin protein from methi-
onine 77 to carboxyl terminal end is 33 kDa, the carboxyl
terminal of the 32 kDa form should be very close to the end.
From the calculation of the molecular weight, the 27 kDa
form may lack about 47 amino acids from the carboxyl
terminal, and this lacked region contains the cluster of basic
amino acids (Figure 1),

To determine the biological function of these processed
forms of vasohibin, mouse corneal miropocket assay was
used to check for antiangiogenic activities using purified
recombinant proteins for Vh(77-365) and Vh(77-318).20
Vh(77-365) inhibited FGF-2~induced angiogenesis, suggest-
ing that truncation of the 76 amino terminal residues does not
influence antiangiogenic activity of vasohibin. On the other
hand, Vh(77-318) could not exert antiangiogenic activity,
suggesting that the carboxyl terminal is essential for antian-
giogenic activity (Figure 1).

Application to Antiangiogenic Therapy

Because vasohibin is identified as a novel angiogenesis
inhibitor, one may anticipate the application of vasohibin to
antiangiogenic therapy. We have examined the effect of
vasohibin on 3 different states of pathological angiogenesis:
tumor angiogenesis, arterial adventitial angiogenesis, and
retinal angiogenesis.

For tumor angiogenesis, we transfected human vasohibin
cDNA into Lewis lung carcinoma (LLC) cells, establishing
two permanent human vasohibin-producing clones.'¢ Vaso-
hibin ¢cDNA transfection did not alter the proliferation of
LLC cells in vitro. To show the effect of vasohibin produced
by LLC cells on ECs, mock or vasohibin-transfected LLC
cells were plated on the lower compartment of modified
Boyden chambers, and the migration of HUVECs toward
LLC cells was analyzed. The number of migrated HUVECs
was significantly reduced when vasohibin-transfected LLC
cells were plated on the lower chamber. Then LLC cells were
inoculated intradermally in mice, and the growth of tumor
was observed. The growth of vasohibin producing LLC cells
in mice was significantly retarded, and immunohistological
analysis of CD31 revealed that tumors of mock-transfectants
contained large luminal vessels whereas those of vasohibin
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producing LLC cells contained very small ones, even when
the size of tumors did not differ dramatically.'s

It has been documented that the extent of adventitial
angiogenesis from vasa vasora correlates with atherosclero-
sis.?! Arterial neointimal formation was investigated using the
mouse cuff model.?? In this model, cuff placement around the
femoral artery does not denudate luminal endothelium, but
induces adventitial angiogenesis, and that causes neointimal
formation. To apply vasohibin protein to mice, we injected
replication-defective adenovirus vectors encoding human va-
sohibin gene (AdVh) to mice via the tail vein. In this way,
vasohibin was synthesized in the liver, secreted in the plasma,
and was able to exhibit antiangiogenic activity in the remote
sites after the delivery through systemic circulation.?2 We
observed that adventitial angiogenesis and neointimal forma-
tion were significantly inhibited in AdVh-injected mice in
this model. Thus, vasohibin is thought to play a preventive
role in angiogenesis-dependent neointimal formation.

Retinal angiogenesis is the major cause of acquired blind-
ness.?? The mouse model of retinopathy of premature (ROP)
is a useful model to study the hypoxia-induced regulation of
VEGF expression.>* In this model, placement of neonatal
mice into a high oxygen environment results in decreased
expression of VEGF and regression of newly developed
retinal blood vessels. When mice are returned to room air, the
poorly vascularized retina becomes hypoxic and VEGF is
induced, which causes retinal angiogenesis. Interestingly, when
endogenous vasohibin expression in the retinal vessels was
knocked down by siRNA, retinal angiogenesis was augment-
ed.?’ This result indicates that endogenous vasohibin plays a role
in the inhibition of angiogenesis. However, it is assumed that the
extent of endogenous vasohibin expression is not enough to
control retinal angiogenesis. To determine the effect of exoge-
nous vasohibin, we used AdVh or recombinant vasohibin
protein. Intraocular injection of recombinant vasohibin or AdVh
strongly suppressed retinal angiogenesis.2

A Homologue of Vasohibin and Splicing Variants
By the search of DNA sequences in the database, a homologous
gene was found. This gene was named vasohibin-2, and the
prototype vasohibin as renamed vasohibin-1.17 Human
vasohibin-2 is composed of 355 amino acid residues, and also
exhibits antiangiogenic activity. The overall homology between
human vasohibin-1 and vasohibin-2 is 52.5% at the amino acid
level. The genes for human vasohibin-1 and vaschibin-2 are
located on chromosome 14q24.3 and 1q32.3, respectively.

So far 8 exons for the vasohibin-1 gene and 11 exons for
the vasohibin-2 gene have been shown in Ensembl human
genome database to form multiple transcripts for these
paralogous genes owing to alternative splicing (Figure 2).
Prototype full-length vasohibin-1 is composed with 5589 bp
consisting of 8 exons, and will receive posttranslational
processing as described previously. In addition, two splicing
variants of 522 bp and 1459 bp have been registered in the
database. Although open reading frames encoding 42 and 204
amino acids, respectively, exists in these transcripts and the
expression of all three splicing variants are confirmed by
real-time polymerase chain reaction using unique primers
(unpublished observation, 2006), the biological significance

January 2007

Human vasohibin-1 gene

20.69 kb (14924.3)

n‘n‘ﬂAuAﬁA ﬂ“‘- 5589 bp 365 aa
— bl
n‘a‘a‘n‘ 5

522bp 42aa

1459 bp 204 aa

Human vasohibin-2 gene

39.43 kb (1932.3)

I& 653 bp 117 aa
2710bp 104 aa

Figure 2. Schematic representation of human vasohibin-1 and
-2 genomic structures and splicing patterns. Exons of human
vasohibin-1 and vasohibin-2 genes are numbered in their orders
on the chromosomes. Length of each transcript (bp) and
polypeptides encoded in each transcript (aa) are shown in the
right side of each splicing pattern.

of the 2 shorter variants have not been clarified yet. No
alternative splicing for the mouse vasohibin-1 gene has been
reported.

We have recently described the existence of 3 splicing
variants for human vasohibin-2 transcripts, which encode
polypeptides of 290, 311, and 355 amino acids.!? Eight exons
are joined to generate the variant of 355 amino acids, and this
isoform is predominantly expressed in HUVECs. The isoform
consisting of 290 amino acids has been confirmed to have
antiangiogenic activity. In addition to those 8 exons, 3
additional exons are now found in Ensembl database gener-
ating 3 small different splicing variants encoding polypep-
tides of 104, 117, and 156 amino acids. The biological
significance of these shorter variants have not been clarified
yet. In the mouse genome, vasohibin-1 gene is located at
12D2 spanning 13.39 kb and consisting of 7 exons. Mouse
vasohibin-2 gene is located at chromosome 1H6 spanning
31.48 kb and single splicing pattern with 8 exons is reported
in Ensembl database.

Whereas the expression of vasohibin-2 was compared with
that of vasohibin-1, vasohibin-2 expression in cultured endo-
thelial cells was low and not inducible by the stimulation that
induced vasohibin-1. However, the expression pattern of
vasohibin-2 in vivo resembled to that of vasohibin-1.17
Immunohistochemical analysis revealed that vasohibin-1 and
vasohibin-2 were diffusely expressed in ECs in embryonic
organs during midgestation. After that time point,
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Figure 3. The role of vaschibin family in the regulation of angio-
genesis. Vasohibin-1 and vasohibin-2 form a novel family of
angiogenesis inhibitors genetically programmed in ECs.
Vasohibin-1 is induced in ECs by VEGF and FGF-2. Hypoxia
and inflammatory cytokines, which induce VEGF, may abort the
expression of vaschibin-1 in ECs. The mechanism for the regu-
lation of vasohibin-2 expression is not known.

vasohibin-1 and vasohibin-2 became faint, but persisted to a
certain extent in arterial ECs from late-gestation to neonate.
Interestingly, expression of vasohibin-1 and vasohibin-2
could be augmented in vivo by the local expression with the
VEGF gene in the embryonic brain, or by cutaneous wound-
ing in adult mice."”

