Gancer Science

Japanese Cancer
Association

jCca

Vasohibin-1 expression inhibits advancement of
ovarian cancer producing various angiogenic factors

Yoshifumi Takahashi," Yasushi Saga,' Takahiro Koyanagi," Yuji Takei," Shizuo Machida,' Akiyo Taneichi,’
Hiroaki Mizukami,? Yasufumi Sato,? Shigeki Matsubara' and Hiroyuki Fujiwara’

"Department of Obstetrics and Gynecology, Jichi Medical University, Tochigi; Division of Genetic Therapeutics, Center for Molecular Medicine, School of
Medicine, Jichi Medical University, Tochigi; >Department of Vascular Biology, Institute of Development, Aging and Cancer, Tohoku University, Sendai,

Japan

Key words
Angiogenesis, ovarian cancer, PDGF, sFit-1, vasohibin-1

Correspondence

Yasushi Saga, Department of Obstetrics and Gynecology,
School of Medicine, Jichi Medical University, 3311-1
Yakushiji, Shimotsuke, Tochigi 329-0498, Japan.

Tel: +82-285-58-7376; Fax: +82-285-44-8505;

E-mail: saga@jichi.ac.jp

Funding Information

Japan Society for the Promotion of Science Kakenhi grant
from the Ministry of Education, Culture, Sports, Science
and Technology of Japan (25462606)

Received October 24, 2015; Revised February 5, 2016;
Accepted February 15, 2016

Cancer Sci 107 (2016) 629-637

doi: 10.1111/cas.12911

Vasohibin-1 (VASH1) is a negative feedback regulator of angiogenesis, the first
to be discovered, and was identified in vascular endothelial growth factor
(VEGF)-stimulated vascular endothelial cells. Vasohibin-1 inhibits abnormal vascu-
larization induced by various angiogenic factors including fibroblast growth fac-
tor and platelet-derived growth factor (PDGF), in addition to VEGF. By focusing
on this characteristic of VASH1, we investigated the antitumor effects of VASH1
expression on ovarian cancer cells that produce different angiogenic factors. By
using a high VEGF-producing ovarian cancer cell line, SHIN-3, and a high PDGF-
producing ovarian cancer cell line, KOC-2S, the cells were transfected with either
a VEGF antagonist, soluble VEGF receptor-1 (sVEGFR-1, or sFlt-1), or VASH1 genes
to establish their respective cellular expression. The characteristics of these trans-
fectants were compared with controls. We previously reported that the expres-
sion of sFlt-1 inhibited tumor vascularization and growth of high VEGF-producing
ovarian cancer cells, reduced peritoneal dissemination and ascites development,
and prolonged the survival time of the host. However, in the current study, the
expression of sFlt-1 had no such effect on the high PDGF-producing ovarian cancer
cells used here, whereas VASH1 expression inhibited tumor vascularization and
growth, not only in high VEGF-producing cells, but also in high PDGF-producing
cells, reduced their peritoneal dissemination and ascites, and prolonged the sur-
vival time of the host. These results suggest that VASH1 is an effective treatment
for ovarian cancer cells that produce different angiogenic factors.

O varian cancer is the second most prevalent type of malig-
nant tumor diagnosed in the field of gynecology, and is
the fifth most frequent cause of cancer death in women.'"
Challenges regarding ovarian cancer are mainly associated
with early diagnosis of the disease, when it is asymptomatic.
Originating from the ovaries, therefore being present in the
abdominal cavity, provides quick access for the cancer to
spread to major organs. Thus, in over 50% of ovarian cancer
patients, peritoneal dissemination and ascites develop by the
time a diagnosis is made.”” A combination of debulking sur-
gery and multidrug chemotherapy is standard therapy for treat-
ing advanced ovarian cancer. Ovarian cancer is generally
considered relatively sensitive to chemotherapy, and many
patients achieve cancer remission through a standard therapy
described above.®* However, effects of the treatment are only
transient, and the cancer often recurs, leading to death in more
than half of the instances where remission occurs. Because
improving the outcome for ovarian cancer patients with cur-
rently available treatment methods is clearly limited, the devel-
opment of new treatments is imperative.

