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Prostacyclin receptor in tumor endothelial cells
promotes angiogenesis in an autocrine manner
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Molecules highly expressed in tumor endothelial cells (TEC) are
important for specific targeting of these cells. Previously, using
DNA microarray analysis, we found that the prostacyclin receptor
(IP receptor) gene was upregulated in TEC compared with normal
endothelial cells (NEC). Although prostacyclin is implicated in re-
endothelialization and angiogenesis, its role remains largely
unknown in TEC. Moreover, the effect of the IP receptor on TEC
has not been reported. In the present study we investigated the
function of the IP receptor in TEC. The TEC were isolated from
two types of human tumor xenografts in nude mice, while NEC
were isolated from normal counterparts. Prostacyclin secretion
levels in TEC were significantly higher than those in NEC, as
shown using ELISA. Real-time RT-PCR showed that the IP receptor
was upregulated in TEC compared with NEC. Furthermore, migra-
tion and tube formation of TEC were suppressed by the IP recep-
tor antagonist RO1138452. Immunohistostaining showed that the
IP receptor was specifically expressed in blood vessels of renal
cell carcinoma specimens, but not in glomerular vessels of normal
renal tissue. These findings suggest that the IP receptor is a TEC-
specific marker and might be a useful therapeutic target. (Cancer
Sci 2012; 103: 1038-1044)

A ngiogenesis is essential for tumor growth and metastasis
and is an important component of cancer progression. Its
inhibition is a valuable new approach to cancer therapy.
Tumor blood vessels deliver oxygen, nutrients and growth fac-
tors to cancer cells and permlt their dissemination into the sys-
temic circulation, resulting in metastasis.*® Increased tumor
vascularity is associated with poor clinical outcome, and the
extent of angiogenesis correlates 1nversely with patient sur-
vival.® The inhibition of angiogenesis therefore offers an
attractive approach to cancer therapy.

The pharmacological targeting of vascular endothelial cells
suppresses tumor angiogenesis and growth, and the efficacy of
anti-angiogenic therapy has been validated in the clinic.”
Although a humanized monoclonal antibody against vascular
endothelial growth factor (VEGF) prolonged survival in
patients with certain types of cancer, some types of tumors
appear to be less responsive. The results have been more mod-
est than predicted by most preclinical examinations and
improvements in progression-free survival are frequently
not accompanied by improvements in overall survival.
Furthermore, some side-effects have been reported since VEGF
is essential for the survival of normal endothelial cells
(NEC).”'V A target that is more specific for tumor endothe-
lial cells (TEC) is needed to improve the outcome of anti-
angiogenic therapy.
grewously reported that TEC differ from NEC in gene
profile and behav10r including enhanced cell sur-
vival "> and motility."®'® Using DNA microarray analysis,
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we previously identified several molecules that were preferen-
tially highly expressed in mouse TEC derived from three
different types of human tumor xenografts. We found that
prostacyclin receptor (IP receptor) mRNA expression levels
were significantly upregulated in TEC compared with NEC.

Prostacyclin (PGI,), the ligand of the IP receptor, is synthe-
sized by PGI, synthase (PGIS). PGI, plays an important role
as a potent inhibitor of Platelet aggregation and an endothe-
lium-derived vasodilator.">** PGI, mainly signals through the
IP receptor, a member of the seven-transmembrane G-protein-
coupled receptor superfamily.'®?” PGI, acts through the IP
receptor to inhibit thromboxane A, activity and modulate vas-
cular pathological change.®" It also modulates the peroxisome
proliferator-activated receptor signaling pathways, also with
important clinical implications for angiogenesis. 260 A pro-
angiogenic function of PGI, was also suggested on the basis
of two other observations. Perfusion of rat lung tissue with
PGI, induces VEGF synthesis and antisense-mediated inhibi-
tion of PGIS 1nterfere§ with capillary-like tube formation in
HUVEC cultures.*’*® The IP receptor signaling upregulates
angiogenic gene expression in human endometrium through
crosstalk with the epidermal growth factor (EGF) receptor and
the extracellular signaling receptor kinase 1/2 pathway. @9
During angiogenesis, PGI, regulates endothehal sprouting and
VEGF-induced vascular permeability.® These previous
studies were concerned with physiological angiogenesis for
reproduction or repair of tissue. However, there is no study of
IP receptor function in pathological angiogenesis, such as
tumor angiogenesis. We reported that COX-2, which increases
the synthesis of PGI,, was upregulated in TEC and that TEC
were more sensitive to COX-2 inhibitor than NEC were. Fur-
thermore, COX-2 inhibition suppressed tumor ang10 enesis
and growth in vivo by inhibiting migration of TEC.®* Thus,
COX-2 is a key molecule in tumor angiogenesis. However, no
study has examined IP receptor function or expression in
tumor blood vessels or the effect of PGL,/IP receptor on TEC.
The present study was designed to analyze IP receptor expres-
sion and function in TEC, both in vitro and in vivo.

