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Cyclopeptide RA-V
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down-regulating ERK1/2
phosphorylation in HUVEC
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Anti-angiogenic agents have recently become one of the major adjuvants for cancer therapy. A cyclopeptide, RA-V, has been
shown to have anti-tumour activities. Its in vitro anti-angiogenic activities were evaluated in the present study, and the

underlying mechanisms were also assessed.

EXPERIMENTAL APPROACH

Two endothelial cell lines, human umbilical vein endothelial cells (HUVEC) and human microvascular endothelial cells
(HMEC-T1), were used. The effects of RA-V on the proliferation, cell cycle phase distribution, migration, tube formation and
adhesion were assessed. Western blots and real-time PCR were employed to examine the protein and mRNA expression of

relevant molecules.

KEY RESULTS

RA-V inhibited HUVEC and HMEC-1 proliferation dose-dependently with I1Cso values of 1.42 and 4.0 nM respectively. RA-V
inhibited migration and tube formation of endothelial cells as well as adhesion to extracellular matrix proteins. RA-V treatment
down-regulated the protein and mRNA expression of matrix metalloproteinase-2. Regarding intracellular signal transduction,
RA-V interfered with the activation of ERK1/2 in both cell lines. Furthermore, RA-V significantly decreased the phosphorylation

of JNK in HUVEC whereas, in HMEC-1, p38 MAPK was decreased.
CONCLUSIONS AND IMPLICATIONS

RA-V exhibited anti-angiogenic activities in HUVEC and HMEC-1 cell lines with changes in function of these endothelial cells.
The underlying mechanisms of action involved the ERK1/2 signalling pathway. However, RA-V may regulate different signalling
pathways in different endothelial cells. These findings suggest that RA-V has the potential to be further developed as an

anti-angiogenic agent.

Abbreviations

Ang, angiopoietin; ECM, extracellular matrix; FBS, fetal bovine serum; GAPDH, glyceraldehyde-3-phosphate
dehydrogenase; HMEC-1, human microvascular endothelial cells; HUVEC, human umbilical vein endothelial cells; MTT,
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide; PI3K, phosphatidylinositol 3-kinase
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Introduction

Cancer is an angiogenesis-dependent disease (Folkman, 1971,
2007) and blocking such angiogenesis is an accepted strategy
to arrest tumour growth and metastasis (Carmeliet and Jain,
2000). Studies with the first angiogenesis inhibitors were
reported in the 1980s (Taylor and Folkman, 1982; Crum et al.,
1985) And in the past two decades, additional angiogenesis
inhibitors have been discovered and have completed clinical
trials. For example, bevacizumab (a humanized antibody
against VEGF-A) and bortezomib (a proteasome inhibitor
with potent anti-angiogenic activity) have been approved for
clinical use and are in different phases of clinical trials for
other indications (Folkman, 2007). Anti-angiogenic thera-
pies, which are aimed at suppressing new blood vessel
growth, have the potential to become a new target focus or a
major adjuvant for cancer treatment. Natural products,
including traditional Chinese herbs, are rich source of
angiogenesis-modulating compounds (Fan et al., 2006). Some
angiogenesis inhibitors have been isolated from natural prod-
ucts, such as Taxol® (Taxus brevifolia; Avramis et al., 2001),
camptothecin (Camptotheca acuminate; Clements et al., 1999),
combretastatin (Combretum caffrum; Vincent et al., 2005),
triptolide (Tripterygium wilfordii; He et al., 2010) and farnesif-
erol C (Ferula assafoetida; Lee et al., 2010a).

RA-V (deoxybouvardin) is a cyclopeptide isolated from
Rubia yunnanensis (family Rubiaceae). The plant is widely
distributed and used as anti-tumour herb in folk remedies in
Yunnan province of China. Rubiaceae-type cyclopeptides
(RAs) were isolated from Bouvardia ternifolia (Cav.) Schlecht.
and Rubia cordifolia L. in the ‘70s and ‘80s (Jolad et al., 1977;
Itokawa et al., 1983, 1984a,b; Tan and Zhou, 2006). Several
RAs have been shown to have potent anti-tumour activities in
mouse cancer cells and tumours, such as P-388 and L1210
leukaemia and ascite tumours, B-16 melanoma, colon 38
adenocarcinoma, Lewis lung carcinoma and Ehrlich carci-
noma (Itokawa etal., 1983, 1984a, 1993). The strong anti-
tumour activity of RA-V was demonstrated in mouse MM2
mammary carcinoma in vivo. Treatment with RA-V (0.05-
10 mg kg™) also prolonged the life span of mice with P-388 or
L1210 leukaemia (Itokawa et al., 1984a). Recent studies on
RA-V demonstrated the inhibition of NO production and
anti-tumour activities in mouse peritoneal macrophages (Tao
et al., 2003) and mouse P-388 leukaemia cells (Lee et al., 2008)
respectively. Furthermore, RA-V could significantly inhibited
TNF-o-induced NF-xB activation in HEK-293-NF-kB luciferase
stable cells with ICso values of 0.03 uM (Fan et al., 2010). On
the other hand, RA-V has been shown to inhibit proliferation
of bovine aortic endothelial cells and HUVEC (Koizumi et al.,
2006). Nevertheless, the underlying mechanisms of the anti-
angiogenic effects of RA-V remain unknown.