Concluding Remarks

A summary of the vasohibin family is shown in Figure 3.
Negative feedback regulation is one of the most important
physiological mechanisms, and has been demonstrated to
control a wide range of phenomena. However, very few
endothelium-derived negative feedback regulators have been
established for the regulation of angiogenesis. Vasohibin-1 is
the first secretory antiangiogenic factor induced by VEGF in
ECs. We would like to propose that vasohibin-1 has the
property of negative feedback regulator of angiogenesis. Thus
far Vasohibin-2 is a sole homologue of vasohibin-1, which
exhibits antiangiogenic activity as well. Although vasohibin-2
lacks the property of VEGF or FGF-2 inducibility in vitro, its
expression pattern is resemble to that of vasohibin-1. Thus,
vasohibin-1 and vasohibin-2 form a novel family of angiogen-
esis inhibitors genetically programmed in ECs. The discovery of
vaschibin family should shed light on the novel genomic basis of
the negative regulation of angiogenesis.
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Abstract

EphB4 receptor and its ligand ephrinB2 play an important
role in vascular development during embryogenesis. In blood
vessels, ephrinB2 is expressed in arterial endothelial cells (EC)
and mesenchymal supporting cells, whereas EphB4 is only
expressed in venous ECs. Previously, we reported that OP9
stromal cells, which support the development of both arterial
and venous ECs, in which EphB4 was overexpressed, could
inhibit ephrinB2-positive (ephrinB2*) EC development in an
embryonic tissue organ culture system. Although the EphB4
receptor is expressed in a variety of tumor cells, its exact
function in regulating tumor progression has not been clearly
shown. Here we found that overexpression of EphB4 in B16
melanoma cells suppressed tumor growth in a s.c. transplan-
tation tumor model. Histologic examination of these tumors
revealed that EphB4 overexpression in B16 cells selectively
suppressed arterial ephrinB2" EC development. By coculturing
ephrinB2-expressing SV40-transformed mouse ECs (SVEC)
with EphB4-overexpressing B16 cells, we found that EphB4
induced the apoptosis of SVECs. However, ephrinB2 did not
induce the apoptosis of EphB4-overexpressing B16 cells. Based
on results from these experiments, we concluded that EphB4
overexpression in B16 tumor cells suppresses the survival of
arterial ECs in tumors by a reverse signaling via ephrinB2.
[Cancer Res 2007;67(20):9800-8)

Introduction

The growth of solid tumors is closely associated with the ability
to recruit blood vessels, which can supply tumors with the growth
factors, oxygen, and nutrients necessary for their survival and
growth and for the maintenance of the malignant state. In
embryos, blood vessels are initially formed by a process called
vasculogenesis but become remodeled and mature through a
second process called angiogenesis, which results in the develop-
ment of a highly hierarchical architecture of blood vessels ranging
from small to large (1). During these processes, a distinction
develops between arterial and venous endothelial cells (EC);
eventually, the arterial ECs selectively express ephrinB2 and the
venous ECs preferentially express EphB4, which is a cognate
receptor tyrosine kinase for ephrinB2 (2-4).

Note: Supplementary data for this article are available at Cancer Research Online
(http://cancerres.aacrjournals,org/}.
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Eph receptors and ephrins are frequently expressed in reciprocal
patterns that correlate with cellular boundaries during embryonic
development (5). Consistent with this expression pattern, Eph-
ephrin signaling regulates the boundary of distinct cells in culture
(6) and is required for vascular modeling (2, 7), axon guidance
(8, 9), and epithelial-mesenchymal transitions (10). Reciprocal
expression of ephrinB2 and EphB4 in arterial and venous ECs,
respectively, suggests that ephrinB2 and EphB4 might interact at
the arterial-venous interface and regulate angiogenesis (2-4).
Targeted disruption of either ephrinB2 or EphB4 in mice has been
shown to lead to early embryonic lethality through the disruption
of blood vessel formation in angiogenesis but not in vasculogenesis
(2-4). EphrinB2 contains transmembrane and cytoplasmic
domains; therefore, it has been suggested that the functioning of
this receptor/ligand system is dependent on cell-to-cell contact (5).
EphB4 is a member of the receptor tyrosine kinase family and
initiates signal transduction through autophosphorylation after
ligand binding (forward signaling); however, in contrast to other
soluble ligands for receptor system, ephrinB2 also has the ability to
initiate receptor-like active signaling (reverse signaling; refs. 5, 11,
12). Indeed, a loss-of-function experiment, in which the cytoplas-
mic domain of ephrinB2 was deleted, showed that bidirectional
EphB4/ephrinB2 signaling was required for proper arterial and
venous development (13).

It was originally assumed that the blood vessel system in tumors
was composed of homogeneous capillaries, based on their
uniformly small size and the sparse adhesion of mural cells to
ECs. However, it has been reported that the vessels in tumors can
be divided into ephrinB2-positive (ephrinB2”) arterial and eph-
rinB2-negative (ephrinB27), and therefore presumably, venous ones
(7). This suggests that the EphB4/ephrinB2 system is involved in
tumor angiogenesis and that it may have an affect on the
specification of arteries and veins in the tumor environment.
Moreover, EphB4 expression has been reported in numerous
tumors such as breast, liver, gastrointestinal, prostate, bladder,
lung, and ovarian cancers, as well as leukermnia, mesothelioma, and
melanoma (14-19). Recent research reported that reduction of
EphB4 activity accelerated tumorigenesis in the colon and rectum
and that loss of EphB4 expression represented a critical step in
colorectal cancer progression (15). Furthermore, a highly signifi-
cant correlation was reported between EphB4 positivity and low
histologic grading of tumor cells in breast cancer (20). Other
reports also showed that overexpression of EphB4 is inversely
related to a poor prognosis in head and neck squamous cell
carcinoma and endometrial carcinoma (21, 22). These results
indicated that EphB4 expression is not compatible with tumor
progression. However, in mesothelioma, up-regulation of EphB4
was shown to provide a survival advantage in tumor tissue (17)
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and resulted in growth of the tumor. At present, little is known
about this apparent discrepancy in terms of the function of EphB4
in tumor progression, but it is possible that coexpression of
another member of the EphB family, such as EphB1, EphB2, EphB3,
and EphB6, or coexpression of EphB4 ligands such as ephrinB2
in tumor cells may affect tumor cell viability and proliferation.
Indeed, it was reported that, in mesothelioma, ephrinB2 and
EphB4 were almost exclusively coexpressed in cells from tumor cell
lines and primary cancers, and that knockdown of either ephrinB2
or EphB4 by small interfering RNA inhibited the viability of tumor
cells coexpressing EphB4/ephrinB2 (17). This suggested that the
expression of ephrinB2 in tumor cells has a reciprocal affect on
EphB4 expression in an autocrine or paracrine manner. Similar
coexpression of this receptor-ligand pair has been reported in
other tumor types, including endometrial, lung, and colon
carcinoma, both in the corresponding tumor cell lines and primary
cancers (16, 23, 24).

Although the expression of EphB4 in various tumors and its
effect on tumor progression have been reported, its other role in
the development of arteries and veins in tumors has not been
clarified. To investigate this, we searched for tumor cells that
expressed EphB4 on their surface, but not ephrinB2, to exclude any
autocrine or paracrine effects of EphB4 on tumor cells. Further-
more, we looked for murine tumor cell lines because of the
availability of an in vivo tumor angiogenesis model, in which
murine EphB4 affects murine ephrinB2 of ECs. Among tumor cell
lines tested, such as melanoma, colon cancer, lung cancer, and
mammary gland tumor, we found a B16 mouse melanoma cell line
that matched these criteria. Using this cell line, we overexpressed
or knocked down EphB4 and observed the effect of EphB4 on blood
vessel formation and tumor growth. Moreover, to test the viability
of ephrinB2* ECs on stimulation with EphB4" tumor cells, we
cocultured an ephrinB2-induced EC line, a SV40-transformed
mouse EC line (SVEC; ref. 25), with B16 melanoma cells in vitro,
and observed dose dependency of cell-surface EphB4 and apoptosis
of ephrinB2" ECs.

Materials and Methods

Animals. C57BL/6 mice and Wistar rats were purchased from Japan SLC
at 8 weeks of age and used between 8 and 12 weeks of age. EphB4-°°%/* and
ephrinB2-** mice (2, 4) were provided by Dr. DJ. Anderson (California
Institute of Technology, Pasadena, CA). Animal care in our laboratory was in
accordance with the guidelines of Kanazawa and Osaka University for
animal and recombinant DNA experiments.

Cell lines and transfection. B16 (mouse melanoma) cells were cultured
in DMEM supplemented with 10% FCS. BaF3 pre-B hematopoietic cells
were cultured in RPMI 1640 supplemented with 10% FCS and 1 ng/mL
interleukin-3.

