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a b s t r a c t

Chemical lead 2 (CL2) is the first non-sphingosine-1-phosphate (Sph-1-P) analog type

antagonist of endothelial differentiation gene-1 (Edg-1/S1P1), which is a member of the

Sph-1-P receptor family. CL2 inhibits [3H]Sph-1-P/S1P1 binding and shows concentration-

dependent inhibition activity against both intracellular cAMP concentration decrease and

cell invasion induced by the Sph-1-P/S1P1 pathway. It also inhibits normal tube formation in

an angiogenesis culture model, indicating that CL2 has anti-angiogenesis activity. This

compound improved the disease conditions in two angiogenic models in vivo. It significantly

inhibited angiogenesis induced by vascular endothelial growth factor in a rabbit cornea

model as well as the swelling of mouse feet in an anti-type II collagen antibody-induced

arthritis model. These results indicate that the Sph-1-P/S1P1 pathway would have an

important role in disease-related angiogenesis, especially in the processes of migration/

invasion and tube formation. In addition, CL2 would be a powerful tool for the pharmaco-

logical study of the mechanisms of the Sph-1-P/S1P1 pathway in rheumatoid arthritis,

diabetes retinopathy, and solid tumor growth processes.

# 2008 Elsevier Inc. All rights reserved.
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1. Introduction

If mammalian tissues suffer a lack of nutrients and/or oxygen,

new blood vessels develop from parts of the surrounding

tissues. This physiological phenomenon is called angiogenesis
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[1,2]. In normal adults, angiogenesis is a rare event except in

the cases of wound healing and menstruation. Such angio-

genesis is well-regulated and is useful for the maintenance of

an individual’s homeostasis. On the other hand, it is thought

that angiogenesis is closely related to the progression of a
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number of diseases, including solid tumor growth [3,4],

diabetes retinopathy [5], and chronic rheumatoid arthritis [6].

A malignant tumor can grow to a few millimeters in

diameter with no blood supply [3]. Afterwards, it secretes

vascular endothelial growth factor (VEGF), basic fibroblast

growth factor (bFGF), other growth factors, and cytokines so

that the surrounding tissues make new blood vessels [7,8]. The

tumor then uses the newly formed vessels to grow itself,

finally metastasizing to distant tissues or organs. Recently, an

anti-human VEGF antibody called Avastin (Genentech, Inc.,

South San Francisco, USA) was launched as a drug for

metastatic colorectal carcinoma. The VEGF receptor inhibitor

Sutent (Pfizer Inc., NY, USA) is now also available for

metastatic gastrointestinal stromal tumors and metastatic

renal cell carcinoma.

Diabetes retinopathy is a major complication of diabetes

and is the top cause of adult blindness [9,10]. Chronic

hyperglycemia damages the retinal blood capillaries and the

injured capillaries repeat the bleeding-and-angiogenesis

cycle, along with fiber formation. Then the fibers shrink,

finally causing retinal detachment [11,12].

In the case of rheumatoid arthritis, inflammatory cells

(macrophages and T lymphocytes) infiltrate into articular

cavities releasing inflammatory and angiogenic factors, such

as bFGF, VEGF, tumor necrosis factor-a, and interleukin-1. In

response to these factors, synovial cells grow and form a

pannus. The pannus increases in size by angiogenesis and

vigorously discharges matrix metalloproteinases, finally

digesting the articular cartilage [13,14].

Sphingosine-1-phosphate (Sph-1-P), a plasma lipid, has a

promoting effect on vascular endothelial cell growth,

migration, and tube formation [15,16]. Sph-1-P is considered

to be an important growth factor for endothelial cells because

it acts in all three of the steps necessary for angiogenesis:

growth, migration, and tube formation. Recently, it has been

revealed that Sph-1-P exhibits this action through the

endothelial differentiation gene-1 (Edg-1/S1P1) [17] and to

some extent with other S1P members, from S1P2 to S1P5 [18].

S1P1 was discovered in phorbol 12-myristate 13-acetate-

stimulated human umbilical vein endothelial cells (HUVEC)

and is thought to be involved in the differentiation of

endothelial cells [19]. After the identification of its natural

ligand, experimental data showing that S1P1 is involved in

angiogenesis was reported, as follows. Similar to endothelial

cells, Chinese hamster ovary (CHO) cells expressing S1P1

migrated as a result of low concentrations of Sph-1-P (1–

10 nM) [20,21]. Human embryonic kidney 293 (HEK293)-edg-1

cells also migrated as a result of 10–100 nM Sph-1-P [15].

