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(Amersham, Buckinghamshire, UK). The membrane was incubated with anti-human VASHI
monoclonal antibody (Ab) [5], anti-VEGFR-1 Ab (Santa Cruz Biotechnology, Inc., CA, USA),
anti-sVEGFR-1 Ab (Zymed Lab., San Francisco, CA, USA), or anti-B-actin Ab (Sigma, St. Louis, MO,
USA) as the primary antibody according to the manufacturer’s instructions. The signal was visualized
by using horseradish peroxidase-conjugated secondary antibodies and enhanced chemiluminescence
(Immobilon Western, Millipore, Billerica, MA, USA) with a LAS-1000 image analyzer (Fuji Film,
Tokyo, Japan).

2.6. Cell Proliferation

Cells were inoculated at a density of 1 x 10* per well into 100 mm dishes, and cultured in 10%
FCS/aMEM. After incubation for the desired period, the cells were counted with a hemocytometer.

2.7. Cell Migration

Cells were harvested with trypsin-EDTA, resuspended in 10% FCS/aMEM in a final volume of 100 uL,
loaded (5 % 10* cells per well) into the upper chamber of a Transwell Polycarbonate Membrane (pore
size: 8 um; Costar, Cambridge, MA, USA) containing 600 pL of 10% FCS/aMEM in the lower
chamber, and incubated at 37 °C for 4 hours. Cells on the lower surface were stained with the reagents
from a Diff Quick kit (International Reagents, Kobe, Japan) and counted.

2.8. cDNA Microarray Analysis

Total RNA was isolated from the mock control and clone 4 by ISOGEN according to the
manufacturer’s instructions. The RNAs were reverse-transcribed in the presence of Cy3 or Cy5-labeled
CTP, respectively. The labeled probes were hybridized to a Filgen Array Mouse 32K (Oxford Gene
Technology, Oxford, UK) containing 31,769 genes, and the signals were detected by use of a GenePix
4000B (Olympus, Tokyo, Japan). Genes with a Cy5 signal/Cy3 signal ratio >2.0 or < 0.5 were
considered to have changed in activity.

2.9. Blood Pressure and Urinary Albumin Excretion of Mice

Animal studies were reviewed and approved by the committee for animal study at our institute in
accord with established standards of humane handling. AdVASH1, AdVEGFR-1 or AdLacZ (1 x 10°
plaque-forming units [pfu]) was intravenously injected into a tail vein of BALB/c mice (Charles River
Laboratories Japan, INC.). Before and seven days after the viral injection, mean blood pressure of
conscious mice was measured by the tail cuff method (BP-98A; Softron Co. Ltd., Tokyo, Japan)
according to the manufacture’s instruction. Seven days after the viral injection, mice were put in
mouse metabolic cages (Metabolica type MM; Sugiyama-Gen Iriki Co. Ltd., Tokyo, Japan) and urine
was collected for successive eight hour periods. Urine was centrifuged at 2,000% g and the urinary
albumin level was determined using an ELISA kit (Albuwell M; Exocell, Philadelphia, PA). Urinary
creatinine levels were also measured by an ELISA kit (The Creatinine Companion; Exocell).
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2.10. Calculations and Statistical Analysis

The statistical significance of differences in the data was evaluated by use of unpaired analysis of

variance, and P values were calculated by the unpaired Student t test. P < 0.05 was accepted as
statistically significant.

3. Results

We introduced the human VASHI1 gene into MSI1 cells, established bulk transfectants, and
thereafter isolated 3 clones. First the expression of VASH1 mRNA and protein was determined (Figure
1A and B). We then examined the properties of the VASH1 expressing mouse endothelial clones. As

expected, migration and proliferation were significantly decreased in these VASHI transfectants
(Figures 1C and D).

Figure 1. Establishment of VASH1 overexpressing MS1 clones.
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Establishment of VASH1 overexpressing MS1 bulk and clones was described in Materials and
Methods. Total RNAs and proteins were extracted from each clone. RT-PCR (A) and Western (B)
blot analysis for VASH1 was performed. (C) Migration was compared between mock and VASH1

transfectants. Means and SDs are shown. (D) Proliferation was compared between mock and
VASHI] transfectants.

We used clone 4 (Figure 2A) for the following analysis, as it showed the highest expression of
VASHI (Figure 1A). Total RNA was isolated and the gene expression profile was compared with the
mock control by cDNA microarray analysis (Figure 2B). The scatter plot of the mock control versus
clone 4 is shown in Figure 2B. Among 31,769 mouse genes, 170 genes were increased by more than
200%, whereas 178 genes were decreased by less than 50% in clone 4. The top 20 up-regulated and
down-regulated genes are listed in Table 1 and Table 2, respectively. We further evaluated the known
angiogenesis-related genes. It was revealed that the expression of 7 genes (CCL2, CCL5, TIMP-1,
COX-2, ARNT, CXCL1, and Jaggedl) was augmented by more than 200%, whereas that of 2 genes
(VEGFR-1 and Ets-1) was down-regulated by less than 50% (Table 3).
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Figure 2. Scatter plot of mock vs. VASH1 over expression clone 4.

