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During cancer progression, the angiogenesis that oc-
curs is involved in tumor growth and hematogenous-
distant metastasis, whereas lymphangiogenesis is in-
volved in regional lymph node metastasis, Angiogenesis
is counterregulated by various endogenous inhibitors;
however, little is known about endogenous inhibitors
of lymphangiogenesis. We recently isolated vasohibin1
as an angiogenesis inhibitor intrinsic to the endothe-
lium and further demonstrated its anticancer activity
through angiogenesis inhibition. Here, we examined
the effect of vasohibinl on lymphangiogenesis. Vaso-
hibinl exhibited broad-spectrum antilymphangiogenic
activity in the mouse cornea induced by factors includ-
ing VEGF-A, VEGF-C, FGF2, and PDGF-BB. We then in-
oculated highly lymph node-metastatic cancer cells
into mice and examined the effect of vasohibinl on
lymph node metastasis. Tail-vein injection of adenovi-
rus containing the human vasobibinl gene inhibited
tumor lymphangiogenesis and regional lymph node
metastasis. Moreover, local injection of recombinant
vasohibinl inhibited lymph node metastasis. These re-
sults suggest vasohibin1 to be the first known intrin-
sic factor having broad-spectrum antilymphangio-
genic activity and indicate that it suppresses lymph

1950

node metastasis. (4m J Pathol 2010, 176:1950-1958; DOI:
10.2353/ajpath.2010.090829)

Peripheral lymphatic vessels, which are composed of a
single layer of lymphatic endothelial cells (LECs) without
mural cell coverage, collect fluid lost from blood vessels
and maintain immune responses, lipid uptake, and tissue
homeostasis.' Recently, attention has focused on lym-
phangiogenesis, which is the formation of new lymphatic
vessels, because it has been shown to be related to
lymph node (LN) metastasis of cancers.? Metastasis of
malignant tumors to regional LNs is one of the early signs
of spreading cancer, and it occurs as frequently as he-
matogenous distant metastasis.®

The formation of blood and lymphatic vessels is primarily
controlled by vascular endothelial growth factor (VEGF)
family members.* This family of growth factors consists of 5
members (ie, VEGF-A, VEGF-B, VEGF-C, VEGF-D, and pla-
cental growth factor). There are also 3 types of VEGF re-
ceptor (VEGFR) tyrosine kinases: VEGFR1, VEGFR2, and
VEGFR3. The most important molecule in the VEGF family
that mediates angiogenesis of the formation of new blood
vessels is VEGF-A, and VEGFR2 is the major mediator of
VEGF-A-driven responses in bhlood endothelial cells
(BECs). Alternatively, the most important factors that medi-
ate lymphangiogenesis are VEGF-C and VEGF-D, and
VEGFR3 is the major mediator of VEGF-C- and VEGF-D-
mediated responses in LECs.* In addition, several factors
such as fibroblast growth factor (FGF)2, platele-derived
growth factor BB (PDGF-BB), insulin-like growth factor 1
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(IGF1), and hepatocyte growth factor (HGF) are reported to
induce both angiogenesis and lymphangiogenesis.>®

Angiogenesis is counterbalanced by various endoge-
nous inhibitors.® However, little is known about endoge-
nous inhibitors of lymphangiogenesis. Thrombospondin 1
(TSP1), an angiogenesis inhibitor, does not inhibit lym-
phangiogenesis.'? Endostatin, another angiogenesis inhib-
itor, inhibits lymphangiogenesis and LN metastasis of cer-
tain tumors, but its effect on lymphangiogenesis is mediated
via the down-regulation of VEGF-C in tumor cells.'"12

Recently, while searching for novel and functional
VEGF-A-inducible molecules in endothelial cells (ECs),
we identified an intrinsic inhibitor of angiogenesis in the
vascular endothelium and named it vasohibin (VASH).'®
Thereafter we isolated a homologue of VASH, and so we
designated it as VASH2 and renamed the original VASH
as VASH1." Our subsequent analysis revealed that
VASH1 is expressed in BECs in the termination zone to
halt angiogenesis, whereas VASH2 is expressed in infil-
trating mononuclear cells in the sprouting front to pro-
mote angiogenesis.’™ When applied exogenously,
VASH1 effectively inhibits various kinds of pathological
angiogenesis'® "8 and inhibits tumor growth.'*® Here,
we examined whether VASH1 has any effect on lym-
phangiogenesis, and if so, on LN metastasis of tumors.
Our present study provides evidence that intrinsic factor
VASH1 exhibited broad-spectrum antilymphangiogenic
activity and inhibited LN metastasis.

Materials and Methods

All of the animal studies were reviewed and approved by
the committee for animal study at our institute in accord
with established standards of humane handling of re-
search animals.

Mouse Corneal Micropocket Assay

Mouse corneal micropocket assays were performed as
described previously. ' Briefly, 4-week-old male BALB/c
mice (Charles River Laboratories Japan, Inc., Yokohama,
Japan) were deeply anesthetized, and 0.3 ug of poly-2-
hydroxyethyl methacrylate (HEME) pellets (Sigma, St.
Louis, Mo, USA) containing either vehicle or 160 ng of
VEGF-A (VEGF g, Sigma), 160 ng of VEGF-Cgq1s6ser
(R&D Systems, Inc., Minneapolis, MN), 12.5 ng or 80 ng
of FGF2 (BD Biosciences, San Jose, CA), or 80 ng of
PDGF-BB (R&D Systems, Inc.) was implanted in the cor-
neas. A total of 4 ng of VASH1 protein was added or not
1o the pellets.

Fourteen days after the pellet inoculation, the corneas
were excised, washed in PBS, and fixed in acetone at
4°C for 30 minutes. After three additional washings in
PBS and blocking with 1% BSA in PBS for 1 hour, the
corneas were stained overnight at 4°C with rabbit anti-
mouse lymphatic vessel endothelial receptor 1 (LYVET)
antibody (1:500; Acris Antibodies GmbH, Hiddenhausen,
Germany) and rat anti-mouse CD31 antibody (1:500; Re-
search Diagnostics Inc., Flanders, NJ). On day 2, the cor-
neas were washed, and secondary antibody reactions were
performed by treatment with Alexa Fluor 488-conjugated
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donkey anti-rat 1gG (1:1000; Invitrogen Corp., Carlsbad,
CA) and Alexa Fluor 568-conjugated goat anti-rabbit IgG
(1:1000; Invitrogen Corp.) for 6 hours at 4°C. After a last
washing, the sections were covered with fluorescence
mounting medium (DakoCytomation Inc., Carpinteria, CA).
Double-stained whole-mount sections were observed un-
der a FluoView FV1000 confocal microscope (Olympus
Corp., Tokyo, Japan). Blood vessels were positive for CD31
antigen, and lymphatic vessels were positive for LYVET,
The area covered by blood and lymphatic vessels was
measured by using NIH ImageJ software (v. 1.39u).

Subcutaneous Tumor Xenograft Model

Cells of the human lung cancer cell line NCI-H460-
LNM35 (LNM35, 1.0 x 107 cells) were implanted into the
subcutaneous tissue of the right abdominal wall of female
SCID mice (6 to 8 weeks old, Charles River Laboratories,
Japan). A replication-defective adenovirus vector encod-
ing human vasohibinl (AdVASH1) or p-galactosidase
gene (AdLacZ, 1 x 10° plagque-forming units [pfu]) was
intravenously injected into a tail vein at day 0 and day 14
after the implantation.'” Four weeks after the inoculation
the mice were sacrificed, and tumors, along with some
internal organs such as the trachea and axillary LNs,
were collected. The sizes of axillary LNs were measured,
and sections of the nodes were stained with hematoxylin
and eosin to evaluate tumor metastasis.

Tissues were embedded in optimal cutting temper-
ature (OCT) compound (Sakura Finetechnical, Tokyo,
Japan) to make frozen tissue specimens, and sectioned
at 6 um. Samples were fixed with methanol for 20 minutes
at —20°C, blocked with 1% BSA in PBS for 30 minutes at
room temperature, and stained with anti-mouse LYVE-1
antibody (1:500), anti-mouse CD31 antibody (1:500), or
anti-mouse. F4/80 antibody (1:500; Acris Antibodies
GmbH) at 4°C overnight. This action was followed by
staining with secondary antibodies Alexa fluor 488 don-
key anti-rat IgG (1:1000), Alexa fluor 568 goat anti-rabbit
IgG (1:1000) and TO-PRO-3 iodide (1:1000; Invitrogen
Corp.) for 30 minutes at room temperature. After having
been washed three times with PBS, the sections were
covered with fluorescence mounting medium and observed
under an Olympus FluoView FV1000 confocal microscope.
The vascular lumen was traced, and the vascular luminal
area was analyzed with NIH Imaged software.