Transfection of mouse full-length EphB4 or ephrinB2 cDNA (26) was done
using Lipofectamine Plus reagent (Invitrogen). Stable transfection was
obtained by antibiotic resistance selection using G418 (Life Technologies,
Inc.). Stable knockdown of EphB4 gene in B16 cells was done using the short
hairpin RNA (shRNA) method. shRNA coding for EphB4 was introduced into
the pSINsi-hU6 DNA vector (Takara) at the BamH1 and Clal ligation sites
according to the manufacturer’s instruction. shRNA oligonucleotides were
synthesized corresponding to the published sequence of EphB4 mRNA
(NM_010144). The insert for EphB4 shRNA (forward strand, 5-GCATCA-
CAGTCAGACTCAACT-3'; reverse strand, 5-AGTTGAGTCTGACTGTG-
ATGC-3) and a nonspecific oligonucleotide insert for negative control
(forward strand, 5-gatccGATCGTTGGTGTGGTGGGTCGttcaagagaACTAC-
CATGCTCCCATGAACALtttttat-3; reverse strand, 5-cgataaaaaaTGTTCAT-
GGGAGCATGGTAGTtctettgaaCGACCCACCACACCAACGATCg-3') were

used. Plasmids were transfected into B16 by electroporation (Amaxa
Biosystems}; 48 h after electroporation, the cells were harvested by trypsin-
EDTA (Life Technologies) and reseeded at a density of 2 X 10° cells in 10-cm
culture dishes, The following day, geneticine (Life Technologies) was added to
a final concentration of 1,000 ug/mL. Eight days after addition of geneticine,
colonies were picked with a cloning ring (Asahi Techno Glass) and reseeded in
the culture plate. For the evaluation of EphB4 knockdown, EphB4 expression
was determined by real-time reverse transcription and reverse transcription-
PCR (RT-PCR).

RT-PCR analysis. Total RNA was extracted from cells using the RNeasy
plus mini kit (Qiagen) according to the manufacturer’s protocol. Total RNA
was reverse transcribed into ¢cDNA using Exscript RT Reagent Kit (Takara).
Primer pairs for studying the expression of mouse EphB4, mouse ephrinB2,
hurman EphB4, human ephrinB2, mouse f3-actin, or human glyseraldehyde-3-
phosphate dehydrogenase (GAPDH) were, for real-time PCR, EphB4 (sense, 5 -
AATGTCACCACTGACCGTGA-3; antisense, 5-TCAGGAAACGAA-
CACTGCTG-3") and GAPDH (sense, 5-TGGCAAAGTGGAGATTGTTGCC-3;
antisense, 5-AAGATGGTGATGGGCTTCCCG-3"), and for RT-PCR primers,
mouse EphB4 (sense, 5-CGTCCTGATGTCACCTATACCTTTGAGG-3; anti-
sense, 5-GAGTACTCAACTTCCCTCCCATTGCTCT-3), mouse ephrinB2
(sense, 5~AGGAATCACGGTCCAACAAG-3’; antisense, 5-GTCTCCTGCGG-
TACTTGAGC-3"), human EphB4 (sense, 5-GGCTGCTCGCAACATCCTAGT-
3'; antisense, 5-CCACATCACAATCCCGTAAC-3), human ephrinB2 (sense,
5-CTGCTGGATCAACCAGGAAT-3; antisense, 5-GATGTTGTTCCCCG-
AATGTC-3), mouse f-actin (sense, 5-CCTAAGGCCAACCGTGAAAAG-3;
antisense, 5-TCTTCATGGTGCTAGGAGCCA-3), and human GAPDH (sense,
5-GAAGGTGAAGGTCGGAGTC-3’; antisense, 5-GAAGATGGTGATGG-
GATTTC-3). Real-time PCR analysis was done with Platinum SYBR Green
gPCR SuperMix-UDG (Invitrogen). The levels of PCR products were
monitored with an ABI PRISM 7900HT sequence detection system and
analyzed with ABI PRISM 7900 SDS software (Applied Biosystems). The
adjustment of baseline and threshold was done according to the
manufacturer’s instructions. The relative abundance of transcripts was
normalized to the constitutive expression level of GAPDH RNA.

Generation of EphB4 monoclonal antibody. The extracellular ligand
binding domain of mouse EphB4 (amino acids 39-165) was cloned into
pPGEX-2T to generate glutathione S-transferase (GST)-fused protein. EphB4
ligand binding domain expressed as a GST fusion protein in DH5a E. coli
was purified by affinity chromatography and used as an immunogen for
Wistar rats. The methods for generation of hybridoma cells using X63Ag8
mouse myeloma cells and the purification of monoclonal antibody (mAb)
were the same as previously described (27). The sensitivity of the mAb
produced from the hybridoma clone (VEB4-7E4) was confirmed by Western
blotting and fluorescence-activated cell sorting (FACS) analysis with BaF3
cells stably transfected with EphB4 (BaF3/EphB4). Furthermore, by
immunchistochemistry, the specificity of the mAb was examined by
reciprocal expression of ephrinB2 and EphB4 or colocalization of ECs
stained with anti-B-galactosidase and anti-EphB4 antibody on the hind
limb section of ephrinB2"**/* or EphB4“*/* mice, respectively.

Immunoprecipitation and Western blotting. Cells were lysed on ice
with lysis buffer {50 mmol/L HEPES (pH 7.4), 1% Triton X-100, 10% glycerol,
10 mmol/L sodium pyrophosphate, 100 mmol/L sodium fluoride, 4 mmol/L
EDTA, 2 mmol/L sodium orthovanadate, 50 pg/mL aprotinin, 1 mmol/L
phenylmethylsulfonyl fluoride, 100 mmol/L leupeptin, 25 pmol/L pepstatin
Al. Cell lysates were cleared by centrifugation for 15 min at 15000 X g at
4°C, and then proteins were subjected to SDS-PAGE and transferred onto
polyvinylidene difluoride membranes (Nihon Millipore). Membranes were
blocked with 5% normal goat serum, 1% bovine serum albumin, 5%
skimmed milk in TBST [20 mmol/L Tris {(pH 7.4), 150 mmol/L sodium
chloride, 0.1% Tween 20} for 60 min at room temperature. Membranes were
washed and then incubated for 60 min at room temperature with anti-
EphB4 mAb or anti-ephrinB2 polyclonal antibody (Santa Cruz Biotech-
nology), followed by 60 min at room temperature with horseradish
peroxidase-conjugated goat anti-mouse immunoglobulins (Amersham
Pharmacia Biotech) or goat anti-rabbit immunoglobulins antibody (Bio-
sourse). Proteins were visualized by enhanced chemiluminescence detec-
tion system (LAS-3000 mini, Fuji).
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FACS analysis. Flow cytometric analysis was done as previously
described (28). The antibodies used in this experiment were anti-EphB4
mAb (VEB4-7E4) and Alexa Fluor 488 goat anti-rat immunoglobulin G (IgG)
(H+L) antibody (Molecular Probes). For the analysis of specific binding of
EphB4 mAb to EphB4 on BaF3/EphB4 cells, cells were preincubated with
soluble EphB4 receptor (sEphB4; extracellular domain of EphB4 fused with
human Fc of IgG; ref. 26) for 30 min on ice. The stained cells were analyzed
by FACSCalibur (Becton Dickinson).

Immunohistochemistry. Tissue fixation, preparation of tissue sections,
and staining of sections with antibodies were done as previously described
(29). Antibodies used in immunohistochemical staining were nonlabeled
or FITC-conjugated anti-platelet/endothelial cell adhesion molecule 1
(PECAM-1) mAb (PharMingen), anti-B-galactosidase antibody (Chemicon),
and anti-EphB4 mAb (VEB4-7E4). Secondary antibodies used were horse-
radish peroxidase- or Alexa Fluor 488-conjugated goat anti-rat IgG(H+L)
antibody for anti-EphB4 mAb (Biosource) and nonlabeled anti-PECAM-1
mAb or HRP-, alkaline phosphatase-, or Alexa Fluor 546-conjugated goat
anti-rabbit IgG antibody (Molecular Probes) for anti-p-galactosidase
antibody. Anti~-PECAM-1 antibody was developed with HRP-conjugated
anti-rat IgG antibody (Biosource). For color reaction of HRP, samples were
soaked in PBS containing 250 pg/mL diaminobenzidine (Dojin Chem.) in the
presence of 0.05% NiCl, for 10 min, and 0.01% hydrogen peroxidase was added
for the enzymatic reaction. For the color reaction of alkaline phosphatase,
new Fuchsin substrate kit (DAKO) was used. Nuclear staining was done with
Hoechst (Sigma) or 4',6-diamidino-2-phenylindole (DAPI; Invitrogen) to
obtain fluorescent images. Finally, the sections were observed and photo-
graphed under a microscope (IX-70, Olympus) with UV lamp.

In vitro proliferation assay. Cells (10° per well) were seeded into
96-well plates and cultured in DMEM supplemented with 10% FCS under
37°C, CO, 0.5%. The cell number was counted daily.

Mouse xenograft assay. Tumor cells (5 X 10° per mouse in 0.1-mL PBS)
were injected s.c. into 8-week-old female wild-type C57BL/6, ephrinB2"*°%/*,
or EphB4*“*/* mice, as previously reported (30). Tumor volumes were
measured with calipers every 3 days and calculated as width X width x
length X 0.52. Tumor tissues were removed from mice on day 18
postinjection.