The present study aimed to investigate the anti-
angiogenic effects of RA-V in two human endothelial cell
lines and elucidate its mechanisms of action. Many studies
have demonstrated the heterogeneity of endothelial cells
(Conway and Carmeliet, 2004; Aird, 2007), so that experi-
ments performed on one type of endothelial cells may be
misleading (Nanobashvili et al., 2003). Therefore, human
umbilical vein endothelial cells (HUVEC) and human dermal
microvascular endothelial cells (HMEC-1) were used in this
study to evaluate the cellular responses towards RA-V. The
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former are macrovascular cells, while the latter are microvas-
cular cells, and their angiogenic potency and sensitivity to
growth factors were shown to be different (Nanobashvili
et al., 2003; Aird, 2007). Our results demonstrated that RA-V
possessed anti-angiogenic effects in both HUVEC and
HMEC-1 cells, and the ERK1/2 signalling pathway was
involved in these activities of RA-V.

Methods

Extraction and isolation procedures for RA-V
The air-dried and powdered roots of R. yunnanensis (100 kg)
were extracted three times with methanol (3 x 100 L). After
removal of the solvent under vacuum, the methanol extract
(21 kg) was suspended in water and partitioned successively
with ethyl acetate and n-butanol respectively. The ethyl
acetate fraction (6.4 kg) was subjected to silica gel column
chromatography eluted with CHCl;-methanol (1:0, 95:5,
9:1, 8:2, 0:1) to afford five fractions. Fractions that con-
tained cyclopeptides (1.2 kg, CHCl;-methanol, 95:5, 9:1,
8:2) were combined and again re-chromatographed on a
silica gel column eluting with a CHCl;-methanol gradient
system (70:1-8:2) to yield six fractions (Fr. 1 to Fr. 6). Fr. 1
(139 g) was analysed on silica gel columns, eluting with
petroleum ether-acetone (7:3-0:1) to furnish five subfrac-
tions (Fr. 1-1 to Fr. 1-5). Fr. 1-4 (30 g) was chromato-
graphed on Sephadex LH-20 (CHCl;-methanol, 1:1) and
then purified by repeated passage through silica gel H,
eluting with petroleum ether-acetone (6:4) to afford RA-V
(4 g, 0.004% w/w). The identification of the purified com-
pound was based on the 'H and *C NMR spectral analysis
and mass spectrometry.

Cell culture

The HUVEC were maintained in DMEM/F12 medium con-
taining 10% v/v heat-inactivated FBS, 100 units mL™
penicillin-streptomycin, 100 ug mL™" heparin and 30 ug mL™!
endothelial cell growth supplement. The HMEC-1 were main-
tained in MCDB 131 medium containing 10% v/v FBS, 100
units mL™' penicillin-streptomycin, 2 mM glutamine,
1 ug mL™" hydrocortisone and 10 ng mL™" EGFE. The pancre-
atic cancer cells (Panc-1 and SW1990) were maintained in
Dulbecco’s modified Eagle’s medium (DMEM), while Capan-1
cells were maintained in Iscove’s modified Dulbecco’s
medium (IMDM). The cancer cell media were supplemented
with 10% v/v FBS and 100 units mL™’ penicillin-
streptomycin. The cells were incubated at 37°C in a humidi-
fied atmosphere of 5% CO,. When the cells reached 80%
confluence in the culture flask, trypsin—-EDTA was used to
remove the cells, and the cells were used in experiments or
reseeded in flask. RA-V was prepared at 100 mM in dimethyl
sulphoxide (DMSO) and stored at —20°C and reconstituted in
appropriate media before the experiments.

Cell proliferation and cytotoxicity assay

The endothelial cells (HUVEC, HMEC-1, 3 x 10* cells mL™) or
cancer cells (Panc-1, SW1990, Capan-1, 5 x 10* cells mL™)
were seeded in 96-well flat-bottom culture plates (Iwaki,
Japan) with 100 pL culture medium and incubated overnight.



