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Although A3AR agonists exhibit a variety of biological activities including anticancer effects, their possible
anti-angiogenic effects have not yet been investigated. In the present study, we assayed the anti-
angiogenic activity of thio-Cl-IB-MECA, a novel A3AR agonist, in cultured HUVECs and mES/EB-derived
endothelial cells. Thio-CI-IB-MECA inhibited migration and tube formation by endothelial cells and dra-
matically decreased ex vivo microvessel sprouting in cultured mouse aortic rings. The anti-angiogenic
activity of thio-CI-IB-MECA was associated with suppression of the expression of the endothelial
biomarker PECAM via regulation of PI3K/AKT/mTOR and ERK signaling in mES/EB-derived endothelial

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

A3AR is a subtype of the adenosine receptor family, which in-
cludes Ay, Aza, Az, and As receptors [1]. Based on its expression
and signal transduction activity in humans, AsAR is a clinically rel-
evant therapeutic target for the development of candidate drugs.
For example, AsAR agonists are under investigation for the treat-
ment of myocardial and cerebral ischemia, as well as cancer [2].
Recently, we found that thio-CI-IB-MECA is a novel selective
A3AR agonist that had anti-proliferative activity in several human
cancer cell lines, including leukemia and lung cancers [3-5]. In
addition, the expression of AsAR has been reported in endothelial
cells as well as cancer cells [6-8]. Therefore, the A3AR was consid-
ered to be essential for inducing angiogenesis in a human umbilical
vein endothelial cell (HUVEC) model in vitro [9].

Angiogenesis is a complex process that involves sprouting of
new capillaries from pre-existing blood vessels. It plays a crucial
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iodobenzyl)-4’-thioadenosine-5-N-methyluronamide; HUVECs, human umbilical
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methylcarboxamide; ERK, extracellular signal-regulated kinase; PI3K, phosphati-
dylinositol-3-kinase.
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role in many pathological conditions including tumor growth, dia-
betic retinopathy, psoriasis, rheumatoid arthritis, and atheroscle-
rosis [2]. In cancer, newly formed vessels not only promote
tumor growth but also cause the tumor cells to become more
malignant and metastatic [10]. Therefore, angiogenesis is an
attractive target for the development of a wide variety of therapies,
including antitumor agents [11].

Although As3AR agonists exhibit anti-proliferative activity
against cancer cells, anti-angiogenic effects of A3AR agonists in
endothelial cells have not been investigated. In addition, a recent
report suggested one plausible mechanism that might underlie
the anti-proliferative effects of AsAR agonists, namely down-reg-
ulation of ERK via activation of the PI3K/AKT pathway in human
melanoma cells [12]. In the present study, the potential anti-
angiogenic activity and precise mechanism of action of the
AsAR agonist thio-CI-IB-MECA in endothelial cells were
investigated.

2. Materials and methods
2.1. Compound

Thio-Cl-IB-MECA (Fig. 1A) was synthesized as described by
Jeong et al. [13] and dissolved in 100% DMSO. A 100 mM stock
solution of thio-CI-IB-MECA was prepared and stored at —20 °C un-
til use.
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Fig. 1. Chemical structure of thio-CI-IB-MECA (A) and characterization of endothelial cell exposure to thio-Cl-IB-MECA. (B) HUVECs and mES-derived endothelial cells were
treated with thio-CI-IB-MECA (0-50 uM) for 3 days. Cell viability was expressed as a percentage of the control (cultured in the absence of thio-Cl-IB-MECA). (C) Aortic rings
isolated from mice were embedded in Matrigel in 48-well plates and then fed medium containing various concentrations of thio-CI-IB-MECA for 4 days. The microvessel
sprouting area was measured on day 4 of culture. Data are the means + SD (n = 3). *P < 0.05, **P < 0.01 versus control group.

2.2. Endothelial cell culture

HUVECs were obtained from ATCC (Rockville, MD) and cultured
in EGM-2 (Lonza, Walkersville, MD) supplemented with 10% FBS at
37 °Cin a 5% CO, atmosphere [14,15].

2.3. Culture and differentiation of mouse embryonic stem cells

Mouse D3 ES cells (ATCC, Rockville, MD) were co-cultured with
mitomycin C-treated mouse embryonic fibroblast cells in high glu-
cose DMEM (Invitrogen, Carlsbad, CA) containing 10% fetal bovine
serum (Invitrogen, Carlsbad, CA), 1000 U/ml of leukemia inhibitory
factor (Chemicon, Temecula, CA), and basic ES cell medium compo-
nents [50 U/ml of penicillin and 50 pg/ml streptomycin (Invitro-
gen, Carlsbad, CA), 1% non-essential amino acids (Invitrogen,
Carlsbad, CA) and 0.1 mM B-mercaptoethanol (Invitrogen, Carls-

bad, CA)]. The cell culture and endothelial differentiation condi-
tions have been described previously [14,16].