These findings show that S1P1 has chemotactic activity in

vitro. S1P1 is mostly coupled with Gi protein and is thought to

send cell growth, survival, and differentiation signals. Some

research has demonstrated in vitro signal cross-talking

between S1P1 and growth factor receptors related to

angiogenesis, such as platelet-derived growth factor receptor

[22] and VEGF receptor [23]. Sph-1-P actually induced

angiogenesis in an in vivo model, in which anti-S1P1 antibody

negated the effect [24]. It has also been reported that S1P1

homozygous knockout (homo KO) is lethal in embryonic mice

because of incomplete blood vessel development [25]. The

knockout mice also showed abnormal limb development [26].
These studies indicate the Sph-1-P/S1P1 pathway has an

important role in angiogenesis.

In this report, we evaluated the synthetic S1P1 antagonist

chemical lead 2 (CL2) by a number of in vitro and in vivo assays

in order to clarify the role of the Sph-1-P/S1P1 pathway in

disease-related angiogenesis.
2. Materials and methods

2.1. Reagents and animals

CL2, sodium 2-(4-ethoxyphenoxy)-5-(3-octadecyl-5-oxo-4,5-

dihydro-1H-pyrazol-1-yl)benzenesulfonate, was synthesized

in Exploratory Chemistry Research Laboratories, Sankyo Co.,

Ltd. (former company name before the merger, Shinagawa,

Japan). NaCl and MgCl2 were purchased from Nacalai Tesque

(Chukyo, Japan). [35S]GTPgS was purchased from PerkinElmer

Japan Co., Ltd. (Yokohama, Japan). The cell culture plates were

purchased from Corning International K.K. (Minato, Japan).

Saline was purchased from Otsuka Pharmaceutical Co., Ltd.

(Chiyoda, Japan). All other reagents were supplied by Sigma–

Aldrich Japan (Shinagawa, Japan) unless otherwise stated. Six-

week-old male Balb/c mice were purchased from Charles River

Laboratories Japan, Inc. (Kohoku, Japan). Male New Zealand

white (NZW) albino rabbits, with mean average body weights

of 2.5 kg, were provided from Japan SLC, Inc. (Hamamatsu,

Japan). The animals were maintained in a room controlled at a

temperature and relative humidity of 24 � 2 8C and 40–70%,

respectively, and given food and water ad libitum. The

experimental protocols were approved by the Ethics Review

Committee for Animal Experimentation of Sankyo Co., Ltd.

(Shinagawa, Japan).

2.2. Cloning of human S1P1 cDNA and plasmid
construction

The plasmid pME18S was kindly supplied by Dr. Handa of the

Tokyo Institute of Technology (Meguro, Japan). The entire

coding region of human S1P1 was amplified from human aorta

marathon-ready cDNA (Clontech Laboratories, Inc., Mountain

View, USA) using the primers 50-CCGCTCGAGCGGATGGGGCC-

CACCAGCGTCCCGCTGGTCAAGGCC-30 and 50-ATAAGAATGC-

GGCCGCTAAACTATCTAGGAAGAAGAGTTGACGTTTCCAGAA-

GACAT-30. The PCR product was subcloned into the Xho I–Not I

site of pME18S and verified by sequencing. The obtained

sequence was the same as that in the RefSeq (GenBank

accession no. NM001400). This construct was named pedg-1-2.

2.3. Establishment of a cell line stably expressing human
S1P1

The CHO-dhfr�/� cells were also supplied by Dr. Handa. The

plasmid pEIVWT-DHFR [27], which carries the dihydrofolate

reductase (dhfr) gene was provided by Dr. Nishigaki (Daiichi

Sankyo Co., Ltd., Shinagawa, Japan). Sph-1-P was purchased

from BIOMOL International, L.P. (Plymouth Meeting, USA). A

plasmid mixture of pedg-1-2 and pEIVWT-DHFR (10:1, w/w)

was transfected into the CHO-dhfr�/� cells with LipofectAmine

Plus Reagent (Invitrogen Japan K.K., Minato, Japan). The next
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day, the cells were resuspended into selection medium [a-

Minimum Essential Medium without ribonucleosides and

deoxyribonucleosides (Invitrogen Japan K.K., Minato, Japan)

containing 10% dialyzed fetal bovine serum (FBS) (SAFC

Biosciences, Lenexa, USA), 100 units/mL penicillin G sodium

(Invitrogen Japan K.K., Minato, Japan), and 100 mg/mL strepto-

mycin sulfate (Invitrogen Japan K.K., Minato, Japan)] at a low

cell density, and then plated in culture dishes. After 2 weeks,

during which the medium was changed several times, about

50 single clones were picked up and cultured separately. The

Sph-1-P reactivity of each clone was measured by [35S]GTPgS

binding assay [28] and the highest active clones were selected

for each of the studies and named CHO-S1P1 cells.

For gene amplification [29], the CHO-S1P1 cells were

cultured in a selection medium with 5 nM methotrexate

(MTX) as a first selection step, then 25 nM, finally with 125 nM

MTX. Subsequently, the CHO-S1P1 cells that were resistant to

the 125 nM MTX were maintained in the same selection

medium until the following studies were performed.