Subsequently, 100 pL culture media containing various con-
centrations (1.25-20 nM for endothelial cells; 1.25-200 nM
for cancer cells) of RA-V were added into the wells. Then the
plates were incubated at 37°C for 48 h. Plain medium con-
taining vehicle solvent (0.5% v/v DMSO) were added to the
control wells.

The effects of RA-V on the proliferation of HUVEC and
HMEC-1 were determined by [methyl-*H]-thymidine incor-
poration. The cytotoxicities of RA-V on the endothelial cells
and cancer cells were assessed by MTT assay. The procedures
of thymidine incorporation and MTT assay have been
described in detail in an earlier study (Yue et al., 2010).

Cell cycle analysis

The HUVEC or HMEC-1 (1 x 10° cells mL™") were seeded at
6-well culture plates and incubated overnight. The cells were
treated with RA-V at 10 or 20 nM for 48 or 72 h in four
different conditioned media: basal medium (with FBS but no
growth factors), basal medium with VEGF (10 ng mL™), basal
medium with basic fibroblast growth factor (bFGF;
50 ng mL") and medium without FBS and growth factors.
Cells were harvested after incubation and subjected to pro-
pidium iodide (PI) flow cytometry analysis as described by
Yue et al., (2010).

Tube formation assay

Formation of capillary tube like structures by HUVEC and
HMEC-1 was assessed in Matrigel-based assay. Briefly, a
96-well plate coated with 60 uL of Matrigel per well was
allowed to solidify at 37°C for 1 h. Cells (1.5 x 10* in 100 uL
medium) were added to each well, and 100 pL. of medium
containing 10 or 20 nM of RA-V was added and incubated for
different periods of time. The tube formation of endothelial
cells was examined in four different conditioned-media as
described in previous section. Each treatment was performed
in triplicate. The enclosed networks of tubes were photo-
graphed under a microscope (Olympus IX-71, Center Valley,
PA, USA). The total tube lengths of the tube structure of each
photograph were measured using Image-Pro Plus 6.0 software
(Media Cybernetics, Bethesda, MD, USA). Inhibition of tube
formation was calculated as tube length (treated) over tube
length (control) (Zhang et al., 2006; Kimura et al., 2008).

Cell migration assay

To assess the cell migration ability of HUVEC and HMEC-1, a
modified Boyden chamber assay was used. Cells (3 x 10* in
100 u. medium) were added into each transwell filter
chamber with 8 pm pore size (Corning, Lowell, MA, USA). At
the same time, 100 uL of medium containing various concen-
trations of RA-V (with 1% v/v FBS) was added to the upper
chambers. Five hundred microlitres of medium (with 10% v/v
FBS), served as chemoattractant media, was added to the
lower chambers. The cells were allowed to migrate through
the 8 um pore to the lower chamber for 5-6 h at 37°C, 5%
CO,. After incubation, cells were fixed with methanol and
stained with haematoxylin. Cells on the top surface of the
filter membrane (non-migrated) were scraped with cotton
swab. Stained filters were photographed under microscope
(Olympus IX-71). The migrated cells were quantified by
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manual counting (Xiao and Singh, 2007). Changes in cell
numbers are represented as a percentage of control values.

The cell motility of HUVEC and HMEC-1 was also evalu-
ated using a scratch wound assay. Cells (1 x 10° in 1 mL
medium) were added into each well of 24-well plate and
cultured overnight. The cells were starved with 1% v/v FBS
medium for 24 h. The cells were then scraped with a cross in
the middle of well with 200 uL pipette tips. After scraping the
cells, the medium was changed with fresh medium with 10 or
20 nM of RA-V. The cells were incubated for different time
intervals (16 or 24 h), and each well was photographed under
a microscope (Olympus IX-71). The percentages of open
wound area were measured and calculated using the TScratch
software (Vigl et al., 2009). Motility was determined by the
decrease in open wound area.

Extracellular matrix cell (ECM)

adhesion assay

Cell adhesion of HUVEC and HMEC-1 was assessed using the
Extracellular Matrix Cell Adhesion Array Kit (Chemicon, Mil-
lipore, Billerica, MA, USA). Each eight-well strip consists of
wells pre-coated with seven different human ECM proteins
(collagen I, collagen II, collagen 1V, fibronectin, laminin, tena-
scin and vitronectin) and one BSA-coated well (negative
control). The assay was carried out according to the procedures
recommended in the assay kit manual. The change in optical
density was represented as fold of control (without RA-V).