Vascularization is essential for tumor growth,”’ having a
strong involvement in ovarian cancer advancement. In particu-
lar, vascularization plays a role in the cancer’s characteristic
proliferation pattern of peritoneal dissemination, which is why
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it may be targeted by ovarian cancer treatments. We previ-
ously reported that the expression of a cytokine with a vascu-
larization-inhibitory action, interleukin-10, or a vascular
endothelial growth factor (VEGF) antagonist, soluble VEGF
receptor-1 (SVEGFR-1, or sFlt-1), suppresses peritoneal dis-
semination and ascites development, and J))rolongs survival
times in an animal ovarian cancer model.®” The application
of an anti-VEGF mAb, bevacizumab, in ovarian cancer therapy
has recently been introduced, and beneficial effects are
expected. In parallel, a resistance phenomenon observed in
tumors following anti-VEGF therapy, termed evasive resis-
tance, has been attracting considerable attention.® The acqui-
sition mechanism of this resistance is thought to involve the
induction of angiogenic factors other than VEGF, which indi-
cates that a treatment targeting only a single angiogenic factor
would be ineffective as it neglects the range of angiogenic fac-
tors involved in tumor vascularization. Therefore, it may be
necessary to simultaneously target many angiogenic factors for
a substantial therapeutic effect.

Vasohibin-1 (VASHI), the first negative feedback modulator
to be discovered, was identified in VEGF-stimulated vascular
endothelial cells, regulating vascularization by acting on vascu-
lar endothelial cells.®'? Recently, we showed that VASHI1
inhibits ovarian cancer growth and peritoneal dissemination
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and prolongs host survival by inhibiting angiogenesis in a
mouse model of the ovarian cancer cell line SKOV-3,""
which has previously been reported to produce VEGE."'?
Vasohibin-1 has also been shown to inhibit abnormal vascular-
ization induced by various angiogenic factors, such as fibrob-
last growth factor (FGF) and platelet-derived growth factor
(PDGF), in addition to VEGF.“"'® Because this suggests that
VASHI1 has a diverse target range and that it independently
inhibits various angiogenic factors, VASH1 may be superior to
VEGEF inhibitors in cancer treatment because of its array of
treatment targets and the ability to overcome evasive resis-
tance.

In the present study, we investigated the antitumor effects of
VASHI expression in ovarian cancer cells producing different
angiogenic factors.

Materials and Methods

Cell culture. Human ovarian serous adenocarcinoma cell
lines, SHIN-3U* and KOC-2S,"> were used in this study as
they produce high amounts of VEGF and PDGF, respec-
tively.®'® These cell lines were cultured in DMEM/F12 (Life
Technologies, Carlsbad, CA, USA), supplemented with 10%
FCS (Sigma-Aldrich, St. Louis, MO, USA) and 1% penicillin/
streptomycin (Life Technologies). Human umbilical vein
endothelial cells were purchased from Kurabo Industries, Ltd.
(Osaka, Japan), and cultured in EBM-2 medium (Lonza, Walk-
ersville, MD, USA) containing EGM-2-MV-SingleQuots (Lon-
za) and comprising VEGF, FGF, insulin-like growth factor-1,
epidermal growth factor, and 2% FCS. All cells were cultured
at 37°C in 5% carbon dioxide.

Establishment of sFlt-1- and VASH1-expressing cell lines. The
sFlt-1 expression vector (pCMV-sFlt-1-IRES-bsr) was used as
described previously.”” A VASHI expression vector was pre-
pared by inserting human VASH1 cDNA (NCBI database;
Gene ID 22846) into the cloning site (Sma-1, Xba-1) of pCMV-
IRES-bsr.!” SHIN-3 and KOC-2S were transfected with the
sFIt-1 or VASHI1 expression vector, and a luciferase expres-
sion plasmid vector (pCMV-LUC-IRES-bsr''”) as a control,
using Lipofectamine LTX and Plus Reagent (Invitrogen, Carls-
bad, CA, USA), following the manufacturer’s instructions. The
cells were then selectively cultured in a medium containing
blasticidin S hydrochloride (Funakoshi Co., Ltd., Tokyo,
Japan), and resistant cells were acquired.