2.4. Cell viability assay

Cell viability was assessed using an MTT assay. HUVECs
(5 x 10> cells/well) were seeded into a 96-well plate with EGM-2
medium supplemented with 10% FBS for 24 h. The cells were then
cultured in fresh medium containing 2% FBS and various concen-
trations of thio-Cl-IB-MECA for 3 days. The viability of endothelial
cells differentiated from mES cells was determined without LIF, as
previously described by Kim et al. [14,16]. After incubation with
thio-CIl-IB-MECA, an MTT solution was added, and the plate was
incubated for an additional 4 h. The formazan product was dis-
solved in DMSO, and the absorbance was detected at 570 nm using
a VersaMax ELISA microplate reader (Molecular Devices, Sunny-
vale, CA).
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2.5. Scratch-wound migration assay

HUVECs were allowed to grow to full confluence in 6-well
plates pre-coated with 0.1% gelatin at 37 °C in a 5% CO, atmo-
sphere. The cells were wounded by scratching with a 0.2-ml pip-
ette tip. The medium was then replaced with fresh 0.5% FBS-
EGM-2 medium containing various concentrations of thio-Cl-IB-
MECA. The cells were incubated for 24 h and images taken under
an inverted phase contrast microscope (Olympus Optical Co. Ltd.,
Tokyo, Japan). The numbers of migrated cells were quantified by
manual counting (DMC advanced program), and inhibition was cal-
culated as a percentage relative to control.

2.6. Transwell migration assay

The migration assay was performed using a modified Boyden
chamber model (Transwell apparatus, 8-pum pore size; Corning
Inc., Corning, NY) as previously described [17]. Images were re-
corded using an inverted microscope, and the numbers of invasive
cells were quantified by manual counting.

2.7. Tube formation assay

A tube formation assay was performed as previously described
[18]. Matrigel (70 pl/well) was added to a 96-well plate and poly-
merized for 30 min at 37 °C. HUVECs (3 x 10* cells/well) and thio-
CI-IB-MECA (0-20 uM) were plated and incubated for 8 h. The for-
mation of endothelial cell tubular structures was visualized under
an inverted microscope. Tube formation was quantified by calcu-
lating the tube number and was expressed as a percentage of the
tubes formed under un-treated control conditions.

2.8. Aortic ring assay

The mouse aortic ring assay was performed as previously de-
scribed by Baker et al., with slight modifications [19]. Forty-
eight-well plates were covered with 150 pl of Matrigel solution
(Matrigel:EGM-2 medium = 1:1) and then incubated at 37 °C and
5% CO,, for 30 min. Aortas were isolated from mice (Central Labora-
tory Animal Inc., Seoul) and cut into 1 mm rings. After rinsing with
PBS, the aortas were placed on pre-coated Matrigel and then cov-
ered with an additional 100 pl of Matrigel solution. The aortic rings
were cultured in 1 ml of EGM-2 containing supplements for 48 h,
and then the medium was replaced with 1 ml of EGM-2 containing
supplements with vehicle or thio-CI-IB-MECA. After 4 days of incu-
bation, microvessel growth was measured by taking photographs
under an inverted microscope (40x magnification). The microves-
sel sprouting area was estimated using a phase-contrast micro-
scope by measuring the distance from the cut end of the aortic
segment to the approximate middle point of the capillary (DMC ad-
vanced program).

2.9. Immunocytochemistry

mES/EB-derived endothelial cells were incubated with thio-Cl-
IB-MECA for 24 h, and then the cells were fixed with 4% parafor-
maldehyde and incubated overnight at 4 °C. The cells were blocked
with blocking solution containing 1% BSA in PBS for 30 min and
then incubated with rat anti-mouse PECAM (1:100) (Santa Cruz
Biotechnology, Santa Cruz, CA) overnight at 4 °C. After washing,
the cells were then incubated with Alexa Fluor 594-labeled chicken
anti-rat IgG (1:1000) (Invitrogen, Carlsbad, CA). After staining, the
cover slips were mounted with medium containing DAPI (Vector
Laboratories, Burlingame, CA). Fluorescence images were observed
under a Zeiss Model 710 (Carl Zeiss, Jena, Germany) confocal
microscope.

2.10. Three-dimensional collagen type-I sprouting angiogenesis assay

The 3-dimensional tube formation and sprouting angiogenesis
assays were performed in type I collagen [20]. Briefly, EBs de-
rived from mES cells were cultured in suspension containing
EGM-2 medium for 7 days. The EBs were then plated in a type
I collagen solution and incubated in EGM-2 medium. The effects
of thio-CI-IB-MECA on vascular sprouting were determined after
incubation with thio-CI-IB-MECA for 4 days. Vascular sprouting
was analyzed using a phase contrast microscope (Nikon, Eclipse
TE 2000-U, Tokyo, Japan). Sprouting endothelial cells from EB
were grown in type I collagen and stained with Alexa Fluor
594 anti-mouse PECAM antibody (1 pg/ml, Invitrogen) for 10 h
at 37 °C and washed 3 times with EGM-2 medium for 15 min
each. The morphology and fluorescence were observed under a
confocal microscope.

2.11. Western blot analysis

Differentiated endothelial cells were treated with various con-
centrations of thio-CI-IB-MECA for 24 h. The harvested cells were
lysed in protein extraction solution (Intron Biotechnology, Inc.,
Seongnam, Kyunggi) containing phosphatase inhibitors for
10 min at 4 °C. Equal amounts (40 pg) of protein samples were
subjected to 6-15% SDS-PAGE. The separated proteins were trans-
ferred to PVDF membranes (Millipore, Bedford, MA) and then incu-
bated with primary antibodies diluted with 5% BSA in TBST (1:200-
1:2000) overnight at 4 °C. The membranes were then washed three
times with TBST and incubated with the corresponding secondary
antibodies. Protein bands were detected using an enhanced chemi-
luminescence detection kit (Intron Biotechnology, Inc.) and a LAS-
1000 Imager (Fuji Film Corp., Tokyo, Japan).