(A) Morphology of mock and VASH1 expressing clone 4 is shown. (B) RNAs were extracted from
the mock and clone 4, and cDNA microarray analysis was performed as described in Materials and
Method. Two lines indicate a 1:2 (lower) or 2:1 (upper) ratio between mock vs. VASHI
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Table 1. Top 20 up-regulated genes in the VASH1 stable transfectant.
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Fold induction Gene name Accession No.
8.07 Estradiol 17 beta-dehydrogenase 5 NM 030611
7.65 T-cell specific GTPase NM_011579
6.16 Dematin NM 013514
5.43 interferon-induced protein with tetratricopeptide repeats 3 NM 010501
491 Osteoactivin NM_053110
4.63 BTB/POZ domain containing protein 9 NM 172618
4.29 interferon, alpha-inducible protein NM 172618
4.26 Galectin-3 NM_010705
4.19 ADP-ribosylation factor-like 2 binding protein NM_024191
3.79 potassium channel interacting protein 4 NM_030265
3.79 CCL2 NM_011333
3.78 olfactory receptor 576 NM_001001805
3.59 KELCH-like protein 4 NM_172781
3.41 interferon-induced protein 44 NM_ 133871
3.39 interferon, alpha-inducible protein 27 NM_ 029803
3.12 acyl-Coenzyme A thioesterase 2 NM 019736
3.28 stefin A2 like 1 NM_ 173869
3.11 guanylate nucleotide binding protein 3 NM 018734
3.09 2'-5'-oligoadenylate synthetase 1A NM 145211
3.00 Male-specific lethal 3-like 1 NM 010832
Table 2. Top 20 down-regulated genes in the VASHI1 stable transfectant.
Fold induction Gene name Accession No.
0.22 Phospholipid transfer protein NM 011125
0.22 VEGFR1 NM 010228
0.28 Oligodendrocyte transcription factor 1 NM_016968
0.28 olfactory receptor 635 NM 147118
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Table 2. Cont.

0.28 PHD finger protein 19 NM 028716
0.28 Trace amine receptor 1 NM_053205
0.29 Gastrokine 1 NM_025466
0.29 Mast cell carboxypeptidase A NM_ 007753
0.30 poliovirus receptor-related 2 NM 008990
0.30 Versican core protein XM 488510
0.30 Janus kinase 3 NM 010589
0.30 thrombopoietin NM_009379
0.31 nudix NM_025539
0.31 Anaplastic lymphoma kinase NM_007439
0.33 Lymphocyte antigen 86 NM_010745
0.33 Fe receptor-like 3 NM_144559
0.34 Serine/threonine-protein kinase ULK 1 NM 009469
0.34 Runt-related transcription factor 3 NM_019732
0.34 RAB GTPase activating protein 1 AK 044346
0.35 kidney expressed gene 1 NM 029550

Table 3. Altered expression of angiogenesis-related genes in the VASH]1 transfectant.

Gene name Fold induction
VEGFRI1 0.22
Ets-1 0.45
Jaggedl 2.06
CXCL1 2.17
ARNT 2.18
COX-2 2.38
TIMP-1 2.39
CCL5 2.45
CCL2 3.79

Here we focused our attention on VEGFR-1, the most down-regulated gene. The characteristic
feature of the VEGFR-1 gene is that it encodes not only a full-length membrane receptor but also a
soluble form (sVEGFR-1) carrying the VEGF-binding domain as well as a 31-amino-acid stretch
derived from an intron [22]. We therefore analyzed the expression of sSVEGFR-1 as well. RT-PCR and
Western blot analyses showed decrease expression of VEGFR-1 and sVEGFR-1 in all VASHI1
expressing clones (Figures 3A and 3B). To further confirm these results, we transiently overexpressed
VASHI in HUVECs. RT-PCR and Western blot analyses also showed this decrease in the levels of
VEGFR-1 and sVEGFR-1 (Figures 3C and D).

sVEGFR-1 is a decoy receptor and inhibits VEGF mediated signals. VASHI is a VEGF-inducible
angiogenesis inhibitor expressed in ECs. We therefore examined whether sVEGFR-1 affects the
expression of VASHI in ECs. To do so, we transiently overexpressed the sVEGFR-1 gene in
HUVECGs. RT-PCR and Western blot analyses demonstrated that sVEGFR-1 down-regulated the
expression of VASH1 in HUVECs (Figure 4).
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Figure 3. VASH1 inhibits VEGFR-1 and sVEGFR-1 expression in ECs.
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Total RNAs and proteins were extracted from mock cells and from each VASHI1 overexpressing
clone, and RT-PCR (A) and Western blot analysis (B) for VEGFR-1 and sVEGFR-1 were
performed as described in Materials and Method. The HUVECs were infected with the Lac-Z or
VASHI adenovirus vector at a multiplicity of infection (MOI) of 30. After the infection, total
RNAs and proteins were extracted from vasohibin-1 over expression HUVECs. RT-PCR (C) and
Western (D) blot analysis for VEGFR-1 and sVEGFR-1 was performed.

Figure 4. sVEGFR-1 inhibits VASH1 expression in ECs.
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The HUVECs were infected with the AdsVEGFR-1 at the indicated a multiplicity of infection
(MOIs). After the infection, total RNAs and proteins were extracted from sVEGFR-1
overexpressing HUVECs. RT-PCR (upper panel) and Western blot analysis (lower panel) for
VASHI were performed. Intensity of bands was quantified, and standardized values are shown.

789

The blockade of VEGF mediated signals causes regression of normal quiescent vessels,

hypertension and proteinuria [21]. Here we examined whether VASHI1 caused hypertension and
proteinuria. AdsVEGFR-1 increased mean blood pressure, but AdVASH1 did not (Figure 5A).
Similarly AdsVEGFR-1 increased the urinary albumin excretion, but AAVASH1 did not (Figure 5B).
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AdVASHI exhibited little effect on the increased mean blood pressure or urinary albumin excretion
induced by AdsVEGFR-1 (Figure 5 A and B).

Figure 5. Different effects of sVEGFR-1 and VASH1 on blood pressure and urinary
albumin excretion.
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A: Indicated PFU of adenovirus vectors were injected via a tail vain on day 8. Arrows indicate the
timing of adenovirus injection. Mean blood pressure was assessed on day 0, 7, 12, 16; means and
SDs are shown. B: Indicated PFU of adenovirus vectors were injected. Twenty-four-hour urinary
albumin excretion was quantified on day 7 after the adenovirus injection.

4. Discussion

Here we analyzed the target genes of VASHI1 in ECs, and revealed for the first time that VASH1
down-regulated the expression of both full-length and soluble form of VEGFR-1 in ECs. Interestingly,
sVEGFR-1, a decoy receptor that blocks VEGF mediated signals, down-regulated the expression of
VASH1 in return. Endogenous sVEGFR-1 is thought to inhibit angiogenesis by reducing
VEGF-mediated angiogenic signals [22]. Thus, our present study indicates that these two factors
mutually regulate their expression in ECs. We propose that VASH1 and sVEGFR-1 interact with each
other within ECs for the fine tuning of angiogenesis.