Materials and Methods

Cell line and culture conditions. The human renal clear
cell carcinoma cell line OS-RC-2 was purchased from the
RIKEN Cell Bank (Tsukuba, Japan). The cells were cultured
in RPMI 1640 medium (Sigma—Aldrich, St. Louis, MO, USA)
containing 10% FBS. The super-metastatic human malignant
melanoma cell line A375SM was a kind gift from Dr Isaiah J.
Fidler (MD Anderson Cancer Center, Houston, TX, USA). The
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cells were cultured in minimum essential medium (Gibco,
Grand Island, NY, USA) containing 10% FBS in a humidified
atmosphere of 5% CO, and 95% air at 37°C.

TEC and NEC isolation. Mouse TEC (mTEC) and mouse NEC
(mNEC) were isolated as previously described.'®** mTEC
were isolated from human tumor xenografts (A375SM and
0OS-RC-2) in nude mice. mNEC were isolated from the dermis
and kidney and used as controls. All procedures for animal
experiments were approved by the local animal research
authority, and animal care was in accordance with the institu-
tional guidelines of Hokkaido University. mTEC and mNEC
were isolated using a magnetic cell sorting system (Miltenyi
Biotec, Tokyo, Japan) with anti-CD31 antibody (eBioscience,
San Diego, CA, USA). CD31-positive cells were sorted and
plated on 1.5% gelatin-coated culture plates and grown in
EGM-2MV medium containing 20% FBS. Diphtheria toxin
(DT; 500 ng/mL; Calbiochem, San Diego, CA, USA) was
added to mTEC subcultures to kill any remaining human tumor
cells, and to mNEC subcultures for technical consistency.
Human cells express a heparin-binding EGF-like growth factor
(HB-EGF), which is a DT receptor. However, DT does not inter-
act with mouse HB-EGF, and hence, mouse endothelial cells
survive this treatment. Isolated mouse endothelial cells were
purified by a second round of purification using FITC-BS1-B4
lectin. Human TEC (hTEC) and NEC (hNEC) were isolated
from human renal cell carcinoma (RCC) and normal renal paren-
chyma dissected apart from cancerous tissue, respectively. The
methods used for human endothelial cells isolation were as
described above except for the DT technique.

RT-PCR and real-time RT-PCR. Total RNA was extracted from
each type of endothelial cell (EC) using the RNeasy Micro kit
(Qiagen, Valencia, CA, USA). Total RNA was used for first-
strand cDNA synthesis in ReverTra-Plus (Toyobo Co., Osaka,
Japan). cDNA was amplified using PCR. Real-time RT-PCR
was performed using SsoFast EvaGreen Supermix (Bio-Rad,
Hercules, CA, USA). Cycling conditions followed the manu-
facturer’s instructions and the CFX Manager was used for
analyses (Bio-Rad). Relative expression levels were normal-
ized to GAPDH. The primers used were as follows: mouse
GAPDH, forward 5'-TCTGACGTGCCGCCTGGAG-3', reverse
5'-TCGCAGGAGACAACCTGGTC-3'; mouse IP receptor,
forward 5-TCTGACGTGCCGCCTGGAG-3', reverse 5'-
TCGCAGGAGACAACCTGGTC-3'; human GAPDH, forward
5'-ACAGTCAGCCGCATCTTCTT-3’, reverse 5-GCCCAA
TACGACCAAATCC-3"; and human IP receptor, forward 5'-
AGGAGAGCAGACACTCTAACC-3', reverse 5'-GGATGCC-
GAAGGTTCTATGG-3'.