2.12. Statistical analysis

Data are presented as the means * SD for the indicated number
of independently performed experiments. Statistical significance
(*P<0.05, **P<0.01) was determined using Student’s t-test for
paired data.

3. Results

3.1. Thio-Cl-IB-MECA decreases proliferation of endothelial cells and
suppresses capillary sprouting

To determine whether the possible anti-angiogenic activity of
thio-CI-IB-MECA is related to endothelial cell proliferation, the
proliferation rates of HUVECs and mES-derived endothelial cells
were evaluated using an MTT assay. Treatment with thio-CI-IB-
MECA for 3 days inhibited the proliferation of both endothelial
cell types, with ICso values of 38.5 and 26.0 pM in HUVECs and
mES-derived endothelial cells, respectively. In particular, concen-
trations of thio-Cl-IB-MECA of greater than 25 puM significantly
decreased cell viability in the endothelial cells (Fig. 1B). Therefore,
further studies of thio-Cl-IB-MECA’s biological activities were car-
ried out at less than or equal to 20 uM thio-CI-IB-MECA to elimi-
nate cytotoxicity in the endothelial cells. In addition, we analyzed
the effect of thio-CI-IB-MECA in an ex vivo angiogenesis model,
the mouse aortic ring assay, which is widely used to evaluate
the anti-angiogenic activities of test compounds [21]. As shown
in Fig. 1C, treatment with thio-CI-IB-MECA significantly and
dose-dependently suppressed the outgrowth of microvessels from
the aortic rings.
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3.2. Inhibition of endothelial cell migration and capillary-like tube
formation by thio-Cl-IB-MECA

Because endothelial cell migration is considered a critical step
in angiogenesis, we evaluated whether thio-CI-IB-MECA is able to
affect the migration of endothelial cells in vitro. As shown in
Fig. 2A and A-1, wound healing by migrating HUVECs was almost
complete after 24 h of incubation, but thio-CI-IB-MECA treatment
inhibited the migration of the endothelial cells in a concentra-
tion-dependent manner. In particular, HUVEC migration was sig-
nificantly suppressed by treatment with 20 pM thio-CI-IB-MECA
(**P<0.01). In addition, HUVEC invasion in a Matrigel-coated
transwell migration assay was also suppressed by treatment with
thio-Cl-IB-MECA (Fig. 2B and B-1). Capillary-like tube formation
that depends on maturation of migrated endothelial cells is also in-
volved in early steps of angiogenesis. To determine whether thio-
CI-IB-MECA suppresses tube formation, we examined spontaneous

tube formation, which occurs upon incubation of HUVECs in Matri-
gel, in the presence of thio-CI-IB-MECA. Thio-CI-IB-MECA inhibited
capillary-like network formation by cultured HUVECs in a concen-
tration-dependent manner (Fig. 2C and C-1).

3.3. Suppression of the expression of the endothelial biomarker PECAM
and capillary sprouting in cultured EB-derived endothelial cells

To further investigate the relationship between thio-CI-IB-ME-
CA’s inhibitory effects on growth and its suppression of endothelial
biomarker expression, we examined the expression of PECAM, a
representative endothelial biomarker, in mES/EB-derived endothe-
lial cells. When endothelial cells differentiated from mES/EB were
treated with thio-CI-IB-MECA (0-20 uM) for 24 h, the expression
of PECAM was easily detectable by immunofluorescence (control),
but thio-CI-IB-MECA dose-dependently suppressed the expression
of PECAM in a 2-dimensional (2D) culture (Fig. 3A). We also
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Fig. 2. Effects of thio-CI-IB-MECA on cell migration and capillary structure formation by endothelial cells. (A, A-1) Cells were grown to confluence in 6-well plates, wounded,
and treated with the indicated concentrations of thio-CI-IB-MECA. (B, B-1) Endothelial cells were seeded in the upper chamber in media containing various concentrations of
thio-Cl-IB-MECA, and the bottom chamber was filled with EGM-2 medium containing supplement. The cells with irregular shapes shown in the images are cells that had
migrated into the lower chamber. (C, C-1) Cells and thio-CI-IB-MECA were placed in 96-well plates coated with Matrigel. After 4-8 h in the absence and presence of thio-Cl-
IB-MECA, the tubular structures were photographed. The results were reported as the means + SD. *P < 0.05, **P < 0.01 versus control cells.
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examined PECAM protein levels by Western blotting and found
suppression of PECAM by thio-CI-IB-MECA that correlated well
with the immunofluorescence results (Fig. 3B and B-1). In addition,
we also evaluated the effects of thio-CI-IB-MECA on the formation
of vessel-like structures (microvessel sprouting) in a 3-dimen-
sional (3D) culture of mES-derived embryoid bodies. As shown in
Fig. 3C, capillary-like microvessel sprouts were produced in cul-
tured mES-derived embryoid bodies, and treatment with thio-CI-
IB-MECA effectively and dose-dependently suppressed this sprout-
ing. In particular, the 20 uM dose of thio-Cl-IB-MECA significantly
inhibited the capillary sprouting. When the vascular sprouts were
stained using a PECAM antibody, thio-CI-IB-MECA was also found

to reduce the number of PECAM-positive cells (red) in the sprouts
derived from mES/EB in 3D culture (Fig. 3C). These findings indi-
cate that thio-CI-IB-MECA effectively suppresses the formation of
capillary-like microvessel sprouts in EB-derived cells.