The expression of VASH1 in ECs is known to be induced by VEGF-VEGFR2 and its downstream
PKC-8 mediated signaling pathway [6]. We therefore think it reasonable that sSVEGFR-1 would inhibit
the expression of VASH1 in ECs. In contrast, the regulation of the expression of full-length and
soluble form of VEGFR-1 is not well characterized. Further study is required to elucidate the
mechanism as to how VASH1 down-regulates the expression of VEGFR-1 in ECs.

From the clinical experience of anti-angiogenic cancer treatment, it is now well recognized that the
in vivo blockade of VEGF-mediated signals causes vascular complications including hypertension and
proteinuria [21]. Indeed, the tail vein injection of AdsVEGFR-1 increased blood pressure and induced
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proteinuria (Figure 5). In contrast to the blockade of VEGF-mediated signals, we recently reported that
VASH1 did not cause any vascular regression [23]. Here we extended our analysis on the vascular
complication, and demonstrated that VASH1 did not cause hypertension or proteinuria. VASH1 could
not prevent the hypertension or proteinuria induced by sVEGFR-1. Nevertheless, this finding that
VASH]1 caused neither hypertension nor proteinuria can be a merit of VASH1 when this inhibitor is
applied as anti-angiogenic treatment.

In relation to vascular phenotypes of the blockade of VEGF-mediated signals, much attention is
now being paid to preeclampsia. Preeclampsia is a disorder of gestation characterized by hypertension
and renal dysfunction, and it is a major cause of maternal, fetal and neonatal mortality. Although the
etiology of preeclampsia is still unclear, its major phenotypes, i.e., hypertension and proteinuria, may
be due to an excess of circulating anti-angiogenic factors, most notably sVEGFR-1 [24]. We have
previously shown that VASHI1 is expressed in the vasculature of human placenta [6]. In this context, it
would be interesting to examine the significance of VASH1 in normal pregnancy and patients with
preeclampsia. Such study is currently under way.
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1. Introduction

The vasculature is primarily composed of luminal endothelial cells
(ECs) and surrounding mural cells (smooth muscle cells or pericytes).
ECs are multifunctional cells covering the entire luminal surface of all
blood vessels. They form an interface between the circulating blood in
the lumen and the rest of the vessel wall, and maintain vascular homeo-
stasis. ECs control the transport of various molecules across the vascular
wall, regulate the adhesion of leukocytes for extravasation, manipulate
vascular tonus, and prevent thrombotic events. When stimulated by
angiogenic factors, ECs form neo-vessels. The initial step of angiogenesis
is the extrication of mural cells from the endothelial tubes for vascular
destabilization. Subsequently, specialized ECs, the so-called “tip” cells,
migrate by extending numerous filopodia, whereas the ECs that follow
them, the so-called “stalk” cells, proliferate, causing elongation of the
sprouts to form immature tube-like structures. Finally, redistributed
mural cells affix themselves to the newly formed vessels for vascular

* Tel.: +8122 717 8528; fax: +81 22 717 8533.
E-mail address: y-sato@idac.tohoku.ac.jp.

1537-1891/8 - see front matter © 2012 Elsevier Inc. All rights reserved.
doi:10.1016/j.vph.2012.01.002

restabilization. By this process, ECs stop their proliferation, thus termi-
nating angiogenesis (Gerhardt and Betsholtz, 2003).

The body contains a number of endogenous angiogenesis stimula-
tors and inhibitors, and the local balance between them regulates this
process of blood vessel formation. Angiogenesis stimulators are mostly
growth factors and cytokines including vascular endothelial growth
factor (VEGF), whereas angiogenesis inhibitors are variable and include
hormones, chemokines, proteins accumulated in the extracellular
matrix, proteolytic fragments of various proteins, and so forth (Sato,
2006). In addition, the majority of angiogenesis inhibitors are extrinsic
to the vasculature; however, some are constitutively expressed there
and act as barriers to prevent the invasion by sprouts, and other factors
are generated in response to certain stimuli and counteract this process.
Recently, however, ECs themselves have been found to produce intrin-
sic angiogenesis inhibitors. Such inhibitors may regulate angiogenesis
in an auto-regulatory or negative-feedback fashion.

2. Vasohibin-1 (VASH1)

We hypothesized that ECs themselves might produce either positive
or negative regulators of angiogenesis. To test this hypothesis, we
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Fig. 1. VASHT and VASH2 genes and their transcripts.The human VASH1 gene is encoded in 14q24.3; and the human VASHZ gene, in 1g32.3. There are muitiple transcripts in both
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performed DNA microarray analysis to detect VEGF-inducible genes in
ECs (Abe and Sato, 2001). Among a variety of VEGF-inducible genes,
we focused our attention on those genes whose functions were
undefined at that time. We performed in vitro functional assays for
angiogenesis, isolated the molecule VASH1, and demonstrated its anti-
angiogenic activity in vivo (Watanabe et al, 2004). The gene for
human VASHT gene is located on chromosome 14q24.3, and consists
of 7 exons (Fig. 1). There are 2 isoforms of human VASH1: full-length
VASH1A and its spliced variant, VASH1B (Fig. 1). Human VASH1A
protein is composed of 365 amino acid residues; whereas human
VASH1B protein is composed of 204 amino acid residues, and this splic-
ing variant also has the anti-angiogenic activity (Shimizu et al,, 2005;
Kern et al., 2008).

The VEGFR-induced expression of VASH1 in ECs is mediated via
VEGFR2 and its downstream effector PKCS (Shimizu et al, 2005).
VASH1 is induced not only by VEGF but also by fibroblast growth factor
2 (FGF-2), another potent angiogenic factor (Watanabe et al,, 2004;
Shimizu et al.,, 2005); and this induction is also mediated by PKC8
(Shimizu et al,, 2005). Accordingly, the principal signaling pathways
for the induction of VASH1 by these 2 representative angiogenic growth
factors considerably overlap. Interestingly, this induction of VASH1 in
ECs disappears under a hypoxic condition or in the presence of inflam-
matory cytokines such as TNFa and IL-1 (Shimizu et al,, 2005).

