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Summary

Upon stimulation with angiogenic factors, vascular endothelial cells (ECs) secrete a negative-feedback regulator of angiogenesis,
vasohibin-1 (VASH1). Because VASH1 lacks a classical signal sequence, it is not clear how ECs secrete VASH1. We isolated a small
vasohibin-binding protein (SVBP) composed of 66 amino acids. The level of Svbp mRNA was relatively high in the bone marrow,
spleen and testes of mice. In cultured ECs, Vashl mRNA was induced by VEGF, and Svhbp mRNA was expressed constitutively. The
interaction between VASH1 and SVBP was confirmed using the BIAcore system and immunoprecipitation analysis. Imnmunocytochemical
analysis revealed that SVBP colocalized with VASH1 in ECs. In polarized epithelial cells, SVBP accumulated on the apical side,
whereas VASH1 was present throughout the cells and partially colocalized with SVBP. Transfection of SVBP enhanced VASHI
secretion, whereas knockdown of endogenous SVBP markedly reduced VASH]1 secretion. SVBP increased the solubility of VASH1
protein in detergent solution and inhibited the ubiquitylation of VASHI protein. Moreover, co-transfection of SVBP significantly
augmented the inhibitory effect of VASH1 on EC migration. These results indicate that SVBP acts as a secretory chaperone for VASH1

and contributes to the anti-angiogenic activity of VASHI.

Key words: Vasohibin, Secretion, Angiogenesis, Molecular chaperon, Ubiquitylation, Endothelial cell

Introduction

Angiogenesis is essential for physiological events, such as
development, reproduction, and wound healing. It is also involved
in various pathological processes, including tumor growth and
ischemic retinopathy (Carmeliet, 2003). Angiogenesis is tightly
regulated by stimulators, such as vascular endothelial growth factor
(VEGF) and fibroblast growth factor-2 (FGF-2); angiogenesis
inhibitors, such as angiostatin, endostatin and thrombospondin-1;
and factors that modulate vascular maturation, such as angiopoietin-
1 and transforming growth factor-B (Kerbel, 2008; Sato, 2006).
Recently, ECs were shown to produce factors that regulate
angiogenesis in an autocrine manner. The expression of Delta-like
4 and its cognate receptor Notch1 are detected mainly in tip cells
and stalk cells, respectively, and contribute to their regulation
during sprouting angiogenesis (Hellstrom et al., 2007; Leslie et al.,
2007; Siekmann and Lawson, 2007).

We previously isolated the angiogenesis inhibitor, vasohibin-1
(VASH1), which is produced and secreted by vascular ECs upon
stimulation by VEGF and FGF-2 (Hosaka et al., 2009; Kimura et
al., 2009; Nasu et al., 2009; Sato et al., 2009; Sato and Sonoda,
2007; Shibuya et al., 2006; Shimizu et al., 2005; Tamaki et al.,
2009; Wakusawa et al., 2008; Watanabe et al., 2004; Yamashita et
al., 2006; Yoshinaga et al., 2008). VASH 1 regulates EC proliferation
and migration in an autocrine manner by acting as a negative-
feedback regulator of angiogenesis. Purified VASH1 protein has
been shown to inhibit the migration and network formation of
human umbilical vein endothelial cells (HUVECs) in vitro. The
administration of exogenous VASH1 strongly inhibits pathological
and physiological angiogenesis without any significant side effects
(Hosaka et al., 2009; Kimura et al., 2009; Shen et al., 2006;

Watanabe et al., 2004; Yamashita et al., 2006). Most recently, we
showed that VASHI1 exhibits anti-lymphangiogenic activity and
inhibits lymph node metastasis (Heishi et al., 2010). We also
isolated VASH2, a homologue of VASH1 that displays more than
50% amino acid similarity to VASH1 (Kimura et al., 2009; Sato
and Sonoda, 2007; Shibuya et al., 2006).

VASHI protein is post-translationally processed into several
truncated forms in ECs (Sato and Sonoda, 2007; Sonoda et al.,
2006). Each VASHI protein has at least two proteolytic cleavage
sites in each terminus. Biochemical and functional analyses of
VASHI1 have revealed that some basic residues at the C-terminus
are important for heparin binding and anti-angiogenic activity.