Three-dimensional culture. Tumor cells (1 x 10* cells/well)
were seeded on a six-well plate and cultured in DMEM/F12
with 1% low melting temperature agarose (FMC Bioproducts,
Rockland, ME, USA) supplemented with 10% FCS. After
7 days, the diameter of the acini was measured under a light
microscope.

Concentrations of VEGF and PDGF in culture super-
natants. Tumor cells (1 x 10° cells/well) were seeded on a
six-well plate and cultured in EBM-2 medium containing no
growth factor, and the culture supernatant was collected after
24 h. The VEGF and PDGF concentrations of the culture
supernatants were measured with a Quantikine Human VEGF
ELISA kit (R&D Systems, Minneapolis, MN, USA) and a
Quantikine PDGF-AA ELISA kit (R&D Systems), following
the manufacturer’s instructions.

In vitro endothelial cell growth. After seeding the HUVECs
in a 96-well plate (2 x 107 cells/well), the cells were cultured
in the above-described supernatant. An XTT assay (Roche
Diagnostics, Mannheim, Germany) was carried out after 48 h
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of culture, and following an assay-time period of 24 h, absor-
bance was then measured at 490 nm.

Western blot analysis. Cells were lysed using lysis buffer
(1% NP-40,150 mM NaCl, 50 mM Tris-HCI, pH 8.0), and
protein was then extracted from the lysate. Tumor cells were
cultured at 1 x 10° cells/well on a 6-well plate in EBM-2
medium, and the culture supernatant was collected after 24 h.
These samples were mixed with 1% SDS sample buffer
(10 mM Tris-HC1 [pH 7.5], 150 mM NaCl, 1% SDS, and
EDTA-free Protease Inhibitor Cocktail [Roche]), and were sep-
arated by length using 10% PAGE. They were then transferred
to a PVDF membrane (Merck Millipore, Billerica, MA, USA).
The membrane was placed in Tris buffer (pH 7.6) containing
5% skim milk (Wako Pure Chemical Industries, Tokyo, Japan)
at room temperature for 1 h, and then reacted with a rabbit
anti-VEGFR-1 antibody (Epitomics, Burlingame, CA, USA),
mouse anti-VASHI antibody, rabbit anti-Akt antibody, rabbit
anti-pAkt (Ser473) antibody, rabbit anti-ERK antibody, rabbit
anti-pERK (Thr202/Tyr204) antibody (Cell Signaling Tech-
nologies, Danvers, MA, USA), or rabbit anti-actin antibody
(Sigma-Aldrich) at 4°C overnight. After washing three times
with PBS-Tween-20 (PBS-T), the membrane was incubated
with a peroxidase-labeled anti-rabbit antibody (GE Healthcare,
Little Chalfont, UK) or anti-mouse antibody (GE Healthcare),
at room temperature for 1 h. After washing three times with
PBS-T, chemiluminescence was induced using an ECL kit
(Amersham Biosciences, Piscataway, NJ, USA), and lumines-
cence was detected using a cool CCD system (LAS-4000mini;
GE Healthcare).

Animal experiment. BALB/c nude mice, 4-6-weeks old
(Clea Japan, Tokyo, Japan), were used in this study. Mice
were maintained under specific pathogen-free conditions. All
animal experiments were approved by the Jichi Medical
University (Tochigi, Japan) ethics committee and carried out
in accordance with the NIH Guide for the Care and Use of
Laboratory Animals.

Subcutaneous tumor transplantation model. Tumor cells
(5 x 10° cells) were s.c. inoculated into the dorsal region of
nude mice to form an s.c. tumor. The tumor size was measured
twice a week using calipers to calculate the tumor volume
(TV) using the formala: TV = major axis of tumor
(mm) x (minor axis of tumor)® (mm?)/2.

Peritoneal dissemination model and survival time. Tumor cells
(5 x 10° cells) were inoculated into the abdominal cavity of
nude mice, and the amount of ascites and the peritoneal dis-
semination were observed. The survival of the animals was
confirmed twice a day, and a survival curve was prepared
using the Kaplan—-Meier method.