Immunohistochemical analysis revealed that VASH1 protein is pre-
sent in ECs in the developing human or mouse embryo, but is reduced
in expression in the post-neonate (Shibuya et al., 2006). Nimmagadda
et al. independently showed by in situ hybridization that VASH1
mRNA is expressed in a wide range of tissues and organs in the chicken
embryo, and suggested that the expression of VASH1 might not be
limited to ECs (Nimmagadda et al., 2007). Indeed, we could detect
VASH1 mRNA in hematopoietic stem cells in the bone marrow (Naito
etal,, 2009). Nevertheless, our immunohistochemical analysis preferen-
tially detected VASH1 protein in ECs at the site of angiogenesis
(Watanabe et al., 2004; Shibuya et al.,, 2006). We further investigated
the expression of VASH1 under various conditions giving rise to patho-
logical angiogenesis. The presence of VASH1 in ECs is evident in various
cancers, atherosclerotic lesions, age-dependent macular degeneration
(AMD), diabetic retinopathy, and rheumatoid arthritis (Yamashita et
al,, 2006; Yoshinaga et al., 2008; Wakusawa et al., 2008; Tamaki et al.,
2008; Sato et al., 2009; Hosaka et al, 2009; Miyake et al, 2009;
Tamaki et al, 2010; Yoshinaga et al, 2011). Even under these

pathological conditions, the extent of angiogenesis may vary in its nat-
ural course. Interestingly, patients with active AMD tend to have a lower
VASH1-to-VEGF mRNA ratio than those with the inactive disease
(Wakusawa et al,, 2008). Tumors inoculated into VASHI (—/—) mice
contain numerous immature vessels, resulting in a growth advantage
to the tumors {Hosaka et al,, 2009). These observations suggest that
VASH1 may regulate the course of angiogenesis under pathological
conditions as well.

Peripheral lymphatic vessels are composed of a single layer of lym-
phatic ECs without mural cell coverage, and their function is to collect
fluid lost from blood vessels and to maintain immune responses, lipid
uptake, and tissue homeostasis. Recently, attention has been focused
on lymphangiogenesis, which is the formation of new lymphatic ves-
sels; because it has been shown to be related to the lymph node (LN)
metastasis of cancers. Angiogenesis is counter-balanced by various
endogenous inhibitors. However, little is known about endogenous
inhibitors of lymphangiogenesis. We reevaluated the effect of VASH1
by using the corneal micropocket assay, and observed its broad-
spectrum anti-angiogenic as well as anti-lymphangiogenic activities
(Heishi et al., 2010). In addition, we found that VASH1 inhibits tumor
lymphangiogenesis and tumor LN metastasis (Heishi et al., 2010). To
our knowledge, VASH1 is the first molecule intrinsic to the endothelium
that exhibits anti-lymphangiogenic activities.

3. Vasohibin-2 (VASH2)

By database searching, we found 1 gene homologous to VASHI,
and designated it as VASH2 (Nimmagadda et al,, 2007). The gene for
human VASH2 is located on chromosome 1g32.3. So far, the 9 exons
for the VASH2 gene have been shown in the database to form multiple
transcripts owing to alternative splicing (Fig. 1). We found that full-
length human VASH2, composed of 355 amino acid residues, was
expressed in cultured ECs (Nimmagadda et al.,, 2007). The expression
of VASH2 seems to be constitutive and cannot be induced by any
growth factors or cytokines.

Because of the similarity between VASH1 and VASH2, we examined
their spatiotemporal expression and function during angiogenesis
(Kimura et al,, 2009). Our analysis using the mouse subcutaneous
angiogenesis model revealed that VASH1 is expressed not in ECs at
the sprouting front but in newly formed blood vessels behind the
sprouting front where angiogenesis is terminated. In contrast, VASH2
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Fig. 2. Spatial expression and function of VASH1 and VASH2 in the regulation of angio-
genesis.VASH1 is mainly expressed in ECs at the termination zone and halts angiogen-
esis. In contrast, VASH2 is mainly expressed in MNCs at the sprouting front and
promotes angiogenesis. BM: bone marrow.

is expressed preferentially in mononuclear cells (MNCs) that are mobi-
lized from the bone marrow and infiltrate the sprouting front. We then
generated VASH1 and VASH2 knockout mice. VASHI KO mice contain
numerous immature microvessels in the area where angiogenesis
should be terminated. This phenotype is gene-dosage sensitive, as an-
giogenesis is greater in VASH1 (—/—) mice than in VASH1 ( +/—) ones
(Kimura et al., 2009). Importantly, newly formed immature microves-
sels in VASH1 (—/—) mice are functional, as indicated by blood flow
(Kimura et al., 2009). In contrast, VASH2 KO mice contain fewer neo-
vessels in the sprouting front of angiogenesis. This phenotype is also
gene-dosage sensitive, as more impaired angiogenesis is observed in
the VASH2 (—/—) mice (Kimura et al., 2009). Importantly, the degree
of infiltration of the sprouting front by MNCs in VASH2 (—/—) mice is
identical to that in wild-type mice (Kimura et al,, 2009). As stated
above, the expression of VASH1 is low in proliferating ECs at the sprout-
ing front, but is high in non-proliferating ECs (Kimura et al., 2009). In
addition, angiogenesis in the VASH2 knockout mice is deficient at the
sprouting front (Kimura et al, 2009). These results indicate that
VASH1 is expressed in ECs in the termination zone of angiogenesis to
terminate angiogenesis and that VASH2 is mainly expressed in MNCs
in the sprouting front and promotes angiogenesis (Fig. 2).
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4. Small vasohibin-binding protein (SVBP)