For the establishment of a negative control cell line,

pME18S and pEIVWT-DHFR (10:1, w/w) were transfected into

the CHO-dhfr�/� cells, and 5 clones were selected and

amplified by the same method. One of these clones was

designated as CHO-mock cells and was maintained in the

selection medium with 125 nM MTX.

2.4. In vitro membrane-binding assay

The synthesis of [3-3H]Sphingosine was performed by GE

Healthcare Bio-Sciences KK (Shinjuku, Japan). HEK293 cells

which overexpress mouse sphingosine kinase 1a (mSPHK1a-

HEK) [30] were generously provided by Dr. Kohama (Daiichi

Sankyo. Co., Ltd., Shinagawa, Japan). [3H]Sph-1-P was synthe-

sized enzymatically according to the method of Kohama et al.

[30] with modification. A total of 3.7 MBq of [3-3H]sphingosine

was converted to [3H]Sph-1-P by the cytosol of mSPHK1aHEK

cells in a reaction buffer [100 mM potassium-phosphate

buffer, pH 7.4, 1 mM EDTA, pH 7.4, 15 mM NaF, 10 mM ATP,

5 mM MgCl2, 1 mM 2-mercaptoethanol, 1 mM Na3VO4, 0.5 mM

4-deoxypyridoxine, 10% (v/v) glycerol]. The extraction of

[3H]Sph-1-P was performed by the modified method of Yatomi

et al. [31]. After incubating for 4 h at 37 8C, the pH was lowered

to less than 3 with HCl and any contaminants were removed

by extraction with 3 times the volume of chloroform/methanol

(2:1). The upper aqueous phase was collected and the pH was

raised to more than 9 with NH4OH. Then the product [3H]Sph-

1-P was extracted 4 times with an equal volume of chloroform.

Each lower organic phase was recovered and dried and the

remainder, i.e., [3H]Sph-1-P, was resuspended in 80% (v/v)

ethanol and stored at �20 8C until use. A part of [3H]Sph-1-P

was separated with TLC using 1-butanol/acetic acid/water

(3:1:1, v/v/v) mobile phase and the Rf value of [3H]Sph-1-P was

confirmed to be 0.5, the same as unlabeled Sph-1-P standard.

The membrane preparation from CHO cells was performed

by the modified method of Davaille et al. [32]. The CHO-S1P1 or

CHO-mock cells were sonicated in buffer A (5 mM Tris–HCl, pH

7.4, 1 mM EDTA, pH 7.4, 1 mM EGTA, pH 7.4, 0.25 M sucrose,

0.18 mg/mL phenylmethanesulfonyl fluoride, 50 mg/mL leu-

peptin), centrifuged at 2000 � g for 10 min at 4 8C. The

supernatant was ultracentrifuged at 160,000 � g for 1 h at
4 8C. The precipitated membranes were resuspended in buffer

B (20 mM HEPES, pH 7.4, 1 mM EDTA, pH 7.4, 100 mM NaCl,

10 mM MgCl2), divided into small amounts, frozen in liquid

nitrogen, and stored at �80 8C until use.

The in vitro membrane-binding assay was performed

according to the method of Im et al. [33] with modification.

The [3H]Sph-1-P (40,000 dpm), membrane fraction (5 mg) from

CHO-S1P1 or CHO-mock cells and 80% (v/v) ethanol with or

without 10 mM Sph-1-P were incubated for 30 min at 25 8C in

the �1 buffer [25 mM Tris–HCl, pH 7.4, 5 mM EDTA, pH 7.4,

100 mM NaCl, 15 mM NaF, 0.25 mM 4-deoxypyridoxine, 50 mg/

mL fatty acid-free BSA, 0.005% (v/v) Tween 20, 1 tablet of

protease inhibitor cocktail Complete, EDTA-free (Roche

Diagnostics K.K., Minato, Japan), per 50 mL of buffer]. The

reaction mixtures were filtrated with GF/B filters (PerkinElmer

Japan Co., Ltd., Yokohama, Japan) and washed 3 times with

wash buffer (25 mM Tris–HCl, pH 7.4, 100 mg/mL fatty acid-free

BSA). At this time, the radioactivity bound on the filters was

measured (n = 4). For the measurement of the inhibition

activity of CL2, the [3H]Sph-1-P (40,000 dpm), membrane

fraction (5 mg) from CHO-S1P1 cells, various amounts of CL2

and 80% (v/v) ethanol with or without 10 mM Sph-1-P were

mixed, and the binding assay was performed as described

above. Inhibition (%) of [3H]Sph-1-P binding was calculated by

the numerical expression [1 � (A � B)/(C � B)] � 100, where A,

B, and C represent the mean values (dpm) in the CL2-treated

group, 10 mM Sph-1-P-addition group, and 80% (v/v) ethanol-

addition group, respectively. The A value shows the total

binding activity with the indicated amounts of CL2. The B

value shows the non-specific binding activity. The C value

shows the total binding activity without CL2.