Western Blotting of Human VASH1 Protein

Frozen tissues (vena cava, kidney, liver, lung, and heart)
were homogenized and lysed with modified RIPA buffer.
Mouse blood was heparinized and centrifuged to obtain
plasma. Albumin and IgG were depleted from the plasma
with a removal kit according to the manufacturer's proto-
col (Amersham Biosciences Corp., Piscataway, NJ).
Thereafter, Western blot analysis was performed as de-
scribed previously.'* Horseradish peroxidase (HRP)-la-
beled anti-human VASH1 monoclonal antibody (clone
4E12) was used, which recognized human but not murine
VASH1 protein.
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ELISA for VASH1

Peptides corresponding to Gly286-Arg299 (VC1) and
Ala217-Lys229 (VR) of human VASH1 protein were con-
jugated with keyhole limpet hemocyanin. These antigens
were used to immunize A/J mice, and several monoclonal
antibodies were prepared as described previously.’® We
examined various combinations of monoclonal antibod-
ies and found that the combination of VC1-derived clone
12F6 and VR-derived clone 12E7 was ideal for a highly
sensitive and specific ELISA system that could detect
human and mouse VASH1 protein equally. We used 12F6
and 12E7 for plate coating and HRP labeling, respec-
tively. The detailed procedure for the measurement was
described previously.'®

Preparation of Recombinant VASH1 Protein

Human VASHT gene with optimized codons for Es-
chericha coli (E. coli) expression was cloned in pET-32
LIC/Xa (Novagen, Madison, WI). The resultant expression
plasmid encoded VASHT with a sequence of GSNSPLA-
MAISDPNSSSVDKLAAALEHHHHHH at its C terminus. E.

A
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VEGF-A/VASHI

o

Aungiogenesis
stk

Vossels area (xm‘pm-')
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Figure 1. VASIL inhibits angiogenesis and lymphungiogenesis induced by
VEGF-A. A: Pellets containing 160 ng of VEGF-A plus or minus 4 ng of VASTTL
were inoculated into the mouse cormea. Fourteen davs after the inocalation,
the comeas were harvested and immunostained for LYVEL (red) or CD31
(areent. scule bar = 200 um. Experiments were repeated at least 3 times, and
representative data are shown here, B: The area of CD31-positive vessel was
quantified: the means and SDs are shown. VASHI significantly inhibited
angiogenesis and lymphangiogenesis induced by VEGF-A. 1= 5, * P < 0,01,
C: The area occupied by LYVEI-positive vessel was quantified, and the
means and SDs shown, VASH significantly inhibited the lymphangiogenesis

induced by VEGF-A. 1 = 5, ¥P < 0.01.

coli transformants were cultivated at 37°C in TB (2.4 M
yeast extract, 1.2 Mtryptone, 1.25 M K,HPQ,, 0.23 M
KH,PO,, 500 pg/m/ polypropylene glycol #2000, 50
pg/ml ampicillin; pH 7.0) supplied with 4% glycerol, and
the expression was induced by the addition of 1 mmol/L
isopropyl p-D-1-thiogalactopyranoside (ODgs, = 5). After
a 16-hour cultivation, cells were collected and disrupted
in 20 mmol/L sodium phosphate buffer, pH 7.6, contain-
ing 0.5 mol/L NaCl and 1 mmol/L. phenylmethylsulfony!
fluoride in a high-pressure homogenizer. The inclusion
bodies were collected, washed with the same buffer, and
solubilized in 20 mmol/L. sodium phosphate buffer, pH
8.0, containing 0.5 mol/L NaCl, 1 mmol/L phenyimethyl-
sutfonyl fluoride, 5 mmol/L 2-mercaptoethanol, 60 mmol/L
imidazole, and 7 mol/L guanidine-HCI. The soluble frac-
tion was loaded onto a Ni Chelating Sepharose column
(16 mm X 125 mm, GE health care, Carnegie Center, NJ)
equilibrated with the above solubilization buffer except
that the guanidine-HCl was replaced by 8 mol/L. urea and
eluted with the same buffer containing 300 mmol/L. imi-
dazole. VASH1 fusion protein fraction was dialyzed
against 20 mmol/L glycine-HC! buffer, pH 3.5, and di-
gested with coagulation factor Xa (Novagen) for 1 hour at

A

vehicle

o

Angiogenesis C Lymphangiogenesis

sl
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Vessels area (x10'um?)
s
S

vehicle VLGI-C VEGI-C
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vehicle  VEQF-C VEGF-C
VASHI

Figure 2. VASIH inhibits ungiogenesis and lymphangiogenesis induced by
VEGF-C. Az Pellets containing 160 ng of VEGF-C plus or minus 4 ng of VASH
were inoculuted into the mouse comea. Fourteen days alter the inoculation,
corneas were harvested and immunostained for LYVEL or D31 Scale bar =
200 gum. Experiments were repeated at least 3 times. and representative data
are shown here. B: The area of CD31-positive vessel was quantified, and the
means and SDs ure shown, VEGF-C limitedly stimulated angiogenesis, us did
VASHI, though no significant differences were observed. 7= 3, G The areu
ol LYVE I-positive vessels was quantified, und the means and SDs are shown.
VASITL significantly inhibited the lymphangiogenesis induced by VEGF-C.
=S P <001



25°C. The released VASH1 protein was collected, solu-
bilized, and purified with Ni Chelating Sepharose. VASH1
protein was then collected as the insoluble fraction after
dialysis against 20 mmol/L Tris-HCI (pH 8.0), resolubi-
lized in 25 mmol/L sodium phosphate (pH 7.2) containing
4 mol/L urea, loaded onto a Q Sepharose column (16
mm X 140 mm, GE health care), and eluted by linearly
increasing the NaCl concentration to 1 mol/L. Finally, the
VASH1 protein was dialyzed against 20 mmol/L. glycine-
HC! buffer (pH 3.5).

Orthotopic Tumor Xenograft Model

Human breast cancer cell line MDA-MB-231 obtained
from American Type Culture Collection was transfected
with firefly luciferase and geneticin resistance genes, and
stable transfectants (231Luc-1 cells) were selected.
231Luc-1 cells were inoculated into the mammary fat pad of
mice, and spontaneous LN metastatic cells (231LN-Luc-1
cells) were isolated from the axillary LNs and cultured.
231LN-Luc-1 cells (5 x 10°%) in 50 i of 40% Hanks'
balanced salt solution containing 50% Matrige!l (Becton,

A

vehicle

merge
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Dickinson and Company, Frankiin Lakes, NJ) and 10%
VASH1 or human serum albumin (HSA) solution (5 pug
protein/50 ul solution) were inoculated into the abdom-
inal mammary fat pad of female C57BL-17/lcr SCID Jcl
mice (CLEA Japan. Inc., Tokyo, Japan). Six days after
the inoculation, 2.5 g of VASH1 or HSA was locally
injected into the abdominal mammary fat pad every 3
to 4 days. LN metastasis (axillary region) was analyzed
on day 32 by a bioluminescence imaging technique.
Fifty to 60 seconds after the luciferin injection, mice
were placed in the VIS Imaging System (Xenogen,
Alameda, CA) and imaged. LN metastasis was quan-
tified as photons/sec obtained with Living Image® soft-
ware (Xenogen).

Calculations and Statistical Analysis

Data were expressed as the mean plus or minus SD. The
significance of the data were determined by using Stu-
dent t test for the evaluation of angiogenesis, lym-
phangiogenesis, plasma VASH1 concentration, and tu-
mor-related photons, and by performing Fisher exact test

Angiogenesis

é: s

X | p—]
E]

X

E

E
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>

vehicle FGF2 FGF2 FGF2 FGF2
S0ng 8Ong 12.5ng 12.5ng
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L ] | R
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Figure 3. VASHI inhibits angiogenesis and lymphangiogenesis induced by FGF2. A: Pellets containing 80 ng thigh dose) or 12,5 ng dow dose) of FGF2 plus or
minus 4 ng of VASIHL were inoculated into the mouse cornea. Fourteen days after the inoculation, the corneas were harvested and immunostained for LYVEL (red)
or CD31 (green). Scale bar = 200 pm. Experiments were repeated at least 3 times, and representative data are shown here. B: The areas of CD3l-positive vessel
were quantified, and the means and SDs are shown, At the higher dose, FGF2 induced angiogenesis, und VASHT significantly inhibited the angiogenesis induced
by FGF2. 1= 5. 7P < 0.01. At the lower dose. FGF2 did not significantly induce angiogenesis. 17 = 5. C: The areas of LYVE-positive vessel were quantitied.
and the meuns und SDs are shown. At hoth the higher and lower doses, FGF2 induced lymphangiogenesis, and VASHI significantly inhibited the Ivmphangio-

genesis induced by either dose of FGF2. 7 = 5. P < 0.01.
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for the evaluation of lymph node metastasis. Statistical
significance was defined as a P value less than 0.05.

Results

VASH1 Exhibits Broad-Spectrum
Antiangiogenic and Antilymphangiogenic
Activities

Earlier we used human -VASH1 protein in various
mouse models and showed its antiangiogenic activ-
ity.'3-18718 A recent study indicated that the antiangio-
genic effect of mouse VASH1 protein was not distin-
guishable from that of human VASH1 protein in a
mouse model.”® Here we used human VASH1 protein.
VEGF-A strongly induces both angiogenesis and lym-
phangiogenesis in the mouse cornea.?' By immuno-
staining a mouse cornea for CD31 as a marker for
BECs and for LYVE1 as a marker for LECs, we con-
firmed this activity of VEGF-A (Figure 1A), and further
showed that the co-administration of recombinant
VASH1 protein with VEGF-A almost completely blocked
VEGF-A~induced angiogenesis and lymphangiogen-
esis (Figure 1, B and C).