3.4. Suppression of PI3K/AKT/mTOR and ERK signaling in cultured
mES/EB-derived endothelial cells by thio-CI-IB-MECA

mES/EB-derived endothelial cell systems have been previously
suggested as a novel in vitro model for the study of anti-angiogenic
activity [22]. To further understand the molecular mechanism by
which thio-CI-IB-MECA mediates its anti-angiogenic activity, we
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Fig. 3. Effects of thio-Cl-IB-MECA on vascularization of endothelial cells derived from mES/EBs. (A) mES/EB-derived cells were differentiated for 10 days and then exposed to
thio-Cl-IB-MECA (0, 10, or 20 uM) for 24 h. The mES/EB-derived endothelial cells were stained with an antibody directed against the endothelial cell biomarker PECAM. Nuclei
were stained with DAPI. Magnificationx100. (B, B-1) PECAM protein levels in cell lysates from mES/EB-derived endothelial cells after 24 h of incubation with thio-CI-IB-MECA
(0-20 nM) were measured by Western blot analysis. B-actin was used as an internal control. The statistical analysis was performed with Student’s t-test. **P < 0.01 compared
to control. (C) EBs derived from mES were cultured in suspension containing EGM-2 medium for 7 days. EBs embedded in collagen gel were treated with thio-Cl-IB-MECA for
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observed in sprouting EBs in 3D culture under a confocal microscope. White arrows highlight the sprouted PECAM-positive cells (red). Magnificationx 40.
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examined PI3K/AKT/mTOR and ERK signaling in mES/EB-derived
endothelial cells. It is well known that activation of the PI3K/
AKT/mTOR pathway contributes to proliferation and migration in
endothelial cells [23]. We found that thio-CI-IB-MECA treatment
suppressed PI3K/AKT activation, leading to suppression of the acti-
vation of mTOR and its downstream effector p70S6K (Fig. 4A). We
also found that thio-CI-IB-MECA effectively down-regulated the
activation of ERK and cyclin D1 in mES/EB-derived endothelial cells
(Fig. 4B). The effects of thio-Cl-IB-MECA on the AKT and ERK signal-
ing pathways were further confirmed using co-treatment with
thio-C1-IB-MECA and the AKT inhibitor LY294002 or the ERK
inhibitor PD98059. As shown in Fig. 4C and D, co-treatment with
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thio-Cl-IB-MECA and the AKT or ERK inhibitor resulted in greater
suppression of AKT and ERK activities than either inhibitor alone.
These data suggest that the decreases in proliferation and PECAM
expression induced by thio-CI-IB-MECA treatment of mES/EB-de-
rived endothelial cells might be partially due to down-regulation
of PI3K/AKT/mTOR and ERK signaling.

4. Discussion

Recent findings suggested that AszAR plays key roles in a variety
of physiological functions, including cell proliferation. On this note,
AsAR agonists such as IB-MECA and CI-IB-MECA have been found
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to act as anti-tumor agents in vitro and in vivo [24,25]. Recently, we
developed thio-Cl-IB-MECA for use as a A3AR agonist and found
that its selectivity and affinity for A;AR were superior to those of
IB-MECA and CI-IB-MECA [13]. Thio-CI-IB-MECA exhibits anti-pro-
liferative and anti-tumor effects in several human cancer cell lines
in both in vitro and in vivo models [3,5,26]. However, possible anti-
angiogenic activities of thio-CI-IB-MECA are as yet unreported.
Therefore, we investigated, for the first time, the effect of thio-Cl-
IB-MECA on angiogenesis and investigated a possible mechanism
of action in endothelial cells. In our previous study, we also effec-
tively developed a method to differentiate mES cells into the endo-
thelial lineage using EGM-2 medium [15]. In this study, we used
this mES/EB-derived endothelial cell system to evaluate thio-Cl-
IB-MECA’s anti-angiogenic activity. Thio-Cl-IB-MECA effectively
inhibited migration and tube formation in cultured endothelial
cells, including HUVECs and mES-derived cells. More evidence for
anti-angiogenic effects of thio-CI-IB-MECA was supplied by its
inhibition of capillary sprouting by endothelial cells in an ex vivo
model and in the mES/EB-derived endothelial model system (2-D
and 3-D culture systems). These inhibitory activities were also well
correlated with suppression of the expression of the endothelial
biomarker PECAM.

Anti-angiogenic therapy is currently considered one of the most
promising and efficient therapeutic strategies for the treatment of
cancer [27,28]. Previous studies have shown that PI3K and AKT are
activated by various stimuli, including VEGF, in endothelial cells
and go on regulate multiple critical steps of angiogenesis by phos-
phorylating downstream molecules such as mTOR [29]. Indeed,
activation of the PI3K/AKT/mTOR signaling pathway in endothelial
cells in culture promotes cell proliferation, angiogenesis, invasion,
and metastasis [30]. In particular, AKT regulates cell proliferation,
survival and migration. We found that the activation of AKT was
significantly suppressed by thio-CI-IB-MECA in mES/EB-derived
endothelial cells. In addition, the ERK pathway is known to be acti-
vated by various stimuli including mitogens and cell survival fac-
tors [31,32], and ERK [33] also regulates cyclin D1 expression in
somatic cells [34]. AsAR agonists such as IB-MECA and CI-IB-MECA
cause cell cycle arrest and decreased proliferation in cancer cells by
regulating ERK signaling [33]. The data presented here suggest that
thio-Cl-IB-MECA effectively suppresses the activation of AKT and
ERK, thus causing decreased PECAM expression via inhibition of
cyclin D1 in endothelial cells.