Coculture system and apoptosis assay. B16/mock (B16 cells induced
with mock vector) or B16/EphB4 (B16 cells induced with mouse EphB4

expression vector) tumor cells labeled with PKH26 Red Fluorescent Cell
Linker Mini Kit (Sigma) were seeded into 12-well plates in culture medium
(DMEM supplemented with 10% FCS). When cells had reached 80%
confluency, they were serum starved for 12 h in DMEM. SVECs transduced
with mouse ephrinB2 (SVEC/ephrinB2 cells) were prelabeled with PKH67
Green Fluorescent Cell Linker (Sigma) and serum starved for 12 h in
DMEM, and then added in medium (DMEM, 2% FCS) either into B16/mock
or B16/EphB4 tumor cells or trans-well plates with 0.4-pm pores (Corning,
Inc.). For binding inhibition assays of EphB4 in B16/EphB4 cells and
ephrinB2 in SVEC/ephrinB2 cells, soluble EphB4-Fc (sEphB4; 5 pg/mL) was
added. After 24 h of coculture, cells were harvested from the culture plate
using trypsin-EDTA and stained with Annexin V-Cy5 Apoptosis Detection
Kit (BioVision) and DAPI (Invitrogen). Stained cells were analyzed by flow
cytometry with UV laser (JSAN, Bay bioscience).

Statistical analysis. All date are presented as mean + SE. For statistical
analysis, Microsoft Excel software was used for two-sided Student’s ¢ test.

Results

Generation of mAb against mouse EphB4. To investigate
EphB4 expression at the protein level in tumor cells, we generated
antimouse EphB4 mAb (clone VEB4-7E4) and first observed EphB4
expression in the BaF3 hematopoietic cell line induced with ectopic
EphB4 (BaF3/EphB4, Fig. 14) by flow cytometric analysis (Fig. 1B)
and Western blotting (Fig. 1C). As observed in Fig. 1B, this mAb
recognized EphB4 on BaF3 cells and this reaction to EphB4 by the
mAb was almost completely suppressed by soluble EphB4 protein,
suggesting that this reaction was specific to EphB4. Moreover, this
mAb could recognize a 120-kDa protein from BaF3/EphB4 cell
lysates but not from BaF3/mock cells (Fig. 1C). In immunohisto-
chemical staining of hind limb muscle using LacZ reporter strain to
detect expression of ephrinB2 (arteries; ref. 4), together with
antibody to CD31/PECAM-1, a pan-endothelial marker, this mAb
against EphB4 (VEB4-7E4) did not recognize CD31%ephrinB2*
arterial ECs but was able to mark CD31*ephrinB2~ ECs (Fig. 1D).
These reciprocal expression profiles indicated that this mAb could
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react with EphB4. Moreover, to detect the expression of EphB4 in
hind limb muscle from LacZ reporter mice (2), B-galactosidase-
positive ECs were exclusively stained with anti-EphB4 antibody
(Fig. 1E). Taken together, we concluded that this mAb (VEB4-7E4)
reacts specifically with EphB4.

EphB4 overexpression did not alter in vitro proliferation of
B16 melanoma cells. We looked for a tumor cell line that
endogenously expresses EphB4 but not ephrinB2. Among several
mouse and human tumor cell lines tested, we found that B16
mouse melanoma cells matched these criteria (Supplementary
Table S1). Therefore, using B16 melanoma cells, we first observed
whether overexpression of EphB4 in B16 cells affects cell growth.
Overexpression of EphB4 stably transduced in B16 cells (B16/
EphB4) was compared with that in control B16 cells transduced
with mock vector (B16/mock) by RT-PCR (Fig. 24) and real-time
PCR (Fig. 2B) analyses at the mRNA level. Overexpression of EphB4
in B16/EphB4 cells was also confirmed by FACS analysis at the
protein level (Fig. 2C). An in vitro proliferation of B16/EphB4 and
Bl6/mock cells was observed. Results indicated that B16 over-
expression did not alter the growth of B16 cells (Fig, 2D). We cloned
several EphB4-overexpressing B16 cells and there was no difference
from the results obtained with the subclones (data not shown).

EphB4 overexpression suppressed tumor growth in in vivo
xenograft assay. To investigate the function of EphB4 in B16 cells

in vivo, B16/EphB4 and Bl6/mock cells were injected s.c. into
C57BL/6 mice. To observe tumor growth, the tumor size was
measured every 3 days. Eighteen days after inoculation of tumor
cells, the tumors were removed from the mice and the tumor mass
was weighed. Although EphB4 overexpression did not affect the
in vitro growth of B16 cells (see above), the in vivo growth of B16/
EphB4 cells was clearly inhibited in comparison with that of B16/
mock cells (Fig. 34).

Although EphB4 protein expression level in parental B16 cells
was low (Fig. 2C), to confirm dose dependency of EphB4 in tumor
growth, we knocked down the EphB4 gene in B16 cells and then
studied in vitro and in vivo growth. As shown in Fig. 3B, on
transfection with plasmids containing shRNA oligonucleotides that
specifically recognized EphB4 sequences, EphB4 expression of B16
cells (B16/shRNA) was reduced compared with the level of expres-
sion when the cells were transfected with a plasmid containing
nonspecific shRNA (B16/scr). In vitro cell proliferation was not
affected by the depletion of EphB4 from B16 cells (Fig. 3B, middle);
however, we confirmed that, in vive, EphB4 depletion in B16 cells
enhanced tumor growth (Fig. 3B, right). These results clearly
indicated that reduction of EphB4 expression accelerates tumor
growth in B16 cells.

EphB4 overexpression in B16 cells inhibits formation of
blood vessels with an arterial phenotype in tumors. To clarify the
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proportion to the expression levels of
EphB4. A, left, gross appearance of tumors
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suppressive effect on tumor growth of EphB4 overexpression in B16
cells, we stained tumor tissues with anti-CD31 antibody and found
that the number of blood vessels in tumors from B16/EphB4 cells
was almost half that found in tumors from B16/mock cells (Fig. 44
and B). On the other hand, the difference in vessel density between
B16/mock and B16/shEphB4 was not large compared with that
between B16/mock and B16/EphB4; however, vessel density was
slightly, but statistically significantly, higher in the B16/shEphB4
tumor than in the control B16/mock tumor (Fig. 44 and B).

These results suggested that EphB4 overexpression in B16 cells
suppressed tumor angiogenesis.

Nevertheless, the method by which EphB4 affects blood vessel
development was not clear. To investigate the properties of blood
vessels in tumors, we inoculated B16/EphB4 and B16/mock cells
s.c. into LacZ reporter mice to detect the expression of ephrinB2 (4)
or EphB4 (2), together with anti-CD31 antibody, in tumor sections.
As shown in Fig. 5, in tumors derived from B16/mock cells, nearly
half of the ECs were ephrinB2* and had an arterial phenotype. On

Figure 4. Effect of EphB4 overexpression
in B16 cells on tumor angiogenesis. A,
blood vessel formation in tumors derived
from B16/mock (left), B16/EphB4 (middle),

or B16/shEphB4 (right) cells. Sections
were obtained from the tumors on day 18
© 14 after inoculation with the respective tumor
ot cells and stained with anti-CD31 mAb
e q2 (red). Bar, 40 um. B, quantitative
o evaluation of blood vessels from 30
Q 10 random fields of three independent tumors,
E as indicated. *, P < 0.05; **, P < 0.01.
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Figure 5. Effect of EphB4 overexpression
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the other hand, in B16/EphB4 tumors, ephrinB2* ECs were difficult
to detect; only ~ 6% of ECs in these tumors expressed ephrinB2. By
contrast, EphB4" ECs having a venous phenotype were observed in
equal numbers’'in tumors derived from both B16/mock and B16/
EphB4 cells. Therefore, we concluded that EphB4 in B16 cells
selectively suppressed the formation of blood vessels with an
arterial phenotype.

EphB4 in B16 cells induces apoptosis of ephrinB2* ECs.
Because EphB4 suppressed the appearance of ephrinB2* ECs in
tumors, the final aspect we investigated was how EphB4
overexpression in B16 cells might be affecting ephrinB2" cells
in vitro. To achieve this, we induced ephrinB2 into the murine
SVEC EC line and generated stably and strongly ephrinB2-
expressing ECs (SVEC/ephrinB2), because endogenous ephrinB2
expression was weak in the original SVECs (Supplementary
Fig. S1), and cocultured these cells with B16/mock or B16/EphB4
cells (Fig. 6). After coculturing for 24 h, apoptosis of SVEC/
ephrinB2 in B16/mock cells or B16/EphB4 cells, B16/mock cells
cocultured with SVEC/ephrinB2, and B16/EphB4 cells cocultured
with SVEC/ephrinB2 cells was observed by staining with Annexin
V and nuclear dye DAPI (Fig. 64 and B). Results showed that B16/
EphB4 cells enhanced apoptosis (Annexin V'DAPI ") and cell death
(Annexin V'DAPI') in SVEC/ephrinB2 cells compared with B16/
mock cells (Fig. 6A and B). When compared with cell death of
SVEC/ephrinB2 in B16/mock cells, similar apoptosis and cell death
of SVEC/ephrinB2 cells in normal culture conditions (i.e., SVEC/
ephrinB2 cells not cocultured with B16 cells) was observed (data
not shown). The apoptotic effect of B16/EphB4 cells on SVEC/
ephrinB2 cells in this coculturing system was suppressed by the

separation of the two cell types by means of a 0.4-pum-pore filter
(Fig. 64 and B). Moreover, blockade of interactions between SVEC/
ephrinB2 and B16/EphB4 cells with soluble EphB4 proteins
abolished the B16/EphB4-mediated increase in cell death of
SVEC/ephrinB2 (Fig. 64 and B). Therefore, we concluded that
apoptosis of SVEC/ephrinB2 cells was accelerated by cell-to-cell
contact with B16/EphB4 cells.