2.5. cAMP assay

The measurement of the intracellular cAMP concentration

was performed based on the method of Gong et al. [34] with

modification. The CHO-S1P1 cells were seeded into a 96-well

plate (4 � 105 cells/well) with the selection medium and

cultured overnight. The next day, the medium was changed

to a serum-free one and the cells were preincubated with

1 mM 3-isobutyl-1-methylxanthine (IBMX) for 5 min at 37 8C,

and then stimulated with or without 30 mM forskolin, 100 nM

Sph-1-P and the indicated amounts of CL2 in the presence of

1 mM IBMX for 15 min at 37 8C. After the reaction, the cells

were dissolved using 100 mL of 1% (v/v) Triton X-100 and the

cAMP concentration was measured in a competitive assay

using a cAMP femtomolar kit (CIS Bio International, Gif-sur-

Yvette, France), following the instructions of the manufac-

turer (n = 3).

2.6. Screening of S1P1 antagonists

High-throughput screening of our in-house compound library

using a [3H]Sph-1-P/S1P1 binding assay was performed

utilizing almost the same procedure as in the in vitro

membrane-binding assay, except for the incubation for 1 h

at 4 8C in � 1 buffer containing 300 mM mannitol to stabilize

the membrane fraction from CHO-S1P1 cells. The compounds

which showed more than 70% inhibition of [3H]Sph-1-P/S1P1

binding at 25 mg/mL were evaluated by a manual in vitro
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membrane-binding assay. The compounds which showed

more than 70% inhibition at 10 mg/mL were picked up and re-

evaluated in the cAMP assay. The compounds which showed

more than 70% inhibition of intracellular cAMP concentration

decreases stimulated by Sph-1-P at 10 mg/mL were considered

to be S1P1 antagonists and were further investigated.

2.7. Cell invasion assay

A cell invasion assay was performed according to the method

of Rikitake et al. [35] with modification. BD BioCoat1, BD

Matrigel1 Growth Factor Reduced Matrigel Invasion Chambers

were purchased from BD Biosciences (San Jose, USA). The

invasion assay was performed in the selection medium

without FBS. The 5 � 104 of CHO-S1P1 cells mixed with the

indicated amounts of CL2 were added to the upper chamber

and 10 nM Sph-1-P was added to the lower one. After 16 h of

incubation at 37 8C, the invaded cells (i.e., cells that had passed

through the 8 mm pore size Matrigel-coated filter) were fixed

with formalin/PBS and stained with Diff-Quik (Sysmex, Kobe,

Japan). For each filter, the sum of the stained cells within 4

random microscopic fields (�100 power) was counted visually

and represented as the extent of the cell invasion (cells/4

power fields, n = 3).

2.8. Cell growth inhibition assay

The CHO-S1P1 cells were seeded into a 96-well plate

(4 � 105 cells/well) with selection medium and cultured over-

night. The next day, the medium was changed to a serum-free

one and various amounts of CL2 were added to make final

concentrations of up to 16.3 mM. The cells were then incubated

for 22 h at 37 8C. A 20 mL aliquot of Alamar Blue (Serotec Ltd.,

Kidlington, UK) was added to each well and the cells were

further incubated for 23 h at 37 8C. Finally, the fluorescence

intensity of each well was measured (excitation 530 nm/

emission 590 nm, n = 4). The obtained intensity indicates the

cell growth. No self-fluorescence of CL2 was observed.

2.9. Angiogenesis culture model

An Angiogenesis Kit was purchased from KURABO industries

Ltd. (Chuo, Japan). The pre-seeded human fibroblasts and

HUVEC in the kit were co-cultured for 11 days using the

medium which came with the kit. According to the manu-

facturer’s protocol, on Days 1, 4, 7, and 9, the medium was

changed to a new one containing 0, 3.3, or 16.3 mM CL2. On the

final day, both cell types were fixed with ethanol and the

HUVEC were additionally stained with anti-human von

Willebrand factor antibodies which came with the kit. Images

of the tubular HUVEC were micrographed (�200 power).

2.10. Measurement of Sph-1-P receptor specificity

The antagonistic activity of CL2 against G-protein coupled

receptors other than Sph-1-P receptors was investigated in a

PharmaScreen assay by MDS Pharma Services (http://

www.mdsps.com/). The antagonistic activity of CL2 to S1P1,

S1P2, and S1P3 was measured with a fluorometric imaging

plate reader (FLIPR) according to our previous report [36].
2.11. In vivo anti-angiogenesis assay in rabbit cornea
model

One microgram of VEGF and the indicated amount of either

CL2, SU-5416 (a VEGF receptor-signaling inhibitor) or vehicle

(DMSO) were mixed with polyhydroxyethylmethacrylate to

form sustained release pellets (Hydron pellets). The pellets

were implanted into the corneas of albino rabbits (NZW, male,

mean average body weight 2.5 kg, n = 2–5). After 7 days, the

newborn blood vessels in the corneas were photographed and

the total lengths were measured (n = 8–20).

