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of VASH1 and SVBP in relation to cell polarity (Sabath et al.,
2008). We confirmed that the tight junction marker ZO-1 was
present at the apical side of MDCK cells (Fig. 4C). When VASH1
and SVBP ¢cDNAs were co-transfected into MDCK cells, SVBP
localized mainly on the apical side. This apical localization
coincided with ZO-1. By contrast, VASH1 was present throughout
the cell and partially colocalized with SVBP on the apical side
(Fig. 4D). Positive signals of PLA were observed in the apical side
of MDCK cells co-transfected with VASH1 and SVBP expression
vectors (Fig. 4E), indicating that SVBP and VASH1 binds and
colocalizes in the apical side of cells.

SVBP enhances VASH1 solubility and secretion

A previous report showed that VASH1 does not contain any
classical signal sequence for translocation to the ER and does not
colocalize with the ER marker calnexin (Watanabe et al., 2004).
The above evidence that SVBP interacts with VASHI1 both
intracellularly and extracellularly prompted us to evaluate whether
SVBP might affect VASH1 secretion. We transfected equal amounts

Thymus

mMs1

Fig. 2. In vitro and in vivo expression of Svbp and Vashl mRNA.
(A)MS]1 cells were transiently transfected with three different
siRNAs designed for mouse Svhp mRNA and the expression
evaluated by Northern blot. B-actin was used as an internal control.
(B) Svbp mRNA (arrow) was extracted from the indicated adult
mouse organs and analyzed by Northern blot. (C) MS1 cells pre-
incubated in 0.1% FBS in «-MEM for 12 hours were stimulated with
20 ng/ml VEGF for the indicated periods. RT-PCR was performed on
total RNA using specific primer pairs for mouse VASHI1, SVBP and
glyceraldehyde 3-phosphate dehydrogenase (GAPDH).

of VASHI expression vector and increasing amounts of SVBP
expression vector into MS1 cells and found that SVBP enhanced
the secretion of VASH1 in a dose-dependent manner (Fig. SA).
This increased secretion of VASH1 by SVBP was confirmed by
ELISA, which measured the concentration of the VASH1-SVBP
complex (Fig. 5B). Moreover, we confirmed that Brefeldin A, an
inhibitor of ER- and Golgi-dependent secretory transport (Nickel,
2007; Seelenmeyer et al., 2003), does not affect the secretion of
VASHI1 (Fig. 5B), suggesting that VASH1 might be released from
ECs via an unconventional secretion pathway (Nickel and
Rabouille, 2009). We also observed that SVBP enhanced the
secretion of VASH2, which also lacks a signal sequence (Fig. 5C).
Furthermore, the interaction between VASH1 and SVBP
dramatically changed the ability to extract VASH1 protein into 1%
Triton X-100 cell lysis buffer (Fig. SA). SVBP increased the
amount of VASH1 in the soluble fraction, which coincided with a
decrease of VASH1 in the insoluble fraction. The solubility of B-
actin, an internal control, was not affected by SVBP. When
endogenous SVBP was knocked down by siRNA, we observed the
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opposite results (Fig. 5D). SVBP expression did not affect Vashl
mRNA levels (data not shown), and Svbp siRNA specifically
decreased endogenous Svbp mRNA levels with no effect on the
levels of Vashl mRNA (Fig. 5E). Also, Svbp siRNA decreased the
ability to extract VASH]1 protein into 1% Triton X-100 cell lysis
buffer and decreased the secretion of VASHI into the medium.
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Fig. 4. Intracellular colocalization of SVBP and VASH1.
(A) Colocalization of SVBP and VASH1 in MS1 cells
transiently transfected with a human VASH1 expression
vector and p3xFLAG-SVBP for 24 hours. The fixed cells
were immunostained with anti-VASH1 (green) and anti-
SVBP (red) antibodies. a, VASHI1; b, SVBP; ¢, merge; d,
DIC. Scale bar: 50 pm. (B) Interaction between SVBP and
VASHI in ECs. PLA was performed after incubation with
combination of antibodies. a, normal mouse IgG + normal
rabbit [gG; b, normal mouse IgG + anti-Flag antibody; c,
anti-VASH1 mAb + normal rabbit [gG; d, anti-VASH1
mAb + anti-Flag antibody. Scale bar: 20 pm. (C) MDCK
cells with polarization. MDCK cells immunostained with
anti-ZO-1 (red, a marker of tight junction) and Phalloidin-
FITC (green). Scale bar: 10 pm. (D) Apical localization of
SVBP in polarized epithelial cells. MDCK cells were
transiently co-transfected with human VASH1 and
p3xFLAG-SVBP expression vectors for 24 hours. The fixed
cells were immunostained with anti-VASHI (green), anti-
FLAG (red) and anti-ZO-1 (blue) antibodies. Scale bar:

10 um. (E) Interaction between SVBP and VASH1 in the
apical side of MDCK cells. MDCK cells transiently
transfected with human VASH1 and p3xFLAG-SVBP
expression vectors were subjected to PLA. AP, apical side;
BS, basolateral side.

These results indicate that SVBP has an important role in VASH1
secretion, probably by increasing the solubility of the VASHI
protein.

SVBP prevents ubiquitylation of VASH1

The solubility of some proteins in detergent solution is closely
concerned with protein folding regulated by interactions with
molecular chaperones (Dou et al., 2003; Muchowski et al., 2000).
In general, misfolded or unfolded proteins are either refolded by
molecular chaperones or degraded immediately by the ubiquitin
proteasome system (UPS) (Hishiya and Takayama, 2008;
Muchowski et al., 2000), which is known as an intrinsic protein
quality control. We hypothesized that SVBP might contribute to
the quality control of VASHI1 protein in ECs. Therefore, we
examined first whether the UPS affects VASHI1 stability in ECs.
To detect the total amount of VASH1 protein, we prepared cell
lysate using 1% SDS cell lysis buffer, which was different to levels
in the experiments performed in Fig. 5. As shown in Fig. 6A,B, the

Fig. 5. SVBP increases VASHI1 solubility and secretion. (A) CM was
collected from MSI1 cells transiently co-transfected with human VASHI1 and
various amounts of p3XFLAG-SVBP expression vectors after 24 hours.
Concentrated CM, the supernatant (soluble fraction) of cell lysates (CL) and
the pellet (insoluble fraction) were evaluated by western blot.

(B) Measurement of the VASH1-SVBP complex in the CM. The CM was
collected from transfected MS1 cells. The concentration of VASH1-SVBP
complex in the CM was measured by ELISA. Error bars indicate s.d. BFA,
Brefeldin A. (C) CL and concentrated CM of MS1 cells transfected with
human VASH2 and/or p3XxFLAG-SVBP expression vectors were prepared and
subjected to western blot analysis. Arrows indicate VASH2 protein in CL or its
truncated forms in CM. (D) Westemn blot analysis showed that SVBP
knockdown decreases VASHI secretion and solubility. Concentrated CM and
soluble and insoluble fractions of CLs were prepared 48 hours after VASHI-
expressing MS1 cells were transfected with various concentrations of siRNAs
designed against mouse Svbp mRNA. (E) RT-PCR shows that SVBP
knockdown does not affect Vashl expression in MS1 cells.
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total amount of VASH1 protein was reduced in the presence of
Myc—ubiquitin-B (UBB) compared with VASH1 alone. By contrast,
this reduction was recovered in a dose-dependent manner by co-
transfection with SVBP, implying that the VASH]1 protein is stable
when associated with SVBP. In the presence of a proteasome
inhibitor, MG-132, polyubiquitylated VASHI1 proteins were
detected as many ladder bands of a higher molecular mass than the
42 kDa form (Fig. 6C). Co-transfection with SVBP dramatically
reduced these polyubiquitylated VASH1 proteins. These results
suggest that the interaction between SVBP and VASH1 enhances
the stability of VASH1 protein by preventing ubiquitylation.