We next applied VEGF-C, a principal stimulator of tym-
phangiogenesis, to the mouse cornea. in agresment with
a previous report,® VEGF-C induced lymphangiogenesis
and also angiogenesis to some extent when administered
alone to mouse corneas, and co-administration of VASH1
with VEGF-C abolished both lymphangiogenesis and
angiogenesis induced by VEGF-C (Figure 2A). Quan-
titative analysis confirmed these effects of VASH1 (Fig-
ure 2, B and C).

We further administered growth factors other than

_ VEGF famnily members that are known to have stimulatory
effects on angiogenesis and lymphangiogenesis. [t is
reported that FGF2 induces both angiogenesis and lym-
phangiogenesis at a higher dose (80 ng per pellet), but
primarily induces lymphangiogenesis at a lower dose
(12.5 ng per pellet).??> We confirmed these differential
effects of FGF-2 and further demonstrated that co-admin-
istration of VASH1 with high-dose FGF2 almost com-
pletely blocked both angiogenesis and lymphangiogen-
esis (Figure 3, A-C). PDGF-BB is reported to induce
intratumoral lymphangiogenesis and to promote lym-
phatic metastasis.® VASH1 inhibited both angiogenesis
and lymphangiogenesis induced by PDGF-BB (Figure 4,
A and B).

Taken together, these results indicate that VASH1
has broad-spectrum antiangiogenic and antilymphangio-
genic activities.

VASHT Inhibits Tumor Lymphangiogenesis and
LN Metastasis

Next, we proceeded to test the effect of VASHT in the
tumor xenograft model. We injected adenovirus vector
encoding the human VASH1 gene (AdVASH1) into a tail
vein of mice. Adenovirus vector encoding the g-galac-
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Figure 4. VASHI inhibits angiogenesis and lymphangiogenesis induced
by PDGF-BB. A: Pellets containing 160 ng of PDGF-BB plus or minus 4 ng
of VASHI were inoculated into the mouse cornea. Fourteen days after the
inoculation, corneas were harvested und immunostained for LYVEL or
CD3L. Scale bar = 200 pm. Experiments were repeated at least three
times, and representative duta are shown here, By The area of CD31-
positive vessel was quantified. and the means and SDs are shown, VASI L
significantly inhibited the angiogenesis induced by PDGF-BB. n = 5.
P < 0.01. The wrea of LYVELI-positive vessel was quantified, with means
and SDs shown. VASHI significantly inhibited the lymphangiogenesis

induced by PDGF-BB. n = 5, P < 0.01.

tosidase gene (AdLacZ) was used as a negative con-
trol. This vector should supply sufficient VASH1 protein
to regulate angiogenesis, as described previously.'”
Indeed, Western blotting for human VASH1 revealed
that human VASHT protein accumulated in various or-
gans 10 days after the viral injection (Figure 5A). Dif-
ferences in molecular size should be attributable to the
FLAG tag in recombinant VASH1 protein for control, '
and posttranslational processing of VASH1 protein in
mice.’® ELISA analysis recognizing both murine and
human VASH1 revealed that the plasma concentration
of VASH1 increased about threefold (Figure 5B).

We then inoculated the flanks of SCID mice with
highly LN-metastatic human non-small cell lung cancer
(LNM35) cells.®®* Adenovirus vectors were injected on
day 0 and day 14, and tumor tissues were collected on
day 28. Tumor angiogenesis was analyzed by immuno-
staining VECs for CD31. Blood vessels were distributed
within the tumor; and, as expected, the blood vessel area
was significantly reduced in the AdVASH1-injected group
{Figure 5C). Tumor lymphangiogenesis was analyzed by
immunostaining for LYVE1. We simultaneously performed
F4/80 immunostaining to distinguish LYVE1-expressing
macrophages as described.?* LYVE1-positive and F4/
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Figure 5. Adenovirus-mediated systemic delivery of VASH L protein inhibits tumor lymphangiogenesis of LNM35 cells. A: AAVASHT or AdLacZ (1 X 107 pfu) was
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80-negative lymphatic vessels were distributed in the
peri-tumoral region (Figure 5D). Quantitative analysis re-
vealed that lymphatic vessels in the peritumoral region
were significantly reduced in area in the AdVASH1-in-
jected group (Figure 5D).

The regional axillary LNs were recovered on day 28.
LN size was measured, and LN metastasis was deter-
mined by histological analysis. VASH1 significantly inhib-
ited LN metastasis, as LN metastasis occurred in 14 of 17
AdbacZ-injected mice, but in only 4 of 16 AdVASH1-
injected mice (Figure 6A). It has been described that
lymphangiogenesis in the regional LNs occurs before LN
metastasis and determines tumor dissemination beyond
the regional [.Ns.?>2® Recovered LNs were therefore
immunostained for CD31 and LYVE1 to analyze angio-
genesis and lymphangiogenesis (Figure 6B). Angio-
genesis was not increased in either metastasis-nega-
tive or metastasis-positive LNs when compared with
LNs isolated from non-tumor-bearing mice (normal
LNs), but was significantly decreased in AdVASH1-
injected mice when compared with the AdLacZ-injected
mice (Figure 6C). In contrast, lymphangiogenesis was sig-

nificantly augmented in the metastasis-negative LNs of
the AdLacZ-injected mice, and was abolished in those
the AdVASH1-injected mice (Figure 6C). These results
suggest that VASH1 inhibited lymphangiogenesis in re-
gional LNs before the establishment of LN metastasis.

We tested whether VASH1 impaired normal vessels
in mice. Tracheal mucosa was immunostained for
CD31 and LYVE1. We did not detect any morphological
changes in blood or lymphatic vessels of mice injected
with AAVASH1 (Figure 7A) Quantitative analysis revealed
that VASH1 did not alter the area of blood or lymphatic
vessels (Figure 7B).

To further show the effect of VASH1 on LN metastasis,
we performed orthotopical inoculation of LN metastatic
human breast cancer (231LN-Luc-1) celis. Moreover, be-
cause of the limitation of the gene therapy approach in
cancers, we applied recombinant VASH1 protein. We
inoculated 231LN-Luc-1 cells into the abdominal mam-
mary fat pad of mice in the presence of recombinant
VASH1 protein. We then injected recombinant VASH1
protein locally, because of the obstacle of using recom-
binant VASH1 protein for systemic administration. There
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was a significant decreased in the bioluminescence in
the VASH1-injected group (Figure 8).

Discussion

VASH1 was originally isolated as a VEGF-A-inducible
angiogenesis inhibitor.’® Here we assessed the effect
of VASH1 on lymphangiogenesis, and explored its
broad-spectrum antiangiogenic and antilymphangio-
genic activities. Our findings are the first demonstra-
tion that a molecule intrinsic to the endothelium exhib-
its such activities.

We first applied VASH1 in combination with VEGF-A to
the mouse cornea. VEGF-A induced both angiogenesis
and lymphangiogenesis, and co-administration of VASH1
abolished those effects of VEGF-A. VEGF-A can induce
iymphangiogenesis by affecting LECs directly or indirec-
tly.22® One means by which VEGF-A indirectly induces
lymphangiogenesis is by mediating angiogenesis, which
increases the local accumulation of inflammatory cells

ignificantly decreased in the metastasis-negative LNs of the AdVAST Linjected mice, whereus the area of
positive LNs of the AdVASITL-injected mice. 17 = 8 (AdLacZ meta+ and AAVASH L meta-), 17 = 4 (normal

and thus the supply of lymphangiogenic factors such as
VEGF-C.2°-*' Because VASH1 inhibited angiogenesis,
VASH1 might exhibit its antilymphangiogenesis activity
via the indirect route. To further clarify the effect of VASH1
on lymphangiogenesis, we replaced VEGF-A with
VEGF-C, a principal and direct lymphangiogenesis stim-
ulator. The result showing that VASH1 inhibited VEGF-C-
stimulated lymphangiogenesis supports the direct anti-
lymphangiogenesis activity of VASH1. Notably, VASH1
inhibited FGF2- and PDGF-BB-induced angiogenesis
and lymphangiogenesis as well. Thus, the inhibitory ef-
fect of VASH1 is not restricted to the phenomena induced
by the VEGF family members. :

We focused our attention on the antilymphangio-
genic activity of VASH1, as tumor lymphangiogenesis
is recognized as a therapeutic target for the prevention
of LN metastasis. We experimentally used an adenovi-
rus vector, and showed that VASH1 delivered by this
means inhibited tumor lymphangiogenesis and LN me-
tastasis in a mouse xenograft model. The injection of
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AdVASH1 via a tail vein caused the synthesis of VASH1
protein in the liver. The accumulation of human VASH1
protein detected in various organs indicates that this
procedure allowed us to supply human VASH1 protein
systemically. The high affinity of VASH1 for heparin
should be the reason for this local accumulation.'®
As expected, AdVASH1 inhibited tumor lymphangio-
genesis and regional LN metastasis. We further tested
lymphatic vessels in the regional LNs, and found that
lymphangiogenesis was significantly augmented in the
metastasis-negative LNs and was inhibited by AdVASH1.
However, lymphangiogenesis was no more augmented in
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the metastasis-positive LNs in the AdLacZ control. We
speculate that this decrease in lymphatic vessels in the
metastasis-positive LNs in the AdlLacZ control might be
atiributable 'to the occupation of LNs by metastatic can-
cer tissues (Figure 6A), as lymphatic vessels are rarely
present within cancer tissues.*?