Immunohistochemical staining. Tumors were excised from
the mice after killing by decapitation. The tumors were then
embedded in optimum cutting temperature compound (Sakura
Finetek Japan Co., Ltd, Tokyo, Japan) and were frozen, and 7-
pm-thick sections were subsequently prepared. These sections
were fixed in methanol at —20°C for 20 min, followed by
blocking with 1% BSA at room temperature. After inactivating
endogenous peroxidase using a 3% hydrogen peroxide solu-
tion, the sections were reacted with a primary antibody: anti-
CD31 antibody (Pharmingen, San Diego, CA, USA), and then
a secondary antibody of peroxidase-conjugated anti-rat anti-
body (Simple Stain Mouse MAX-PO, Rat; Nichirei, Tokyo,
Japan). Color was developed by a reaction with diaminobenzi-
dine. Stained blood vessels were counted under a light micro-
scope at a magnification of 400x.
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Statistical analysis. Student’s r-test was used for between-
group comparisons. The log-rank test was used to analyze the
Kaplan—Meier plots of the survival curves. A P-value of <0.05
was regarded as significant. Results values were calculated as
mean + SD.

Results

Establishment of sFlt-1- and VASH1-expressing cell lines.
SHIN-3/LUC and SHIN-3/sFlt-1 cells have been previously
reported.”’ The results of the Western blot analyses for sFlt-1
in KOC-2S, KOC-2S/LUC, and KOC-2S/sFlt-1 cells are
shown in Figure 1(a). sFlt-1 protein was only expressed in
KOC-2S/sFlt-1 cells, thereby establishing the latter as the sFlt-
1-expressing ovarian cancer cell line, KOC-2S/sFlt-1. The
results of the Western blot analyses for VASHI1 in SHIN-3,
SHIN-3/LUC, and SHIN-3/VASHI cell groups are shown in
Figure 1(b), and those for KOC-2S, KOC-2S/LUC, and KOC-
2S/VASHI cells are shown in Figure 1(c). The VASHI pro-
tein was only expressed in SHIN-3/VASH1 and KOC-2S/
VASHI, therefore establishing the VASH1-expressing ovarian
cancer cell lines as SHIN-3/VASH1 and KOC-2S/VASHI1. In
addition, the presence of VASHI1 in the culture supernatant of
each VASHI-transfected cell line was confirmed by Western
blot assay, as shown in Figure 1(d).

Influence of VASH1 on cell growth and cell signaling path-
way. Cell growth in 3D culture was compared between SHIN-
3/LUC and SHIN-3/VASHI1 and between KOC-2S/LUC and
KOC-2S/VASHI cell lines (Fig. 2a). No significant difference
was observed in the diameter of the acini in either cell line, as
seen in Figure 2(b), showing that the expression of VASHI
did not influence the growth of SHIN-3 or KOC-2S cells.

The phosphoinositide 3-kinase/Akt pathways and ERK are
involved in physiological functions such as cell proliferation
and survival. To investigate whether VASHI1 affects these
pathways, we assessed the expression levels of pAkt (Serd73)
and pERK (Thr202/Tyr204) by Western blot assays. No sig-
nificant difference was observed in the phosphorylated Akt or
ERK levels in either of the cell lines, as seen in Figure 2(c),
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indicating that the expression of VASHI did not influence the
Akt or ERK pathways of cancer cells.

Effects of VASH1, secreted by SHIN-3/VASH1 and KOC-2S/
VASH1 cell lines, on vascular endothelial cells. Figure 3(a) shows
the VEGF concentrations in the supernatants from SHIN-3 and
KOC-2S cultures. The wild-type SHIN-3 cells were VEGF
hypersecretory, whereas the wild-type KOC-2S cells were not.
No significant differences were observed in the level of VEGF
secretion between the VASHI-transfected SHIN-3 or KOC-2S
cells and the corresponding controls. Figure 3(b) shows the
PDGF concentrations in the culture supernatants. The wild-
type SHIN-3 cells were PDGF hyposecretory, whereas the
wild-type KOC-2S cells were PDGF hypersecretory. Similarly,
no significant differences were observed in the level of PDGF
secretion between the VASHI-transfected SHIN-3 or KOC-2S
cells and the corresponding controls. Therefore, VASHI
expression did not influence the VEGF or PDGF secretion by
tumor cells.