SVBP accelerates VASH1 function

Finally, we examined whether SVBP affects the anti-angiogenic
activity of VASH1. The co-expression of SVBP and VASHI
significantly inhibited VEGF-inducible EC migration (Fig. 7A).
Stimulation with VEGF (20 ng/ml) increased MS1 migration 2.2-
fold relative to control cells. MSI1 cells transfected with VASH1 no
longer responded to VEGF stimulation. Co-transfection with
VASHI and SVBP downregulated the basal level of EC migration
compared with other samples, regardless of VEGF stimulation. We
then examined whether this anti-angiogenic activity might be
derived from secreted VASHI1. The CM from MDCK cells
transfected with VASH1 and/or SVBP expression vector was added
to HMVECs. As shown in Fig. 7B, VEGF-inducible migration of
HMVECs was inhibited by CM containing the VASHI1-SVBP
complex in a concentration-dependent manner. These results
indicate that SVBP regulates the secretion of VASH from ECs and
contributes to the anti-angiogenic activity of VASH1.

Discussion

Secretory proteins generally contain a typical signal sequence
composed of successive hydrophobic amino acids that is usually
located in the N-terminal region and removed by signal peptidase
after the protein passes through the ER membrane (Hegde and
Kang, 2008). VASH1 has no such classical secretion signal

Fig. 6. SVBP inhibits the ubiquitylation of VASH1. (A) MS1
cells were transiently transfected with human VASH1, 3xFLAG-
SVBP and Myc-UBB expression vectors in the indicated

—a7 combinations. Cell lysates were prepared and subjected to western
blot analysis 24 hours after transfection. (B) Densitometric
quantification of VASH1 protein. The relative VASH1 protein
levels were normalized to o-tubulin. Error bars indicate s.d.
(n=3). *P=0.05 versus VASH]1 alone. (C) Western blot of MS1
cells transiently transfected identically to those in A, but 6 hours
after transfection, the cells were incubated with 10 uM MG132
for 18 hours and harvested with cell lysis buffer containing
ubiquitin aldehyde.

sequence (Watanabe et al., 2004), and does not colocalize with the
ER marker calnexin in ECs (Watanabe et al., 2004). These
observations led us to hypothesize that de novo produced VASH1
might be secreted via an unconventional secretory pathway. Here,
we identified SVBP as a novel VASH1 binding partner. The
association between endogenous SVBP and VASHI proteins in
cell lysate and CM of ECs appeared crucial for VASH1 secretion,
because knockdown of SVBP significantly impaired VASH1
secretion. We also showed that SVBP bound to VASH2 and
enhanced its secretion from ECs. The expression of VASHI mRNA
is induced by VEGF or FGF-2, mediated by protein kinase C-3
downstream of VEGF receptor-2 (Shimizu et al., 2005). However,
we observed a constitutive expression of Svhp mRNA in ECs
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Fig. 7. SVBP accelerates VASH1-mediated inhibition of EC migration.
(A)MS1 cells were transiently transfected with human VASH1 and/or
3xFLAG-SVBP expression vectors and cell migration analyzed with a
modified Boyden chamber assay. Relative numbers of migrating cells are
shown as mean + s.d. (n=3). (B) HMVECs were treated with CM collected
from MDCK cells transfected human VASH1 and various amounts of
p3xFLAG-SVBP expression vectors. Cell migration was analyzed with a
modified Boyden chamber assay. The numbers of migrating cells in a field are
shown as mean % s.d. (n=9). *P<0.001 versus negative control (mock).
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under basal conditions and in various normal mouse organs. Thus,
the scenario of VASH1 secretion might be as follows: SVBP is
prepared in advance and accumulates under or on the cell surface.
Once VASHI1 has been induced, it binds SVBP, which facilitates
the secretion of VASH1 (Fig. 8). The molecular mechanism by
which VASHI1 exhibits anti-angiogenic activity is not fully
understood. Co-transfection of VASH1 and SVBP to ECs decreased
the basal migration of ECs, suggesting that anti-angiogenic activity
of VASH1 might not simply be caused by the blockade of VEGF-
mediated signaling in ECs. We predict a putative receptor for
VASHI1, which transduces specific signals for anti-angiogenesis in
ECs. If we could isolate such a receptor, it should help us to
characterize the molecular mechanism of VASH activity.

Molecular chaperones comprise several highly conserved
families, including heat shock proteins (HSPs), and contribute to
post-translational quality control of proteins (Wickner et al., 1999).
Although the native structure of a protein is determined principally
by its amino acid sequence, the process of folding in vivo often
requires the assistance of molecular chaperones, which are often
required to maintain the proper conformation of proteins under
changing environmental conditions. Misfolded or unfolded proteins
exhibit insolubility in detergent solution. Some molecular chaperones
can help such proteins to complete the correct folding and recover
solubility. For instance, HSP70 and HSP90 are reported to function
as molecular chaperones for microtubule-associated protein Tau or
endothelial nitric oxide synthase and increase their solubility in
detergent solution (Dou et al., 2003; Jiang et al., 2003; Petrucelli et
al., 2004). Because SVBP non-covalently binds VASH1 and
increases its solubility in 1% Triton X-100 (a nonionic detergent)
cell lysis buffer, SVBP might have a chaperone-like role for VASH1.
Molecular chaperones, including HSPs, generally accumulate on
membranes (Horvath et al., 2008), and our data show that SVBP
accumulates on the apical plasma membrane of polarized epithelial
cells, supporting a chaperone-like function of SVBP.

Leaderless secretory proteins (e.g. FGF-2, interleukin-18 and
galectins) are released from a variety of cell types via
unconventional secretory pathways independently of the ER and
Golgi (Calderwood et al., 2007; Hughes, 1999; Keller et al., 2008;
Nickel, 2005; Nickel and Rabouille, 2009; Piotrowicz et al., 1997,
Torrado et al., 2009). Four potential mechanisms of unconventional

l Unconventional secretion
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Fig. 8. SVBP facilitates VASH1 secretion by acting as a chaperone. SVBP
is constitutively expressed, whereas VASH1 is induced by angiogenic factors
(e.g. VEGF and FGF-2) in ECs. SVBP might bind to de novo produced
VASHI and render it soluble via chaperone-like activity, resulting in the
efficient secretion of the VASH-SVBP complex into the extracellular space.
N, nucleus.

protein export have been proposed: export across the plasma
membrane, export by secretory lysosomes, export through the
release of exosomes derived from multivesicular bodies, and export
mediated by plasma membrane shedding of microvesicles (Nickel,
2005; Nickel and Rabouille, 2009). Piotrowicz and colleagues
previously reported that the molecular chaperone HSP27 binds to
FGF-2 in ECs, which facilitates FGF-2 secretion from ECs via an
unconventional secretory pathway (Piotrowicz et al., 1997).
Importantly, a recent report showed that correctly folded FGF-2
might be required for translocation across the plasma membrane
(Torrado et al., 2009). Interestingly, HSPs themselves lack a
secretion signal sequence but are released from cells and function
as extracellular ligands, giving rise intracellular signaling
(Calderwood et al., 2007). However, the detailed mechanism by
which molecular chaperones modulate the secretion of leaderless
secretory proteins remains obscure. Further study is required to
determine whether SVBP is involved in the secretion of other
leaderless proteins such as FGF-2.

Recently, the level of Ccdc23 (also known as SVBP) mRNA
was shown to be significantly higher in adenomatous polyposis
coli than in normal colorectal mucosa (Gaspar et al., 2008), but the
expression of VASH1 appears to be restricted to ECs. Thus, the
expression of Svbp mRNA might not always associate with the
expression of Vashl mRNA. SVBP might have additional role(s)
beyond that of a VASH1 binding partner. This possibility is
currently under investigation.