To elucidate the biological functions of VASHI in detail,
clarification of how newly synthesized VASH1 is secreted from
ECs and acts on ECs is necessary. However, VASH1 protein does
not contain a classical signal sequence typical of secreted proteins
(Hegde and Kang, 2008). Also, it does not colocalize with the
endoplasmic reticulum (ER) marker calnexin, suggesting that
VASH1 might be transported and released into the extracellular
space via an unconventional secretary pathway (Watanabe et al.,
2004). In the present study, we characterized a VASH1 binding
partner, which we designated small vasohibin-binding protein
(SVBP), and determined a unique chaperone-like function for
regulating VASH1 secretion.

Results

Isolation of the VASH1 binding factor

We performed yeast two-hybrid analysis to isolate potential VASH1
binding partner(s). Four strongly positive clones were obtained,
each encoding hypothetical protein LOC374969 cDNA. This
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hypothetical protein is also registered as coiled-coil domain
containing 23 (CCDC23; GenBank accession number NP_955374).
Because the protein is composed of only 66 amino acids, we
named it small vasohibin-binding protein (SVBP). SVBP is highly
conserved among mammals, and the amino acids corresponding to
residues 32-52 are predicted to form a coiled-coil structure (Fig.
1A). Similarly to VASH1 and VASH2, SVBP does not have any
classical signal sequences in the N-terminal region. We prepared
recombinant human VASH1 (Watanabe et al., 2004), human
VASH2 (Shibuya et al., 2006) and human SVBP proteins (Fig. 1B)
and examined their direct interaction using the BIAcore system.
SVBP bound strongly to VASH1 (Kp=3.1X10"® M; Fig. 1C). We
found that SVBP also bound to the VASH1 homologue, VASH2
(Kp =8.7X10°% M; Fig. 1D).

Expression of Svbp mRNA in various organs and ECs
Because SVBP is a hypothetical protein, we performed Northern
blot analysis to determine whether Svbp mRNA was actually
expressed. The mouse EC line MS1 expressed a possible band of
Svbp mRNA, and the intensity of this band was reduced by three
different specific siRNAs (Fig. 2A). We also detected the expression
of Svbp mRNA in various mouse organs (Fig. 2B). Svbp mRNA
expression was especially high in the bone marrow, spleen and
testes. We then evaluated changes in the expression of VASH1 and
SVBP in ECs upon VEGF stimulation. As shown in Fig. 2C, a low
level of Vash] mRNA was expressed under basal conditions, and
it was induced by VEGF stimulation, as previously reported
(Shimizu et al., 2005; Watanabe et al., 2004). By contrast, a high
level of Svbp mRNA was expressed, even under basal conditions.
These results, together with the steady state expression of SVBP
in various organs, suggest that Svbp mRNA is expressed
constitutively.

Interaction of SVBP and VASH1 in cultured ECs

We prepared mouse monoclonal antibodies against SVBP peptides
(Asp2-Lys13). One of antibodies was able to detect recombinant
SVBP protein by western blotting (Fig. 1B). Using this antibody,
we tried to detect SVBP protein transiently expressed in MS1 cells.
As shown in Fig. 3A, SVBP was detected in both the conditioned
medium (CM) and cell lysate. The amount of SVBP in the CM was
gradually increased in a time-dependent manner, implying that
SVBP is constantly secreted in the medium. To characterize the
interaction between VASH1 and SVBP, we performed co-