To disclose the undefined characteristics of vasohibins, we searched
for their possible binding partners by using the yeast two-hybrid tech-
nique and discovered 1 candidate gene (Suzuki et al,, 2010). This gene
has been registered as hypothetical protein LOC374969 or coiled-coil
domain containing 23. We confirmed the binding of this protein to
VASH1 and VASH2 by using the BlAcore system (Fig. 3). Since this pro-
tein is composed of only 66 amino acids, we renamed it as SVBP (Suzuki
et al, 2010). A database search revealed that SVBP is highly conserved
among species (Fig. 3). We then examined the function of SVBP and
found that this small molecule binds to vasohibins within the cell,
forming a hetero-complex and facilitating the secretion of vasohibin
from the cell. As vasohibins lack the classical signal sequence for secre-
tion, it has been unclear whether vasohibins are indeed secreted
(Suzuki et al,, 2010). We therefore propose that SVBP functions as a
secretory chaperone of vaschibins,

5. Bioinformatics of VASH1 and VASH2

The overall homology between full-length human VASH1 and
VASH2 is 52.5% at the amino acid level. We conducted a database search
on VASH1 and VASH2 of different species and discovered that the sea
squirt possesses 1 common ancestral vasohibin gene and that the
homology between this ancestral gene and human VASH1 or human
VASH2 is almost the same. All vertebrates have VASH1 and VASH2.
Thus, this common ancestral gene seems to be have divided into
VASH1 and VASH2 during the evolution to vertebrate. Amino acid
sequences of mammalian VASH1 and VASH2 are well conserved
among species, and this trend is more noticeable for VASH2 (Fig. 4).

We searched for known functional motifs in the amino acid se-
quences, but we could not find any in either VASH1 or VASH2, making
it extremely difficult to estimate and compare the functions or three-
dimensional structures of these 2 molecules. We therefore surveyed
the order/disorder orientation of VASH1 and VASH2 proteins. The
order region defines stability in a three-dimensional composition
whereas the disorder region defines instability in it. As shown in
Fig. 5, VASH1 and VASH2 contain disorder regions (in red type) in
both N-terminus and C-terminus ends, with order regions (in black
type) in the middle part of their structure, The overall order/disorder
probability lines of VASH1 and VASH2 considerably resemble each

Response (RU)

-50 0 50 100 150 200 250
Time {s)

Fig. 3. SVBP of various species and its binding to VASH1/VASH2.Amino acid sequences of SVBP from the indicated species are shown in the upper panel. Binding characteristics of

SVAB and VASH1/VASH2 are seen in the lower panel.
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Fig. 4. Vasohibin family proteins of various species.Similarities of vasohibin family proteins of various species are shown. Proteins within the red circle are VASH1; and those within

the blue circle, VASH2. Proteins within the green rectangle are ancestral gene products.

other, indicating the correspondence of these 2 molecules. However,
when the similarity of order and disorder areas of the VASH's is com-
pared, the resemblance in the disorder areas is less (Fig. 5). As it has
been recently noted, the disorder region is more important than the
order one for determining the function of proteins (Uversky, 2011).
Therefore, differences in the disorder regions may indicate the distinc-
tive function of VASH1 and VASH2.

6. Concluding remarks
The present mini-review has focused on the novel VASH family of

proteins, VASH1 and VASH2. VASH1 and VASH2 are highly conserved
among species. However, the lack of any known functional motifs
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makes it extremely difficult to estimate and compare the functions
or three-dimensional structures of VASH1 and VAH2. Nevertheless,
our analysis indicates that their roles in the regulation of angiogenesis
are distinct and perhaps contradictory.

We are now characterizing their receptor and its downstream sig-
naling. We hope that our work will disclose the entire function of this
unique family of proteins.
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Vasculogenesis, the in-situ assembly of angioblast or en-
dothelial progenitor cells (EPCs), may persist into adult
life, contributing to new blood vessel formation. However,
EPCs are scattered throughout newly developed blood
vessels and cannot be solely responsible for vasculariza-
tion. Here, we identify an endothelial progenitor/stem-like
population located at the inner surface of preexisting
blood vessels using the Hoechst method in which stem
cell populations are identified as side populations. This
population is dormant in the steady state but possesses
colony-forming ability, produces large numbers of
endothelial cells (ECs) and when transplanted into ischae-
mic lesions, restores blood flow completely and reconsti-
tutes de-novo long-term surviving blood vessels. Moreover,
although surface markers of this population are very
similar to conventional ECs, and they reside in the capillary
endothelium sub-population, the gene expression profile
is completely different. Our results suggest that this
heterogeneity of stem-like ECs will lead to the identifica-
tion of new targets for vascular regeneration therapy.
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Introduction

Regeneration of the vasculature in ischaemic-injured organs
is essential to ensure their integrity. Postnatal neovascular
formation was originally thought to be mediated by angio-
genesis, that is, the generation of new endothelial cells (ECs)
from preexisting vessels, not by vasculogenesis, a process of
blood vessel formation whereby the early vascular plexus
forms from mesoderm by differentiation of angioblasts
(Risau, 1997). However, accumulating evidence suggests
that vasculogenesis persists into adult life, and contributes
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to the formation of new blood vessels (Asahara et al, 1997).
It has been proposed that bone marrow (BM)-derived circu-
lating endothelial progenitor cells (EPCs) are important for
promoting vascularization in many pathophysiological situa-
tions; several clinical trials are already ongoing based on this
concept (Shantsila et al, 2007). However, some reports sug-
gest that the contribution of EPCs to the neovascular ECs
itself is not sufficient (Gothert et al, 2004; Peters et al, 2005).

In the peripheral vasculature, there is considerable evi-
dence that although preexisting ECs display many common
features, they also represent a heterogeneous population.
Transcriptional and antigenic differences in ECs from arteries
and veins, and the morphological and functional character-
istics referred to as continuous, fenestrated, and discontin-
uous are widely accepted (Risau, 1995). Recently, it has been
shown that in response to angiogenic stimuli, a discrete
population of cells, the so-called ‘tip and stalk cells’, lead
and guide new sprouts and form additional ECs, respectively
(Gerhardt et al, 2003). Furthermore, populations of ECs of
another different phenotype, the so-called phalanx cells that
generate stable blood vessels, have been reported (Mazzone
et al, 2009).