Western blot analysis

Human endothelial cells HUVEC and HMEC-1 (1 x 10° cells
mL?) were seeded in 100 mm culture dish and incubated for
24 h to allow attachment. Various concentrations (10 or
20 nM) of RA-V were added to the dishes and incubated for 24
or 48 h. For the measurement of NF-kB activation, endothelial
cells were pre-incubated with 10 or 20 nM of RA-V for 3 h and
treated with 10 ng mL™" TNF-o for 30 min. After treatment,
attached and floating cells were harvested and washed twice
with PBS. The cell pellets were then lysed with whole cell
extraction buffer (2% SDS, 10% glycerol, 625 mM Tris-HCl,
pH 6.8) for 15 min on ice. The samples were heated at 95°C for
10 min and then centrifuged at 14 000x g for 20 min at 4°C.
The supernatant proteins were resolved by 12% SDS-
polyacrylamide gel and transferred to 0.45 um PVDF mem-
brane (Immobilon, Millipore). The membrane was blocked
with 5% non-fat milk in Tris-buffered saline containing
Tween-20 (20 mM Tris-HCIl, pH 7.6, 150 mM NacCl, 0.1%
Tween-20). The blots were incubated overnight with primary
antibodies against human B-actin (Sigma, St. Louis, MO, USA),
MMP2, MMP9, VEGFR1, phospho-VEGFR2 (pVEGFR2), Tie2,
ERK1/2, pERK, JNK, pJNK, p38, pp38, PI3, pPI3, NFkB, IkB,
plxB (Cell Signalling, Danvers, MA, USA), p21, cyclin B1 and
cyclin D1 (BD Biosciences, San Diego, CA, USA). After incuba-
tion with the secondary horseradish peroxidase-conjugated
antibodies (Invitrogen, Carlsbad, CA, USA) for 1 h, detection
was performed using enhanced chemiluminescence assay kit
(GE Healthcare, UK).

Real-time PCR analysis
Human endothelial cells HUVEC and HMEC-1 (1 x 10° cells
mL™") were seeded in 100 mm culture dishes and incubated
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for 24 h to allow attachment. Various concentrations (10 or
20 nM) of RA-V were added to the dishes and incubated for
24 or 48 h. After treatment, cells were harvested, washed
twice with cold PBS and collected by scraping. Total RNA was
extracted from cells using Trizol reagent according to the
manufacturer’s protocols. The RNA concentration was
spectrophotometrically determined using a BioPhotometer
(Eppendorf, Germany). Reverse transcription of the 3 ug total
RNA was performed in Bio-Rad iCycler (Bio-Rad, Hong Kong)
using SuperScript III Reverse Transcriptase reagents according
to the manufacturer’s protocols. To quantify the amount of
mRNA of Ang 1, Ang 2, Tie 2, VEGFR2, MMP2 and MMP?9,
real-time semi-quantitative PCR of cDNA samples were per-
formed in Bio-Rad CFX96™ Real-time system C1000 Thermal
cycler using the iTaq Fast SYBR Green Supermix from Bio-Rad.
Each 20 uL PCR sample contained 80 ng cDNA, 10 uL Super-
mix, RNase-free water and 1.25 uL of both the specific
forward and reverse primers (10 mM), which were synthe-
sized by Invitrogen. The sequences of the primers are listed in
the supplementary file Table S1. Reactions were performed in
triplicate using the following protocol: 3 min pre-incubation
at 95°C, followed by 40 PCR cycles at 95°C for 3 s, 60°C for
30 s, and 72°C for 5 s. Relative quantification was obtained by
the comparative threshold cycle (AACt) method (CFX
Manager Software, version 1.6, Bio-Rad). The specific gene
mRNA levels were normalized relative to GAPDH mRNA level
in each sample.

In vivo Matrigel plug assay

All animal care and experimental procedures complied with
the guidelines of the Animal Experimentation Ethics Com-
mittee of the Chinese University of Hong Kong. Male
C57BL/6 mice (6 weeks old) were supplied and maintained by
Laboratory Animal Service Center, the Chinese University of
Hong Kong. Matrigel (500 uL) was mixed with heparin (10 U/
mL), VEGF 100 ng/mL and RA-V (100 or 500nM) prior to s.c.
injections into the flanks of mice. Negative controls were
obtained by injecting mice with Matrigel without VEGF and
RA-V. After 7 days, the Matrigel plugs were removed and
photographed. The haemoglobin content of the Matrigel
plugs was quantified using Drabkin’s reagent kit (Sigma).
Haemoglobin content was expressed as mg mg ' of wet Matri-
gel plug (Chia et al., 2010; Lee et al., 2010b).

Statistical analysis

Data are expressed as mean + SD. Statistical analyses and sig-
nificance, as measured by the Student’s f-test for paired
samples, were performed using GraphPad PRISM software
version 5.0 (GraphPad Software, La Jolla, CA, USA). In all
comparisons, P < 0.05 was considered statistically significant.