Materials and Methods

Yeast two-hybrid screen

We performed a yeast two-hybrid screen to isolate VASHI binding partners as
previously described (Colland et al., 2004). Full-length human VASH1 (amino acids
1-365) and the human placental random-primed cDNA library were used as bait and
prey, respectively. We screened 1.3 10® independent clones. The prey fragments of
the positive clones were amplified by polymerase chain reaction (PCR) and
sequenced. The resulting sequences were used to identify the corresponding gene in
the GenBank database.

Plasmid construction

Human SVBP ¢DNA (CCDC23; GenBank accession number NM_199342) was
cloned into the Nofl and Xbal sites of the p3XFLAG-CMV 14 plasmid vector (Sigma)
to generate p3XFLAG-SVBP, in which SVBP cDNA was attached to a triple repeat
of the FLAG tag sequence at the 3’ end. The DNA fragment containing the SVBP
¢DNA joined with 3XFLAG was cloned into the Smal site of baculovirus transfer
vector pYNG (Katakura). Human ubiquitin B ¢cDNA (UBB; GenBank accession
number NM_018955) was cloned into the EcoRI site of the pPCMV Myc plasmid
vector (Clontech) to generate pCMV Myc-UBB, in which UBB ¢cDNA was attached
to a Myc sequence at the 5" start site.

Evaluation of molecular interactions using the BlAcore system

Recombinant human SVBP-FLAG protein was expressed in the silkworm, Bombyx
mori, as previously reported (Takahashi et al., 2007). Briefly, the constructed transfer
vector was mixed with cysteine-proteinase-deleted baculoviral genomic DNA and
then co-transfected in BmN cells of B. mori larvae. The resulting recombinant
baculovirus was infected in B. mori pupae. Harvested pupae were lysed and the
SVBP-FLAG protein purified using an anti-FLAG M2 affinity column (Sigma).
Purified recombinant full-length VASH1, its truncated forms and VASH2 proteins
were prepared as previously described (Shibuya et al., 2006; Sonoda et al., 2006;
Watanabe et al., 2004). The interaction of VASH1 and VASH2 with SVBP was
analyzed using a BIAcore 3000 (BIAcore AB). SVBP (20.6 pg/ml) in 10 mM
sodium acetate (pH 4.5) was immobilized on a CM5 sensor chip using the amine-
coupling method according to the manufacturer’s protocol. VASH1, its truncated
forms, or VASH2 in 10 mM HEPES (pH 7.4), 0.15 M NaCl, 3 mM EDTA, 0.005%
Surfactant P20 (pH 7.4) at concentrations of 62.5 nM to 1 UM was passed over the
surface of the sensor chip at a flow rate of 20 pl/minute. The interaction was
monitored as the change in surface plasmon resonance response at 25°C. After 2
minutes of monitoring, the same buffer was introduced to the sensor chip in place
of the VASHI solution to start the dissociation. The sensor surface was regenerated
with 10 mM glycine (pH 2.0) at the end of each experiment. Both the association
rate constant (Kj) and the dissociation rate constant (Ky) were calculated according
to the BlAevaluation software. The dissociation constant (Kp) was determined as

Ky/Ka
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Cell culture

The murine EC line MS1 was cultured in o minimal essential medium (¢MEM;
Wako Pure Chemical) supplemented with 10% fetal bovine serum (FBS; JRH
Biosciences) (Arbiser et al., 1997). Polarized epithelial Madin-Darby canine kidney
(MDCK) cells were cultured in Dulbecco’s modified Eagle medium (Wako Pure
Chemical) supplemented with 10% FBS (Martin-Belmonte et al., 2001). Human
umbilical vein endothelial cells (HUVECs) and human microvascular endothelial
cells (HMVECs) were purchased from KURABO and cultured on type I-C collagen-
coated dishes (Asahi Techno Glass) in endothelial basal medium containing 5% FBS
and EC growth supplements (Cambrex Bio Science Walkersville).

RT-PCR

Total RNA was extracted from cultured cells using the RNeasy Mini Kit (Qiagen). RT-
PCR was carried out using the First Strand cDNA Synthesis Kit (Roche Diagnostics)
according to the manufacturer’s instructions. Briefly, total RNA was reverse
transcribed for 50 minutes at 42°C using oligo(dT) primers. PCR was performed using
sets of primers specific for the target genes. Thermal cycler conditions were 20-30
cycles of 94°C for 15 seconds for denaturing, 56°C for 30 seconds for annealing and
72°C for 45 seconds for extension. PCR products were separated on a 1.5% agarose
gel and visualized under ultraviolet by ethidium bromide staining. The primer pairs
were as follows: mouse Cedc23, sense (5'-ATGGATCCACCTGCCCGGAA-3") and
antisense (5-TCACTCCCCAGGCGGCTGCA-3"), mouse Vashl, sense (5'-ATGTG-
GAAGGCATGTGGCCAAG-3') and antisense (5'-CACCCGGATCTGGTACC-
CACT-3").

Northern blotting

Total RNA was isolated from cultured cells or mouse organs using QIAzol reagent
(Qiagen), and mRNA was isolated from total RNA samples using Oligotex-dT30
Super (Takara) according to the manufacturers’ instructions. Each mRNA sample
(600 ng) was separated by 1% agarose-formaldehyde gel electrophoresis and
transferred to a positively charged nylon membrane (Roche Diagnostics). Membranes
were hybridized with antisense SVBP- or f-actin-specific RNA probes labeled with
digoxigenin (DIG) using the SP6/T7 DIG RNA Labeling Kit (Roche Diagnostics).
Hybridization was performed for 2 hours at 68°C using PerfectHyb reagent (Toyobo)
containing 0.2 ng/ml DIG-labeled antisense RNA probe, After hybridization, the
membranes were washed twice with 2X SSC, 0.1% sodium dodecy] sulfate (SDS)
at 68°C for 15 minutes. The final wash was performed twice using 0.1X SSC, 0.1%
SDS at 68°C for 15 minutes. The mRNA bands were detected using the Northern
Blot Starter Kit (Roche Diagnostics), and the results were analyzed using a LAS-
4000 (Fuji Photo Film).

Small interfering RNAs (siRNAs)

Three sets of specific siRNAs targeting mouse Svbp mRNA (mouse CCDC23;
GenBank accession number NM_024462) were designed and synthesized by
Invitrogen. The target sequences were: Svbp siRNA A, 5'-GGGUCAGAGCUAAC-
CAAGAAGCAUU-3’; Svbp siRNA B, 5'-AAGAAGCAUUCAGAAGCCAAAC-
CAU-3’; Svbp siRNA C, 5'-GAGAUCUAUGCUCUCAACAGAGUCA-3'. Stealth
RNAI Negative Control Low GC Duplex (Invitrogen) was used as a negative control.
Cells were cultured to 60-70% confluency and transfected with Svbp siRNAs using
Lipofectamine RNAIMAX (Invitrogen) according to the manufacturer’s instructions.
The medium was changed after 3 hours of transfection and the cells cultured for an
additional 24-48 hours.

Transient transfection

MS1 and MDCK cells were transiently transfected with human VASH1 (Watanabe
et al., 2004), human VASH2 (Shibuya et al., 2006), p3XFLAG-SVBP, and pCMV
Myc-UBB expression vectors using Effectene reagent (Qiagen) according to the
manufacturer’s instructions.

Preparation of anti-SVBP monoclonal antibodies

A/] mice (Japan SLC) were immunized three times with Cys-SVBP peptide (Asp2—
Lys13 of the CCDC23 protein) conjugated to keyhole limpet hemocyanin. Spleen
cells from the immunized mice were fused with the myeloma cell line P3U1. Culture
supernatant from each hybridoma was screened as previously described (Ohta et al.,
1999; Watanabe et al., 2004). Positive hybridomas were cloned using the limiting-
dilution technique. The resulting monoclonal antibodies (mAbs) were purified from
ascites using protein-A—Sepharose beads (GE Healthcare Bio-Sciences).