The effects of VASHI, secreted by SHIN-3/VASHI1 and
KOC-2S/VASH1 cells, on HUVECs were investigated. The
HUVEC count was significantly higher at 48 h after the addi-
tion of SHIN-3/LUC culture supernatant when compared to
base levels before addition, but was not increased by the addi-
tion of the SHIN-3/VASHI culture supernatant, as shown in
Figure 3(c). The HUVEC count was also increased 48 h after
the addition of KOC-2S/LUC culture supernatant. Likewise,
the addition of the KOC-2S/VASHI1 culture supernatant
resulted in increased HUVEC count; however, this increase
was significantly smaller than that observed for the KOC-2S/
LUC culture supernatant-treated cells (Fig. 3d), showing that

VASHI1 secreted by both SHIN-3/VASH1 and KOC-2S/
VASHI1 cells inhibited vascular endothelial cell growth
in vitro.

Inhibition of tumor growth and vascularization by sFlt-1 and
VASH1. The tumor growth- and vascularization-inhibitory
effects of sFIt-1 expression on SHIN-3 cells have been
reported previously.”” The growth curves of s.c. KOC-2S/
LUC and KOC-2S/sFlt-1 tumors are shown in Figure 4(a). No
significant difference was observed in the tumor growth

a N b N c N\ N
R . T U . S (R S
: =~ N L) L)
& ¥ € F 9 ¥ & o9 €¥
sFit-1 s VASH1 R VASH1 vl
Actin | —  — —— Actin | (D GNP Actin | QD a—  ——
(d) Culture supernatant Culture supernatant
”» L) ™ “ > o
S 4 RS & v Y
F ST I8 o Sy &
“ 2R S X ¥ 3 ¢ X
VASH1 — VASH1 - -
Fig. 1. Establishment of soluble vascular endothelial growth factor receptor-1 (sFlt-1)- and vasohibin-1 (VASH1)-expressing cell lines. (a) Western

blot with an anti-vascular endothelial growth factor receptor-1 antibody. The expression of the sFlt-1 protein was only observed in KOC-2S/sFlt-
1 ovarian cancer cells. (b, ¢) Western blots with an anti-VASH1 antibody. The expression of the VASH1 protein was only observed in SHIN-3/
VASH1 (b) and KOC-2S/VASH1 (c) ovarian cancer cells. Actin was used as a positive control. (d) Western blot of the culture supernatant, using an
anti-VASH1 antibody. The expression of the VASH1 protein in the culture supernatant was only observed for SHIN-3/VASH1 and KOC-2S/VASH1.
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Influence of vasohibin-1 (VASH1) on cell growth and the cell signaling pathway. (a) In vitro cell growth in 3D cultures of SHIN-3/LUC

and SHIN-3/VASH1 cells, and of KOC-2S/LUC and KOC-2S/VASH1 cells, as observed under a light microscope. (b) No significant differences were
noted in the diameter of acini between the two groups for either cell line. (c) Western blots with anti-protein kinase B (Akt), anti-pAkt (Ser473),
anti-ERK, and anti-pERK (Thr202/Tyr204) antibodies. No significant difference was observed in the phosphorylated Akt or ERK levels in either of

the cell lines.

between the KOC-2S/LUC and KOC-2S/sFlt-1 groups, indi-
cating that sFlt-1 expression did not influence the growth of
s.c. PDGF-producing KOC-2S tumors in vivo.

The growth curves of s.c. SHIN-3/LUC and SHIN-3/
VASHI1 tumors are shown in Figure 4(b). Tumor growth was
slower in the SHIN-3/VASH1 group than SHIN-3/LUC group.
New blood vessels in excised SHIN-3/LUC and SHIN-3/
VASHI1 tumor tissue were evaluated using immunohistochemi-
cal staining (Fig. 4c). The number of blood vessels per visual
field at a high magnification was significantly lower in SHIN-3/
VASHI tumors than in SHIN-3/LUC tumors (1.6 £ 0.9 and
9.8 + 2.5, respectively) (n =3 per group, P < 0.01), thus
showing that the expression of VASHI1 resulted in the inhibition
of SHIN-3 tumor vascularization and growth.