Materials

The roots of R. yunnanensis were commercially purchased
from the Yunnan Lv-Sheng Pharmaceutical Co. Ltd,
Kunming, China. The material was identified by Prof
Su-Gong Wu at Kunming Institute of Botany. A voucher
specimen (no. Wu20070905) has been deposited in the Her-
barium of Kunming Institute of Botany, Chinese Academy of
Sciences, China.
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Figure 1

Chemical structure of RA-V.

HUVEC, HMEC-1 and human pancreatic cancer cells
(Panc-1, SW1990, Capan-1) were purchased from American
Type Culture Collection (Manassas, VA, USA). DMEM/F12,
DMEM, IMDM, fetal bovine serum (FBS), penicillin—
streptomycin, trypsin-EDTA, recombinant VEGEF Trizol,
SuperScript III Reverse Transcriptase, dNTP were obtained
from Invitrogen. MCDB 131 medium, endothelial cell growth
supplement, EGF, bFGF, hydrocortisone, heparin, gelatin,
haematoxylin, MTT and Drabkin’s reagent were obtained
from Sigma. Basement membrane matrix Matrigel (growth
factor reduced) was from BD Biosciences. [Methyl-*H]-
thymidine and Unifilters were from PerkinElmer (Waltham,
MA, USA). Real-time PCR reagent iTaq Fast SYBR Green Super-
mix was from Bio-Rad. Transwell polycarbonate cell culture
inserts (6.5 mm diameter, 8 um pore size) were from Corning
(Lowell, MA, USA). Receptor nomenclature follows Alexander
et al. (2009).

Results

Structure elucidation of RA-V

The structure of RA-V was elucidated by 'H and *C NMR
spectroscopic analysis and positive FABMS, and its purity was
found to be >99% [Agilent 1100 HPLC, Zorbax Eslipse-C18,
4.6 x 150 mm, 5 um, USA, MeOH-H,O (80:20)]. Its molecular
formula was established as C4oH4sNsOs by its positive FABMS
(m/z 757, [M + H]*), and its '"H and *C NMR spectral data were
listed in the supplementary file Table S2, which were in accor-
dance with the reported data in the literature (Bates et al.,
1983). The chemical structure of RA-V was shown in Figure 1.

Cytotoxicities of RA-V in cancer cells and
endothelial cells

The cytotoxicities of RA-V in three pancreatic cancer cell lines
(Panc-1, SW1990 and Capan-1) and two endothelial cell lines
(HUVEC and HMEC-1) were assessed by MTT assay after 48 h
incubation. The concentrations of RA-V producing 50% cell
death on the cells were listed in Table 1. The cytotoxicities of



Table 1

Concentrations producing 50% growth inhibition (ICso) of RA-V on
cancer and endothelial cells

Cell lines Cell types 1Cs0 (NM)
Capan-1 Human pancreatic carcinoma 67.4
Panc-1 Human pancreatic carcinoma 70.4
SW1990 Human pancreatic carcinoma 68.5
HUVEC Human endothelial cells 65.0
HMEC-1 Human endothelial cells 7.8
1504 -= HMEC-1
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c
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Figure 2

Effects of RA-V on proliferation of HUVEC and HMEC-1. Cells were
treated with increasing concentrations of RA-V for 48 h, and cell
proliferation viability was determined by the [*H]thymidine incorpo-
ration assay. Results are expressed as the mean % ratio of count per
minute in treated and untreated control cells (mean + SD of four
independent experiments with five wells each). Differences between
the treated and untreated control groups were determined by Stu-
dent’s unpaired t-test. *P < 0.05, **P < 0.005 significantly different
from the control group.

RA-V in another 11 cancer cell lines have been evaluated by
sulphorhodamine B assay in a previous study (Fan etal.,
2010). RA-V was shown to have the lowest ICs, values
(~1 nM) in U251 (human glioma) and B16 (murine mela-
noma) cells. Such concentrations induce significant inhibi-
tion of growth, but not cytotoxicity, in endothelial cells.

Effects of RA-V on cell proliferation of
endothelial cells

Different concentrations of RA-V were tested in HUVEC and
HMEC-1 to examine its effect on the cell proliferation using
the thymidine incorporation assay. As shown in Figure 2,
RA-V (1.25-20 nM) was found to significantly inhibit the
proliferation of HUVEC and HMEC-1 in a concentration-
dependent manner after 48 h treatment. The concentrations
producing 50% growth inhibition (ICso) of RA-V on HUVEC
and HMEC-1 were 1.42 and 4.00 nM respectively.