Western blotting

Cells were lysed in 1% SDS cell lysis buffer consisting of 10 mM Tris-HCI, pH 7.5,
150 mM NaCl, 1% SDS supplemented with 0.5 mM phenylmethylsulfonyl fluoride
and Complete EDTA-free Protease Inhibitor Cocktail (Roche Diagnostics). The CM
was concentrated 50-fold using an Amicon Ultra-15 (10,000 MWCO; Millipore).
Equal amounts of protein from cell lysates and concentrated CM were separated by
SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto
polyvinylidene fluoride (PVDF) membranes (Bio-Rad). Blotting was performed
according to standard procedures. The primary antibodies were anti-human VASH1
mAb (Watanabe et al., 2004), anti-human VASH2 mAb (Shibuya et al., 2006), anti-
human SVBP mAb, anti-FLAG M2 mAb (Sigma), and anti-Myc mAb (Clontech).

Normalization was performed using anti-B-actin mAb (Sigma). Immunoreactive
protein bands were detected using ECL Western Blotting Detection Reagents (GE
Healthcare) or Immobilon Western HRP Substrate (Millipore) using an LAS-4000
(Fuji Photo Film). Densitometric quantification was performed using Multi Gauge
Ver 3.0 software (Fuji Photo Film).

Extraction of soluble and insoluble VASH1 proteins from cultured cells
Cells were lysed in ice-cold 1% Triton X-100 cell lysis buffer consisting of 10 mM
Tris-HCI, pH 7.5, 150 mM NaCl, 1% sodium deoxycholate, 0.1% SDS, and 1%
Triton X-100. Cell extracts were placed on ice for 1 hour and then centrifuged at
15,000 g for 15 minutes to separate the supernatant (soluble fraction) and pellet
(insoluble fraction). The insoluble fraction was washed three times with ice-cold 1%
Triton X-100 cell lysis buffer and re-extracted with sample buffer for SDS-PAGE.
Western blotting was carried out as described above.

Immunoprecipitation

The cell lysate or CM was incubated with anti-human VASHI antibody, anti-human
SVBP antibody, or normal mouse IgG (Santa Cruz Biotechnology) at 4°C overnight
on a rotating mixer. Protein-A—Sepharose beads were then added and the samples
incubated for another 2 hours at 4°C. The beads were washed three times with
phosphate-buffered saline (PBS) containing 0.05% Tween 20. Immunoprecipitated
proteins were eluted into sample buffer for SDS-PAGE, and western blotting was
performed as described above.

Immunostaining

Transfected MS1 or MDCK cells were fixed in 4% paraformaldehyde, permeabilized
with 0.1% Triton-X100, and stained with VASH1, SVBP, FLAG (Sigma), ZO-1
(Sanko Junyaku) antibodies, or Phalloidin-FITC (Sigma). Nuclei were visualized
using TO-PRO®3 (Invitrogen). All incubations were performed at 4°C in PBS
containing 1% bovine serum albumin. Images were captured using a Fluoview
FV1000 confocal microscope system (Olympus).

Duolink in situ proximity ligation assay (PLA)

The Duolink in situ PLA kit was purchased from Olink Bioscience. Transfected MS1
cells and MDCK cells were immunoreacted with the combination of anti-human
VASHI mAb (mouse), anti-FLAG plyclonal Ab (rabbit), normal mouse 1gG, and
normal rabbit IgG as described above. According to the manufacturer’s protocol, a
pair of anti-mouse MINUS and anti-rabbit PLUS was used to generate positive
fluorescence signals indicating that two PLA {grobes bound in close proximity (<40
nm). Nuclei counterstaining using TO-PRO™3 and the images were captured as
described above.

ELISA for VASH1-SVBP complex

We established a highly sensitive ELISA system that could quantify the VASH1-
SVBP complex. A pair of specific monoclonal antibody against SVBP and VASH1
was used to coat a 96-well plate and for HRP labeling, respectively. MS1 cells and
MDCK cells were transiently co-transfected with a combination of human VASH1
and SVBP expression vectors for 6 hours, then were washed with serum free o-
MEM, and cultured in 0.1% FBS in o-MEM for 24 hours. The CMs were centrifuged
at 5000 g for 15 minutes to remove cell debris. Subsequently, the supernatant was
subjected to ELISA. The detailed procedure for the measurements carried out is
described elsewhere (Heishi et al., 2010).

Endothelial cell migration

The migratory activity of ECs was measured by modified Boyden chamber assay in
two different procedures (Kobayashi et al., 2006; Watanabe et al., 2004). First,
transfected MS1 cells were plated on the upper chambers (inserts) of the Boyden
chamber (8.0 um pore size, Corning). The lower chamber was filled with 0.2% FBS
in 0-MEM with or without 20 ng/ml recombinant human VEGF (Sigma). After
incubation for 18 hours, cells that migrated to the lower surface of the membrane
were fixed with 4% formaldehyde, stained with crystal violet (Sigma), and counted
in a blinded manner. The relative number of migrating cells was calculated; the mean
number of migrating cells transfected with empty vector (mock) alone was set equal
to 1.0.

Another procedure was prepared to evaluate anti-angiogenic activity of the
VASH1-SVBP complex secreted from cells. MDCK cells were transiently co-
transfected with a combination of human VASH1 and SVBP expression vectors for
6 hours, washed with serum free ®-MEM and then cultured in 0.05% FBS in a-
MEM for 24 hours. CM was concentrated 10-fold using an Amicon Ultra-15.
HMVECs, preincubated in 0.5% FBS in Medium-199 (Invitrogen) for 16 hours,
were suspended in concentrated CMs and then plated on the upper chambers of the
Boyden chamber. The lower chamber was filled with 0.5% FBS in Medium-199
with 20 ng/ml recombinant human VEGF. HMVECs were allowed to migrate under
VEGF stimulation for 4 hours. The number of cells that migrated across the filter
was counted in nine fields per insert in a blinded manner.

Statistical analysis
Data are expressed as mean + s.d. Significance was assessed by one-way analysis of
variance (ANOVA) followed by Sheffe’s #-test.
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The aim of the present study is to clarify the critical roles of vasohi-
bin in cervical carcinomas. We investigated the expression ratios
of vasohibin and vascular endothelial growth factor (VEGF) recep-
tor-2 on endothelium and microvessel density, lymphatic vessel
density (LVD) by immunohistochemistry. Sixty-one squamous cell
carcinoma (SCC), 18 mucinous adenocarcinoma (Adenocarcinoma),
38 carcinoma in situ (CIS), and 35 normal cervical epithelium were
collected. We investigated the expression of vasohibin and com-
pared it with the expression of VEGF receptor-2 (VEGFR-2,
KDR/flk-1), and CD34 in the stromal endothelium. Expression of
VEGF was counted using the histological score (H score). D2-40
was used as a marker for lymphatic endothelial cells to investigate
LVD. The microvessel density of the normal cervical epithelium
was significantly lower than that of CIS, SCC, and Adenocarcinoma
(P < 0.05). The expression ratio of vasohibin in the normal cervical
epithelium was significantly lower than that of SCC and Adenocar-
cinoma (P < 0.05). The expression ratio of VEGFR-2 of the normal
cervical epithelium was significantly lower than that of SCC and
Adenocarcinoma (P < 0.05). The LVD of the normal cervical epithe-
lium was significantly lower than that of CIS, SCC, and Adenocarci-
noma (P < 0.05). For normal cervical epithelium, CIS, and SCC,
there was a moderate correlation between the expression percent-
age of vasohibin and the expression percentage of VEGFR-2
(P < 0.05, 7 = 0.3018). This is the first study to elucidate the corre-
lation between the expression of vasohibin in the stromal endo-
thelial cells and the expression of VEGFR-2 in human cervical
carcinomas. (Cancer Sci 2011; 102: 446—-451)

C ervical carcinoma is a common gynecologic malignancy in
women worldwide. In 2008 in the USA, an estimated
11 070 new cases of invasive cervical cancer were diagnosed
and 3870 cancer-related deaths were expected to occur; this rep-
resents approximately 1% of cancer deaths in women.' The mor-
bidity of cervical cancer, especially in women younger than
40 years old, is rapidly increasing and is the worst in J apan.” It
is well recognized that angiogenesis (the process of forming
new vessels) is required for tumor growth and enables the hema-
togenous spread of tumor cells throughout the cervical cancer.
Several studies document the association between the MVD
and/or the extent of endothelial proliferation, the pre-cancer and
tumor stage, and the invasive disease of the cervical cancer.®®
The expression of various angiogenesis stimulators, such as
VEGFs, angiopoietins, and thymidine phosghory]ase, has been
reported in cervical cancer and dysplasia.””"® Several published
reports similarly report stromal LVD in cervical neoplasia.‘
Angiogenesis is determined by the local balance between angio-
genic stimulators and inhibitors. However, the significance of
endogenous angiogenesis inhibitors in cervical cancer is poorly
documented.