We previously reported the antitumor effect of
VASH1 to occur through inhibition of angiogene-
sis. '* '® Antiangiogenic therapy is currently being used
clinically to inhibit tumor angiogenesis and tumor
growth by targeting VEGF-A-mediated signaling, but
one of the problems with this treatment is drug resis-
tance.®*34 Cancer cells switch to producing other fac-
tors such as FGF2 to combat the antiangiogenic ther-
apy when they are treated with VEGF-A targeting
monotherapy.?® PDGF-mediated signaling is another
pathway that is activated in cancers.®® Importantly,
FGF2 and PDGF-BB synergistically promote tumor
neovascularization and distant metastasis.*® The fact
that VASH1 exhibited broad-spectrum antiangiogenic
activity, including that against FGF2 and PDGF-BB,
reveals an advantageous characteristic of it. :

It has been reported that the blockade of VEGFR3
signaling inhibits tumor lymphangiogenesis and LN
metastasis.®” Thus, with analogy to the antiangiogen-
esis therapy, VEGFRS signaling is proposed to be an
appropriate target for the inhibition of lymphangiogen-
esis. It is not clear yet whether resistance would occur
when VEGFR3 signaling is blocked.®” Nevertheless,
because FGF2 and PDGF-BB, which are candidates to
cause drug resistance in antiangiogenic therapy, pro-
mote lymphangiogenesis as well, the broad-spectrum
antiangiogenic and antilymphangiogenic activities of
VASH1 are noteworthy.

In summary, our present study shows that the intrin-
sic factor VASH1 has broad-spectrum antiangiogenic
and antilymphangiogenic activities, thus affording it
the potential to inhibit tumor lymphangiogenesis and
LN metastasis. We propose that VASH1 should be
tested further for controlling tumor angiogenesis and
lymphangiogenesis.

VASHI

Figure 8, VASHI inhibits LN metastasis of oitho-
topically inoculated 231TN-Luc-1 cefls. 2310N-
Luc-1 cells (3 X 10" were inocukned into the
abdominal mammary fat pad of mice. Recombi-
nant VASH protein or THISA was applied locally,
Auxiliary EN metastasis was analvzed by the biolu-
minescence imaging technique. LN metastasis on
dav 32 was quantified as photons sec on the left.
=35, P <005 Representative photos on day 32
are shown on the right. The color-bar indicates the
value (photons sec) for metastatic mors.
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Vasohibin-1is a recently identified negative feedback regulator of
angiogenesis induced by VEGF-A and bFGF. In this study, we first
evaluated mRNA expression of vasohibin-1 and CD31 in 39 Japa-
nese female breast carcinoma specimens including 22 invasive duc-
tal carcinoma (IDC) and 17 ductal carcinoma in situ (DCIS) using a
real-time quantitative RT-PCR (QRT-PCR) with LightCycler system.
In addition, we also immunolocalized vasohibin-1 and CD31 and
compared their immunoreactivity to nuclear grades and histologi-
cal grades of 100 carcinoma cases (50 IDC and 50 DCIS). There were
no statistically significant differences of CD31 mRNA expression
and the number of CD31 positive vessels between DCIS and IDC
(P = 0.250 and P = 0.191, respectively), whereas there was a statis-
tically significant difference in vasohibin-1 mRNA expression and
the number of vasohibin-1 positive vessels in DCIS and IDC
(P =0.022 and P <0.001, respectively). There was a significant
positive correlation between vasohibin-1 mRNA level and Ki-67
labeling index in DCIS ( = 0.293, P < 0.001). In addition, vasohi-
bin-1 mRNA expression was correlated with high nuclear and his-
tological grades in DCIS cases and a significant positive correlation
was detected between the number of vasohibin-1 positive vessels
and Ki-67 labeling index or nuclear grade or Van Nuys classifica-
tion of carcinoma cells (P < 0.001, respectively). These results all
indicate the possible correlation between aggressive biological
features in DCIS including increased tumor cell proliferation and
the status of neovascularization determined by vasohibin-1 immu-
noreactivity. (Cancer Sci 2010; 101: 1051-1058)

B reast cancer is one of the most common malignancies in
woman worldwide and its morbidity has recently
increased.!"” Numerous factors have been reported to be associ-
ated with development of breast cancer including angiogenesis.
Angiogenesis or the formation of new blood vessel networks not
only plays a pivotal role in human normal development, but also
in patholo%icz\l conditions such as inflammatory diseases and
neoplasms.””’ A switch to the actively angiogenic phenotype is
in general considered to be dependent upon an in situ balance
between stimulatory and inhibitory factors of angiogenesis.'™"
Therefore, numerous studies have been reported on the mecha-
nisms of control or regulation of angiogenesis since the discov-
ery of endothelium-specific proangiogenic factors, namely
vascular endothelial growth factor (VEGF) and angiopoietin
family proteins.” In addition, other molecules involved in this
process of angiogenesis, including pigment epithelium derived
factor (PEDF), platelet factor 4, angiostantin and endostatin,
have been proposed as angiogenesis inhibitors.>™

Vasohibin-1 has been very recently identified as one of the
first established negative feedback regulators of angiogenesis,
from an extensive microarray analysis originally designed to
identify genes ug;regulaled by VEGF in cultured vascular endo-

thelial cells."**® Vasohibin-1 was subsequently demonstrated

doi: 10.1111/j.1349-7006.2009.01483.x
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to be specifically expressed in ECs and its expression increased
in response to angiogenic stimulators such as VEGF and basic
fibroblastic growth factor (bFGF).*® Vasohibin-1 is also abun-
dantly present in human placenta and fetus,”*>” in which angio-
genic events markedly occur in vivo, but controversies exist as
to whether this is the cases in all these tissues. Vasohibin-1
inhibits growth, migration, and network formation of endothelial
cells and works in an autocrine manner as negative feedback
regulators for angiogenesis.® Signals mediated by VEGF-A,
one of the known VEGF family members. are transduced via
VEGEF receptor 2 (Flk-l),‘g’ and protein kinase C 6 (PKC8), one
of the factors located in important downstream of intrasignaling
pathway of Flk-1. These intracellular signals also markedly
induced vasohibin-1 expression‘™ but the status of vasohibin-1
in human malignancies has not necessaril){ been examined in
detail with an exception of a few studies.'*""

We previously reported immunolocalization of vasohibin-1 in
human breast disorders including carcinoma in order to examine
whether this factor is expressed in endothelial cells or not in
human breast tissues.''"” Vasohibin-1 immunodensity obtained
by employing histomorphometry was significantly higher in
invasive ductal carcinoma (IDC) than in ductal carcinoma in situ
(DCI1S)"'" and results of double immunostaining analysis further
demonstrated that the Ki-67 labeling index among vasohibin- |
positive endothelial cells was significantly higher than that in all
CD31 positive endothelial cells."'"” These results all indicated
that vasohibin-1 is considered a more appropriate biomarker
for intratumoral ncovascularization compared to frequently
employed CD31, and also demonstrated that the anti-angiogenic
compensatory mechanisms may also work in invasive breast car-
cinoma, possibly in response to an induction of angiogenesis by
various factors associated with the process of carcinoma inva-
sion into the surrounding stromal tissue.*"” In addition, an eval-
uation of the number of vasohibin-1 positive vessels in human
breast carcinoma turned out one of the prognostic markers for
metastasis and prognosis of the patients with IDC.4'"

mRNA expression of this important regulator of angiogenesis,
vasohibin-1, has, however, not been evaluated in any of the
human malignancies. In addition, the status of vasohibin-1 has
not been well-characterized in non-invasive human tumors.
DCIS is by definition not associated with stromal invasion but
its biological potentials of invasion have been always in dis-
pute."'¥' DCIS is also classified into several types based on its
potential to recur or develop into invasive carcinoma.' The
correlation between these phenotypes and the status of neovas-
cularization of each cases, however, has been little examined in
DCIS. Therefore, in this study, we first evaluated mRNA expres-
sion of both CD3l and vasohibin-1 in both invasive and
non-invasive breast carcinomas. using the LightCycler system
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leclmology‘”‘]i’ and then studied the correlation between the

status of neovascularization and histological phenotypes of
DCIS.