A

human

MDPPARKEKTKVKESVSRVEKAKQKSAQQELKQRQRAEIYALNRVMTELEQQQFDEFCKQMQPPGE
chimpanzee MDPPARKEKTKVKESVSRVEKAKQKSAQQELKQRQRAEIYALNRVMTELEQQQFDEFCKQMQPPGE
mouse MDPPARKEKSKVKEPAFRVEKAKQKSAQQELKQRQRAEIYALNRVMTELEQQQFDEFCKQMQPPGE

rat MDPPARKEKSKVKEPAFRVEKAKQKSAQQELKQRQRAEIYALNRVMTELEQQQFDEFCKQMQPPGE

bovine MDPPARKEKPKVKEPVSRI EKAKQKSAQQELKQRQRAEIYALNRVMTELEQQQFDEFCKQMQPPGE

immunoprecipitation followed by western blotting. Endogenous
VASHI1 was co-immunoprecipitated from both cell lysate and CM
by the anti-SVBP antibody (Fig. 3B). We previously reported that
the full-length VASH1 protein (44 kDa) is post-translationally
truncated, resulting in at least three smaller forms (42 kDa, 36 kDa
and 27 kDa) (Sonoda et al., 2006). Western blot analysis revealed
that the 42 kDa protein was mainly detected in the cell lysate,
whereas the 36 kDa and 27 kDa forms were detected in the CM,
and all forms were co-immunoprecipitated with anti-SVBP antibody
(Fig. 3B). We obtained similar results using MS1 cells transiently
transfected with VASH1 and SVBP expression vectors (data not
shown). Using the BIAcore system, we confirmed that SVBP
bound to the 36 kDa (77-365) and 27 kDa (77-318) VASHI
proteins (Fig. 3C,D). We previously reported that proteolytic
cleavage near Arg29 and Arg76 of VASHI1 generates the two major
forms of VASHI (42 kDa and 36 kDa, respectively), and the
subsequent proteolytic cleavage removing most of the basic region
at the C-terminus generates the 27 kDa protein (Sonoda et al.,
2006; Watanabe et al., 2004). These results suggest that de novo
produced VASHI1 and SVBP interact within cells and are secreted
together, and this interaction might persist during the post-
translational processing of VASH1.

Colocalization of SVBP and VASH1

Next, we transiently transfected human VASH/ and SVBP cDNAs
into MS1 cells and performed immunocytochemical analysis. The
intracellular localization of VASH1 and SVBP was determined by
immunostaining with VASH1- or SVBP-specific antibodies. SVBP
partly colocalized with VASH1 within the cells (Fig. 4A). To
further prove that the interaction between SVBP and VASH1 occurs
inside the cell, we performed a Duolink in situ proximity ligation
assay (PLA). This assay can detect protein—protein interactions
using a combination of specific antibodies against them (Yamazaki
et al., 2009). As shown in Fig. 4B, positive signals (red) were
clearly observed by the treatment with both anti-VASH1 antibody
and anti-Flag antibody (panel d), whereas there were no positive
signals by the treatment with other combinations (panels a—),
indicating that SVBP and VASH1 do interact within a cell. Because
ECs overlap each other in their peripheral cellular region when
they are confluent and form a thin cellular sheet, it is very difficult
to analyze the polarity as well as the subcellular localization of
proteins within cells. Therefore, we used a polarized epithelial cell
line (MDCK cells) as a model to observe the subcellular localization

66 a.a.

Fig. 1. Amino acid sequence of SVBP and physical
interactions between SVBP and VASHL1. (A) The SVBP
protein is highly conserved among mammals. Asterisks and
dots indicate identical and similar amino acids,
respectively. The arrow indicates the putative coiled-coil
domain. (B) Preparation of recombinant SVBP-Flag
protein. SVBP-Flag protein was produced by a baculovirus

N ¢ D system. The protein was purified by affinity
12 s KD =3.1x 10*M0 [ YhSHa (1390 | o7 x10m chromatography using anti-FLAG antibody. 10 pl crude
ST W, p—r - ey lysate (lane 1) and eluted sample from the column (lane 2)
il "‘:fj:“ 5 380 :::: were subjected to SDS-PAGE followed by Coomassie
ae 221 | ‘ 4oz — e Brilliant Blue staining. It was also confirmed that the
269 ) I g s purified recombinant protein could react with mouse
:: a : i — & 1% monoclonal anti-SVBP antibody (lane 3). An arrow
- 7, 0 indicates SVBP-Flag. (C,D) Kinetic analysis of the direct
e ® T e s o s 1o 1m 200 s  binding of SVBP and VASHI1 or VASH2 using the BlAcore
Time (s Time (s)

system.