We isolated a novel angiogenesis inhibitor, vasohibin, which
is specifically expressed in ECs. Its basal expression in quiescent
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ECs is low; however, its production is induced by angiogenic
stimuli such as VEGF-A and fibroblast growth factor-2, and it
inhibits angiogenesis in an autocrine manner.*'® We therefore
propose that vasohibin acts as a negative feedback regulator to
inhibit angiogenesis. VEGF-A is the most important factor for
angiogenesis and most VEGF-A-mediated signals for angiogen-
esis are transduced through VEGF receptor-2 (VEGFR-2).¥
We observed that the VEGF-A-mediated induction of vasohibin
was preferentially mediated through the VEGFR-2 signaling
pathway." In human cancer tissues, we have already reported
a significant correlation between the expression ratio of vasohi-
bin and VEGFR-2 in the vascular endothelial cells of endome-
trial cancer and breast cancer.!'*'®

In the present study, we aimed to elucidate the significance of
vasohibin in human cervical cancer and in the normal cervical
squamous epithelium. We investigated the correlations between
a tumor’s biology (including vasohibin) and the clinical prog-
nostic factors for cervical cancer (such as MVD, LVD, and the
expression rate of vasohibin and VEGFR-2 in the endothelial
cells). The histological type, lymph node metastasis, vessel
involvement, and staging were the most important prognostic
factors for cervical cancer. Our analysis revealed a significantly
positive correlation between vasohibin and VEGFR-2 in cervical
cancer. This is the first study to profile the expression of vasohi-
bin as a negative feedback regulator of angiogenesis in human
cervical cancer.

Materials and Methods

Tissue specimens and clinical data. There were 61 SCC, 18
mucinous adenocarcinoma (Adenocarcinoma), 38 CIS, and 35
normal cervical epithelium. Of the 61 SCC: 11 were stage TA
(lymph node metastasis 0/11, vessel involvement 0/11, parame-
trium invasion 0/11); 29 were stage IB (lymph node metastasis
6/29, vessel involvement 11/29, parametrium invasion 0/29);
12 were stage ITA (lymph node metastasis 3/12, vessel involve-
ment 7/12, parametrium invasion 0/12); and nine were stage
IIB (lymph node metastasis 4/9, vessel involvement 6/9, para-
metrium invasion 8/9). Of the 18 mucinous adenocarcinomas:
three were stage IA (lymph node metastasis 0/3, vessel involve-
ment 1/3, parametrium invasion 0/3); 11 were stage IB (lymph
node metastasis 1/11, vessel involvement 0/11, parametrium
invasion 0/11); and four were stage IIB (lymph node metastasis
3/4, vessel involvement 4/4, parametrium invasion 3/4). We
investigated the expression of vasohibin, and compared it with
the expression of VEGFR-2 (KDR/flk-1)and CD34 (as a marker
for vascular endothelial cells) in the stromal vascular endothe-
lium. We used VEGEF to indicate the presence of carcinoma cells
and normal squamous epithelium. To investigate MVD, CD34
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was used as a marker for vascular endothelial cells. To investi-
gate LVD, D2-40 was used as a marker for lymphatic endothe-
lial cells. Immunohistochemical assessment was classified as
negative or positive, based on the staining intensity.

Tissue specimens were retrieved from the surgical pathology
files of Tohoku University Hospital (Sendai, Japan). The Ethics
Committee at Tohoku University School of Medicine (Sendai,
Japan) approved the protocol for this study.

The average age was 43.1 years in patients with SCC,
47.1 years old in patients with adenocarcinomas; and 41.0 years
old in patients with CIS. Each patient provided written,
informed consent before her surgery. None of the patients who
were examined had received irradiation, hormonal therapy, or
chemotherapy prior to surgery. The clinicopathological findings
of the patients (including age, histology, stage, grade, and preop-
erative therapy) were retrieved by an extensive review of the
charts. The standard primary treatment for cervical carcinoma at
the Tohoku University Hospital was surgery, which consisted of
abdominal radical hysterectomy and pelvic lymphadenectomy.
The lesions were classified according to the Histological Typing
of Female Genital Tract Tumors by the World Health Organiza-
tion and staged in accordance with the International Federation
of Gynecology and Obstetrics system.”'®?® Patients with sub-
types other than CIS, SCC, or mucinous adenocarcinoma, or
patients who had second primary carcinoma, were excluded
from this series.

All specimens were routinely processed (i.e., 10% formalin
and fixed for 24—48 h), embedded in paraffin, and thin sectioned
(3 pm).

Immunohistochemical staining and the scoring of immuno-
reactivity. We carried out immunohistochemical staining for
vasohibin, VEGFR-2, CD34 (as a marker for vascular endo-
thelial cells), and D2-40 (as a lymphatic vessel marker). The
presence of VEGF-A was assessed in normal squamous epi-
thelium and in carcinoma cells. Paraffin-embedded tissue sec-
tions from human endometrial cancers were deparaffinized,
rehydrated, and incubated with 3% H,0O, for 10 min to block
endogenous peroxidase activity. The sections were incubated for
30 min at room temperature in a blocking solution of 10% goat
serum (Nichirei Biosciences, Tokyo, Japan). They were then
stained for 12 h at 4°C with primary antibodies, followed by
staining for 30 min at room temperature with secondary anti-
bodies. The primary antibodies were all mouse mAbs and were
used as follows: 2 pg/mL anti-human vasohibin mAb, anti-
VEGFR-2 (Santa Cruz Biotechnology, Santa Cruz, CA, USA)
diluted at 1:100; anti-CD34 (Dako, Copenhagen, Denmark)
diluted at 1:200; anti-D2-40 (Dako) diluted at 1:100; and anti-
VEGF-A (Lab Vision, Fremont, CA, USA) diluted at 1:100. We
previously described a mouse mAb against a synthetic peptide
corresponding to the 286-299 amino acid sequence of vasohi-
bin.""” The positive control slide for CD34 antigen was pre-
pared from paraffin-fixed breast cancer tissue that contained a
high microvessel density. Nuclei were counterstained with
hematoxylin.

Three investigators (K.A., T.E., and K.Y) independently eval-
uated the immunohistochemical staining of the entire group of
tissue sections. They were blinded to the clinical course of the
patients. The average number counted by the three investigators
was used for subsequent analysis.

We carefully examined the areas where cancer cells had come
in contact with or had invaded the stroma. After first scanning
the immunostained section at low magnification, microvessels
having CD34-positive signals were counted. The areas with the
greatest number of distinctly highlighted microvessels were
selected. Any cell clusters with CD34-positive signals were
regarded as a single countable microvessel, regardless of
whether the lumen was visible. Unstained lumina were consid-
ered artifacts, even if they contained blood or tumor cells.

Yoshinaga et al.