© 2016 The Authors. Cancer Science published by John Wiley & Sons Australia, Ltd
on behalf of Japanese Cancer Association.

The growth curves for s.c. KOC-2S/LUC and KOC-2S/
VASHI1 tumors are shown in Figure 4(d). Tumor growth was
slower in the KOC-2S/VASHI1 group than in the KOC-2S/
LUC group. New blood vessels in excised KOC-2S/L.UC and
KOC-2S/VASHI1 tumor specimens were evaluated using
immunohistochemical staining (Fig. 4e). The number of blood
vessels per visual field at a high magnification was signifi-
cantly lower in KOC-2S/VASHI1 tumors than in KOC-2S/
LUC tumors (1.6 & 0.5 and 8.6 £ 0.9, respectively) (n =3
per group, P < 0.01), revealing that the expression of VASHI1
led to the inhibition of KOC-2S tumor vascularization and
growth.

Inhibition of peritoneal dissemination by sFIt-1 and VASH1.
The inhibition of peritoneal dissemination and ascites

Cancer Sci | May 2016 | vol. 107 | no.5 | 632
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Fig. 3. Vascular endothelial growth factor (VEGF) and platelet-derived growth factor (PDGF) concentrations in the supernatants from SHIN-3
and KOC-2S cultures, and HUVEC counts after the addition of the culture supernatant. (a) VEGF concentrations in the supernatants from SHIN-3
and KOC-2S cultures. Wild-type SHIN-3 cells were VEGF hypersecretory (515 + 7 pg/mL), whereas WT KOC-2S cells were not (28 + 6 pg/mL). No
significant difference was observed in the level of VEGF secretion between vasohibin-1 (VASH1)-transfected SHIN-3 or KOC-2S cell lines and WT
or LUC-transfected cells in each cell line. (b) PDGF concentrations in supernatants from SHIN-3 and KOC-2S cultures. Wild-type SHIN-3 cells were
PDGF hyposecretory (0.049 + 0.025 png/mL), whereas WT KOC-2S cells were PDGF hypersecretory (1.728 + 0.192 pug/mL). (c) Effects of VASH1,
secreted by SHIN-3/VASH1 and KOC-2S/VASH1 cells, on HUVECs. Absorbance was measured in order to obtain a relative value for the cell
counts. The mean absorbance value was significantly higher for the group cultured with SHIN-3/LUC culture supernatant (CS) than for the group
without, but was significantly lower in the group cultured with SHIN-3/VASH1 CS than the group with the SHIN-3/LUC CS (*P < 0.01). (d) The
absorbance value for the group cultured with KOC-2S/LUC CS was significantly higher than for the group without, but was significantly lower
for the group cultured with KOC2S/VASH1 CS than that with the KOC-2S/LUC CS (*P < 0.01).
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Fig. 4. Inhibition of tumor growth and vascularization by soluble vascular endothelial growth factor receptor-1 (sFlt-1) and vasohibin-1

(VASH1). (a) Growth curves of s.c. KOC-2S/LUC and KOC-2S/sFlt-1 tumors. No significant differences in tumor growth were noted between the
KOC-2S/LUC and KOC-2S/sFlt-1 groups. (b) Growth curves of s.c. SHIN-3/LUC and SHIN-3/VASH1 tumors. The tumor volume 12 days after inocu-
lation and thereafter was significantly smaller in the SHIN-3/VASH1 group compared to the SHIN-3/LUC group. (c) CD31 immunohistochemical
staining, developed with diaminobenzidine, of new blood vessels (black arrows) in SHIN-3/LUC and SHIN-3/VASH1 tumor tissues. (d) Growth
curves of s.c. KOC-2S/LUC and KOC-2S/VASH1 tumors. Tumor volume 16 days after inoculation was significantly lower in the KOC-2S/VASH1
group than the KOC-2S/LUC group. (e) CD31 immunohistochemical staining, developed with diaminobenzidine, of new blood vessels (black
arrows) in KOC-2S/LUC and KOC-2S/VASH1 tumor tissues. Data points for the graphs are represented as mean + SD. *P < 0.01.