2.12. Mouse anti-type II collagen antibody arthritis model

An Arthritogenic mAb Cocktail Kit was purchased from

Chondrex, Inc. (Redmond, USA). The induction of arthritis

was performed according to the instructions of the manu-

facturer. Balb/c mice (male, 7 weeks after birth) were divided

into 5 groups (n = 10). On Day 0, the mice from groups 2 to 5

were sensitized by i.v. injection of an anti-type II collagen

antibody cocktail. On Day 3, arthritis was induced by i.p.

administration of lipopolysaccharide (LPS). On Days 3 through

13, the compounds [group 1, none; group 2, 0.5% (w/v)

tragacanth (p.o.); group 3, saline (i.p.); group 4, 10 mg/kg CL2

dissolved in 0.5% (w/v) tragacanth (p.o.); and group 5, 10 mg/kg

CL2 dissolved in saline (i.p.)] were administered daily. On Days

0, 3, 5, 7, 10, and 14, the body weight was measured and the

swelling of the hind limbs was evaluated. The swelling score is

the sum of the evaluations of both hind limbs (max. of total

score = 6). Scoring criteria: one toe swelling = 1; more than one

toe swelling = 2; remarkable swelling of instep = 3. For group 1,

neither antibody nor LPS was administered. For an anti-

inflammatory reference drug, 5 mg/kg indomethacin dis-

solved in 0.5% (w/v) tragacanth was p.o. administered on Days

0 through 13 (n = 10).

2.13. Measurement of CL2 concentration in mice plasma
in vivo

A total of 10 mg/kg CL2 dissolved in distilled water was

administered to Balb/c mice (male, 6-week-old, n = 3) by p.o. or

i.p. The plasma concentrations of CL2 were measured by

Daiichi Sankyo RD Associe Co., Ltd. (http://www.daiichisan-

kyo-rda.jp/index.html), and the value of the area under the

curve (mg h/mL) was calculated.

2.14. Statistical analysis

The statistical significance of the differences between the

mean values was calculated by a non-paired t-test. P-values of

<0.05 or 0.01 were considered to be significant.
3. Results

3.1. CL2 inhibits in vitro angiogenesis activity via the
Sph-1-P/S1P1 pathway

CL2 was identified as a functional S1P1 receptor antagonist

through the screening of our in-house library (Fig. 1A).

http://www.mdsps.com/
http://www.mdsps.com/
http://www.daiichisankyo-rda.jp/index.html
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Fig. 1 – Chemical structure of CL2 and the S1P1 antagonistic activity. (A) Chemical structure of CL2. (B) [3H]Sph-1-P binding activity

of the membrane fraction from CHO-S1P1 and CHO-mock cells. The [3H]Sph-1-P (40,000 dpm), membrane fraction (5 mg) from

CHO-S1P1 or CHO-mock cells, and solvent [ethanol/water = 80/20 (v/v)] with or without 10 mM Sph-1-P were incubated for

30 min at 25 8C. The reaction mixtures were filtrated with GF/B filters and washed 3 times and then the radioactivity bound on

the filters was measured (n = 4). Data represent the means W S.D. (C) Inhibition activity of CL2 measured by an in vitro [3H]Sph-1-

P binding assay to S1P1 membrane fraction. Various amounts of CL2 were mixed and the binding assay was performed as

described above (n = 4). The mean dpm values of the solvent addition group were set as 0% inhibition, whereas the mean dpm

values of 10 mM Sph-1-P-addition group were set as 100% inhibition. Data represent the means W S.D. The total binding and the

non-specific binding were 10,946 W 468 and 4055 W 183, respectively (mean dpm values W S.D., n = 4). (D) Intracellular cAMP

concentration change of Sph-1-P stimulated CHO-S1P1 cells by CL2. CHO-S1P1 cells (4 T 105 cells/well) were preincubated with

1 mM IBMX for 5 min at 37 8C, then stimulated with or without 30 mM forskolin, 100 nM Sph-1-P and the indicated amounts of

CL2 in the presence of 1 mM IBMX for 15 min at 37 8C. After the reaction, the cells were dissolved with 100 mL of 1% (v/v) Triton X-

100 and the cAMP concentration was measured (n = 3). Data represent the means W S.D. (E) Inhibition activity of CL2 measured

by a CHO-S1P1 cell invasion assay. The 5 T 104 of CHO-S1P1 cells mixed with the indicated amounts of CL2 were added to the

upper chamber and 10 nM Sph-1-P was added to the lower one. After 16 h incubation at 37 8C, the invaded cells that had passed

through a filter were fixed and stained. For each filter, the sum of stained cells within 4 random microscopic fields (T100 power)

was counted visually and represented as the extent of cell invasion (cells/4 power fields, n = 3). Data represent the means W S.D.
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In order to exclude both the possibility of structural

information errors and compound degradation during

long-time preservation, CL2 was re-synthesized and the

S1P1 antagonist activity was evaluated again. Fig. 1B shows

that the membrane fraction from the CHO-S1P1 cells which

were used in the [3H]Sph-1-P/S1P1 binding assay had higher

[3H]Sph-1-P binding activity than that of CHO-mock cells.