Materials and Methods

Breast tissue specimens. We retrieved 100 Japanese female
cases of breast tissue (50 IDC and 50 DCIS) which had been
operated in 2007 and 2008 at Department of Breast and Endo-
crine Surgery, Tohoku University Hospital and Department of
Surgery, Tohoku Kosai Hospital. both located in Sendai. Japan.
We received informed consents from the patients and the proto-
col for this study was approved by the Ethics Committee at
Tohoku University Graduated School of Medicine and Tohoku
Kosai Hospital (2008-472). After surgical resection of the
primary tumors and gross inspection by a pathologist, all the
cases had been fixed in 10% buffered formalin and embedded in
paraffin, or a representative portion of the tumors of 39 cases
(22 1IDC and 17 DCIS) were immediately snap-frozen and stored
in liquid nitrogen and stored at —80°C until use. Of the remain-
ing 100 patients, 50 were diagnosed histopathologically as IDC
and 50 as DCIS.

Real-time QRT-PCR for vasohibin-1. Thirty-nine cases of fro-
zen sections were stained with H&E for confirmation of the
presence of carcinoma cells in the specimens examined. Total
RNA was extracted from primary tumors using the TRIzol
reagent (Invitrogen Corpolation, Carlsbag, CA., USA), and the

Table 1. Clinicopathological features of the cases examined
A B
Histologic type
1BC S0 22
Dals 50 17
Nuclear grade
1DC
Grade 1 5 2
Grade 2 22 12
Grade 3 23 8
pas
Grade 1 16 1
Grade 2 27 12
Grade 3 7 4
Histological grade
Nottingham histological grade
Grade 1 18 6
Grade 2 27 10
Grade 3 5 6
Van Nuys classification
Group 1 24 8
Group 2 18 5
Group 3 8 4

A, 10% formalin fixed and paraffin embedded specimens. B, frozen
sections.

Table 2. Primer sequences used in real-time PCR in this study

Transcriptor First standard ¢cDNA Synthesis Kit (Roche Diag-
nostics GmbH, Mannheim, Germany) was used in the synthesis
of ¢cDNA. Real-time quantitative RT-PCR was performed on the
LightCycler System (Roche Diagnostics GmbH) and the Fast
Start DNA Master SYBR Greenl (Roche Diagnostics GmbH).
Characteristics of the primer sequences used in this study were
summarized in Table 1.°%'%"7" Settings for the PCR thermal
profile were as follows: initial denaturation at 95°C for 10 min,
followed by 40 amplification cycles of 95°C for 10 s. annealing
at 62°C (vasohibin-1), 62°C (CD31) and 62°C (ribosomal pro-
tein L 13a [RPLI13A]) for 10 s, respectively, and elongation at
72°C for 12 s. The ¢cDNA of known concentrations for target
genes and the housekeeping gene, RPL13A, were used to gener-
ate standard curves for quantitative PCR in order to determine
the quantity of target ¢cDNA transcripts. Quantitative normaliza-
tion of each target genes in each tissue sample was performed
using the -expression of RPLI3A mRNA as an internal control
and evaluated as a ratio compared with the average expression
ratio of CD31 and vasohibin-1 in DCIS cases (the averages of
CD31/RPL13A and vasohibin-1/RPLI13A in DCIS cases),
respectively.!® PCR was set up at 2 mm Mgcl2, (Vasohi-
bin,CD31), 3 mm (RPLI13A) and 10 pmol/uL of each primer.
The information of primers used in this study is summarized in
Table 2.

Immunohistochemistry. We performed immunohistochemical
staining for vasohibin-1, CD31 and Ki-67 for all cases. The
specimens had been fixed in 10% formalin, embedded in paraf-
fin, cut into 4 pum thick sections and placed on the glue-coated
glass slides. Sections were deparafinized in xylene, and hydrated
with graded alcohols and distilled water. Endogenous peroxidase
activity was blocked by 3% hydrogen peroxidase for 10 min at
room temperature. Antigen retrieval was performed using Auto-
clave in 10 mmol EDTA (pH 8) for vasohibin-1 and in citrate
buffer for CD31 and Ki-67, heated at 121°C for 5 min. Sections
were subsequently incubated for 30 min at room temperature
(RT) in a blocking solution of [0% rabbit serum (Nichirei Bio-
sciences, Tokyo, Japan), and then immunostained for over night
at 4°C with primary antibodies. The primary antibodies of vaso-
hibin-1,- CD31 and Ki-67 were mouse monoclonal antibodies,
and were used as.follows: anti-human vasohibin-1 monoclonal
antibody'® diluted at 1:3200, anti-CD31 (Dako, Copenhagen,
Denmark) diluted at 1:400 and Ki-67 (Dako) diluted at 1:300.
Anti-human vasohibin-1 monoclonal antibody (mAb) was raised
against the synthetic fragment (Gly286-Arg299) of human vaso-
hibin-1 as described by Watanabe et al.” The specificity and
sensitivity of this mAb was confirmed by both Western blotting
and immunohistochemical analysis.””’ For vasohibin-1, CD31
and Ki-67 immunohistochemistry, secondary antibody reactions
were performed using biotinyted rabbit anti-mouse antibody
(Nichirei Bioscience) was used according to the manufacture’s
instructions. Reacted sections were visualized using 3.3’-
Diaminobezidine (DAB)/30% H.0,. in 0.05 mol/L Tris
buffer (pH 7.6) and couterstained with hematoxylin for nuclear
stain.

immunohistochemical analysis. Two of the authors indepen- -
dently evaluated immunoreactivity. They were blinded to the

Gene (accession no.) Primer for PCR Size (bp) Reference

CD31 (NM000442) Forward: GATGTCAGAAACCATGCAA 199
Reverse: AGCCTTCCGTTCTAGAGTATC .

Vasohibin-1 (KIAA1036) Forward: AGATCCCCATACCGAGTGTG 167 Watanabe et al.?
Reverse: GGGCCTCTITGGTCATTTCC

RPL13A (NMOQ12423) Forward: CCTGGAGGAGAAGAGGAAAAG 125 Vandesompele et al.“?

Reverse: TTGAGGACCTCTGTGTATTT
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clinical course of the patients and the average of numbers
counted by two investigators was used for subsequent analysis.
Olympus BX 50 (Olympus, Tokyo, Japan) and 20x "objective
were used for the analysis. The number of microvessels was
counted within the tumor of IDC, whereas in DCIS, the number
of vessels in the stroma among intradutal components was eval-
uated. Microvessels were identified based on the architecture,
lumen lined by endothelial cells, complemented by positivity of
the endothelial cells with anti-CD31 after scanning the i immuno-
staining seclion at low magnification (x40 and x100).*'**' The
areas with greatest number of distinctly highlighted microves-
sels were selected, and counted at one high power (x200).%"*"
Any immunostained endothelial cells or clusters separated from
adjacent vessels were counted as a single microvessels, even in
the absence of vessel lumen. Each single count is defined as the
highest number of microvessels identified at the *‘hot spot’’. Va-
sohibin-1 positive signals were counted in ‘‘hot spot’” in which
the | ghest number of anti-CD31 positive vessels was identi-

fied"" An evaluation of Ki-67 immunoreactivity was per-
formed at high power field (x400) and used as a marker of cell
proliferation. More than 500 tumor cells from each of three dif-
ferent representative fields were evaluated and the labeling
index was subsequently obtained.

Statistical analysis. Statistical analysis, such as the One-factor
anova and Simple regression analysis, were performed using
StatMate 111 for Windows v3.18 (ATMS Co. Ltd. Tokyo, Japan).
The results were considered significant when the P-value were
<0.05.

Restilts

CD31 and vasohibin-1 mRNA in breast cancers. We first exam-
ined mRNA expression of CD31 and vasohibin-1 in both IDC
and DCIS. The mRNA expression of CD31 evaluated by Light
Cycler ranged from 0.03 to 2.57 (median: 0.68, average: 0.86)
in all the cases examined, from 0.03 to 2.32 (median: 0.84, aver-
age: 1.00) in DCIS cases, and from 0.04 to 2.57 (median: 0.61,
average: 0.74) in IDC cases. There were no statistically signifi-
cant differences of CD31 mRNA between DCIS and IDC cases
(P =0.250) (Fig. 1A). The mRNA expression of vasohibin-1
evaluated by Light Cycler ranged from 0.003 to 4.29 (median:

1.00, average: 1.44) in all the cases examined, from 0.003 to
(A)
2 2
B
84
£
o1
3
g os
=
8 o
Allcases
(€
354
Fig. 1. The summary of analysis of mRNA 307
expression of CD31 and vasohibin-1 in breast ‘E. 25
cancers and the number of CD31 and vasohibin-1 L
positive vessels. (A) represents CD31 mRNA g
expression ratio or level in all the cases, DCIS and g 15
iDC. (B) represents vasohibin-1 mRNA expression 2 0
ratio or level in all the cases examined, DCIS and 8
IDC. (Q) represents CD31 positive vessels in all cases, 5
DCIS and IDC. (D) represents vasohibin-1 positive o
vessels in all cases, DCIS and I1DC. All cases
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3.28 (median: 0.68, average: 1.00) in DCIS cases, and from 0.44
to 4.28 (median: 1.71, average: 1.78) in IDC cases. There was a
statistically significant difference of vasohibin-1 expression
between [DC and DCIS (P = 0.022) (Fig. 1B).