Microvessel density was assessed by light microscopy in areas
of invasive tumor containing the highest number of capillaries
and small venules per area (i.e., neovascular hot spots), in accor-
dance with an original method.?" Lymphatic vessel density was
investigated by D2-40-positive signals, using the same proce-
dure described as above.

Immunostaining for vasohibin and VEGFR-2 was evaluated
in the serial thin sections. Positive immunoreactive signals for
vasohibin and VEGFR-2 in CD34-positive microvessels were
counted; from this the positive ratios of vasohibin and VEGFR-
2 in microvessels were calculated. Using an established anti-
body, immunohistochemistry detected the protein expression of
a selected angiogenic factor (i.e., VEGF-A). For this marker, the
intensity of cytoplasmic staining and the proportion of positive
tumor cells were recorded. A staining index (with values 0-9)
was calculated as the product of the staining intensity (0-3) and
the area of positive staining (1, <10%; 2, 10-50%; 3, >50%).“?

Statistical analysis. Statistical analyses such as the Student’s
t-test and the Pearson’s correlation coefficient test were carried
out using StatView (version 4.5, Abacus Concepts Inc, Piscat-
away, NJ, USA). A P-value of <0.05 was considered significant.

Results

Figure 1 shows that the cells stained positively for vasohibin,
VEGFR-2, CD34, and D2-40 on the normal cervix, CIS, SCC,
and Adenocarcinoma. There were no significant differences
between clinical factor (lymph node metastasis, vessel involve-
ment, parametrium invasion) and MVD, LVD, the vasohibin
expression ratio in the microvessels, the VEGFR-2 expression
ratio in the microvessels, and the histology score of VEGF-A
expression.

Microvessel density. CD34-positive MVD (number of vessels
per mm?) were: 34.7 +2.5 in normal cervical epithelium;
46.1 + 2.5 in CIS; 45.7 + 3.5 in SCC; and 73.85 + 8.4 in Ade-
nocarcinoma (Fig. 2A). The MVD of Adenocarcinoma was sig-
nificantly higher than that of the normal cervical epithelium,
CIS and SCC. The MVD of normal cervical epithelium was
significantly lower than that of CIS and SCC.

Lymphatic vessel density. D2-40-positive LVD (number of
vessels per mm?) was: 3.7 + 0.8 in the normal cervical epithe-
lium; 7.3 + 0.8 in CIS; 17.6 + 1.8 in SCC; and 34.6 + 6.5 in
Adenocarcinoma (Fig. 2B). The LVD of Adenocarcinoma was
significantly higher than that of the normal cervical epithelium,
CIS, and SCC. The LVD of SCC was significantly higher than
that of the normal cervical epithelium and CIS. The LVD of CIS
was significantly higher than that of the normal cervical epithe-
lium.

Vasohibin expression ratio in microvessels. The positive ratio
of vasohibin in microvessels was 53.6 + 4.2% in normal cervi-
cal epithelium; 59.1 + 4.6% in CIS; 71.5 + 3.2% in SCC; and
79.3 £ 4.0% in Adenocarcinoma (Fig. 2C). The vasohibin-
immunopositivity of the Adenocarcinoma microvessels was sig-
nificantly higher than that of the normal cervical epithelium,
CIS, and SCC. The vasohibin-immunopositivity of the SCC
microvessels was significantly higher than that of the normal
cervical epithelium and CIS.

VEGFR-2 expression in microvessels. The positive ratio of
VEGFR-2 in microvessels was 42.6 + 3.8% in the normal cervi-
cal epithelium; 42.1 £ 4.3% in CIS; 52.6 + 2.6% in SCC; and
58.2 +4.7% in adenocarcinoma (Fig. 2D). The VEGFR-2
immunopositivity in Adenocarcinoma microvessels was signifi-
cantly higher than that of the normal cervical epithelium, CIS,
and SCC. The VEGFR-2 immunopositivity of SCC microvessels
was significantly higher than that of the normal cervical epithe-
lium and CIS.

Histology score of VEGF-A expression. VEGF-A expression
was present in the cytoplasm of epithelial cells. The VEGF-A
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positive ratio of cytoplasmic staining intensity was: 37.9 + 7.3
in the normal squamous epithelium; 58.6 +9.1 in CIS;
88.5+87 in SCC; and 52.8 +16.3 in Adenocarcinoma
(Fig. 2E). The VEGF-A positive ratio of cytoplasmic staining
intensity in SCC was significantly higher than that of the normal
squamous epithelium, CIS, and Adenocarcinoma. The VEGF-A
positive ratio of cytoplasmic staining intensity in CIS was
significantly higher than that of the normal squamous epithelium.

Correlation between vasohibin and VEGFR-2 positive ratios in
microvessels. We emphatically analyzed through normal cervix—
CIS-SCC as the multi-step carcinogenesis model. A moderate
positive correlation existed between vasohibin and VEGFR-2
positive ratios in the microvessels of the normal cervical epithe-
lium, CIS, and SCC (P < 0.05, r* = 0.301) (Fig. 3).

Discussion

Using immunohistochemistry, we examined the vascular density
of cervical cancer and compared it with that of the normal cer-
vix. Our results with MVD and LVD in CIS and SCC were
almost identical with some previous reports.( 523 Therefore,
this proved the validity of our investigation. The major common
perception of cervical cancer is that a CIS integrates the human
papillomavirus and progresses to SCC in several years. Some
reports indicate that the MVDs of CIS and SCC are greater than
the MVD of the normal cervix. Therefore, we thought that it
was important in our investigation to consider the vessel number
in the normal cervix and to compare it with that of CIS and
SCC. In accordance with our expectation, the MVD and LVD in
the normal cervix were significantly lower than in CIS and SCC.
These results suggested that hypervascularity is an important
phenomenon of the progression of cervical squamous neoplasia.
One published report showed that the VEGF intensity of SCC of
the cervix increases in correlation with the clinical stage;®*
however, in the study there was no significance between the
clinical features and the MVD, LVD, vasohibin expression ratio,
VEGFR-2 expression ratio, and histological score (H score) of
VEGF-A. In our study, we only found significant histological
differences in the normal cervix, CIS, SCC, and Adenocarci-
noma. Of course, it is important to investigate more cases of
cervical neoplasia, and we suggest that peritumoral stromal
angiogenesis is strongly ruled by the histological type of tumor.
The VEGF-A positive ratio of cytoplasmic staining intensity in

Adenocarcinoma

Fig. 1. Immunohistochemistry of the normal cervix
with a normal epithelium, carcinoma in situ (CIS),
squamous cell carcinoma, and adenocarcinoma. All
sections are positively stained for: vasohibin (upper
left, original magnification, x200); vascular
endothelial growth factor receptor-2 (VEGFR-2;
upper right, original magnification, x200); CD34
(lower left, original magnification, x200; lower
right, original magnification, x400); and D2-40
(lower right, original magnification, x200).

the normal cervical epithelium was significantly lower than that
in CIS and in SCC. This result clearly showed that the cytoplas-
mic expression level of VEGF-A in squamous epithelium cells
and squamous neoplasia was increased in accordance with the
progression.

It is generally accepted that, at the same clinical stage, Ade-
nocarcinoma has a poorer prognosis than SCC.**) However,
angiogenesis in Adenocarcinoma has been analyzed relatively
little because of the minor frequency of Adenocarcinoma. In this
study, we compared normal cervix, CIS, SCC, and Adenocarci-
noma. We clearly showed that MVD and LVD were signifi-
cantly higher in Adenocarcinoma than in SCC. This finding
might contribute to understanding the poorer prognosis of ade-
nocarcinoma of the cervix. To our regret, in this study we did
not establish the significance between LVD and lymph node
metastasis, because of insufficient number of cases. To clarify
the issue, the same investigation should be repeated in a higher
number of cases. However, the H score of VEGF-A of Adeno-
carcinoma was lower than that of SCC. We believe that it was
difficult to detect VEGF-A in the cytoplasm of Adenocarcinoma
because the cytoplasm was rich in mucus. In an in vitro study,
there are many methods of measuring proteins in the cytoplasm,
so we must examine measuring proteins in paraffin-embedded
tissues except immunohistochemistry. Similar to MVD, LVD in
this study was significantly increased in SCC and Adenocarci-
noma. Some studies have reported the presence of peritumoral
lymphatic vessels in cervical cancers and show that a high LVD
is strongly associated with aggressive cervical cancer features
such as lymph node metastasis, vessel involvement, parametrium
invasion, and poor prognosis.®%*" Although we expected that
the LVD would be correlated with lymph node metastasis,
there was no significant correlation between the two.