Additionally, the presence of stem/progenitor cells in the
vessel wall has been proposed. Investigating adult vessels in
mice revealed Scal™ progenitor cells in the adventitia of
large and medium-sized arteries and veins (Hu et al, 2004;
Sainz et al, 2006; Passman et al, 2008). Similarly, CD34%
CD31~ progenitor cells in the distinct zone between smooth
muscle and the adventitial layer of the human adult vascular
wall were identified (Zengin et al, 2006). These stem/
progenitor cells were reported to have the ability to differ-
entiate into ECs in culture and form capillary-like microves-
sels in ex-vivo assays. However, during angiogenic growth,
microvascular ECs, rather than the ECs of the artery or vein
which are completely covered by the vascular wall, are
selected for neovascularization (Risau, 1995). Therefore, it is
suggested that stem/progenitor cells in the vascular wall of
larger blood vessels are not the main source of neovascular ECs.

Haematopoietic cells (HCs) and ECs originate from com-
mon progenitors (Choi et al, 1998), with haemogenic ECs
generating HCs during development (Nishikawa et al, 1998).
Moreover, ECs support self-renewal of haematopoietic stem
cells (HSCs; Hooper et al, 2009). We previously reported that
HSCs also promote angiogenesis (Takakura et al, 2000),
emphasizing the close developmental and functional relation-
ships between HCs and ECs. Most BM HSCs appear dormant,
and are characterized as side population (SP) cells effluxing
Hoechst 33342 (Goodell et al, 1996). This staining method
has been applied to explore stem cells of a wide range of
tissues, including skin, lung, heart, mammary gland, muscle
and testis (Challen and Little, 2006). It is possible that
resident quiescent EC stem/progenitor cells in the preexisting
blood vessels are also found within these SP cells. In this

©2012 European Molecular Biology Organization
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Figure 1 Identification of endothelial side population cells. (A) Flow cytometric analysis of hind limb ECs from wild-type mice. (B) Hoechst
33342 staining of CD31*CD45~ ECs gated as shown in (A). Note that verapamil selectively prevents Hoechst exclusion from EC-SP cells.
(C) Incorporation of Pyronin Y (PY) in EC-SP (left-hand side) and EC-MP (right-hand side) cells. (D) Quantitative evaluation of PY™ cells
among EC-SP (SP) and EC-MP (MP) cells. Error bars are *s.e.m. **P<0.01 (n=7). (E) Flow cytometric analysis of mouse hind limb ECs after
in-vivo infusion of lectin. Lectin-positive cells among the CD31 ¥ CD45~ cells are shown in the red gate and total CD31 " CD45™ cells are shown
in the black gate. 95.9+0.2% (n=26) of the CD31*CD45~ ECs were lectin positive. (F) Hoechst staining of lectin™ CD31+CD45™ cells.
(G) Representative flow cytometric plots of EC-SP cells (black dots). The lectin-positive population is shown in the red gate. 90.6 £ 1.4% (n=4)

of the EC-SP cells were lectin positive.

study, we examined the ECs residing in preexisting vessels
precisely to identify the origin of neovascular ECs.

Results

Identification and characterization of endothelial SP
cells

Here, we analysed cells from hind limb muscle to identify
endothelial SP cells. Among cells stained by the EC marker
CD31, but not the HC marker, CD45 (CD31" CD45 ECs)
(Figure 1A), 1.15%0.14% were in the SP gate, confirmed by
their disappearance with the drug efflux pump inhibitor,
verapamil. They were distinct from the main population
(MP) of cells (Figure 1B). Because the SP phenotype is a
marker for quiescence in HSCs (Arai et al, 2004), we applied a

©2012 European Molecular Biology Organization

method which identifies cells in GO plus G1 phase by Hoechst
33342 distribution and assigns them to GO or G1 by Pyronin Y
RNA staining (Gothot et al, 1997). As shown in Figure 1C and
D, 94.812.2% of endothelial SP (EC-SP) cells were in the
PY™ GO fraction, clearly different from CD311CD45"
endothelial MP (EC-MP) cells. To confirm that EC-SP cells
do reside in the blood vessel, we performed lectin perfusion
assays. As shown in Figure 1E, ~96% of CD31*CD45~ cells
were lectin positive, indicating that most of them were true
ECs residing at the inner surface of vessels. The percentage of
SP cells within the lectin®™ EC population was approximately
the same as the percentage of EC-SP cells identified in
Figure 1B (see Figure 1F). On the other hand, ~91% of EC-
SP cells were lectin™, indicating that most of these cells
reside at the inner surface of vessels (Figure 1G). Next, we
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the control gene GAPDH. Of the endothelial genes, Notch4 was significantly lower in EC-SP cells. Expression levels of the ABC transporter
ABCG2 and ABCBla (MDR1a) were higher in EC-SP cells. Expression of chemokine receptor CXCR4 and hypoxia-inducible factor (HIF1a) was
higher in EC-SP cells. Error bars are *s.e.m. **P<0.01, *P<0.05 (n>6). (C) Haematoxylin and eosin staining of EC-SP and EC-MP cells
isolated by FACS. (D) Freshly isolated cells from hind limb were stained with Ac-LDL and then Hoechst staining was performed to detect EC-SP
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was lower than in EC-MP cells. Scale bars, 10 um (C) and 100 pm (D).

characterized the phenotype of EC-SP cells. These were found
to express the EC markers VE-cadherin, Flk-1, and Sca-1, but
no haematopoietic lineage markers or the pericyte marker
PDGFR-B. This phenotype is identical to the EC-MP cells.
However, as with CD34-negative long-term repopulating
HSCs (Osawa et al, 1996), EC-SP cells expressed little CD34,
but CD133, a stem/progenitor cell marker in several tissues
(Mizrak et al, 2008), was strongly expressed (Figure 2A). We
confirmed that the EC-SP cell fraction was not contaminated
with HCs, pericytes, or fibroblasts, by analysing lineage
markers for those cell types in cells from the digested muscle
sample (Supplementary Figures S1 and S2). Moreover,
Notch4 mRNA levels were significantly lower in EC-SP than
in EC-MP cells. In contrast, mRNA expression for ABCBla
(Multiple drug resistance 1a (MDR1a)) and ABCG2, a mem-
ber of the ABC transporter gene family correlating with SP
phenotype (Bunting et al, 2000), was higher in the EC-SP cells
(Figure 2B). Furthermore, the expression of several other
ABC transporters that are reported to correlate with SP
phenotype was higher in the EC-SP cells (Supplementary
Figure S3). Morphologically, the nuclear-to-cytoplasm (N/C)