CL2 concentration-dependently inhibited [3H]Sph-1-P bind-

ing to the membrane fraction from CHO-S1P1 cells with the

IC50 value of 25 mM (Fig. 1C). The total binding and the non-

specific binding were 10,946 � 468 and 4055 � 183, respec-

tively (mean dpm values � S.D., n = 4). The compound also

showed concentration-dependent inhibition against intra-

cellular cAMP concentration decreases stimulated by Sph-1-

P with the IC50 value of 5.7 mM (Fig. 1D). To test the

inhibition-specificity of CL2, the antagonistic activities

against 10 representative G-protein coupled receptors

(adenosine A1, adrenergic a1A, a2A, b1, angiotensin I,

thromboxane A2, bradykinin B2, leukotriene D4, platelet

activating factor, and cholecystokinin CCKA) were investi-

gated in a PharmaScreen assay. According to the results, the

antagonistic activities of CL2 at 30 mM were from 0 to 7%

(supplementary data 1). Therefore, the compound might be

a selective Sph-1-P receptor antagonist, although CL2 is a

moderate antagonist of S1P1.

It has been reported that Sph-1-P promotes the migration

activity of S1P1-expressing cells in vitro [15,20,21]. Generally, in

the case of in vivo angiogenesis not only the migration but also

the invasion of endothelial cells is necessary for new blood

vessel formation. Because stable blood tubes are covered with

an extracellular matrix and connective tissues, endothelial

cells must digest them and invade the new space in order to

make new blood vessels. Therefore, next we tested the

invasion-inducible activity of Sph-1-P and the effect of CL2

by a CHO-S1P1 cell invasion assay. As a result, the compound

concentration-dependently inhibited the Sph-1-P-induced

invasion activity of CHO-S1P1 cells (Fig. 1E). The IC50 value

of CL2 was estimated at 1.1 mM with Prism 4 software

(GraphPad Software, Inc., La Jolla, USA). On the other hand,

in a cell growth inhibition assay, CL2 did not inhibit CHO-S1P1

cell growth at the concentration of 16.3 mM (supplementary

data 2).
Fig. 2 – Evaluation of anti-angiogenic activity by CL2 in an angi

HUVEC were co-cultured for 11 days. On the final day, both cell

with anti-human von Willebrand factor antibodies. Images of t

formed from HUVEC are shown in black in the photographs. (A

culture. Striped arrows show normal and capillary-like tubes o

culture. White arrows show abnormal, frayed thread-like tubes
We also evaluated CL2-derived anti-angiogenic activity in

an angiogenesis culture model. In this model, the colonies of

HUVEC are scattered like islands on a fibroblast sheet on Day 0.

During the period of co-culturing, the HUVEC proliferate and

migrate on the sheet and connect mutually, completing a

capillary-like network by Day 11. Fig. 2 shows representative

micrographs of the culture results. Tubes formed with HUVEC

are shown in black in the photographs. HUVEC formed

capillary-like tubes under normal culture conditions

(Fig. 2A), on the other hand, those treated by 3.3 or 16.3 mM

CL2 formed abnormal tubes like frayed threads (Fig. 2B). This

abnormal tube formation was observed even with 3.3 mM CL2,

but it was more severe with 16.3 mM. Therefore, these results

indicated that the compound had anti-angiogenic activity.

Among Sph-1-P receptors, vascular endothelial cells

mainly express S1P1, S1P2, and S1P3 [15,37,38] and therefore

we examined the antagonistic activity of CL2 for these

receptors with FLIPR. According to the results, the IC50 values

of CL2 for S1P1, S1P2, and S1P3 were 4.4, 37, and 6.8 mM,

respectively.

3.2. CL2 improves the disease conditions in two
angiogenic in vivo models

A rabbit cornea model is a convenient angiogenesis model in

vivo and is frequently used for the pharmacological evaluation

of anti-angiogenic compounds [39]. In this model, an implan-

tation of vehicle-mixed Hydron pellets did not cause cornea

angiogenesis (Fig. 3A and B), on the other hand, a VEGF-mixed

pellet implantation induced severe angiogenesis of the

peripheral cornea (Fig. 3C). As shown in Fig. 3D, CL2 clearly

inhibited the VEGF-induced cornea angiogenesis in this

model. Four micrograms of CL2 significantly inhibited the

angiogenesis in up to approximately 70% of the control group.