CD31 and vasohibin-1 immunohistochemistry. The representa-
tive findings for HE, CD3[ and vasohibin-1 are illustrated in
Figure 2. The average number of microvessels detected by
CD31 was 22.9 + 8.5 in all cases. 21.8 + 8.8 in DCIS and
24.0 = 8.0 in IDC, respectively. No statistically significant dif-
ferences were detected between DCIS and IDC in CD31 immu-
noreactivity (P = 0.191). Vasohibin-1 positive microvessels in
“hot spot” were 15.97 + 8.9 in all cases, 12.4 + 9.0 in DCIS
and 19.5 £ 7.3 in IDC, respectively. There was a statistically
significant difference of the number of vasohibin-1 positive
microvessels between DCIS and IDC (P < 0.001).

Concordance between mRNA expression and immunoreactivity
of CD31 and vasohibin-1. A statistically significant positive cor-
relation was detected between mRNA expression and immuno-
histochemical status in CD31 and vasohibin-1 in our present
study (P < 0.001, respectively).

Correlation between CD31 or vasohibin-1 mRNA and Ki-67
labeling in carcinoma cells. No significant correlations were
detected between the mRNA explession level of CD31 and
Ki-67 labeling index of carcinoma cells in all lhe cases
(* = 0015, P =0.453) (Fig. 3A). in DCIS (* =0.110,
P =0.194) (Fig. 3B) and in IDC (= 0.048, P =0.329)
(Fig. 3C), respectively. However, a statistically significant posi-
tive correlation was detected between the mRNA expression
level of vasohibin-1 and Ki-67 labeling index of carcinoma cells
m all cases (/ =(.293, P <0.001) (Fig. 3D) and in DCIS
(" = 0.466, P = 0.002) (Flg 3E). In addition, a positive corre-
lation was also detected in IDC but the correlation did not reach
statistical significance (/% = 0.149, P = 0.08) (Fig. 3F).

Correlation between CD31 or vasohibin-1 positive vessels and
Ki-67 labeling in carcinoma cell. No significant correlations were
detected between the CD31 positive vessels and Ki-67 labeling
index of carcinoma cells in all the cases (* =0.022, P=0. 144)
(Fig. 4A) in DCIS (+* =0.062. P = 0.079) (Fig. 4B) and in
IDC (+* = 0.001, P = 0.801) (Fig. 4C), respectively. However, a
statistically significant positive correlation was detected between
the vasohibin-1 pomlve vessels and Ki-67 labeling index of
carcinoma cells in all cases (= 0.300. P < 0.001) (Fig. 4Dy,

P=0.250

]
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[ Fig. 2. Representative illustrations of histological
oo and immunohistochemical findings of breast
i carcinoma cases examined. Original magnification is
x200. {A) corresponded to DCIS and (B) to IDC.
These cases were stained positively for both CD31

in. DCIS (°=0521, P<0001) (Fig. 4E) and in IDC
(r2 = (.278, P £ 0.001) (Fig. 4F), respectively.

Correlation between vasohibin-1 mRNA expression and nuclear
grade of carcinoma cells. The mRNA expression level of vaso-
hibin-{ ranged from 0.47 to 0.81 (median: 0.55, average: 0.61)
in NG (nuclear grade) 1 carcinoma cases, from 0.003 to 4.29
(median: 0.94, average: 1.14) in NG2 carcinoma cases and from
0.44 to 3.54 (median: 2.15, average: 2.24) in NG3 cases. There
were statistically significant differences of vasohibin-1 mRNA
levels between NG1 and NG3 (P = 0.003), and NG2 and NG3
(P =0.01), whereas no significant differences were detected
between NG and NG2 (P = 0.374) in all cases (Fig. 5A).In
DCIS, a significant difference was detected between NG2
(ranged from 0.003 to 1.27, median: 0.55, average: 0.54) and
NG3 (ranged from 1.34 to 3.28, median: 2.15, average: 2.50) in
DCIS (P < 0.001) (Fig. 5B). whereas there were no statistically
significant differences between NG2 (ranged from 0.49 to 4.29,
median: 1.15, average: 1.75) and NG3 (ranged from 0.44 to
3.54, median: 2.03, average: 2.11) in IDC (P = 0.444) (Fig. 5C).

Correlation between the number of vasohibin-1 positive
vessels and nuclear grade of carcinoma cells. The number of
vasohibin-1 positive vessels was 8.0 = 9.6 in NGI, 164 = 6.9
in NG2 and 209 = 7.5 in NG3 in all DCIS cases examined,
respectively (Fig. 5D). There were significant differences among
the different nuclear grades of all the cases examined
(P <£0.001 between NGI and the other grades, P =0.003
between NG2 and NG3, respectively). The number of vasohi-
bin-1 positive vessels was significantly different among DCIS
cases with different nuclear grades (3.7 £2.7 in NGI,
138 £ 6.1 in NG2 and 27.3 £4.3 in NG3 in DCIS cases,
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respectively, P < 0.001) (Fig. 5E). In addition, the number of
vasohibin positive vessels in IDC cases with different nuclear
grades was 18.0x 7.0 in NGI, 27.1 £7.7 in NG2 and
21.6 £ 6.2 in NG3 in IDC cases, respectively (Fig. 5F). Statisti-
cally significant differences were not detected among these
cases of IDC (P = 0.559 between NGI and NG2, P = (.746
between NG2 and NG3, P = 0.469 between NG1 and NG3).

Correlation between vasohibin-1 mRNA and Van Nuys
classification for DCIS, and Nottingham histological grade for
IDC. In DCIS cases, the mRNA expression levels of vasohibin-
1 ranged from 0.06 to 1.13 (median: 0.48, average: 0.52)
in Group 1, from 0.003 to 1.27 (median: 0.55, average: 0.57) in
Group 2 and from 1.34 to 3.28 (median: 2.15, average: 2.50) in
Group 3 of Van Nuys Classification. There were statistically sig-
nificant differences between Group 1 and Group 3 (P < 0.001),
and Group 2 and Group 3 (P = 0.005), respectively. No statisti-
cally significant differences were detected between Group 1 and
Group 2 (P =0.832) (Fig. 6A). In IDC cases, the mRNA
expression level of vasohibin-1 ranged from 0.55 to 2.52 (med-
ian: 1.00, average: 1.32) in HG (histological grade) 1, from 0.44
to 4.29 (median: 1.11, average: 1.58) in HG2 and from 1.58 to
3.54 (median: 2.40, average: 2.44) in HG3. A statistical signifi-
cance was identified only between HG1 and HG3 cases of IDC
(P =0.03). No significant differences were detected between
HG1 and HG2 (P = 0.692), and HG2 and HG3 (P = 0.154) IDC
cases, respectively (Fig. 6B).

Correlation between vasohibin-1 positive vessels and Van
Nuys classification for DCIS, and Nottingham hisotological grade
for IDC. In DCIS cases, the number of vasohibin-1 positive ves-
sels was 7.5+ 5.6 in Group I, 13.1 £ 7.8 in Group 2 and

Fig. 3. (A), (B) and (C) represent the results of the
correlation between Ki-67 labeling index and CD31
mRNA expression ratio or level. (A) represents all
the cases, {B) DCIS and {C) IDC. (D), {E) and {F)
represent the results of the correlation between Ki-
67 labeling index and vasohibin-1 mRNA expression
e level or ratio. (D) all cases, (E) DCIS and (F) IDC.
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Fig. 4. {A), (B) and (C) represent the results of the ‘-;
correlation between Ki-67 labeling index and CD31 3
positive vessels. (A) represents all the cases, (B) DTS ;
and (C) IDC. (D), (E} and (F) represent the 3

correlation between Ki-67 labeling index and
vasohibin-1 positive vessels. (D) all cases, (E) DCIS
and {F) IDC.

26.0 £ 5.0 in Group 3 of Van Nuys classification, respectively
(Fig. 6C). Statistically significant differences were also detected
among the different groups according to Van Nuys classifica-
tion, respectively (P < 0.001 between Group 3 and the other
groups, P = 0.009 between Group | and Group 2). In IDC cases,
the number of vasohibin-1 positive vessels was 18.0 £ 7.0 in
HG1, 20.1 £ 7.7 in HG2 and 21.6 + 6.2 in HG3. No significant
differences were detected among the different grades of IDC
cases. respectively (P = 0.357 between HGIl and HG2,
P = 0.688 between HG2 and HG3, P = 0.310 between HGI and
HG3) (Fig. 6D).