Measurement of 6-keto-PGF1a. Because PGI, is non-enzymat-
ically hydrated to 6-keto-PGFla (#;, = 2-3 min), PGI, was
measured using a 6-keto-PGFla enzyme immunoassay kit
(Cayman, Ann Arbor, MI, USA). The EC (4 x 10° cells/well)
were seeded in 96-well culture dishes containing EGM-2 med-
ium for 24 h.

Supernatants were collected and 6-keto-PGFla levels were
measured according to the manufacturer’s instructions. To
inhibit endogenous PGI, in mTEC, the mTEC were treated
with the COX-2 inhibitor, NS-398 (0, 10, 50, 100 uM). NS-
398 was purchased from Cayman Chemical. Results are
expressed as picogram per milliliter and calculated according
to the 6-keto-PGFlo standard curve. The experiment was
repeated three times and similar results were obtained.

Flow cytometry. After human TEC and NEC were isolated
from human samples, these cells were incubated with fluores-
cein Ulex europaeus agglutinin I (UEA-1 lectin; Vector Labo-
ratories, Burlingame, CA, USA) and primary antibodies
against CD31, CD105 and CD45 for 20 min at 4°C. The pri-
mary antibodies used were anti-human CD31 antibody (Bio-
Legend, San Diego, CA, USA), anti-human CDI105 antibody
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(BD Biosciences, San Jose, CA, USA) and phycoerythrin-con-
jugated anti-human CD45 antibody (BD Biosciences). Alexa
Fluor 488 goat anti-mouse IgG (Invitrogen, Carlsbad, CA,
USA) was used as the secondary antibody. Expressions of the
EC markers were analyzed using FACSAria II (Becton Dickin-
son, San Jose, CA, USA). Representative data were analyzed
using FlowJo software (TreeStar, Ashland, OR, USA).

Cell migration assay. Cell migration was measured using the
Boyden chamber. In the upper chamber, 1.5 x 10* cells in
endothelial basal medium (EBM)-2 without FBS were seeded
and then DMSO or the IP receptor antagonist RO1138452 (0, 5,
10, 20 uM) was added. RO1138452 was purchased from Cay-
man Chemical. EBM-2 containing 5% FBS was placed in the
lower chamber. After 4 h at 37°C, the cells migrating through
the 0.5% gelatin-coated polycarbonate filter (§-pum pores; Corn-
ing Costar, Nagog Park, MA, USA) were fixed in 10% formalde-
hyde and stained with hematoxylin. To see the inhibitory effect
of RO1138452 under inhibition of endogenous PGI,, mTEC
were seeded on the upper chamber in the presence of NS-398
(100 pM) or indomethacin (0.5 mM). Indomethacin was pur-
chased from Sigma—Aldrich. The mTEC were preincubated with
or without RO1138452 (10 uM) for 10 min prior to exposure to
NS-398 and beraprost (Cayman Chemical). The number of cells
that migrated through the vitronectin-coated (3 pg/mL) polycar-
bonate filter to the lower side of the filter was counted in five
fields at a magnification of x20. The experiment was repeated
three times and similar results were obtained.

Tube formation assay. Matrigel tube formation assays were
performed to assess in vitro angiogenesis. Growth factor-
reduced Matrigel (BD Biosciences) was transferred to each well
of a 24-well dish and incubated at 37°C for 30 min to allow the
matrix solution to solidify. The mTEC were harvested and
resuspended in EBM-2 containing 5% FBS and then seeded at a
density of 1 x 10° cells per well, followed by incubation at 37°
C for 18 h with vehicle or RO1138452 (10 uM).®> Similarly,
the mTEC were preincubated with or without RO1138452
(10 uM) for 10 min prior to exposure to NS-398 (100 uM) and
beraprost (10 uM). Tube formation was observed using an
inverted microscope (CKX41; Olympus, Tokyo, Japan) and the
experimental results were recorded at three different times with
similar results. Tube length was measured at a magnification of
x4 in three random fields with ImageJ software (National Insti-
tute of Health, Rockville, MD, USA) and expressed as a per-
centage of the control in micrometers.