RA-V inhibits angiogenesis in endothelial cells

RA-V induced cell cycle arrest in

endothelial cells

Cell cycle phases were detected by PI staining. HUVEC and
HMEC-1 were exposed to 10 or 20 nM RA-V for 48 h or 72 h
in four different conditioned media: basal medium, basal
medium with VEGF (10 ng mL™), basal medium with bFGF
(50 ng mL™") and medium without FBS and growth factors
and analysed by flow cytometry. The data shown in Figure 3A
and B represent four to six separate experiments. A
concentration-dependent block in the G2/M phase of the cell
cycle was observed in both cell lines. The RA-V-treated
HUVEC in medium containing VEGF and bFGF were signifi-
cantly arrested at G2/M phase after 48 and 72 h treatment
(P < 0.05), while the population of G1 phase was significantly
decreased after 72 h treatment (Figure 3C, D). In the absence
of FBS and growth factors, RA-V (20 nM) treatment induced
G2/M phase arrest of HUVEC at 48 h only but not at 72 h
(Figure 3E). For the HMEC-1 in basal medium, medium con-
taining bFGF and medium without FBS and growth factors,
RA-V treatment significantly arrested G2/M phase and
decreased G1 phase after 48 h and 72 h (Figure 3F-H).

RA-V inhibited tube formation in

endothelial cells

Endothelial cells when seeded on three-dimensional matrix,
such as Matrigel, are able to form capillary-like structure
(Kimura et al., 2008; Medhora et al., 2008). Figure S1 shows
the capillary-like tube formation following 16 h or 5 h treat-
ments of HUVEC or HMEC-1 with DMSO (control, O nM) or
different concentrations of RA-V respectively. The tube struc-
tures were visible in the control culture well coated with
growth factor-reduced Matrigel. Treatment with RA-V dis-
rupted tube formation of endothelial cells in different condi-
tioned media. RA-V significantly inhibited the VEGF- and
bFGF-induced capillary-like tube formation of HUVEC and
HMEC-1 (Figure 4A, B, P <0.05), while RA-V significantly
inhibited the serum-induced tube formation in HMEC-1 only
(Figure 4B). In the absence of FBS and growth factor, tube
formation of HUVEC and HMEC-1 was inhibited by a higher
concentration of RA-V (20 nM).

RA-V inhibited cell migration in

endothelial cells

The effects of RA-V treatment on cell migration by endothe-
lial cells were evaluated using a modified Boyden chamber
assay (Figure SA). In DMSO-treated control (0 nM), many
endothelial cells migrated from the upper to lower chamber
through the membrane after 6 h incubation, when the lower
chamber contained culture medium supplemented with 10%
v/v FBS as a chemoattractant. As shown in Figure 5B and C,
RA-V (10 and 20 nM) blocked the migration of HUVEC and
HMEC-1 in a concentration-dependent manner.

The effects of RA-V treatment on cell motility were also
evaluated using the scratch wound assay (Figures 6, S2). Treat-
ment of HUVEC and HMEC-1 with RA-V (10 and 20 nM)
decreased cell motility compared with untreated cells in a
concentration-dependent manner. The open wound areas in
RA-V treated wells were significantly greater than those of
untreated wells (P < 0.05) (Figure 6A, B).
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Figure 3

Effects of RA-V on cell cycle phase distribution of endothelial cells. Representative histograms showing the cell cycle analysis of HUVEC (A) and
HMEC-1 (B) treated with vehicle or RA-V (10 or 20 nM) for 48 h. After treatment, cells were analysed by flow cytometry (n = 4-6). The fractions
of cells in G1 and G2/M phase were summarized in bar charts (C-H). Results are expressed as the mean percentage of total viable cells in treated
and untreated control cells (mean + SD). Differences between the treated and untreated control groups were determined by Student’s unpaired

t-test. *P < 0.05, **P < 0.01 significantly different from the control group.
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Effects of RA-V on capillary-like tube formation by HUVEC and HMEC-1. Quantification of tube formation in the presence or absence of FBS (10%
v/v), or VEGF (10 ng mL™") or bFGF (50 ng mL™) in HUVEC (A) and HMEC-1 (B) were shown. Results are expressed as the mean percentage of
control (mean + SD of three independent experiments with three wells each). Differences between the treated and untreated control groups were
determined by Student’s unpaired t-test. *P < 0.05, **P < 0.01 significantly different from the control group.