Forty micrograms of SU-5416, a VEGF receptor-signaling

inhibitor, also inhibited the angiogenesis in up to approxi-

mately 80% of the control group. These results indicated the

possibility that S1P1 contributed to the VEGF-induced angio-

genesis in the cornea model.

Finally, we evaluated a mouse anti-type II collagen anti-

body arthritis model. The i.p. administration of CL2 (10 mg/kg/

day, dissolved in saline) significantly improved the swelling
ogenesis culture model. Pre-seeded human fibroblasts and

types were fixed and the HUVEC were additionally stained

ubular HUVEC were micrographed (T200 power). Tubes

) A representative photograph of solvent (DMSO)-treated

f HUVEC. (B) A representative photograph of CL2-treated

of HUVEC.



Fig. 3 – (A) A representative photograph of NZW rabbit cornea after implantation surgery. White-dotted circles indicate

implanted Hydron pellets. (B) After 7 days from vehicle-mixed pellet implantation. The Hydron pellets had dissolved and

the cornea was still avascular. (C) 7 days after the VEGF-mixed pellet implantation. Note the large number of new blood

vessels which have invaded into the peripheral cornea (white asterisks). Please ignore the black line and arrow in the

picture, as they are just marks made directly on the photograph by a researcher. (D) Effect of CL2 in a rabbit cornea model.

1 mg of VEGF and the indicated amount of CL2, SU-5416 or vehicle (DMSO) were mixed with polyhydroxyethylmethacrylate

to form sustained release pellets (Hydron pellets). The pellets were implanted into the corneas of albino rabbits (n = 2–5).

After 7 days, the newborn blood vessels in the corneas were photographed and the total lengths were measured (n = 8–20).

Data represent the means W S.E.M. SU-5416 is a VEGF receptor-signaling inhibitor. *P < 0.01 as compared with the control

group.
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scores on Days 5 through 14, compared with the correspond-

ing control group (Fig. 4A). The p.o. administration of CL2

[10 mg/kg/day, dissolved in 0.5% (w/v) tragacanth] also

significantly improved the swelling score on Day 7. On Days

10 and 14, the swelling scores were not significant, but they

tended to be lower than those in the corresponding control

group (Fig. 4A). Consequently, CL2 showed significant inhibi-

tion of the swelling of mouse feet. No abnormal influences by

the compound administration in terms of body weight were

observed (Fig. 4B). In order to ensure the exposure of CL2 in

mice, a total of 10 mg/kg CL2 dissolved in distilled water was

administered by p.o. or i.p. and the plasma concentrations of

CL2 were measured. The values of the area under the curve

(mg h/mL) were calculated to be 0.88 (p.o.) and 2.72 (i.p.),

respectively. The p.o. administration of indomethacin [5 mg/

kg/day, dissolved in 0.5% (w/v) tragacanth] also significantly

inhibited the swelling of mouse feet on Days 5 through 14.

These results strongly suggested that the Sph-1-P/S1P1

pathway contributes to disease-related angiogenesis in vitro

and in vivo.
4. Discussion

Angiogenesis occurs in three steps: the growth of vascular

endothelial cells, migration and invasion, and tube forma-

tion. CL2 suppressed the invasion of CHO-S1P1 cells induced

by Sph-1-P (Fig. 1E). This compound also inhibited normal

tube formation and induced abnormal-shape tube forma-

tion in an angiogenesis culture model (Fig. 2). It is supposed

that Sph-1-P/S1P1 signaling is indispensable for the normal

tube formation of HUVEC. Because CL2 inhibited the

invasion and the tube formation steps, we expected that

this compound could repress in vivo angiogenesis by

disrupting the completion of the angiogenic process.

Although CL2 inhibits S1P2 and S1P3 in addition to S1P1, it

has been reported that S1P1 has the most important role in

the angiogenic process. For instance, the S1P1 homo KO

mouse was lethal and lead to intrauterine hemorrhage [25].

On the other hand, one S1P2 homo KO mouse was born and

grew almost normally except for a defect of hearing [40,41]

and one S1P3 homo KO mouse showed no abnormalities at



Fig. 4 – (A) Effect of S1P1 antagonist CL2 on the swelling of

mouse hind limbs. Balb/c mice (each n = 10) were

sensitized by i.v. injection of anti-type II collagen antibody

cocktail on Day 0. On Day 3, arthritis was induced by i.p.

administration of LPS. On Days 3–13, 0.5% (w/v) tragacanth

( p.o. control), saline (i.p. control), 10 mg/kg CL2 which was

dissolved in 0.5% (w/v) tragacanth ( p.o. CL2), and 10 mg/kg

CL2 which was dissolved in saline (i.p. CL2) were

administered daily. For normal, neither antibody nor LPS

was administered. On the days indicated, the swelling of

the mouse hind limbs was evaluated (n = 10). The swelling

score is the sum of the evaluations of both hind limbs

(max. of total score = 6). Scoring criteria: one toe

swelling = 1; more than one toe swelling = 2; remarkable

swelling of instep = 3. Data represent the means W S.D.