Discussion

Angiogenesis, the formation of new blood vessels from the
existing vascular network, represents a complex multi-step pro-
cess involving extracellular matrix remodeling, endothelial cell
migration and proliferation, capillary differentiation and anasto-
mosis. Angiogenesis is a pivotal event in various biological pro-
cesses in both physiological and pathological settings.
Physiological conditions include embryonic development, repro-
duction, and wound healing; whereas pathologic conditions
include cancers, proliferative retinopathy, and rheumatoid arthri-
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tis. In situ balance between angiogenesis stimulators such as
VEGF and bFGF and inhibitors such as thrombospondin-1-
(TSP-1) and pigment epithelium derived factor (PEDF) is gener-
ally considered to regulate the process of angiogenesis.” Previ-
ous studies demonstrated that vasohibin-1 expression is induced
in endothelial cells after stimulation with VEGF-A or bFGF and
that thesc factors also stimulate proliferation and migration of
endothelial cells.***® The endothelium-derived negative feed-
back regulators of angiogenesis have not been elucidated until
the discovery or identification of vaohibin-1. Therefore, vasohi-
bin-1 is the first secretﬂ?’ anti-angiogenic factor from endothe-
lial cells themselves.**+5

Results of our previous study'' ' was the first to examine the
status of vasohbin-1 in human breast diseases in which angio-
genesis also plays important roles. In particular, results of double
immunostaining analysis demonstrated the significant positive
correlation between Ki-67 positive proliferating vascular endo-
thelial cells, which may represent neovascular formation'®**"
and vasohibin-1 positive endothelial cells. ' The Ki-67 labeling
index among vasohibin-1 positive endothelial cells was signifi-
cantly higher than that in all CD31 positive endothelial cells.”*"
These results all indicated that vasohibin-1 is considered a more
appropriate biomarker for neovascularization compared to

i

Fig. 5. (A), (B) and (C) represent summary of
results of the correlation between vasohibin-1
mRNA expression level or ratio and nuclear grade,
(A) all the cases, (B) DCIS and (C) IDC. (D), (E) and
(F) represent summary of results of the correlation
between vasohibin-1 positive vessels and nuclear
grade. {D) all cases, (E) DCUIS and (F) IDC.

Tamaki et al.

(A) A=0.003
.:, 35 F=03741 puont
F]
75
E
i 1.4
i
1o —Ll
P
; NGY NG? L)
AY (mey
(D) £20.001

Varohiim-T.poct i Wik

wG)

(8

Vanah bun 1 mENA sxprecios matn

Vaunhibie 1 positive sesis b

£<0.00¢ (C)
X
%
. !
H
E 15
I
s
&
- 1
g é a5
H
: i
%532 L)
Loy
P<0.001 (F)

Vaiohitrined pos Xine veyes

Cancer Sci | April 2010 |

Pr0444

it®

PeD.459

, P=0A659i P=0.74&l

vol. 101

| no.4 |

1055

© 2010 Japanese Cancer Association
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Fig. 6. (A) and (B) represent the analysis of
correlation between vasohibin-1 mRNA expression
ratio and histological grade. (A) with Van Nuys
classification for DCIS and (B) with Nottingham
histologica! grades for IDC. (C) and (D) represent
the analysis of correlation between vasohibin-1
positive vessels and histological grade. (C) with Van
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CD31, which may detect all the vasculature including both rest-
ing and proliferating endothelial cells.''"” However it is known
that vasohibin-1 is inhibitor for neovascularization, the high va-
sohibin-1 expression is related with high neovascularization and
worse prognostic factors. It is all suggest that the effect of angio-
genesis is higher than the anti-angiogenic effect of vasohibin-1
in high grade malignant cases.

To the best of our knowledge, this is the first reported study
evaluating vasohibin-1 gene expression in human malignancies.
Results of our present study demonstrated that mRNA expres-
sion of vasohibin-1 tended to be higher in IDC than DCIS, but
no differences of CD31 mRNA were detected between these
invasive and non-invasive lesions. These findings also indicated
that the anti-angiogenic compensatory mechanism through
in sitn production of vasohibin-1 may play important roles in
invasive breast carcinoma, possibly in response to an induction
of angiogenesis by various factors related to carcinoma invasion
into the surrounding stroma.

DCIS constitutes a spectrum of non-invasive proliferative epi-
thelial lesions with a predilection for the terminal duct-lobular
units of the breast.® DCIS is in general considered a precursor
of IDC and is defined as a lesion in which carcinoma cells do
not usually grow beyond the basal membrane of the mammary
duct.*® Many factors including nuclear grade, adhesion, tumor
cell proliferation, and neovascularizasion have been proposed to
be associated with the process of carcinoma cell invasion in
breast stroma or development from DCIS to IDC."'>" For
instance, Kerilkowske et al. demonstrated that nuclear grade is
the best indicator of recurrence and progression to invasive car-
cinoma in DCIS cases.!'? Lightfoot ef al. also demonstrated that
the expression of focal adhesion kinase (FAK) was associated
with tumor cell invasion in the progression of DCIS.?” In addi-
tion, Shen er al. reported that tumor cells in DCIS are required
not only to increase their proliferative capacity but also to
escape program cell deggh C.ontrol~ for development to invasive
carcinoma.”””" The proliferation of small subsets of tumor cells
is initially limited by the distance from basement membrane
when invasion occurs in DCIS.®"” The presence of an increased
vascular density suggestive of neovascularization around DCIS
has been reported in a number of reported studies.***'3% In
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Nuys classification for DCIS cases and (D) with
Nottingham histological grades for IDC cases,

addition, the possible association between higher vascularity
and increased incidence of stromal invasion or recurrence has
been also proposed in the cases with DCIS.**” Results of these
reported studies all indicated that a putative angiogenic switch
or alteration in DCIS may contribute to the transformation from
in situ to invasive carcinoma. In addition, results of previous
studies demonstrated that different expression patterns of angio-
genesis factors in low-grade as opposed to high-grade DCIS is
consistent with the concept that characteristic pathways exist in
an evolution from DCIS to invasive breast cancer.***V

This is the first study to examine the vasohibin-1 expression
in DCIS, in detail. Our previous study demonstrated that the
cases with a higher number of vasohibin-1 positive vessels
tended to be associated with better and statistically significant
OS and DFS in invasive breast cancer. In addition, we also
reported that vasohibin-1 immunodensity was significantly
higher in IDC than in DCIS. We therefore considered vasohibin-
| as a more appropriate biomarker for intratumoral neovascular-
ization than CD31. These results also suggested that vasohibin-1
may be induced in the spectrum of of the stromal or host reac-
tion to carcinoma cells infiltration into stroma. Angiogenesis in
invasive breast cancer has been well documented but relatively
fewer studies have examined the possible roles of angiogenesis
in pre-invasive ductal diseases or in what stages the angiogenic
switches may_occur during the process of breast carcinoma
development.* Results of several previous studies demon-
strated that the significant increment in the percentage of MVD
was detected in high grade in siru breast carcinoma, 3539 1
addition, higher histological and nuclear grades in DCIS cases
were also reported to be significantly associated with higher
microvessel counts, and subsequently higher potential of
invasive transformation.">”

Results of our present study did demonstrate high vasohibin-1
expression in a number of DCIS cases. A significant positive
correlation was detected between the vasohibin-1 expression
and Ki-67 labeling index of carcinoma cells in DCIS. In addi-
tion, a relatively higher level of vasohibin-1 expression was
detected in DCIS cases associated with high nuclear and histo-
logical grades than those with low nuclear and histological
grades. Pure DCIS without any foci of stromal invasion does not

doi: 10.1111/j.1349-7006.2009.01483.x
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generally have the potential to metastasize.™” Therefore. the
particular clinical importance of DCIS is the risk of developing
into invasive carcinoma.”™"” Results of our present study demon-
strated that increased vasohibin-1 expression was associated
with both increased cell proliferation of carcinoma cells and
higher nuclear and histological grades. Therefore, these results
clearly indicated that vasohibin-1 expression level in DCIS
could become one of the appropriate biomarker of the potential
of subsequent stromal invasion of carcinoma cells but further
studies including those examining DCIS cases with known clini-
cal outcome are required for clarification.

It has been clearly demonstrated that cancer development
requires neovascularization.™” Angiogenic pathway is also
well-known to become more numerous and redundant as breast
cancer progresses as in other human malignancies."® There-
fore, an inhibition of a single factor or pathway may not neces-
sarily result in sustained clinical therapeutic efficacy in the
patients with previously treated, highly refractory diseases.
Recently, newer targeted therapies toward the control of tumor
neovascularization such as anti-VEGF therapy have been devel-
oped in_phase II and I clinical trials of breast cancer
patients.** ' These agents generally demonstrated the clinical
effects such as reduction of neoplastic angiogenesis and inhibi-
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tion of solid tumors Proliferalion, either alone or in combination
with chemotherapy.*” =% The most important factor in the
development of these therapies is obviously a detailed investiga-
tion of angiogenic mechanism. with an emphasis on studying
biological features of newly formed vessels, Results of our pres-
ent study as well as of previous studies™*!'™ suudied angio-
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genesis agent to administer adequately to control tumor angio-
genesis.
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We previously reported that puromycin-insensitive leucyl-specific
aminopeptidase (PILSAP) is required for vascular endothelial
growth factor (VEGF)- and basic fibroblast growth factor (bFGF)-
induced angiogenesis and for endothelial differentiation from
embryonic stem (ES) cells via the aminopeptidase activity of PIL-
SAP. In this study, we searched for molecules that function during
angiogenesis with PILSAP. We performed proteome analysis of
nuclear extracts from embryoid bodies (EBs) made from ES cells
transfected with mutant PILSAP lacking aminopeptidase activity
and mock EBs. We identified pigpen, a 67-kDa nuclear coiled body
component protein. Immunoprecipitation and western blotting
demonstrated the binding of PILSAP and pigpen in endothelial
cells (ECs), and this interaction was enhanced by VEGF and bFGF.
Pigpen was reported to be expressed in actively growing ECs such
as those in embryos and tumors. However, whether Pigpen is
involved in angiogenesis is not known. Therefore, we examined
the effect of pigpen on angiogenesis by silencing pigpen with
siRNA (siPigpen). Compared with scrambled RNA (scrPigpen),
transfection of siPigpen into mouse ECs inhibited proliferation,
migration, and network formation. These results were confirmed
with other two siRNAs. Moreover, siPigpen suppressed bFGF-
induced angiogenesis in a Matrigel plug assay, and injection of
siPigpen into Lewis lung carcinoma cell tumors implanted subcuta-
neously into 5-week-old C57/BL male mice prevented tumor
growth and tumor angiogenesis. These data indicate that Pigpen
is involved in angiogenesis and that pigpen may be a target for
blocking tumor angiogenesis. (Cancer Sci 2010)