On the other hand, in the case of B16 cells, the percentage
(Fig. 64 and B) and absolute cell number (data not shown) of
apoptotic and dead cells from B16/EphB4 cells cocultured with
SVEC/ephrinB2 cells were not statistically significantly different
compared with those from B16/mock cells cocultured with
SVEC/ephrinB2 cells. Moreover, such apoptosis and cell death
was also observed in B16/mock and B16/EphB4 under normal
culture conditions without coculturing with SVEC/ephrinB2 cells
(data not shown). This suggested that ephrinB2 does not affect
EphB4 in B16 cells, in terms of cell viability, as a forward
signaling.

Taken together, we concluded that EphB4 overexpression in B16
melanoma cells induces cell apoptosis of ephrinB2* ECs. Therefore,
when inoculated into mice, B16/EphB4 cells might suppress the
survival of ephrinB2* ECs, resulting in insufficient arterial-venous
blood vessel distribution and the inhibition of tumor growth.

Discussion

Although the EphB4 receptor has been reported to be expressed
in various tumor cells (14-19), its exact function in arterio-venous
specification has not yet been elucidated. In this study, we showed
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that EphB4 overexpression in B16 melanoma cells suppressed
tumor angiogenesis, especially the development of ephrinB2" ECs
with an arterial phenotype in tumors. By coculturing ephrinB2-
expressing ECs (SVEC induced with ephrinB2) with EphB4-
overexpressing B16 cells, we found that EphB4 reverse signaling
via ephrinB2 was involved in the apoptosis of ephrinB2" ECs.
Ideally, it was better to coculture ephrinB2* ECs in tumors derived
from B16 cells with B16/EphB4 cells to examine the nature of the
arterial ECs affected by EphB4 in tumor cells. However, due to
technical problems, we experienced difficulties in culturing
primary ECs from tumors in vitro. Moreover, there was no antibody
available to isolate ephrinB2" ECs from tumors using a cell sorter.
Therefore, we used SVEC, an EC line, stably and strongly induced
with ephrinB2.

Thus far, a variety of functions of Eph receptors and their ephrin
ligands have been reported in the areas of cell migration, repulsion,
and adhesion (5, 6, 8, 31, 32). Although it has been proposed that
this receptor/ligand system is not involved in cell proliferation,
nevertheless, it has also been reported that ephrin-A/EphA
receptor signaling plays a key role in controlling the size of the
mouse cerebral cortex by regulating cortical progenitor cell
apoptosis (33). Moreover, we previously reported that EphB4
reverse signaling via ephrinB2 inhibited the mitotic activity of
ephrinB2” ECs (25). Because of bidirectional signals termed
forward signaling via EphB4 and reverse signaling via ephrinB2,
we suggested that EphB4/ephrinB2 works on the arterial-venous
interface through this bidirectional repulsion to form the arterial-

venous boundary. However, in this report, we have clearly shown
that reverse signaling via ephrinB2 led to the apoptosis of
ephrinB2" cells (SVEC/ephrinB2), whereas forward signaling via
EphB4 in tumor cells did not induce the apoptosis of EphB4* tumor
cells (B16/EphB4). Taken together, this suggested that reverse
signaling via ephrinB2 in ECs might terminate arteriogenesis
during angiogenesis or induce regression of newly developed
arterial blood vessels.

The function of EphB4/ephrinB2 in the development of blood
vessel formation during embryogenesis has been the focus of
research (2-4). In addition, its role in tumor angiogenesis has
also been examined by a variety of methods, such as systemic or
local administration of soluble EphB4 receptors (34, 35), site-
specific expression of EphB4 or kinase-dead EphB4 in ECs
retrovirally (36), and a xenograft model using breast cancer cells
expressing kinase-dead EphB4 receptor (37). In the case of
soluble EphB4 administration, tumor angiogenesis was perturbed
(34, 35). This effect might result from the suppression of forward
and reverse signaling via EphB4 and ephrinB2, respectively.
Recently, the enhancement of EphB4 reverse signaling via
ephrinB2 in ECs, in which EphB4 was ectopically induced in
the ECs of tumors, has been reported to increase vascular density
and permeability of blood vessels in tumors (36). These results
indicated that EphB4/ephrinB2 signaling is active in tumor
angiogenesis. However, the function of EphB4 in tumor cells for
blood vessel formation has not been well clarified. One piece of
research has shown that kinase-dead EphB4 expressed in tumor
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cells, in which only reverse signaling via ephrinB2 was enhanced,
increased tumor angiogenesis and tumor growth (37). At first
glance, there seems to be a discrepancy between these data and
those presented here. However, in our experiment, wild-type
EphB4 overexpression in B16 tumor cells, in which both forward
signaling via EphB4 for tumor cells and reverse signaling via
ephrinB2 for ECs cells were enhanced, suppressed the develop-
ment of ephrinB2" blood vessels and resulted in the retardation
of tumor growth. Therefore, this suggests that secondary inside-
out signaling molecules from EphB4" tumor cells, through
forward signaling via EphB4, may induce apoptosis of ephrinB2*
cells with reverse signaling. Recently, it was reported in humans
that EphB4 was expressed in human colonic crypts and in early
colorectal cancer lesions and that EphB4 expression was lost
in advanced colorectal tumors (15). This examination correlates
with our data and suggests that, within tumors, the expression of
EphB4 inhibits arteriogenesis whereas the loss of EphB4 p'ermits
the supply of oxygen and nutrients by establishing arterial-venous
circulation,

Recently, it was reported that the expression level of EphB4 in
human ovarian cancers is correlated with poor response to
chemotherapy (19). Our results can offer two possible, comple-
mentary, explanations for this finding. From our study, it seems
that EphB4 overexpression in tumor cells inhibits the organiza-
tion of arterio-venous patterning in tumors, which could increase
the difficulty anticancer drugs have in penetrating deep into
tumor tissue, whereas, additionally, this overexpression has an
inhibitory effect on rapid tumor growth. It is well known that
blood vessels in tumors are disorganized compared with those
observed in normal tissue, and permeability is relatively sup-
pressed in the tumor environment. Recently, a new therapeutic

concept has emerged whereby the artificially induced normaliza-
tion of blood vessels in tumors could allow the penetration of
anticancer drugs deep into the site of the tumors (38);
normalization of arterial-venous patterning might be one such
strategy for cancer therapy. In this study, we used a B16 mouse
melanoma cell line to observe the function of EphB4 in ephrinB2*
EC development precisely because of the lack of ephrinB2
expression in B16 cells. In humans, there are no published
reports showing EphB4 expression in primary melanomas but
several articles have indicated that most human melanoma cell
lines express EphB4 (14, 39). However, although coexpression of
EphB4/ephrinB2 in human melanoma tissue samples or melano-
ma cell lines has not been reported, in both settings the
expression level of ephrinB2 has been reported to vary, and it has
been proposed that expression level correlates with malignancy
(14, 40). The functions of ephrinB2 and EphB4 in melanomas
seem to be redundant for tumorigenesis in which ephrinB2 and
EphB4 are associated with both tumor cell viability and
generation of microenvironment. To further clarify the function
of the EphB4/ephrinB2 system, it will be necessary to examine
how EphB4 and ephrinB2 expression in tumor cells is regulated
during the ontogeny of tumors.
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ABSTRACT

Recently, there has been noteworthy progress in the field of
cardiac regeneration therapy. We previously reported that
brown adipose tissue (BAT) contained cardiac progenitor
cells that were relevant to the regeneration of damaged
myocardium. In this study, we found that CD133-positive,
but not ¢-Kit- or Sca-1-positive, cells in BAT differentiated
into cardiomyocytes (CMs) with a high frequency. More-
over, we found that CD133™ brown adipose tissue-derived
cells (BATDCs) effectively induced bone marrow cells
(BMCs) into CMs, BMCs are considered to have the greatest
potential as a source of CMs, and two sorts of stem cell
populations, the MSCs and hematopoietic stem cells (HSCs),
have been reported to differentiate into CMs; however, it

has not been determined which population is a better source
of CMs. Here we show that CD133-positive BATDCs induce
BMCs into CMs, not through cell fusion but through biva-
fent cation-mediated cell-to-cell contact when cocultured.
Moreover, BMCs induced by BATDCs are able to act as CM
repletion in an in vivo infarction model. Finally, we found
that CD457CD31~ CD105™ nonhematopoietic cells, when
cocultured with BATDCs, generated more than 20 times the
number of CMs compared with lin~c-Kit* HSCs. Taken
together, these data suggest that CD133-positive BATDCs
are a useful tool as CM inducers, as well as a source of CMs,
and that the nonhematopoietic fraction in bone marrow is
alse a major source of CMs. STEM CELLS 2007:25:1326-1333

Disclosure of potential conflicts of interest is found at the end of this article.