Immunohistochemistry. Human tissue samples were obtained
from excised RCC and normal renal parenchyma dissected
apart from the cancerous tissue of six patients at Hokkaido
University Hospital, Hokkaido, Japan. Informed consent was
obtained from all patients before samples were used. The pro-
tocols were approved by the Ethics Committee of Hokkaido
University, and written informed consent was obtained from
each patient before surgery. Frozen sections were double
stained using anti-CD31 antibody, Alexa Fluor 594 goat anti-
mouse IgG, and anti-IP receptor antibody, Alexa Fluor 488
goat anti-rabbit IgG, to show co-localization of the IP receptor
in tumor vessels. The IP receptor antibody was purchased from
GenWay Biotech (San Diego, CA, USA). All samples used for
immunohistochemistry were counterstained with DAPI (Roche
Diagnostics, Mannheim, Germany) and visualized using the
FluoView FV1000 confocal microscope (Olympus).

Statistical analysis. Differences between groups were evalu-
ated using the Mann—Whitney U-test. P < 0.05 was considered
significant and P < 0.01 was considered highly significant.

Results

IP receptor mRNA expression was upregulated in mouse TEC.
We isolated two different types of mTEC (melanoma and
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RCC EC) from tumor xenografts in nude mice and two types
of mNEC (skin and kidney EC). They expressed typical EC
markers, such as CD31, CD105 and CD144.4® Using these
EC isolated from prlmary cultures, we reported previously that
TEC differ from NEC in gene expression and as;)ects of bio-
logrcal activity, such as survival and motility." Our recent
microarray analysis showed that several genes, such as VEGF
receptor 2, and TEC markers, 1nclud1ng TEM-8°"  and
CDI13,%® were strongly expressed in TEC. We selected IP
receptor mRNA to examine its expression in TEC. Real-time
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Fig. 1. The prostacyclin receptor (IP receptor) mRNA expression levels

were upregulated and 6-keto-PGF1a secretion levels in mouse tumor
endothelial cells (mTEC) were higher than those in mouse normal
endothelial cells (mMNEC). (A) Relative expression of the IP receptor
mRNA in mTEC (melanoma and renal cell carcinoma endothelial cells
[EC]) and mNEC (skin and kidney EC) was measured using real-time
RT-PCR. *P < 0.01; Mann-Whitney U-test (mean = SD, n = 3). (B) 6-
Keto-PGF1a secretion levels in mTEC were significantly higher than
those in mNEC, suggesting that mTEC released significantly higher
PGl, levels. *P < 0.05, **P < 0.01 vs control; Mann-Whitney U-test
(mean = SD, n = 3).

1040

RT-PCR analyses showed that IP receptor mRNA levels in
mTEC were higher than those in mNEC (Fig. 1A).

6-Keto-PGF1a secretion levels in TEC were higher than those in
mouse NEC. Next we analyzed 6-keto-PGF1a (the main metab-
olite of PGL,) levels in the supernatant of cultured mTEC and
mNEC using ELISA. 6-Keto-PGFla levels in mTEC were
significantly higher than those in mNEC (melanoma EC,
558.1 £ 21.5 pg/mL [P < 0.01 vs skin EC 36.7 + 3.6 pg/mL];
RCC EC, 143.6 £ 12.9 pg/mL [P < 0.05 vs kidney EC 71.9 +
12.2 pg/mL]) (Fig. 1B).

Mouse TEC migration was inhibited by an IP receptor antago-
nist. Endothelial cell migration in the presence or absence
of the IP receptor antagonist RO1138452 was analyzed on
gelatin-coated filters in the Boyden chamber. RO1138452
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Fig. 2. Migration of mouse tumor endothelial cells (nTEC) was inhib-
ited by the prostacyclin receptor (IP receptor) antagonist RO1138452.
Cell migration was analyzed on gelatin-coated filters using the Boy-
den chamber. The filter was fixed and stained with hematoxylin after
4 h of incubation in the presence or absence of RO1138452 (0, 5, 10,
20 pM). Cells that migrated to the lower side of the filter were
counted in five fields at a magnification of x20. RO11384528 signifi-
cantly inhibited migration of mTEC but had little effect on mouse nor-
mal endothelial cell (mNEC) migration. (A) Skin endothelial cells (EC)
and melanoma EC, and (B) kidney EC and renal cell carcinoma EC.
*P < 0.05 vs control; Mann-Whitney U-test (mean = SD, n = 5).
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Tube formation of mouse tumor endothelial cells (mTEC) was inhibited by the prostacyclin receptor (IP receptor) antagonist RO1138452.