N ew blood vessel formation or angiogenesis is clinically
classified into two types, physiological and pathological
angiogenesis. Pathological angiogenesis is indispensable for
tumor growth and metastasis.'’ To induce angiogenesis, tumors
secrete various growth factors and proteolytic enzymes that
stimulate endothelial cells (ECs), mobilize endothelial progeni-
tor cells (EPCs) from bone marrow, and degrade the extracellu-
lar matrix (ECM) including the basement membrane.'”
Therefore, anti-angiogenic drugs have been developed to inhibit
tumor angiogenesis by targeting ECs. Some angiogenesis inhibi-
tors have been approved for use in progressive or metastatic
tumors in combination with chemotherapy. Angiogenesis can be
inhibited by blocking angiogenesis factors or their receptors,
blocking signaling pathways, or by mimetics or derivatives of
endogenous angiogenesis inhibitors. Currently, the most promis-
ing target is vascular endothelial growth factor (VEGF). The
importance of VEGF has been further demonstrated by the
observation that VEGF haploinsufficiency in mice is embryoni-
cally lethal due to a defect in blood vessel formation.®*

Using PCR-coupled subtractive cDNA cloning, we previously
isolated genes that are expressed during in vitro differentiation
of mouse embryonic stem (ES) cells to ECs and identified
puromycin-insensitive  leucyl-specific uminopep idase (PIL-
SAP), whose expression is induced by VEGE.” We further
demonstrated that PILSAP plays an important role in postnatal
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angiogenesis."”’ VEGF facilitates PILSAP binding to its sub-
strate, phosphatidylinositol-dependent kinase 1 (PDK1) via ami-
nopeptidase (AP) activity, allowing complex formation of
PILSAP-PDK1-S6 kinase (S6K) and resulting in activation of
cyclin-dependent kinase (CDK) 4/6 by phosphorylated S6K.
Activated CDK 4/6 then promotes G1-$ transition, leading to
EC proliferation.'” PILSAP is also involved in VEGF-mediated
induction of EC migration by activating integrins and focal
adhesion kinase'” as well as increasing adhesion of ECs to the
ECM via activation of RhoA.®

In this study, we searched for molecules that interact with
PILSAP and function in angiogenesis, and identified pigpen
using R)mteome analysis of mtPILSAP-EBs lacking AP
activity”™ and mock EBs. Pigpen is a 67-kDa sepharose-binding
molecule that was previously isolated from ECs"" and is a
nuclear coiled body component protein."'"*'*' The Cajal bodies,
or coiled bodies (CBs) were first discovered as nuclear acces-
sory bodies by Ramény Cajal and were found to be ubiquitous
nuclear inclusions of unknown function."'”’ CBs are enriched in
rapidl}/ dividing cells with high levels of transcriptional activi-
ties.""” Since the component proteins of CBs such as coilin and
the survival of motor neurons (SMN) have been identified, the
research into CBs has been greatly advanced and suggests that
CBs are involved in coordinating the assembly and maturation
of nuclear ribonucleoproteins (RNPs). On the other hand, little
is known about the function of another CB component protein,
pigpen. However, pigpen is demonstrated to be expressed also
in activel?/ growing cells such as ECs in embryos and
tumors. '™ Nuclear injection of anti-pigpen antibodies inhibits
EC division,"'> and therefore pigpen may play a role in angio-
genesis. To clarify whether and how pigpen is involved in
angiogenesis, we synthesized siRNAs for pigpen. Transfection
of the siRNA inhibited angiogenesis in vivo as well as in vitro.
Furthermore, siPigpen inhibited tumor angiogenesis and tumor
growth in a mouse syngeneic tumor transplant model. These
results indicate that pigpen plays a role in angiogenesis via
induction of EC proliferation, migration, and network formation,
and may be a future target for blocking tumor angiogenesis.

Materials and Methods

Cell culture. Mock and m(PILSAP ES cells were produced
and cultured as previously described.” The mouse endothelial
cell lines MSS31 and MS! were cultured in alpha MEM
(sMEM; Invitrogen Life Technologies, Carlsbad, CA, USA)
with 10% FBS and high glucose DMEM (HG-DMEM; Invitro-
gen) with 5% FBS, respectively. Lewis lung carcinoma cells
(LLC) were cultured in DMEM (Invitrogen) with 10% FBS.

ES in vitro differentiation culture system. In virro differentia-
tion of mock and mPILSAP ES cells in methylcellulose was
performed as previously described,”” Cells were harvested from
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the culture on day 8 for proteome analysis and immunoprecipita-
tion followed by western blotting (IP-Western).

Proteome analysis. Nuclear protein from day 8 mock and
mtPILSAP EBs was purified. and the protein concentration was
measured using a Bio-Rad Dc Protein Assay Kit (Bio-Rad Labo-
ratories, Hercules, CA, USA). Proteome analysis using 20 pg
each of nuclear protein was conducted by AMR (Tokyo, Japan).

IP-Western. Polyclonal rabbit IgG against a synthetic peptide
corresponding to amino acid residues 262-275 of mouse pigpen,
including a cysteine linker (RDQGSRHDSEQDNSC). was
prepared (anti-mPigpen Ab). MSS31 cells were starved in
oMEM with 0.1% BSA (BSA-aMEM) for 24 h and incubated
in BSA-aMEM with 50 ng/mL VEGF (Sigma, St. Louis, MO,
USA) or 20 ng/mL basic fibroblast growth factor (bFGF; BD
Biosciences. San Jose, CA, USA) for 20 min. The cell extract
(500 pg) was incubated with 10 pg antimouse PILSAP goat 1gG
(anti-mPILSAP Ab; R&D Systems, Minneapolis, MN, USA) for
13 h at 4°C. Immune complexes were incubated with protein
G-sepharose (GE Healthcare Life Science, Uppsala, Sweden)

(a) IP:PILSAP IP: PILSAP
IB: Pigpen e | M
IB: PILSAP
Control VEGF
(b)
IP: PILSAP IP: PILSAP
IB: Pigpen - — N

IB: PILSAP «ammmamssnms - <.

Control bFGF
(c)
TO-PRO3 PILSAP
Control
VEGF
bFGE
Control1gG
2

for 2 h at 4°C. Immunoprecipitates were applied to a western
blot with 2 pg/mL anti-mPILSAP Ab or anti-mPigpen Ab. The
signals were detected with ECL plus western blotting detection
reagents (GE Healthcare) and visualized using LAS1000 (Fuji,
Tokyo, Japan).

Immunocytochemistry (ICC). MSS31 cells were starved in
oMEM containing 0.1% FBS (0.1% vMEM) for 24 h and incu-
bated in 0.1% MEM with 50 ngZmL VEGF or 20 ng/mL
bFGF for 20 min. Cells were fixed in 4% paraformaldehyde
(PFA), incubated in blocking solution (BS: 2% BSA and 0.2%
Triton X-100 in PBS) at room temperature (RT:18-24°C) for
30 min, and treated with 10 pg/mL anti-mouse PILSAP goat
IgG or normal goat IgG (Santa Cruz Biotechnology, Santa Cruz,
CA. USA) in 1/10 (v/v) BS (reaction buffer: RB) at 4°C over-
night, followed by incubation with 4 pg/mL Alexa568-conju-
gated donkey antigoat 1gG (Invitrogen) in RB at RT for 1 h.
Cells were then incubated firstly with 10 pg/mL antimouse pig-
pen rabbit 1gG or normal rabbit 1gG (Santa Cruz Biotechnology)
in RB at RT for | h and then with 4 pg/mL Alexa488-

Fig. 1. Immunopreciptation by anti-puromycin-
insensitive leucyl-specific aminopeptidase (PILSAP)
Ab followed by western blotting of pigpen and
PILSAP (a,b) and immunocytochemistry of pigpen
(green) and PILSAP (red) (c) in MSS31 cells treated
with vehicle, 50 ng/mL vascular endothelial growth
factor (VEGF), or 20 ng/mL basic fibroblast growth
factor (bFGF) for 20 min. Nuclei were counter-
stained with TO-PRO-3 (blue). Bars = 20 um.
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