In summary, the present study shows that thio-CI-IB-MECA, a
novel class of AsAR agonist, inhibits migration and tube formation
by endothelial cells. One plausible mechanism underlying this ac-
tion is regulation of the PI3K/AKT/mTOR and ERK signaling
pathways.

Acknowledgments

This work was supported by a National Research Foundation
grant funded by the Korean Government (MEST) (No. 2009-
0083533) and Seoul R&BD program (10541).

References

[1] B.B. Fredholm, L]. AP, K.A. Jacobson, ]. Linden, C.E. Muller, International Union
of Basic and Clinical Pharmacology. LXXXI. Nomenclature and classification of
adenosine receptors-an update, Pharmacol. Rev. 63 (2011) 1-34.

[2] P. Carmeliet, RK. Jain, Angiogenesis in cancer and other diseases, Nature 407
(2000) 249-257.

[3] SJ. Kim, H.Y. Min, H.J. Chung, EJ. Park, ].Y. Hong, Y.J. Kang, D.H. Shin, L.S. Jeong,
S.K. Lee, Inhibition of cell proliferation through cell cycle arrest and apoptosis
by thio-CI-IB-MECA, a novel A3 adenosine receptor agonist, in human lung
cancer cells, Cancer Lett. 264 (2008) 309-315.

[4] H.Kim, ].W. Kang, S. Lee, W.J. Choi, L.S. Jeong, Y. Yang, ].T. Hong, Y. Yoon do, A3
adenosine receptor antagonist, truncated Thio-CI-IB-MECA, induces apoptosis
in T24 human bladder cancer cells, Anticancer Res. 30 (2010) 2823-2830.

[5] EJ. Lee, H.Y. Min, HJ. Chung, E.J. Park, D.H. Shin, L.S. Jeong, S.K. Lee, A novel
adenosine analog, thio-Cl-IB-MECA, induces GO/G1 cell cycle arrest and
apoptosis in human promyelocytic leukemia HL-60 cells, Biochem.
Pharmacol. 70 (2005) 918-924.

[6] P. Fernandez, C. Jara, V. Aguilera, L. Caviedes, F. Diaz, C. Radojkovic, C. Veas, L.
Lamperti, C. Escudero, C. Aguayo, Adenosine A(2)A and A(3) receptors are
involved in the human endothelial progenitor cells migration, J. Cardiovasc.
Pharmacol. 59 (2012) 397-404.

[7] S.H. Platts, B.R. Duling, Adenosine A3 receptor activation modulates the
capillary endothelial glycocalyx, Circ. Res. 94 (2004) 77-82.

[8] L. Feoktistov, A.E. Goldstein, S. Ryzhov, D. Zeng, L. Belardinelli, T. Voyno-
Yasenetskaya, 1. Biaggioni, Differential expression of adenosine receptors in
human endothelial cells: role of A2B receptors in angiogenic factor regulation,
Circ. Res. 90 (2002) 531-538.

[9] I. Feoktistov, S. Ryzhov, A.E. Goldstein, I. Biaggioni, Mast cell-mediated
stimulation of angiogenesis: cooperative interaction between A2B and A3
adenosine receptors, Circ. Res. 92 (2003) 485-492.

[10] 1J. Fidler, L.M. Ellis, The implications of angiogenesis for the biology and
therapy of cancer metastasis, Cell 79 (1994) 185-188.

[11] Z. Xu, S. Fang, Y. Zuo, Y. Zhang, R. Cheng, Q. Wang, Z. Yang, W. Cai, ]. Ma, X.
Yang, G. Gao, Combination of pigment epithelium-derived factor with
radiotherapy enhances the antitumor effects on nasopharyngeal carcinoma
by downregulating vascular endothelial growth factor expression and
angiogenesis, Cancer Sci. 102 (2011) 1789-1798.

[12] S. Merighi, A. Benini, P. Mirandola, S. Gessi, K. Varani, E. Leung, S. Maclennan,
P.A. Borea, A3 adenosine receptor activation inhibits cell proliferation via
phosphatidylinositol 3-kinase/Akt-dependent inhibition of the extracellular
signal-regulated kinase 1/2 phosphorylation in A375 human melanoma cells, J.
Biol. Chem. 280 (2005) 19516-19526.

[13] LS. Jeong, D.Z. Jin, H.O. Kim, D.H. Shin, H.R. Moon, P. Gunaga, M.W. Chun, Y.C.
Kim, N. Melman, Z.G. Gao, K.A. Jacobson, N6-substituted D-4'-thioadenosine-
5’-methyluronamides: potent and selective agonists at the human A3
adenosine receptor, J. Med. Chem. 46 (2003) 3775-3777.

[14] G.D. Kim, S.Y. Bae, H.J. Park, K. Bae, S.K. Lee, Honokiol inhibits vascular vessel
formation of mouse embryonic stem cell-derived endothelial cells via the
suppression of PECAM and MAPK/mTOR signaling pathway, Cell. Physiol.
Biochem. 30 (2012) 758-770.