The mTEC were seeded on Matrigel in basal medium. Tube formation was observed after 18 h of incubation and tube length was measured.
Tube formation was significantly inhibited by RO1138452 in mTEC (melanoma and renal cell carcinoma [RCC] endothelial cells [EC]) but not in
mouse normal endothelial cells (MNEC) (skin and kidney EC). Representative figures are shown. (A,B) Skin EC and melanoma EC, and (C,D) kidney
EC and RCC EC. Bar, 100 pm. *P < 0.05 vs control; Mann-Whitney U-test (mean + SD, n = 3).

significantly inhibited migration of mTEC, whereas that of
mNEC was little affected (Fig. 2). However, proliferation of
mTEC and mNEC was not suppressed by equivalent concen-
trations of RO1138452 (data not shown). To analyze the effect
of inhibiting endogenous PGI, in mTEC, NS-398 and indo-
methacin were used in a migration assay. In previous litera-
ture, indomethacin is reported to inhibit the production of
PGI, significantly.®**? The migration of mTEC was signifi-
cantly inhibited by indomethacin but it was not restored by the
IP agonist, beraprost. This observation is consistent with a pre-
vious study®”  (Supporting Information Fig. S1). Next, a
COX-2 inhibitor, NS-398, was used to inhibit endogenous
PGIL, in a migration assay. Using ELISA, it was demonstrated
that NS-398 inhibited PGI, synthesis in mTEC in a dose-
dependent manner (Fig. S2). NS-398 significantly inhibited the
migration of mTEC. The migration was restored by the IP ago-
nist, beraprost. RO1138452 inhibited beraprost-induced cell
migration of mTEC in the presence of NS-398 (Fig. S3).
Therefore, it was confirmed that RO1138452 is specific for the
IP receptor.

IP receptor antagonist suppressed tube formation in mTEC.
Proliferation, migration, invasion and matrix remodeling are
necessary for the angiogenic effects of EC. Morphogenesis in
the Matrigel assay provides an indication of the ability of EC
to reorganize capillary tube-like structures. The involvement of
PGI; in the angiogenic properties of mTEC was investigated
using the tube formation assay (Fig. 3). The ability to form
capillary-like structures was impaired by RO1138452 in
mTEC. In contrast, RO1138452 had little effect on tube
formation in mNEC. RO1138452 suppressed the angiogenic
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phenotype of mTEC but had little effect in this regard on
mNEC. These data suggest that the IP receptor has an impor-
tant role in tumor angiogenesis. To see the inhibitory effect of
RO1138452 on mTEC under inhibition of endogenous PGI,,
NS-398 or indomethacin were used in a tube formation assay.
Tube formation was not restored by beraprost when treated
with indomethacin (Fig. S4). Under inhibition of endogenous
PGI, by NS398, beraprost could recover tube formation and it
was blocked by RO1138452, suggesting that this drug specifi-
cally inhibited the IP receptor (Fig. S5).

TEC and NEC isolation from human RCC and normal renal
parenchyma. We isolated hTEC and hNEC from surgically
resected RCC and normal renal parenchyma from six patients,
respectively, as previously described.“"” UEA-1 lectin binding
and CD31 and CD105 expression showed that isolated human
EC are highly pure. The isolated EC were negative for the
hematopoietic marker CD45 using flow cytometry (Fig. 4A).
Endothelial marker expression levels were examined from the
first to fourth passages and similar results were confirmed
during cell culture.