The EMBO Journal VOL 31 [ NO 4 | 2012

ratio of the EC-SP cells was higher than the EC-MP cells
(Figure 2C). In addition, acetylated low-density lipoprotein
(Ac-LDL) uptake that is functional property of ECs was
observed by EC-SP cells but less than by EC-MP cells
(Figure 2D and E). Taken together, we conclude that EC-SP
cells are not pericytes, fibroblasts, or HCs but are true ECs
already committed to the EC lineage and are phenotypically
and morphologically different from EC-MP cells.

EC-SP cells are not derived from BM, are distinct from

EPCs, and are distributed in the peripheral vessels

To exclude the possibility that EC-SP cells are only found in
the lower limb, we analysed different organs and confirmed
that these cells are distributed all over the body, but are not
detectable in some organs (Figure 3A-C). For example, we
could not identify the EC-SP pattern in the brain, probably
due to constitutively high ABC transporter expression (Miller,
2010; Figure 3A and C). In addition, we were unable to detect
the SP pattern in cultured ECs (Figure 3A and C).
Interestingly, EC-SP cells were also not detectable in periph-
eral blood or BM, suggesting an origin different from EPCs

©2012 European Molecular Biology Organization
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Figure 3 EC-SP cells are present in different organs and are not derived from BM in BM chimeric mice. (A) The ECs from several organs and
cultured cell lines as indicated were stained with Hoechst. Percentages of the EC-SP cells are shown in the table. There were few CD31 * CD45™
ECs in the bone marrow and peripheral blood; SP cells were hardly detected at all. In the EC lines (HUVEC, HUAEC, bEnd3, and EOMA), SP
cells were not detected. Of note, the EC-SP phenotype disappeared after culturing primary ECs from hind limbs. (B) One example showing EC-
SP cells of lung that disappeared following verapamil treatment. (C) In the brain, a stereotypic EC-SP pattern is not observed and there are no
EC-SP cells within the bEnd3 population. (D-F) BM cells from GFP mice were transplanted into lethally irradiated wild-type mice. Four weeks
after transplantation, cells from hind limbs were analysed. (D) Representative flow cytometric plots of cells from hind limb muscle.
CD31%CD45~ EC fraction (red) and CD317CD45" peripheral blood fraction (green) are gated. (E) Histogram of CD317CD45™ ECs and
CD317CD45" peripheral blood cells obtained from hind limbs. Almost all blood cells (green line) after transplantation were GFP positive.
Approximately 4% of CD31 " CD45~ ECs (red line) were weakly GFP positive (GFPY™). GFPY™ EC population is shown in arrowed region.
(F) Hoechst staining of GFPY™ ECs. The SP phenotype was not seen. (G, H) Analysis of hind limb muscle cells from newborn transplantation
model. (G) Representative flow cytometric plots of cells from hind limb muscle of BM chimeric mice; CD31*CDA45™ EC fraction is gated (red).
(H) Histogram showing GFP intensity of CD31*CD45~ ECs obtained from hind limb and peripheral blood. In this model, GFP-positive
CD31%CD45~ ECs make up <0.01% of total CD31 ¥ CD45~ ECs, suggesting no major contribution of BM cells to EC-SP cells. (I) Quantitative
evaluation of CXCR4 mRNA expression in EC-SP cells and CD34* bone marrow mononuclear cells (BMCs) by real-time PCR. Note that CXCR4
expression is 17 times higher in CD34™ BM cells (BMC) than in EC-SP cells (SP). Error bars are *s.em. **P<0.01 (n=7).

and that EC-SP cells are present in the peripheral blood muscle of GFP BM-transplanted mice (Figure 3D),
vessels. Moreover, EC-SP cells are not present in the lympha- 3.75+0.13% were GFpY™ (Figure 3E), but that none of
tic endothelium (Supplementary Figure S4) and express these were EC-SP cells (Figure 3F). This was also confirmed
lower levels of arterial markers but similar levels of venous in a BM transplantation model using neonates, in which BM
markers compared with total ECs (Supplementary Figure S5). cells were replaced by the injection of BM cells from GFP
This indicates that EC-SP cells reside predominantly in veins mice into the liver of wild-type neonates within 12h after
and capillaries but not in the lymphatics. To confirm that EC- birth. This model allows us to ask whether EPCs derived from
SP cells are not identical to EPCs, we transplanted BM cells BM undergo EC transition at the growing stage and become
from GFP mice into irradiated wild-type mice and assessed EC-SP cells. However, among CD31% CD45~ ECs from the
the presence of GFP-positive EC-SP cells. Flow cytometry hind limb muscle of GFP newborn BM-transplanted mice
showed that among CD31*CD45~ ECs from the hind limb (Figure 3G), we could not detect any GFP-positive or GFP-dim
©2012 European Molecular Biology Organization The EMBO Journal VOL 31 | NO 4 | 2012 845
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Figure 4 Endothelial SP cells have EC colony-forming ability. (A) EC-SP cells and EC-MP cells were cultured on OP9 feeder cells and stained
with anti-CD31 antibody. (B) Colonies are shown in the low power field. The EC-SP cells form fine CD31-positive networks and many colonies
compared with EC-MP cells. (C) The number of colonies stained with anti-CD31 antibody and (D) number of VE-cadherin* ECs counted by
flow cytometry in one well of a 6-well culture dish. Error bars are +s.e.m. **P<0.01 (n=12). (E) EC-SP and EC-MP cells were sorted from
EGFP mice and transplanted to wild-type mice with matrigel. Gated area is shown in higher magnification. (F, G) Nuclear staining of ECs
forming colonies on OP9 cells for the evaluation of cell number. Representative image of an EC colony stained with anti-CD31 antibody and
Hoechst (F) and quantification of the number of ECs composing one colony (G). (H) EC colonies derived from EC-SP cells from VE-cadherin
promoter EGFP mice. Scale bars, 500 pm (A), 1 mm (E), 200 um (F left panel and H), 50 um (F right panel), and 5mm (B).