INTRODUCTION

Cell transplantation and gene transfer are two of the foremost
therapies with potential for regenerating damaged cardiomyo-
cytes (CMs) and enabling revascularization.. Embryonic stem
cells, skeletal myoblasts. and c-kit- or Sca-1-positive cardiac
stem cells (CSCs) in heart tissue have all been reported as
candidates for the replacement of CMs; however, each is asso-
ciated with problems, including those involving allergenic, eti-
ologic, and arrhythmic issues.

Bone marrow cells (BMCs) are a well-known source of
various Kinds of stem cells. BMCs can contribute to the regen-
eration of various tissues, and their clinical application is easier
than that of other candidates. Recent studies have suggested that
CMs might also originate {rom BMCs, which are composed of
at least two cell populations. Among these are hematopoietic
cells (HCs) [1, 2] and mesenchymal cells {3-5], both of which
have been suggested as sources of CMs. Nevertheless, the
ability of the former to differentiate into CMs is by no means
clear. Several studies have demonstrated that hematopoietic

stem cells (HSCs) can induce myogenic repair by their capacity
o differentiate into CMs [1, 2]. However, two other studies,
which used an in vivo infarction model, reported that HSCs
were incapable of differentiating into CMs [6, 7]. Moreover,
Alvarez-Dolado et al. demonstrated that bone marrow (BM)-
derived CMs were observed at low frequency and were gener-
ated by cell fusion with donor CD45™" HCs [8]. Taken together,
the results from these various studies suggest that it remains to
be resolved whether plasticity of HSCs truly occurs and which
population will prove to be the best source for the repair of
damaged cardiac tissue. Moreover, specific molecular cues for
the differentiation of CMs from BMCs have not been identified.
This lack of knowledge means that, at present, it is difficult to
effectively induce immature cells into CMs.

In this study, we show that CDI133 is a CSC marker in
brown adipose tissue-derived cells (BATDCs), which had been
identified previously as a source of CSCs [9]. CD133 was first
isolated from neuroepithelial stem cells as mouse Prominin-|
[10]; subsequently, it was reported that CD34% HSCs isolated
from fetal liver, BM, and cord blood expressed CD133 (ACI133)
[11]. Moreover, CDI33 antigen expression was detected in
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undifferentiated cells, including endothelial progenitor cells
[12], fetal brain stem cells [13], embryonic epithelivim [14].
prostatic epithelial stem cells [15], myogenic cells [16]. and
certain cancer stem cells, such as retinoblastoma [17} and me-
dulloblastoma [18]. These results indicated that CD133 might be
an antigen common to several stem cells, including CSCs, in
brown adipose tissue (BAT). Second, we have shown that
BMCs could differentiate with high efficiency into CMs by
coculturing with BATDCs. In this induction system, we have
demonstrated that bivalent cation-mediated cell-to-cell contact
was critical for the differentiation of BMCs into CMs, and we
have also investigated cadherin-mediated cell contact. Finally,
we have demonstrated that in the bone marrow (BM) popula-
tion, CD457CD317CD105 " non-HCs could effectively differ-
entiate into CMs, in contrast to the tin"¢-Kit™ HSCs.

MATERIALS AND METHODS

Cell Preparation and Flow Cytometry

BAT was dissected from the interscapular region of postnatal day 1
(P1) to P7 neonates of C57BL/6 mice. BAT was dissociated by Dis-
pasell (Roche Diagnostics, Mannheim, Germany. http://www.roche-
applied-science.com), drawn through a 23-gauge needle, and prepared
as a single-cell suspension. as previously reported [9]. BMCs were
harvested from femurs and tibias of green fluorescent protein (GFP)
transgenic mice (green mice) as previously described [19]. The cel-
staining procedure for the flow cytometry was also as previously
described [20]. The monocional antibodies (imAbs) used in immuno-
fluorescence staining were anti-CD45, -teri 19, -CD31, -CD29, -c-kil,
-Scal, -CD105, and -CD133 mAbs (BD Pharmingen, San Diego.
http:/Avvw bdbiosciences.comy/pharmingen). All mAbs were purified
and conjugated with fluorescein isothiocyanate, phycoerythrin (PE),
biotin, or allophycocyanin (APC). Biotinylated antibodies were visu-
alized with PE-conjugated streptavidin (BD Pharmingen) or APC-
conjugated streptavidin (BD Pharmingen). Cells were incubated for §
minutes on ice with CD16/32 (Feyll/IT Receptor) (1:100) (Feblock:
BD Pharmingen) prior to staining with primary antibody. Cells were
incubated in 5% fetal calf serum (FCS)/phosphate-buftered saline
(PBS) (washing buffer) with primary antibody for 30 minutes on ice
and washed twice with washing buffer, Secondary antibody was added.
and the cells were incubated for 30 minutes on ice. Afler incubation,
cells were washed twice with. and suspended in, the washing buffer for
fluorescence-activated cell sorting (FACS) analysis. The stained cells
were analyzed and sorted with an EPICS flow cytometer (Beckman
Coulter, San Jose. CA, http://www.beckmancoulter.com). The sorted
cells were added to 24-well dishes (Nunc, Roskilde, Denmark. http://
www.nuncbrand.com), precoated with 0.1% gelatin (Sigma-Aldrich,
St. Leuis. hitpr//www.sigmaaldrich.com), and cultured in Dulbecco's
modified Eagle’s medium (DMEM) supplemented with 10% FCS and
107> M 2-mercaptoethanol at 37°C in a 5% CO, incubator.

Immunohistochemistry

Immunohistochemical analyses of tissue sections and culture dishes
and the tissue fixation procedure were performed as previously
described [9, 20]. The fixed specimens were embedded in Optimum
Cutting Temperature (OCT) compound (Sakura Finetechnical, To-
kyo, http://www sakuraus.com) and sectioned at 7 pm. Anti-sarco-
meric actin (anti-SA) (clone 5C5; Sigma-Aldrich), anti-GATA-4
(Santa Cruz Biotechnology Inc., Santa Cruz. CA, hitp://www.scbt.
com), -MEF2C (Cell Signaling Technology. Beverly, MA. http://
wwiw.cellsignal.com). -connexind3 (Sigma-Aldrich). -atrial natri-
uretic factor (ANF) (Santa Cruz Biotechnology)., and -GFP
antibodies (Santa Cruz Biotechnology) for tissue sections, and anti-
SA, -cardiac troponin T (Santa Cruz Biotechnology), ~cardiac tro-
ponin J (clone 13-11: Neomarkers, Fremont, CA, hup://www.lab
vision.com) [21-23], -GATA-4, -MEF2C, and -pan-cadherin
(Sigma-Aldrich) antibodies for CM culture dishes were used in this
assay. In brief. anti-SA was developed with Alexa Fluor 488-, 546-.
or 633-conjugated goat anti-mouse 1gM (Molecular Probes Inc..

wwiv. StemCells.com

Eugene. OR. hitp://probes.invitrogen.com); anti-pan-cadherin was
devetoped with 546-conjugated goat anti-mouse 1gG (Molecular
Probes): and anti-cardiac troponin T. cardiac troponin L -MEF2C,
-GATA-4, -connexind3, and -ANF antibodies were developed with
Alexa Fluor 488-. 546-, or 033-conjugated goat anti-rabbit IgG
(Molecular Probes). Nuclear staining was performed with 4.6-dia-
midino-2-phenylindole or TOPRO3 (Molecular Probes). Finally.
the sections and dishes were observed vsing an Olympus 1X-70
microscope equipped with UPlanFl 4/0.13 and LCPlanFI 20/0.04
dry objective lenses (Olympus, Tokyo, hitp://www.olympus-global,
com). Images were acquired with a CoolSnap digital camera (Roper
Scientific, Tokyo. http://www.roperscientific.com). In all assays. an
isotype-matched control Te was used as a negalive control, and it
was confirmed that the positive signals were not derived from
nonspecific background. Images were processed using Adobe Pho-
toshop 7.0 software (Adobe Systems Inc.. San Jose, CA, hup://
wwiy.abode.com).