IP receptor was upregulated in human TEC in vitro and
in vivo. Using cultured hTEC and hNEC isolated from human
RCC, we investigated IP receptor mRNA expression levels.
Six samples of hTEC and hNEC were obtained from six
patients (Fig. 4B). The clinical background of the RCC speci-
mens is shown in Table 1. The IP receptor mRNA expression
levels were higher in hTEC than those in hNEC in all the six
cases. Double immunofluorescence staining with anti-IP recep-
tor and anti-CD31 antibody was performed in tumor tissues
dissected from the six patients with RCC. Immunohistochemical
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Fig. 4. The prostacyclin receptor (IP receptor) was upregulated in human tumor endothelial cells (hnTEC) in vitro and in vivo. (A) Verification of
endothelial cells (EC) from a human sample. Representative flow cytometry of human normal endothelial cells (nNEC) and hTEC showing the
expression area (unshaded) of the endothelial markers CD105, CD31 and UEA-1 lectin. Isolated EC were negative for the monocyte marker CD45.
Gray areas show the control levels with normal-isotype 1gG. (B) The IP receptor mRNA upregulation in hTEC isolated from human renal cell carci-
noma (RCC). RT-PCR analysis confirmed that the IP receptor mRNA was upregulated in hTEC from all six cases compared with hNEC. (C) In immu-
nofluorescent staining, tumor vessels were double stained with anti-CD31 antibody and anti-IP receptor antibody in human RCC. The IP receptor
was specifically expressed in blood vessels of RCC specimens, but not in the glomerular vessels of normal renal tissue. Bar, 20 um.

staining with the IP receptor antibody revealed that the IP
receptor was specifically expressed in the blood vessels of RCC
specimens, but not in the glomerular vessels of normal renal
tissues (Fig. 4C,D). These results suggest that the IP receptor
was strongly expressed in hTEC compared with hNEC.

Discussion

The main results of the present study are as follows: (i) the IP
receptor mRNA was upregulated in mouse and human TEC;
(i1) the IP receptor was expressed in TEC of human RCC
in vivo; (iii) PGI, secretion levels in mTEC were significantly
higher than those in mNEC; and (iv) an IP receptor antagonist
significantly inhibited random motility and tube formation in
mTEC.

PGI, is a member of the prostanoid family and is down-
stream of COX-1 and COX-2. COX-2 metabolizes arachidonic
acid into prostanoids such as PGE,, PGF, and PGL.“? PGI,
mediates cellular activity through the IP receptor, which
increases cyclic AMP levels and modulates target molecules
related to vasodilation and angiogenesis. Human IP receptor
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Table 1. Clinical background of the renal cell carcinoma specimens
sample . Age TNMt Subtype  Gradet, INF, v
no. (years)

1 M 66 T1a, Nx, MO Clear cell G2, INFa, v(—-)
2 M 49 T1b, Nx, MO Clear cell G2, INFa, v(+)
3 F 48 T1b, Nx, MO Clear cell G2, INFa, v(—)
4 F 50 T1b, Nx, MO Clear cell G2, INFa, v(-)
5 M 60 T1a, Nx, MO Clear cell G2, INFa, v(-)
6 M 54 T2b, Nx, MO Clear cell G2, INFa, v(+)

INF, infiltration pattern; M/F, male/female; NA, not available.
tAccording to the 1997 tumor-node-metastasis (TNM) staging
guidelines.®" tAccording to the Fuhrman grading system.®?

mRNA is expressed in the kidneys, lungs, aorta and brain sites
where PGI, modulates vascular tone and regulates blood
flow (4349

We demonstrated that the IP receptor was significantly up-
regulated in TEC. Furthermore, a specific antagonist of the IP
receptor significantly inhibited motility and tube formation in

doi: 10.1111/j.1349-7006.2012.02261.x
© 2012 Japanese Cancer Association



TEC but not in NEC. The TEC are more dependent on PGI,
and the IP receptor pathway than NEC. These results suggest
that the IP receptor maintains the angiogenic phenotype of
TEC and that it has key roles in tumor angiogenesis. Because
PGI, was secreted at much higher levels from TEC than from
NEC, it is suggested that PGI, acts on TEC in an autocrine
manner.

The COX-2 enzyme was reported to be a key regulator of
tumor an&iogenesis and an important target for anti-angiogenic
therapy.™ COX-2 is a key regulatory enzyme that leads PGI,
synthesis from PGH, in vascular EC.“”*¥ COX-2 expression
and PGI, secretion are correlated. 9 Recently, we demon-
strated that TEC expressed higher levels of COX-2 than NEC,
and a COX-2 inhibitor, NS398, specifically impaired migration
of TEC. COX-2 is suggested to be involved in the high migra-
tion potential of TEC. In our previous study, tumor growth
was suppressed on inhibition of tumor angiogenesis in vivo by
a COX-2 inhibitor.””
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