[15] G.D. Kim, G.J. Kim, ].H. Seok, H.M. Chung, K.M. Chee, G.S. Rhee, Differentiation
of endothelial cells derived from mouse embryoid bodies: a possible in vitro
vasculogenesis model, Toxicol. Lett. 180 (2008) 166-173.

[16] G.D. Kim, G.S. Rhee, HM. Chung, KM. Chee, G.J. Kim, Cytotoxicity of 5-
fluorouracil: Effect on endothelial differentiation via cell cycle inhibition in
mouse embryonic stem cells, Toxicol. In Vitro 23 (2009) 719-727.

[17] T.Yi, Z.Yi, S.G. Cho, ]. Luo, M.K. Pandey, B.B. Aggarwal, M. Liu, Gambogic acid
inhibits angiogenesis and prostate tumor growth by suppressing vascular
endothelial growth factor receptor 2 signaling, Cancer Res. 68 (2008) 1843-
1850.

[18] Y. Kubota, H.K. Kleinman, G.R. Martin, T.J. Lawley, Role of laminin and
basement membrane in the morphological differentiation of human
endothelial cells into capillary-like structures, J. Cell Biol. 107 (1988) 1589-
1598.

[19] M. Baker, S.D. Robinson, T. Lechertier, P.R. Barber, B. Tavora, G. D’Amico, D.T.
Jones, B. Vojnovic, K. Hodivala-Dilke, Use of the mouse aortic ring assay to
study angiogenesis, Nat. Protoc. 7 (2012) 89-104.

[20] A. Gu, W. Tsark, K.V. Holmes, ].E. Shively, Role of Ceacam1 in VEGF induced
vasculogenesis of murine embryonic stem cell-derived embryoid bodies in 3D
culture, Exp. Cell Res. 315 (2009) 1668-1682.

[21] E.A. Kruger, P.H. Duray, M.G. Tsokos, D.]. Venzon, S.K. Libutti, S.C. Dixon, M.A.
Rudek, J. Pluda, C. Allegra, W.D. Figg, Endostatin inhibits microvessel formation
in the ex vivo rat aortic ring angiogenesis assay, Biochem. Biophys. Res.
Commun. 268 (2000) 183-191.

[22] M. Wartenberg, ]. Gunther, ]. Hescheler, H. Sauer, The embryoid body as a
novel in vitro assay system for antiangiogenic agents, Lab. Invest. 78 (1998)
1301-1314.

[23] J. Karar, A. Maity, PI3K/AKT/mTOR pathway in angiogenesis, Front. Mol.
Neurosci. 4 (2011) 51.

[24] P. Fishman, L. Madi, S. Bar-Yehuda, F. Barer, L. Del Valle, K. Khalili, Evidence for
involvement of Wnt signaling pathway in IB-MECA mediated suppression of
melanoma cells, Oncogene 21 (2002) 4060-4064.

[25] L. Madi, S. Bar-Yehuda, F. Barer, E. Ardon, A. Ochaion, P. Fishman, A3 adenosine
receptor activation in melanoma cells: association between receptor fate and
tumor growth inhibition, J. Biol. Chem. 278 (2003) 42121-42130.

[26] H. Chung, J.Y. Jung, S.D. Cho, K.A. Hong, H.J. Kim, D.H. Shin, H. Kim, H.O. Kim,
D.H. Shin, H.W. Lee, LS. Jeong, G. Kong, The antitumor effect of LJ-529, a novel
agonist to A3 adenosine receptor, in both estrogen receptor-positive and
estrogen receptor-negative human breast cancers, Mol. Cancer Ther. 5 (2006)
685-692.

[27] B. Descamps, C. Emanueli, Vascular differentiation from embryonic stem cells:
novel technologies and therapeutic promises, Vascul. Pharmacol. 56 (2012)
267-279.

[28] S.P. Tabruyn, A.W. Griffioen, Molecular pathways of angiogenesis inhibition,
Biochem. Biophys. Res. Commun. 355 (2007) 1-5.

[29] D.H. Cho, Y. Choi, S.A. Jo, J. Ryou, J.Y. Kim, J. Chung, I. Jo, Troglitazone acutely
inhibits protein synthesis in endothelial cells via a novel mechanism involving
protein phosphatase 2A-dependent p70 S6 kinase inhibition, Am. J. Physiol.
Cell Physiol. 291 (2006) C317-326.