development, and prolongation of the survival of the host, as
an effect of sFlt-1 expression in SHIN-3 cells has been previ-
ously reported.””’ The survival curves of the mice that under-
went i.p. transplantation of KOC-2S/LUC and KOC-2S/sFlt-1
cells are shown in Figure 5(a). No significant difference was
seen between these two groups (n = 5 per group), showing that

© 2016 The Authors. Cancer Science published by John Wiley & Sons Australia, Ltd
on behalf of Japanese Cancer Association.

the expression of sFlt-1 did not influence the survival time of
mice with peritoneal dissemination of PDGF-producing KOC-
28 cells.

SHIN-3/LUC and SHIN-3/VASHI cells were i.p. trans-
planted into nude mice, and laparotomy was carried out after
21 days. A large volume of ascites (Fig. 5b, left) and many
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Inhibition of peritoneal dissemination by soluble vascular endothelial growth factor receptor-1 (sFlt-1) and vasohibin-1 (VASH1). (a) Sur-

vival curves for mice i.p. transplanted with either KOC-2S/LUC or KOC-2S/sFlt-1 cells. No significant difference was noted between the two
groups. (b, ¢) Representative images of the laparotomic findings, carried out 21 days after i.p. SHIN-3/LUC or SHIN-3/VASH1 transplantation into
mice. A large volume of ascites (b, left) and many peritoneal disseminated lesions (c, left) were observed in SHIN-3/LUC-transplanted mice. In
contrast, no ascites (b, right) or peritoneal dissemination (c, right) was noted in SHIN-3/VASH1-transplanted mice. (d) Survival curves of mice i.p.
transplanted with SHIN-3/LUC or SHIN-3/VASH1 cells. The survival time was significantly longer in the SHIN-3/VASH1 group than in the SHIN-3/
LUC group (P < 0.01). (e) Survival curves of mice i.p. transplanted with KOC-2S/LUC or KOC-2S/VASH1 cells. The survival time was significantly

longer in the KOC-2S/VASH1 group than in the KOC-2S/LUC group (P < 0.01).

The survival curves of mice transplanted i.p. with SHIN-3

peritoneal disseminated lesions (Fig. Sc, left) were observed in
SHIN-3/LUC-transplanted mice, but these were absent in
SHIN-3/VASH]1-transplanted mice (Fig. 5b,c right), illustrat-
ing that the expression of VASHI1 inhibited the peritoneal dis-

/LUC and SHIN-3/VASHI1 cells are shown in Figure 5(d). All
mice in the SHIN-3/LUC group died within 31 days of trans-
plantation, whereas the SHIN-3/VASHI group survived signif-

semination of SHIN-3 cancer cells.
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icantly longer (n = 4 per group, P < 0.01), showing that the
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expression of VASHI inhibited the peritoneal dissemination of
VEGF-producing ovarian cancer cells, SHIN-3, and prolonged
the survival time of these mice.

The survival curves of mice i.p. transplanted with KOC-2S/
LUC and KOC-2S/VASH]1 are shown in Figure 5(e). All mice
in the KOC-2S/LUC group died from peritoneal dissemination
and ascites within 13 days of transplantation, whereas the
KOC-2S/VASHI1 group survived significantly longer (n =5
per group, P < 0.01), elucidating that the expression of
VASHLI inhibited the peritoneal dissemination of PDGF-produ-
cing ovarian cancer cells, KOC-2S, and prolonged the survival
time of the KOC-2S mice.

Discussion

We investigated the efficacy of VASHI in treating ovarian
cancer by using high VEGF-producing and high PDGF-produ-
cing ovarian cancer cells. Expression of the VEGF-antagonist,
sFlt-1, inhibits the tumor vascularization and growth of high
VEGF-producing ovarian cancer cells, reduces peritoneal dis-
semination and ascites development, and prolongs the survival
time of the host.”” However, in the present study, these effects
were not observed in high PDGF-producing ovarian cancer
cells. In contrast, the expression of VASHI inhibited tumor
vascularization and growth of not only high VEGF-producing
cells, but also high PDGF-producing cells, reduced peritoneal
dissemination and ascites development, and prolonged the sur-
vival time of the host. sFlt-1 specifically inhibits VEGF, simi-
lar to the anti-VEGF mAb bevacizumab, whereas VASHI
inhibits various angiogenic factors in addition to VEGEF,
including FGF and PDGF.®"'® This multitarget inhibition abil-
ity of VASHI1 was reflected in the results of our study.