B HUVEC C HMEC-1
150+ 150+

S 1004 S 1004 ¥
£ g B
o o i i 3
5 5 -
2 501 2 501 :

N 0 10 20 N 0 10

RA-V (nM) RA-V (nM)

Figure 5

Effects of RA-V on migration of HUVEC and HMEC-1 in Boyden chambers. Representative photomicrographs showing the stained cells on the lower
side of membranes (A). The cells in the upper chambers were treated with DMSO (control, 0 nM) or 10 or 20 nM RA-V. After 6 h incubation, those
cells which had migrated to the lower chambers were stained and the numbers were counted. Quantification of cell migration in HUVEC (B) and
HMEC-1 (C) were shown. Results are expressed as the mean percentage of control (mean + SD of three independent experiments with two wells
each). Differences between the treated and untreated control groups were determined by Student’s unpaired t-test. *P < 0.05, **P < 0.01
significantly different from the control group.
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Effects of RA-V on cell adhesion of HUVEC (A) and HMEC-1 (B) to ECM proteins. Cells were added to a pre-coated plate containing different ECM
proteins. The cells were allowed to adhere for 2 h at 37°C, and wells were washed to remove unbound cells. The attached cells were stained and
the cell-bound stain was then extracted. The absorbance of the stain was determined. Results are expressed as the mean fold of untreated control
wells (mean + SD of three independent experiments with duplicate well each). Differences between the treated and untreated control groups were

determined by Student’s unpaired t-test. *P < 0.05 significantly different from the control group.

RA-V decreased endothelial cells adhesion to
matrix proteins

The cell adhesion of endothelial cells to different matrix
proteins (collagen I, collagen II, collagen IV, fibronectin,
laminin, tenascin and vitronectin) was assessed and the
results showed that the cell adhesion to three matrix proteins
decreased by RA-V treatment. The statistically significant
decreases in adhesion were to collagen IV and vitronectin in
both cell lines, while adhesion to fibronectin was only sig-
nificantly decreased in HUVEC (P<0.05, Figure 7A, B).
Co-culture of HUVEC with RA-V (20 nM) resulted in 60%,
38% and 53% reduction of collagen 1V, fibronectin and vit-
ronectin adhesion respectively. Collagen I and II adhesions of
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HUVEC were decreased by 23% and 52%, respectively;
however, the difference between RA-V treated and untreated
control was not statistically significant (P > 0.05). The adhe-
sion to collagen IV and vitronectin of HMEC-1 was also
decreased by 33-43%.

RA-V decreased the protein levels of cyclin
B1, cyclin D1, MMP2, VEGF-R1, VEGF-R2
and Tie 2 in endothelial cells

As mentioned in the previous section, RA-V induced cell cycle
arrest at G2/M phase in endothelial cells. In order to deter-
mine whether RA-V was able to inhibit cyclin production,
Western blotting experiments were performed in HUVEC and



HMEC-1. The results showed that RA-V (10-20 nM) signifi-
cantly decreased the production of cyclin B1 and cyclin D1
after 24 h treatment in HUVEC and HMEC-1 (Figure 8A-D).
On the other hand, RA-V (20 nM) significantly reduced
active-MMP-2 production in both cell lines, while MMP-9
production was not significantly changed by RA-V treatment
(Figure 8C, D).

Since binding of VEGF to its receptors, VEGF-R1 and
VEGF-R2, is known to initiate angiogenesis, the effects of
RA-V on the expression of these receptors were examined in
Western blotting experiments. As shown in Figure 8A and E,
RA-V (10-20 nM) decreased the expression of VEGFR1 and
pVEGFR2 in HUVEC. The expression of VEGFR1 was signifi-
cantly decreased in RA-V-treated HMEC-1, while that of
pVEGFR2 was only slightly reduced (Figure 8B, F). The
protein expression of tyrosine kinase receptor Tie2 in RA-V-
treated endothelial cells was also assessed. As shown in
Figure 8A, B, E and F RA-V (20 nM) significantly decreased
the protein level of Tie 2 in HUVEC and HMEC-1 cells.

RA-V reduces the [phosphorylation of ERK1/2
in endothelial cells

To evaluate the effects of RA-V on intracellular signal trans-
duction, the phosphorylation level of ERK1/2, JNK, and p38
MAPK were examined in both endothelial cell lines. The
results showed that 10 and 20 nM RA-V inhibited the phos-
phorylation of ERK1/2 in a dose-dependent manner in
HUVEC (Figure 94, C) and HMEC-1 (Figure 9B, D).

On the other hand, RA-V significantly reduced the phos-
phorylation of JNK in HUVEC by about 30-40% (Figure 9C);
however, no significant change of pJNK protein level
observed in HMEC-1 (Figure 9B). The levels of total JNK were
not affected by RA-V. Instead, treatment with 10 and 20 nM
RA-V significantly reduced the phosphorylation of p38 MAPK
and PI3K in HMEC-1 (Figure 9B, D, E). In addition, the p21
protein level was significantly increased in RA-V treated
HMEC-1 (Figure 9E), while the increase of p21 in HUVEC was
not statistically significant (Figure 9C).