We examined the expression of vasohibin, as described in our
previous report.'® Vasohibin is induced in ECs by stimulation
with VEGF."">'> Indeed, the expression of vasohibin in tumor
vessels was shown to be correlated with that of VEGF in human
breast cancer and human non-small cell lung carcinoma.'”'®
However, because of the difficulty of immunostaining VEGF-A
in adenocarcinoma, we did not show such correlation in this
study. VEGFR-2 receptor transduces most of the angiogenesis-
related signals in ECs. The VEGF/VEGFR-2 signaling pathway
is also important for the induction of vasohibin in Ecs.'”> We
previously revealed that the VEGF-A-mediated induction of

doi: 10.1111/j.1349-7006.2010.01812.x
© 2010 Japanese Cancer Association



(A) Microvessel density — (B) Lymphatic vessel density

(Vessel counts/mm?2) r . II (Lymphatic vessel counts/mm?2) l -1
T I | 71
70} 40

| N |
%or ey | -
30
50 - .
“r 20 ’
30}
20} 10
10}
ol 0
Normal cis SCC Adenocarcinoma Normal CIs SCC  Adenocarcinoma
(©) Expression ratio of vasohibin (D)
Expression ratio of VEGFR-2
90%
0% 70%
70%
60%
60%
50%
50%
o 40%
30% 30%
20% 20%
10% 10%
0% 0%
Normal cis SCC  Adenocarcinoma SCC  Adenocarcinoma
(E) H score
100 [ N
w [ |
80}
70t
|l |
50 ¢
awf
30
204
10
ol

Normal Cis SCC Adenocarcinoma

Fig. 2. (A) Microvessel density (MVD) of the normal cervix, carcinoma in situ (CIS), squamous cell carcinoma (SCC), and mucinous
adenocarcinoma (Adenocarcinoma). The MVD of Adenocarcinoma is significantly higher than that of the normal cervix, CIS, and SCC. The MVD
of the normal cervix is significantly lower than that of CIS and SCC. *P < 0.05. (B) Lymphatic vessel density (LVD) of the normal cervix, CIS, SCC,
and Adenocarcinoma. The LVD of Adenocarcinoma is significantly higher than that of the normal cervix, CIS, and SCC. The LVD of SCC is
significantly higher than that of the normal cervix and CIS. The LVD of CIS is significantly higher than that of the normal cervix. *P < 0.05. (C)
The proportion of vasohibin/CD34-positive vessels in the normal cervix, CIS, SCC, and Adenocarcinoma. Vasohibin immunopositivity in
microvessels in Adenocarcinoma is significantly higher than that in the normal cervix, CIS, and SCC. Vasohibin immunopositivity in the
microvessels in SCC is significantly higher than that in the normal cervix and CIS. *P < 0.05. (D) Proportion of vascular endothelial growth factor
receptor-2 (VEGFR-2)/CD34-positive vessels in the normal cervix, CIS, SCC, and Adenocarcinoma. VEGFR-2 immunopositivity in the microvessels in
adenocarcinoma is significantly higher than in the normal cervix, CIS, and SCC. VEGFR-2 immunopositivity in the microvessels in SCC is
significantly higher than in the normal cervix and CIS. *P < 0.05. (E) VEGF-A staining indexes of the cytoplasm of the tumor cell and normal
cervical epithelium cells. The VEGF-A positive ratio of cytoplasmic staining intensity in SCC is significantly higher than that in the normal
squamous epithelium, CIS, and Adenocarcinoma. The VEGF-A positive ratio of cytoplasmic staining intensity in CIS is significantly higher than in
the normal squamous epithelium. H score, histological score. *P < 0.05.

vasohibin was preferentially mediated through the VEGFR-2  addition, the expression ratio of VEGFR-2 in vascular endothe-
signaling pathway.’® In our results, the expression ratio of lial cells increased as the tissue progressed from a normal cervix
vasohibin in vascular endothelial cells increased as the tissue to SCC to Adenocarcinoma. This correlation of vasohibin and
progressed from a normal cervix to SCC to Adenocarcinoma. In ~ VEGFR-2 is also evident in endometrial adenocarcinoma® and
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Fig. 3. Correlation between vasohibin and vascular endothelial
growth factor receptor-2 (VEGFR-2). A moderate positive correlation
exists between vasohibin-positive and VEGFR-2-positive ratios in the
microvessels of the normal cervical epithelium, carcinoma in situ, and
squamous cell carcinoma (P < 0.0001, 7 = 0.301).

human breast cancer.'” Thus, the pathological studies from
human cancer specimens, including our present one, support the
theory on the negative feedback role of vasobihin in cancers. Lu
et al.®? recently reported that the increased expression of Zeste
homolog 2 (EZH2) predicts poor prognosis of ovarian cancers.
This poor prognosis was explained by EZH2-mediated silencing
of vasohibin expression in tumor vessels. As the level of vasohi-
bin expression is considerably variable (Fig. 3), it would be
interesting to see whether lower expression of vasohibin in
tumor vessels predicts poor prognosis.

It has been established that there is a significant relationship
between cervical papillomavirus infection and cervical cancer.
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increased in correlation with the expression of VEGFR-2, vaso-
hibin could be an important biomarker of angiogenesis in the
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Abstract: Vasohibin-1 (VASH1) is a VEGF-inducible gene of endothelial cells (ECs) that
acts as a negative feedback regulator of angiogenesis. To further characterize the function
of VASHI1, we transfected human VASHI1 gene into the mouse EC line MS1, established
stable VASH1 expressing clones, and determined gene alteration by cDNA microarray
analysis. Among the various angiogenesis-related genes, vascular endothelial growth factor
type 1 receptor (VEGFR-1) and its alternative spliced form, soluble VEGFR1 (sVEGFR-1),
were found to be the most significantly down-regulated genes. Transient overexpression of
VASHI1 in human umbilical vein endothelial cells confirmed the down-regulation of
VEGFR-1 and sVEGFR-1. sVEGFR-1 is a decoy receptor for VEGF and inhibits
angiogenesis. Interestingly, when sVEGFR-1 was overexpressed in ECs, it inhibited the
expression of VASH1 in turn. These results suggest that VASH1 and sVEGFR-1, two
angiogenesis inhibitors, mutually balance their expressions in ECs.

Keywords: angiogenesis inhibitor; endothelial cell; VASH1; sVEGFR-1

1. Introduction

Angiogenesis, the formation of neovessels, is involved in both physiological and pathological
conditions. Angiogenesis is regulated by a local balance between stimulators and inhibitors. Angiogenesis
stimulators include vascular endothelial growth factor (VEGF), whereas angiogenesis inhibitors include
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thrombospondins, pigment epithelium derived factor, angiostatin, endostatin, and so forth [1].