In previous studies involving ovarian cancer patients, the
levels of angiogenic factors other than VEGF, that is, FGF and
PDGF, were high (79-94% for FGF;'®'? 73-88% for
PDGF?*2Y) demonstrating that various angiogenic factors are
involved in tumor vascularization. Therefore, a treatment target-
ing only a single angiogenic factor would likely be ineffective,
and it may be necessary to simultaneously target many angio-
genic factors for improving patient survival. In this regard,
VASHI1 may be useful in treating ovarian cancer therapy.

With the growing use of anti-VEGF therapy, including the
use of bevacizumab, a newly arisen resistance phenomenon,
termed evasive resistance and seen in tumors following anti-
VEGEF therapy, has been attracting attention.® The acquisition
mechanism of this resistance is speculated to involve the mobi-
lization of bone marrow-derived endothelial precursor cells,
the coverage of tumor vascular endothelial cells by pericytes,
and the increased infiltrating ability of tumor cells, in addition
to the hyg)othesis that angiogenic factors other than VEGF are
induced.® An animal study in which pancreatic cancer was
treated with an anti-VEGF receptor-2 (VEGFR-2) antibody
showed that after the initial vascular regression and tumor size
reduction, tumor vascularization was reinduced, leading to
recommencement of tumor growth. In the same study, when
the mRNA expression in these regrown tumors was analyzed,
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the expression of angiogenic factors other than VEGF, such as
FGF, ephrin, and angiopoietin, was found to be enhanced.*”
In an animal study documenting the treatment of colorectal
cancer, melanoma, and pancreatic cancer by using an anti-
VEGFR-2 antibody, the production of an angiogenic factor,
placenta growth factor (PIGF), was promoted in all tumors
after treatment.*> Furthermore, an increase in serum FGF
levels after VEGFR tyrosine kinase inhibitor treatment was
observed in glioma patients in a clinical study.*” Based on
these findings, it can be inferred that tumors resist treatments
that target a single angiogenic factor by producing other angio-
genic factors, that is, single-target treatments may induce resis-
tance. To prevent the induction of resistance and to develop an
effective treatment, it may be necessary to simultaneously tar-
get many angiogenic factors. With this in mind, researchers
combined an anti-VEGFR-2 antibody with an FGF antagonist,
soluble FGF receptor, or anti-PIGF antibody in an animal
study, and a stronger treatment effect was observed.?**®
Vasohibin-1, which inhibits several angiogenic factors, is also
likely to be a superior alternative to the use of agents inhibit-
ing only VEGF, with regard to overcoming evasive resistance.

Various pro-angiogenesis factors, such as VEGF, generally
contribute to the survival of endothelial cells. However, anti-
angiogenic factors, such as thrombospondins,® generally
cause endothelial cell death and vascular regression. The inhi-
bitory action of VASH1 on angiogenesis has been reported by
various researchers.*'"13?® Tt was recently reported that
VASHI protects endothelial cells from premature senescence
and stress-induced cell death through the induction of superox-
ide dismutase 2 and sirtuin 1.*” Superoxide dismutase 2 plays
a critical role in protecting cells against oxidative stress,*®
and sirtuin 1 is considered to be responsible for the stress
resistance of endothelial cells. Accordingly, VASHI1 has the
unique characteristics of not only inhibiting angiogenesis but
increasing the stress tolerance and survival of endothelial cells
as well.”” We are trying to elucidate the mechanism of these
unique activities of VASHI, including the VASHI receptor
and its signaling pathway.

In the current study, we showed that VASHI inhibited tumor
vascularization and peritoneal dissemination of not only
VEGF-producing, but also PDGF-producing ovarian cancer
cells, and prolonged the survival time of mice in an ovarian
cancer model. These results suggest that treatment with
VASHI represents a novel and very useful therapeutic strategy
for ovarian cancer.
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