Transmission Electron Microscopy

Cells were washed in phosphate buffer and fixed with 2% glutar-
aldehyde and 1% paraformaldehyde in PBS. Samples were post-
fixed with 1% osmium in PBS. rinsed. dehydrated. and embedded in
araldite (DAKO, Glostrup, Denmark. http://www.dako.com). Then,
samples were cut with a diamond knife and examined under a Jeol
100CX (Tokyo. http://www.jeol.co.jp) electron microscope.

Cell Coculture

BATDCs and BMCs were prepared as described above. In situ-
ations where CD1337 BATDCs and BMCs were cocultured in
contact conditions, 2 X 107 CD133” BATDCs were plated per
well of a 24-well plate and cultured for 10 days before being
fixed with 0.5% paraformaldehyde for 15 minutes at room tem-
perature. Fixed cells were washed extensively, first with PBS
and then with DMEM/10% FCS. After washing, | X 107 BM
mononuclear cells (BMMNCs), 1 % 10* lin"¢-Kit* HSCs, or
1 X 10% CD45 7 ter]1 197CD317CDI105" MSCs from GFP mice
were cultured with fixed BATDCs, as described above, for 10
days and then stained with anti-SA (Sigma-Aldrich), -GATA-4
(Santa Cruz Biotechnology), -MEF-2C (Cell Signaling Technol-
ogy), and -GFP (MBL International Corp., Nagoya, Japan, hitp://
www.mblintl.com) antibodies. Under separate conditions.
CD133” BATDCs from” ROSA26 mice were cocultured on
0.4-pm cell culture inserts (Becton, Dickinson and Company,
San Jose. CA, hitp://www.bd.com) with BMMNCs from green
mice in 0.1% gelatin-coated dishes (Becton Dickinson) for 14
days and then stained with anti-SA (Sigma-Aldrich) and anti-
GATA-4 (Santa Cruz Biotechnology).

To analyze the diverse signaling between BATDCs and BM-
derived cells, we used an anti-E-cadherin antibody (ECCD-1; Cal-
biochem, La Jolla, CA, http://www.emdbiosciences.com), E-cad-
herin-Fe. N-cadherin-Fe, and R-cadherin-Fc (all purchased from
R&D Systems Inc.. Minneapolis, http://www.rndsystems.com).

Reverse Transeription-Polymerase Chain Reaction
Analysis

The RNeasy Mini kit (Qiagen, Hilden. Germany, hitp://wwwi.
giagen.com) was used for isolation of total RNA from BAT and
BMCs. Total RNA was reverse transcribed using the reverse tran-
scription-polymerase chain reaction (RT-PCR) kit (Clontech, Palo
Alto, CA, hup://www.clontech.com). The ¢DNA was amplified
using Advantage Polymerase Mix (Clontech) in a GeneAmp PCR
system. model 9700 (PerkinElmer Life and Analytical Sciences,
Norwalk, CT, hup:/iwww.perkinelmer.com), by 40-50 cycles. The
sequences of the gene-specific primers for RT-PCR were as
follows: 5'-«w-myosin heavy chain (MHC), TGTCTGCTCTC-
CACCGGGAAAATCT; 3'-a-MHC, CATGGCCAATTCTT-
GACTCCCATGA; 5'-8-MHC. AACCCACCCAAGTTCGACA
AG ATCG: 3'-B-MHC, CCAACTTTCCTGTTGCCCCAAAA
ATG; 5'-a-skeletal actin, GGAGATTGTGCGCGACATC
AAAGAG; 3 -a-skeletal actin, CTGGTTCCTCCAATGGGA
TATCTTC: 5'-a-cardiac actin, TGTGTTACGTCGCC
CTGGATTTTGA; 3'-a-cardiac actin, TTGCTGATCCACATTT



GCTGGAAGG: 5'-myosin light chain (MLC)-2a. AGCAGGCA-
CAACGTGGCTCTTCTAA: 3'-MLC-2a, CCTGGGTCAT-
GAGAAGCTGCTTGAA: 5'-MLC-2v, ATGGCACCTTTGTTTGC-
CAAGAAGC: 3'-MLC-2v, CCCTCGGGATCAAACACCTTAATG:
5'-GATA4. GAGTGAGTCAATTGTGGGGCCATGT: 3'-GATA4.
TGCTGCTAGTGGCA TTGCTGGAGTT; S5'-glyceraldehyde-3-
phosphate  dehydrogenase  (G3PDH), TGAAGGTCGGTGT-
GAACGGATTTGGC: 3'-G3PDH. CATGTAGGCCATGAG GTC-
CACCAC; 5'-lacZ, GCGTTACCCAACTTAATCG: 3'-lacZ.
TGTGAGCGAGTAACAACC: 5'-GFP, TACGGCAAGCTGAC-
CCTGAA; 3'-GFP, TGTGATCGCGCTTCTCGTTG. Each cycle
consisted of denaturation at 94°C for 30 seconds and annealing/
extension at 70°C for 4 minutes except lacZ and GFP. For lacZ and
GFP. each cycle consisted of denaturation at 94°C for 30 second.
annealing at 60°C for | minute, and extension 72°C for | minute.

Myocardial Infarction and Cell Implantation and
Echocardiography

BMCs derived from GFP transgenic Sprague-Dawley rats [24] at 2
months old were cocultured for 5 days with CD133" BATDCs
taken from wild-type Sprague-Dawley rats at 3 days, and then the
GFP-positive fraction was sorted using an EPICS flow cyltometer
and implanted into the heart. Myocardial infarctions (MIs) were
induced in female Sprague-Dawley rats at 2 months of age as
described previously [9]. After verifying the MIs, 10 rats were
injected with 2 X 107 cells each, in live opposite regions bordering
the infarct, and then sacrificed after 30 days. At each time interval,
sham-operated rats were injected with saline as controls. Under
ketamine (Dainippon Pharmaceutical. Osaka, Japan, htp://www.
ds-pharma.co.jp) anesthesia, echocardiography was performed at 29
days. From M mode tracings, left ventriculus end-diastolic and
systolic diameter and wall thickness were obtained, and then the
percentage of fractional shortening was calculated. Echocardio-
graphic acquisition and analysis were performed by an echocardi-
ographer blinded to treatment group. Results represent the mean of
five separate experiments. Mortality was lower, but not significantly
different, in the treated rats, averaging 35% in all groups. Protocols
were approved by the institutional review board. )

Fluorescence In Situ Hybridization Staining

After staining of CMs with anti-SA antibody as described above, we
performed fluorescence in situ hybridization (FISH) to determine
the presence of rat X and Y chromosomes (Cambio, Cambridge,
U.K.. htp://www.cambio.co.uk) according to the manufacturer’s
instructions. A digestion with proteinase K (DAKO) (20 pg/ml at
37°C, 5 minutes) was added at the beginning of the FISH protocol.
Nuclear staining was performed with TOPRO3 (Molecular Probes).
Pictures were taken by confocal microscope (LSM310; Carl Zeiss
Microlmaging, Inc., Gottingen, Germany, http://www.zeiss.com).

RESULTS

Surface Phenotype of CM Progenitors in BAT

A putative stem cell population has recently been identified in
adipose tissue [25]. This cell population expressed multiple CD
marker antigens, such as CD29, CD44, CD90, and CDI05,
similar to those observed on MSCs. We previously reported that
BATDCs included cells that are able to differentiate into CMs
[91, and another group has demonstrated the capacity of adipose
tissue-derived mesenchymal cells to dilferentiate into CMs [20].
Other reports have indicated that cardiac progenitor cells in the
adult heart expressed c-Kit and Sca-1, which were first estab-
lished as HSC markers [21, 27]. Therefore, using [low cytomet-
ric analysis, we analyzed several stem cell markers and multiple
CD markers on cells from BATDCs, which can differentiate into
CMs. First, we checked for terl 19 (erythrocyte marker), CD45
(LCA) (panleukocyte marker), and CD31 (endothelial marker).
Among CD45 7 ter] 197CD31™ cells (nonhematopoietic, nonen-
dothelial cells), ¢-Kit, Sca-1, and CD133 expression was ob-
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Figure 1. Phenotype of cardiomyocyte (CM) stem cells in brown
adipose tissue (BAT). (A): Cells derived from BAT were stained with a
mixture of anti-CD45, -ter119, and -CD31 antibodies (x-axis) and anti-c-
Kit, -Sca-1 or -CD133 antibody (y-axis). (B): Immunocytochemical anal-
ysis and transmission electromicrograph of CMs derived from CD1337
(CD4571ter1197CD317) BATDCs. CD133-positive cells generated SA™
(red)/GATA-4" (green) cells (a). cardiac troponin T (red)/GATA-4 "
(green) cells (c), or cardiac troponin 1~ (red)/MEF2C™ (green) cells (e).
Nuclear staining by TOPRO3J in a, ¢, and e is shown in b, d, and f,
respectively. Notably. well-organized sarcomeres. Z-band, and a large num-
ber of mitochondria were observed in CD133" BATDCs. Scale bar = 10
pm (F)and 1 pm (g). (C): a. Existence of SA-positive (green) and GATA4-
positive (red) CMs in the culture of CD133+ BATDCs. b, Nuclear staining
with 4.6-diamidino-2-phenylindole in the same field as shown in panel a.
Note that this low-power field view clearly showed that approximately 50%
of adherent cells are CMs. Scale bar = 20 pum. ¢, Quantitative evaluation
of differentiation potential for CMs from each fraction of BATDCs as
indicated. The same number of cells (1 X 10") of each fraction was
cultured. Note that ¢-Kit" (CD457ter1 197CD317) cells could not differ-
entiate into CMs, and CDI1337 (CD457terl197CD317) cells were the
most effective at differentiating into CMs.