*P < 0.05 as compared with the corresponding control

group on the same day. (B) Body weight change of the mice

(n = 10). Data represent the means W S.D.
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all [42]. Thus, we focused on only the S1P1 antagonist

activity of CL2 and investigated further.

CL2 was also effective in two in vivo angiogenesis models. In

a rabbit cornea model, the compound inhibited the cornea
angiogenesis induced by VEGF (Fig. 3D). Some reports have

stated that treatment by the disruption of vascular invasion,

such as a deficiency of matrix metalloproteinase-2 and the

knockdown of matrix metalloproteinase-9, reduced mouse

cornea angiogenesis [43,44]. The blocking of matrix metallo-

proteinase-9 also inhibited VEGF-induced cornea angiogenesis

in mice [45]. Therefore, we supposed that CL2 would show

anti-angiogenic activity by suppressing the invasion of

vascular endothelial cells into the cornea. The second in vivo

angiogenesis model we chose was a mouse anti-type II

collagen antibody arthritis model. Similar to rheumatoid

arthritis, angiogenesis is thought to contribute to the late

stage of this collagen-induced arthritis model and worsen the

arthritis. Indeed, it has been reported that angiogenesis

inhibitors remarkably decreased articular destruction in

collagen-induced arthritis models [46–48]. It is likely that

CL2 inhibited angiogenesis within the articular cavities and

reduced the swelling of mouse hind limbs in our collagen-

induced arthritis model (Fig. 4). The effective dose of CL2 in

this model was 10 mg/kg/day. This was contrary to our

expectation because the IC50 value of CL2 in the membrane-

binding assay was 25 mM. On the other hand, the value of CL2

in the cell invasion assay was estimated to be 1.1 mM and

inhibition of HUVEC tube formation was observed at a

concentration of 3.3 mM of CL2. Therefore, the in vitro effect

at a relatively low concentration (1.1–3.3 mM) of CL2 might

reflect the disruption of normal angiogenesis in vivo. Addi-

tional studies, such as an investigation of the articular

histochemistry, would likely prove the anti-angiogenic activ-

ity of this compound. A histochemical study would also

demonstrate whether the newborn vessels are complete tubes

or irregular shapes. No abnormal influences were observed as

a result of the compound administration, indicating that the

anti-angiogenic activity of CL2 is not a result of compound

toxicity. These results give us hope that CL2 will be effective in

other angiogenesis-related disease models, for example, a

tumor-bearing animal model.

Recently, much evidence has been accumulated to indicate

the importance of the Sph-1-P/S1P1 pathway in tumor growth

and angiogenesis. For example, anti-Sph-1-P antibody showed

about a 50% suppression of the tumor volume increase in

multiple tumor-bearing mouse models and reduced intratu-

mor angiogenesis [49]. An intratumoral injection of liposome

containing S1P1 small interfering RNA also resulted in about a

50% reduction of tumor and neovessel growth in Lewis lung

carcinoma-implanted mice [50]. Furthermore, the novel

immunosuppressant FTY720 also inhibited angiogenesis in

a mouse agar chamber and cornea model, in melanoma

metastases [51] and in the growth of Lewis lung carcinoma and

tumor vessels in mice [52]. FTY720, when phosphorylated in

vivo, binds to S1P1 and causes long-lasting S1P1 internalization

and desensitization [51,53]. Thus, FTY720-phosphate is

thought to act like a S1P1 antagonist and inhibit angiogenesis.

These results strongly suggest that a S1P1 antagonist could

inhibit in vivo angiogenesis and suppress the growth of solid

tumors. In addition, as Sph-1-P analogs, the potent S1P1 and

S1P3 antagonist VPC23019 and the potent S1P1-specific

antagonist W146 have been discovered [54,55]. In this manu-

script, W146 reversed S1P1-selective agonist-induced lympho-

penia and tightening of the vascular junctions in mice. It also
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relaxed the adherens junctions of vascular endothelial cells and

increased vascular permeability in mice. These results suggest

that the Sph-1-P/S1P1 pathway has an important role in mature

blood vessels and that it may be involved in endothelial barrier

function. This study showed that the S1P1 antagonist CL2 was

effective in both in vitro and in vivodisease-related angiogenesis

models and confirmed the idea that a S1P1 antagonist could

improve angiogenic disease. CL2 would be a good analytical tool

to study angiogenic processes and also has the potential of

becoming a pharmacological lead compound.
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