The VEGF family consists of five members; VEGF-A, VEGF-B, VEGF-C, VEGF-D, and placenta
growth factor (PIGF). There are also three VEGF receptor (VEGFR) tyrosine kinases; VEGFR-1,
VEGFR-2 and VEGFR-3. Members of the VEGF family show different affinities for the receptors.
VEGFR-1 is able to bind VEGF-A, VEGF-B and PIGF. VEGFR-2 is activated primarily by VEGF-A,
but cleaved forms of VEGF-C and VEGF-D can also activate VEGFR-2. VEGFR-3 is activated by
VEGF-C and VEGF-D. Vascular endothelial cells (ECs) express mainly VEGFR-1 and VEGFR-2,
whereas lymphatic ECs mainly express VEGFR-3 in adults. VEGFR-2 is the major mediator of
VEGF-A driven responses for angiogenesis. The binding-affinity of VEGFR-1 for VEGF-A is one
order of magnitude higher than that of VEGFR2, whereas the kinase activity of VEGFR-1 is about
10-fold weaker than that of VEGFR-2 [2]. VEGFR-1 (-/-) mice died in utero because of overgrowth of
ECs, but mice lacking the tyrosine kinase domain of VEGFR-1 remain healthy and have a normal
vasculature [3,4]. Thus, the ligand binding domain of VEGFR-1 are sufficient for normal vascular
development in embryo, most likely by sequestering VEGF-A from VEGFR-2.

We recently isolated vasohibin-1 (VASH1) from VEGF-A inducible genes in ECs that inhibits
migration and proliferation of ECs in culture, and exhibits anti-angiogenic activity in vivo [5]. The
expression of VASHI in ECs is induced not only by VEGF-A but also by fibroblast growth factor 2
(FGF-2), another potent angiogenic factor [5,6]. Thus, VASH1 is thought to be a negative-feedback
regulator of angiogenesis. Immunohistochemical analysis revealed that VASH1 protein is expressed
selectively in ECs in the developing human or mouse embryo, is reduced in expression in the
post-neonate, but is induced in ECs at the site of angiogenesis [7]. Analysis of the spatiotemporal
expression and function of VASH1 during angiogenesis revealed that VASH1 is expressed not in ECs
at the sprouting front but in ECs of newly formed blood vessels behind the sprouting front where
angiogenesis is terminated [8]. The expression of VASHI is evident in various pathological processes
such as cancers [9-13], atherosclerosis [14], age-dependent macular degeneration (AMD) [15], diabetic
retinopathy [16], and so forth. Moreover, when applied exogenously, VASH1 shows anti-angiogenic
activity under various pathological conditions such as in tumors, arterial intimal thickening and retinal
neovascularization [9,14,17]. However, the molecular mechanisms underlying angiogenesis inhibition
by VASHI remain to be characterized. Here we intended to characterize the target genes of VASHI1 in
ECs. Using ¢cDNA microarray analysis of stable VASH1 expressing EC clones, we identified both
full-length and soluble forms of VEGFR-1 as the target genes of VASH1 in ECs.

2. Materials and Methods
2.1. Cells

MS1, an immortalized cell line with a SV40 large T antigen from mouse pancreatic ECs [18], was
purchased from American Type Culture Collection (Manassas, VA, USA). The cells were cultured in
oMEM (Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (FBS,
JRHBiosciences, San Antonio, TX, USA). Human umbilical vein endothelial cells (HUVECs) were
obtained from KURABO (Osaka, Japan) and were cultured on type I collagen-coated dishes IWAKI,
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Tokyo, Japan) containing endothelial basal medium-2 (EBM-2; Clonetics Corp., San Diego, CA, USA)
supplemented with EC growth supplements and 2% FBS.

2.2. Establishment of VASHI1 Expressing MS1 Clones

To improve the activity of transcription, we placed the CMV promoter of the pcDNA3.1/Hygro
plasmid (Invitrogen) with the chicken B-actin promoter derived from pCALL2 [19]. This vector,
pCALL2-pcDNA3.1/Hygro, was used for the transfection in this study. For the production of the
VASH1 expression vector, the human VASH1 gene (5481 bp) containing the complete open reading
frame (386 n.t.-1483 n.t.) [5] was cloned into the pCALL2-pcDNA3.1/Hygro vector at multiple
cloning sites (Xho-I and Not-I). MS1 cells were transfected with the VASH1 expression vector by
using Effectene transfection reagent (Qiagen, Valencia, CA, USA) according to the manufacturer’s
protocol. After the transfection, the cells were selected by hygromycin (500 pg/mL, Invitrogen).
Following the selection, the cells were seeded at 0.3 cells per well in 96 well plates with 100 pL of
culture medium in each well. The cells were later expanded into larger wells.

2.3. Gene Transfer in HUVECs

A replication-defective adenovirus vector encoding the human VASH1 (AdVASHI) or the p-gal
gene (AdLacZ) was prepared as described previously [5]. The replication-defective adenovirus vector
encoding the human VEGFR-1 gene (AdVEGFR-1) was a generous gift from Masabumi Shibuya
(Tokyo Medical and Dental University). The HUVECs were infected with the adenovirus vectors at a
multiplicity of infection (MOI) of 10 to 100. After the infection, RNAs and proteins were extracted at
24 and 36 hours, respectively.

2.4. Reverse Transcriptase-Polymerase Chain Reaction (RT-PCR)

Total RNA was extracted by the acid guanidinium-phenol-chloroform method using ISOGEN
(Nippon Gene, Toyama, Japan). RT-PCR was performed by using a one step RT-PCR kit (Invitrogen)
according to the manufacturer’s instructions. The following primer pairs were synthesized and used for
amplification: the respective sense (S) and the antisense (AS) primer pairs used were as follows:
mouse and human VASHI1, 5‘- ATGGACCTGGCCAAGGAAAT-3’ and 5‘-CATCCTTCTTCCGGTC
CTTG-3’; mouse VEGFR-1, 5‘-GCGCATGACGGTCATAGAAG-3’ and 5‘-CAGGTGTGGCGCTT
CCGAAT-3’; human VEGFR-1, 5‘-ATGGTCAGCTACTGGGACAC-3’ and 5‘-GAATGACGAGCTC
CCTTCCTT-3’; mouse sVEGFR-1, 5‘-ACTCTCAGACCCCTGGAATC-3’ and 5‘-GATCCGAGAGA
AAATGGCCT-3’; human sVEGFR-1, 5‘-CATCACTCAGCGCATGGCAA-3’ and 5°-CAGCCTTTTT
GTTGCGTGC-3’; mouse and human G3PDH, 5'-ACCACAGTCCATGCCATCAC-3' and 5'-TCCAC
CACCCTGTTGCTGTA-3'. The PCR consisted of 27 cycles of 94 °C for 15 s, at 58 °C for 30 s, and
finally at 68 °C for 30 s. The PCR products were electrophoresed through a 2% agarose gel containing
0.5 mg/mL ethidium bromide and visualized.

2.5. Western Blot Analysis

Western blot analysis was performed as described previously [20]. Briefly, extracted protein was
separated by SDS-PAGE on a 7.5-10% separating gel and transferred to a Hybond-ECL membrane
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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 pL,
loaded (5 x 10* cells per well) into the upper chamber of a Transwell Polycarbonate Membrane (pore
size: 8 pm; Costar, Cambridge, MA, USA) containing 600 uL 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. AOVASH1, 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 2,000x 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 VASHI gene into MS1 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 VASH1 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
VASHI1 (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, CCLS5, 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. VASHI1

mock

overexpressing clone 4.

Table 1. Top 20 up-regulated genes in the VASH1 stable transfectant.

787

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 VASH1 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 Fc receptor-like 3 NM_ 144559
0.34 Serine/threonine-protein kinase ULK1 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 VASH1 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
HUVECs. RT-PCR and Western blot analyses demonstrated that sSVEGFR-1 down-regulated the
expression of VASH1 in HUVECs (Figure 4).



Pharmaceuticals 2011, 4 789

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 VASH1 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
VASHI1 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.
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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
VASH1 were performed. Intensity of bands was quantified, and standardized values are shown.

The blockade of VEGF mediated signals causes regression of normal quiescent vessels,
hypertension and proteinuria [21]. Here we examined whether VASH1 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 AdVASH1 did not (Figure 5B).