c-kit  Sca-1  CD133 CD29

served on 1.4%, 16.6%, and 3.5% of total BATDCs, respec-
tively (Fig. 1A). To clarify which populations have a high
potential to produce CMs, we cultured il
CD457ter1197CD31~ subpopulation [ractionated by c-Kit,
Sca-1, or CDI133 expression. Among them, CD133-positive
BATDCs differentiated into CMs with a higher incidence
compared with cells in other fractions and CD29-positive
(CD457ter1197CD317) cells, which we had previously re-
ported as a CM-enriched population (Fig. 1C). Indeed, ap-
proximately 50% of adherent cells from cultured CDI133-
positive  cells among CD457terl 197CD31~  cells
differentiated into SA"GATA-4" (Fig. 1B, a and b, 1C, a
and b), cardiac-troponin T*GATA-4* (Fig. 1B, ¢ and d), and
cardiac-troponin " MEF2C™ (Fig. 1B, e and f). Furthermore,
electron microscopic analysis indicated that these cells had
cellular structures typical of CMs, such as an organized
sarcomere with typical cross-strain, developed Z-bands, long
mitochondria in the cytoplasm, and centrally positioned nu-
clei (Fig. 1B, g). To provide additional evidence that
CDI133" BATDCs have the phenotype of CMs, we per-
formed pharmacological studies (supplemental online data).
The calcium antagonist verapamil slowed the beating rate,
and the f-agonist isoproterenol induced a dose-dependent
increase of the spontaneous contraction rate; however, the
B-adrenergic antagonist propranolol reversed the isoprotere-
nol-induced acceleration. These results also indicated that
CD133" BATDCs have the functional character of CMs.
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Figure 2. BMMNCs can differentiate into cardiomyocytes (CMs) upon
coculturing with BATDCs. (A): Immunocytochemical analysis of
BMMNCs from green mice cocultured for 14 days with CD133-positive
BATDCs from wild-type mice. a—c, GFP (green) (a), GATA-4 (red) (b).
and nuclear staining with TOPRO3 (blue) merged with that shown in b
(c). d—t, GFP (green) (d), MEF2C (red) (e), and nuclear staining with
TOPRO3 (blue) merged with that shown in e (). g-1. GFP (green) (g).
SA (red) (h), and GATA-4 (blue) merged with that shown in h (i). Scale
bar = 5 pm (i). (B): Schematic presentation of coculturing BMMNCs
from green mice with CD133-positive BATDCs from wild-type mice.
(C): Quantitative evaluation of differentiated SA- and GATA4-positive
CMs among adhering GFP-positive BM-derived cells. Data for
BMMNC cocultured with CD133+ BATDCs and BMMNCs cultured
alone are displayed. Results represent the mean of live independent
experiments. Abbreviations: BATDC, brown adipose tissue-derived
cell; BMC, bone marrow cell; BMMNC, bone marrow mononuclear
cell; GFP, green fluorescent protein.

BATDCs Effectively Induce CM Production from
BMCs

A previous in vitro study showed that although BMCs were a
source of CMs, they could not spontaneously differentiate into
CMs; however, differentiation could be induced with S-azacyti-
dine, a DNA-hypomethylating agent [4]. It is thought that BMCs
can differentiate into CMs upon adequate environmental molecular
cues. As CD133™ BATDCs differentiate into CMs spontaneously,
this suggests that CD133" BATDCs produce molecules that in-
duce the differentiation of CD133" BATDCs into CMs by an
autocrine loop. Therefore, to test this ability, we cultured
BMMNCs with BATDCs and observed whether or not, under these
conditions, BMMNCs could differentiate into CMs. At first,
CDI33" cells were sorted from BAT by FACS and cultured on
0.1% gelatin-coated dishes. After 1 week, BMMNCs derived from
green mice that express GFP ubiquitously in their tissues [28] were
cocultured in direct contact with CD133" BATDCs, as shown in
Figure 2B. By coculturing BMMNCs with CD133-positive BAT-
DCs, nuclear-located GATA-4-positive (Fig. 2A, a-c), MEF2C-
positive (Fig. 2A, d—f), and SA-positive (Fig. 2A, g-i) contracting
cells were produced among the GFP-positive BMMNCs. However,
the SA-positive and GATA-4-positive cells were not observed
when BMMNCs were cultured alone under the same conditions
(Fig. 2C).

BMMNCs with BATDCs Differentiated into CMs
Without Fusion Mechanism

Recently, it has been suggested that cell fusion is the main
mechanism that contributes to the development or maintenance
of cardiac muscle and neuron regeneration [8, 29]. To exclude
the possibility of cell fusion in our experiment, we cultured
BMMNCs from green mice with BATDCs from ROSA26 mice,
which express LacZ ubiquitously in their tissues, and separated
the cells from these two different origins with a 0.4-pm-pore
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Figure 3. Bone marrow mononuclear cells (BMMNCs) ditferentiated
into cardiomyocytes (CMs) in separated coculture system. (A): a, Sche-
matic representation of the system for the separate coculture of
BMMNCs with CD133™ BATDCs. b, Reverse transcription-polymerase
chain reaction analysis in separate culture conditions. BMMNCs were
derived from green mice (lower chamber), and BATDCs were derived
from ROSA26 mice (upper chamber). GFP signal was detected only in
the lower chamber, and lacZ signal was detected only in the upper
chamber. Lane 1. BMMNCs before culture (lower chamber); lane 2,
BMMNCs after 14 days of culture (lower chamber): lane 3, BATDCs
betore culture; lane 4, BATDCs after 14 days of culture. (B): Quanti-
tative evaluation of the differentiation potential for CMs from
BMMNCs in separate culture conditions. Upon coculturing with BAT-
DCs (coculture[+1]). approximately 1.7% of adhering GFP-positive
bone marrow cells differentiated into SA- and GATA4-positive CMs.
CM development could not be observed when BMMNCs were cultured
alone (coculture[—]). Results represent the mean of five independent
experiments. Abbreviations: BATDC, brown adipose tissue-derived
cell: BMC. bone marrow cell; GFP, green fluorescent protein.

membrane (Fig. 3A, a). In this separating coculture system,
SA'GATA-4" CMs were also produced from BMMNCs when
cocultured with BATDCs (Fig. 3B). Moreover, with PCR anal-
ysis, GFP-positive signals were detected only in the BMMNC
layer, and lacZ-positive signals were detected only in the BAT-
DCs layer from the cells before and after culturing (Fig. 3A, b).
Therefore, we concluded that the development of CMs from
BMMNCs was not dependent on cell fusion with BATDCs.

Cell Contact Mediated by Bivalent Cation Is Critical
for the Differentiation of BMMNCs into CMs

We found that BMMNCs could differentiate into CMs under
conditions in which the BMMNCs were cultured in direct or
indirect contact with BATDCs; however, differentiation of
BMMNCs into CMs was promoted more effectively by direct
cell-to-cell contact between BMMNCs and BATDCs than under
separated culture conditions (Figs. 2B, 3B). Indeed, 520 * 40
versus 105 = 18 SATGATA4 " CMs were generated from 1 X 10°
BMMNCs under direct and indirect cocultures, respectively. To
exclude the possibility of cell fusion in the contact coculture sys-
tem, we used paraformaldehyde-fixed cultured CD133 " BATDCs,
which cannot fuse with other cells but have an intact cell surface.
After coculturing with fixed BATDCs, some GFP" BMMNC-
derived cells (Fig. 4A, a) expressed cardiac-specific antigens, such
as SA (Fig. 4A, b and ), GATA-4, and cardiac troponinT (data not
shown). Moreover, these cells also had the typical features of CMs,
confirmed by electron microscopic analysis (Fig. 4A, f).
Cadherin-mediated calcium-dependent cell-to-cell contact is
widely believed to be involved in the regulation of the diverse
signaling process for cell differentiation [30]. Therefore, we eluci-
dated a potential role for calcium-dependent cell-to-cell contact in
our coculture system. First, BMMNCs were incubated with the
calcium chelator EDTA or EGTA on fixed BATDCs. This treat-
ment abolished the adhesion of BMMNCs (o fixed, differentiated
BATDCs. By the suppression of cell adhesion of BMCs to differ-