ECs, suggesting that EC-SP cells do not originate from EPCs
derived from BM (Figure 3H). It has been reported that EPCs
express CXCR4 (Walter et al, 2005); accordingly, the BM
CD34% EPC cell fraction strongly expresses CXCR4.
However, EC-SP cells were found to express CXCR4 at sig-
nificantly lower levels (Figure 31). Taking these data together,
we conclude that EC-SP cells are not identical to EPCs.

Proliferation and colony-forming capacity of EC-SP cells
in vitro

If EC-SP cells are indeed a stem/progenitor population, they
must be able to generate large numbers of mature ECs and
form colonies originating from a single EC. To explore this
issue in vitro, sorted EC-SP cells were cultured on OP9
stromal cells which support EC growth (Takakura et al,
1998). After 10 days, EC-SP cells generated higher numbers
of colonies with a ‘cordlike’ structure (Zhang et al, 2001),
which formed a fine vascular network, as well as producing
higher numbers of ECs than EC-MP cells (Figure 4A-D).

VOL 31 | NO 4| 2012

It was estimated that 1.2 £0.5% of EC-SP cells formed cobble-
stone-like (sheet-like) colonies (Supplementary Figure SG).
To ensure that this degree of colony-forming ability was not a
specific property only of ECs from hind limb muscle vessels,
EC-SP cells from different organs were cultured on OP9
stromal cells. It was found that they also possessed greater
colony-forming ability than EC-MP cells (Supplementary
Figure S7). Moreover, we confirmed that these colony-form-
ing cells are indeed ECs, because the colonies were positive
for the EC markers CD34, CD105, Flk1, VE-cadherin, vWF,
and ZO-1 (Supplementary Figure S8) but negative for the
haematopoietic markers B220, CD4, CD8, Grl, Macl, Ter119,
and CD45 (Supplementary Figure S9A). We excluded the
possibility that a contaminating HSC population was giving
rise to ECs in our culture system by demonstrating that
CD31*" ECs could not be induced from BM-derived
c-Kit*Sca-1"Lin~ HSC populations (Supplementary Figure
S9B). Moreover, VEGF blockade resulted in prevention of
colony formation, indicating that expansion of ECs from

©2012 European Molecular Biology Organization
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Figure 5 Single EC-SP cells form EC colonies. (A) Time-lapse analysis of EC-SP cell from EGFP mice. (B, C) Limiting dilution assay of EC-SP
(B) and EC-MP (C) cells. EC-SP and EC-MP cells were cultured on OP9 feeder cells and titrated down to 20, 10, 5, 3, 1, 0 and 200, 100, 50, 30, 10,
0 cells, respectively. The number of colonies was counted after staining with anti-CD31 antibody and the frequency of colony-forming cells was
calculated according to Poisson statistics. (D) Results of long-term culture-initiating assays. 5 x 10° primary EC-SP or EC-MP cells were cultured
and the number of colonies counted (P0). Cells were harvested and 5 x 10® sorted ECs derived from the first or second rounds of culture were
cultured again (P1 and P2, respectively). Note that the P2 assay using ECs from EC-MP cells could not be performed due to insufficient ECs in

P1. **P<0.01 (n>5). Scale bar, 100 pm (A).

EC-SP cells depended on VEGF-VEGFR signalling (Supple-
mentary Figure S10). Matrigel plug assays carried out with
GFP-positive cells showed that EC-SP cells formed entire
vascular networks in the matrigel, but EC-MP cells only
formed separate colonies with a small network (Figure 4E).
Moreover, to compare the ability of single EC-SP or EC-MP
cells to generate EC, numbers of cells in single colonies were
counted. It was found that EC-SP cells have a greater capacity
to produce ECs than do EC-MP cells (Figure 4F and G). To
further clarify whether EC-SP cells are indeed committed to
the EC lineage, we crossed endothelial-specific VE-cadherin-
Cre-ERT mice with loxP-CAT-EGFP reporter mice and sorted
GFP-positive EC-SP cells (Supplementary Figure S11A and B).
In the GFP™ (VE-cadherin™) CD31V7CD45™ fraction, the
percentage of EC-SP cells was comparable to wild-type
mice. When cultured on OP9 cells for 10 days, GFP™ EC-SP
cells generated colonies similar to those from wild-type mice
(Figure 4H). Furthermore, EC-SP cells did not give rise to the
mesenchymal and haematopoietic lineage in vitro
(Supplementary Figures S12 and S13A). Next, to assess
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clonal expansion of ECs from single cells, we performed
time-lapse analysis of EC-SP cells and found that a single
EC-SP cell could form a colony (Figure 5A; Supplementary
Movie S1). Moreover, to establish whether this EC-SP cell
clonal expansion can occur in every colony, sorted EC-SP
cells from normal mice and C57BL/6-Tg(CAG-EGFP) mice
(EGFP mice) were mixed in equal proportions and cultured
on OP9 stromal cells. As expected, colonies with ‘cordlike’
structures were generated from either GFP-positive or -nega-
tive ECs (Supplementary Figure S14), suggesting that a single
EC-SP cell is able to generate a single colony. Limiting
dilution analysis revealed that the frequency of cells with
the capacity to form colonies was significantly higher in
EC-SP cells than in EC-MP cells by a factor of 10 (1 in 6.6
and 1 in 66, respectively) (Figure 5B and C). Moreover, long-
term culture-initiating cell (LTC-IC) assays revealed that ECs
having higher proliferative potential were produced from
EC-SP cells than could be produced by EC-MP cells
(Figure 5D). These findings indicate that cells able to gen-
erate EC colonies are enriched within the EC-SP population.
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