http://refhub.elsevier.com/S0006-291X(13)01027-9/h0005
http://refhub.elsevier.com/S0006-291X(13)01027-9/h0005
http://refhub.elsevier.com/S0006-291X(13)01027-9/h0005
http://refhub.elsevier.com/S0006-291X(13)01027-9/h0010
http://refhub.elsevier.com/S0006-291X(13)01027-9/h0010
http://refhub.elsevier.com/S0006-291X(13)01027-9/h0015
http://refhub.elsevier.com/S0006-291X(13)01027-9/h0015
http://refhub.elsevier.com/S0006-291X(13)01027-9/h0015
http://refhub.elsevier.com/S0006-291X(13)01027-9/h0015
http://refhub.elsevier.com/S0006-291X(13)01027-9/h0170
http://refhub.elsevier.com/S0006-291X(13)01027-9/h0170
http://refhub.elsevier.com/S0006-291X(13)01027-9/h0170
http://refhub.elsevier.com/S0006-291X(13)01027-9/h0020
http://refhub.elsevier.com/S0006-291X(13)01027-9/h0020
http://refhub.elsevier.com/S0006-291X(13)01027-9/h0020
http://refhub.elsevier.com/S0006-291X(13)01027-9/h0020
http://refhub.elsevier.com/S0006-291X(13)01027-9/h0025
http://refhub.elsevier.com/S0006-291X(13)01027-9/h0025
http://refhub.elsevier.com/S0006-291X(13)01027-9/h0025
http://refhub.elsevier.com/S0006-291X(13)01027-9/h0025
http://refhub.elsevier.com/S0006-291X(13)01027-9/h0030
http://refhub.elsevier.com/S0006-291X(13)01027-9/h0030
http://refhub.elsevier.com/S0006-291X(13)01027-9/h0035
http://refhub.elsevier.com/S0006-291X(13)01027-9/h0035
http://refhub.elsevier.com/S0006-291X(13)01027-9/h0035
http://refhub.elsevier.com/S0006-291X(13)01027-9/h0035
http://refhub.elsevier.com/S0006-291X(13)01027-9/h0040
http://refhub.elsevier.com/S0006-291X(13)01027-9/h0040
http://refhub.elsevier.com/S0006-291X(13)01027-9/h0040
http://refhub.elsevier.com/S0006-291X(13)01027-9/h0045
http://refhub.elsevier.com/S0006-291X(13)01027-9/h0045
http://refhub.elsevier.com/S0006-291X(13)01027-9/h0050
http://refhub.elsevier.com/S0006-291X(13)01027-9/h0050
http://refhub.elsevier.com/S0006-291X(13)01027-9/h0050
http://refhub.elsevier.com/S0006-291X(13)01027-9/h0050
http://refhub.elsevier.com/S0006-291X(13)01027-9/h0050
http://refhub.elsevier.com/S0006-291X(13)01027-9/h0055
http://refhub.elsevier.com/S0006-291X(13)01027-9/h0055
http://refhub.elsevier.com/S0006-291X(13)01027-9/h0055
http://refhub.elsevier.com/S0006-291X(13)01027-9/h0055
http://refhub.elsevier.com/S0006-291X(13)01027-9/h0055
http://refhub.elsevier.com/S0006-291X(13)01027-9/h0060
http://refhub.elsevier.com/S0006-291X(13)01027-9/h0060
http://refhub.elsevier.com/S0006-291X(13)01027-9/h0060
http://refhub.elsevier.com/S0006-291X(13)01027-9/h0060
http://refhub.elsevier.com/S0006-291X(13)01027-9/h0060
http://refhub.elsevier.com/S0006-291X(13)01027-9/h0060
http://refhub.elsevier.com/S0006-291X(13)01027-9/h0065
http://refhub.elsevier.com/S0006-291X(13)01027-9/h0065
http://refhub.elsevier.com/S0006-291X(13)01027-9/h0065
http://refhub.elsevier.com/S0006-291X(13)01027-9/h0065
http://refhub.elsevier.com/S0006-291X(13)01027-9/h0070
http://refhub.elsevier.com/S0006-291X(13)01027-9/h0070
http://refhub.elsevier.com/S0006-291X(13)01027-9/h0070
http://refhub.elsevier.com/S0006-291X(13)01027-9/h0075
http://refhub.elsevier.com/S0006-291X(13)01027-9/h0075
http://refhub.elsevier.com/S0006-291X(13)01027-9/h0075
http://refhub.elsevier.com/S0006-291X(13)01027-9/h0080
http://refhub.elsevier.com/S0006-291X(13)01027-9/h0080
http://refhub.elsevier.com/S0006-291X(13)01027-9/h0080
http://refhub.elsevier.com/S0006-291X(13)01027-9/h0080
http://refhub.elsevier.com/S0006-291X(13)01027-9/h0085
http://refhub.elsevier.com/S0006-291X(13)01027-9/h0085
http://refhub.elsevier.com/S0006-291X(13)01027-9/h0085
http://refhub.elsevier.com/S0006-291X(13)01027-9/h0085
http://refhub.elsevier.com/S0006-291X(13)01027-9/h0090
http://refhub.elsevier.com/S0006-291X(13)01027-9/h0090
http://refhub.elsevier.com/S0006-291X(13)01027-9/h0090
http://refhub.elsevier.com/S0006-291X(13)01027-9/h0095
http://refhub.elsevier.com/S0006-291X(13)01027-9/h0095
http://refhub.elsevier.com/S0006-291X(13)01027-9/h0095
http://refhub.elsevier.com/S0006-291X(13)01027-9/h0100
http://refhub.elsevier.com/S0006-291X(13)01027-9/h0100
http://refhub.elsevier.com/S0006-291X(13)01027-9/h0100
http://refhub.elsevier.com/S0006-291X(13)01027-9/h0100
http://refhub.elsevier.com/S0006-291X(13)01027-9/h0105
http://refhub.elsevier.com/S0006-291X(13)01027-9/h0105
http://refhub.elsevier.com/S0006-291X(13)01027-9/h0105
http://refhub.elsevier.com/S0006-291X(13)01027-9/h0110
http://refhub.elsevier.com/S0006-291X(13)01027-9/h0110
http://refhub.elsevier.com/S0006-291X(13)01027-9/h0115
http://refhub.elsevier.com/S0006-291X(13)01027-9/h0115
http://refhub.elsevier.com/S0006-291X(13)01027-9/h0115
http://refhub.elsevier.com/S0006-291X(13)01027-9/h0120
http://refhub.elsevier.com/S0006-291X(13)01027-9/h0120
http://refhub.elsevier.com/S0006-291X(13)01027-9/h0120
http://refhub.elsevier.com/S0006-291X(13)01027-9/h0125
http://refhub.elsevier.com/S0006-291X(13)01027-9/h0125
http://refhub.elsevier.com/S0006-291X(13)01027-9/h0125
http://refhub.elsevier.com/S0006-291X(13)01027-9/h0125
http://refhub.elsevier.com/S0006-291X(13)01027-9/h0125
http://refhub.elsevier.com/S0006-291X(13)01027-9/h0130
http://refhub.elsevier.com/S0006-291X(13)01027-9/h0130
http://refhub.elsevier.com/S0006-291X(13)01027-9/h0130
http://refhub.elsevier.com/S0006-291X(13)01027-9/h0135
http://refhub.elsevier.com/S0006-291X(13)01027-9/h0135
http://refhub.elsevier.com/S0006-291X(13)01027-9/h0140
http://refhub.elsevier.com/S0006-291X(13)01027-9/h0140
http://refhub.elsevier.com/S0006-291X(13)01027-9/h0140
http://refhub.elsevier.com/S0006-291X(13)01027-9/h0140

86 G.D. Kim et al./Biochemical and Biophysical Research Communications 437 (2013) 79-86

[30] T.A. Yap, M.D. Garrett, M.I. Walton, F. Raynaud, J.S. de Bono, P. Workman,

[33] R. Brambilla, F. Cattabeni, S. Ceruti, D. Barbieri, C. Franceschi, Y.C. Kim, K.A.

Targeting the PI3K-AKT-mTOR pathway: progress, pitfalls, and promises, Curr. Jacobson, K.N. Klotz, MJ. Lohse, M.P. Abbracchio, Activation of the A3

Opin. Pharmacol. 8 (2008) 393-412. adenosine receptor affects cell cycle progression and cell growth, Naunyn
[31] T. Boutros, E. Chevet, P. Metrakos, Mitogen-activated protein (MAP) kinase/

Schmiedebergs Arch. Pharmacol. 361 (2000) 225-234.
MAP kinase phosphatase regulation: roles in cell growth, death, and cancer, [34] K. Takahashi, K. Mitsui, S. Yamanaka, Role of ERas in promoting tumour-like
Pharmacol. Rev. 60 (2008) 261-310. properties in mouse embryonic stem cells, Nature 423 (2003) 541-545.
[32] Z. Xia, M. Dickens, ]. Raingeaud, RJ. Davis, M.E. Greenberg, Opposing effects of
ERK and JNK-p38 MAP kinases on apoptosis, Science 270 (1995) 1326-1331.


http://refhub.elsevier.com/S0006-291X(13)01027-9/h0145
http://refhub.elsevier.com/S0006-291X(13)01027-9/h0145
http://refhub.elsevier.com/S0006-291X(13)01027-9/h0145
http://refhub.elsevier.com/S0006-291X(13)01027-9/h0150
http://refhub.elsevier.com/S0006-291X(13)01027-9/h0150
http://refhub.elsevier.com/S0006-291X(13)01027-9/h0150
http://refhub.elsevier.com/S0006-291X(13)01027-9/h0155
http://refhub.elsevier.com/S0006-291X(13)01027-9/h0155
http://refhub.elsevier.com/S0006-291X(13)01027-9/h0160
http://refhub.elsevier.com/S0006-291X(13)01027-9/h0160
http://refhub.elsevier.com/S0006-291X(13)01027-9/h0160
http://refhub.elsevier.com/S0006-291X(13)01027-9/h0160
http://refhub.elsevier.com/S0006-291X(13)01027-9/h0165
http://refhub.elsevier.com/S0006-291X(13)01027-9/h0165

	Thio-Cl-IB-MECA, a novel A3 adenosine receptor agonist, suppresses angiogenesis by regulating PI3K/AKT/mTOR and ERK signaling in endothelial cells
	1 Introduction
	2 Materials and methods
	2.1 Compound
	2.2 Endothelial cell culture
	2.3 Culture and differentiation of mouse embryonic stem cells
	2.4 Cell viability assay
	2.5 Scratch-wound migration assay
	2.6 Transwell migration assay
	2.7 Tube formation assay
	2.8 Aortic ring assay
	2.9 Immunocytochemistry
	2.10 Three-dimensional collagen type-I sprouting angiogenesis assay
	2.11 Western blot analysis
	2.12 Statistical analysis

	3 Results
	3.1 Thio-Cl-IB-MECA decreases proliferation of endothelial cells and suppresses capillary sprouting
	3.2 Inhibition of endothelial cell migration and capillary-like tube formation by thio-Cl-IB-MECA
	3.3 Suppression of the expression of the endothelial biomarker PECAM and capillary sprouting in cultured EB-derived endothelial cells
	3.4 Suppression of PI3K/AKT/mTOR and ERK signaling in cultured mES/EB-derived endothelial cells by thio-Cl-IB-MECA

	4 Discussion
	Acknowledgments
	References