Effects of RA-V on angiogenic gene expression
in endothelial cells

The expression of several angiogenic genes (for Ang 1, Ang 2,
Tie 2, VEGFR-2, MMP-2 and MMP-9) in RA-V-treated HUVEC
and HMEC-1 cells was investigated by real-time PCR analysis.
As shown in Figure 10A and B, both endothelial cell lines
treated with RA-V (20 nM) for 24 h showed significant reduc-
tions of the mRNA levels of Tie 2 and VEGFR-2 (P < 0.05),
which are the receptors for the angiogenic molecules. The
reduction of VEGFR-2 mRNA levels in HUVEC was greater
than that in HMEC-1 (64% vs. 32%). In addition, the treat-
ment of RA-V also suppressed the mRNA expression levels of
MMP-2 and MMP-9 in HUVEC by 52% and 45% respectively.
There were greater reductions of MMP-2 and MMP-9 mRNA
expression in HMEC-1, which were 80% and 55% respec-
tively. Besides, RA-V treatment significantly reduced the
expression of Ang 1 in both cell lines, while it reduced Ang 2
in HMEC-1 only. In contrast, an increase in Ang 2 mRNA
expression was observed in HUVEC treated with RA-V;
however, the changes were not statistically significant
(P> 0.05).

RA-V inhibits angiogenesis in endothelial cells

RA-V reduces the phosphorylation of IkB-a in
endothelial cells

To evaluate the effects of RA-V on NF-kB signal transduction,
the TNF-a-induced phosphorylation level of IkB-o. was exam-
ined in the whole cell extracts of endothelial cells. The results
showed that 10 and 20 nM RA-V inhibited the phosphoryla-
tion of IkB in a dose-dependent manner in HUVEC
(Figure 11A, C) and HMEC-1 (Figure 11B, D). The NF-xB in
whole-cell extract was also decreased by RA-V (20 nM) treat-
ment (Figure 11A-D).

RA-V inhibited angiogenesis in the Matrigel
plug model

To further verify the inhibitory effect of RA-V on angiogen-
esis, the in vivo Matrigel plug assay was performed. The plugs
containing VEGF and heparin exhibited a red colour indicat-
ing that new blood vessel formation (angiogenesis) occurred
in the plugs (Figure S3). In the presence of RA-V, plugs were of
light red or pale yellow colour, indicating that fewer blood
vessels were formed. The extent of angiogenesis was quanti-
fied by measuring the haemoglobin content in the plugs.
Figure 12 showed that the haemoglobin concentration in the
plugs loaded with VEGF plus 100 nM RA-V was significantly
lower than that in the plugs loaded with VEGF alone
(P <0.05). The result is consistent with the suppression of
VEGF-induced angiogenesis by RA-V in vitro.

Discussion

RA-V has previously been demonstrated as a candidate anti-
tumour agent (Itokawa et al., 1983, 1984a, 1993); however, its
inhibitory effect on angiogenesis in endothelial cells remains
unknown. In the present study, the anti-angiogenic activities
of RA-V isolated from R. yunnanensis were demonstrated for
the first time in a number of cell culture assays using HUVEC
and HMEC-1. Importantly, the mechanisms of action of RA-V
in both endothelial cell lines in vitro have not been reported.
Our results showed that the effective anti-angiogenic actions
of RA-V were observed using low concentrations (10 or
20 nM), which did not cause cytotoxicity in endothelial cells
after 24 h treatment. The results suggested that RA-V reduced
the phosphorylation of ERK1/2 in both endothelial cell lines.
In addition, the present results revealed the differential sup-
pressive responses to RA-V by the two endothelial cell lines,
which have distinct receptor levels and responses to endog-
enous ligands (Gerritsen, 1987; Aird, 2007).

As RA-V was initially investigated as an anti-tumour
agent, its cytotoxicity in endothelial cells was also examined.
Based on the results of the tested cancer cell lines, such
concentrations (1-10 nM) of RA-V could significantly inhibit
proliferation of HUVEC with cytotoxicity. Therefore, it is
possible that RA-V can exert both anti-tumour and anti-
angiogenesis effects on tumour treatment.

New vessel formation (angiogenesis) involves a multistep
process, including cell proliferation, migration, tube assem-
bly and remodelling. Suppression at any step may result in
inhibition of angiogenesis (Cho etal., 2009). Our results
showed that the inhibitory effect of RA-V on proliferation
was stronger in HUVEC than that in HMEC-1. The cell cycle
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Figure 8

Western blot analysis of the effects of RA-V on the expression of cyclins, MMPs, VEGFRs and Tie 2. HUVEC or HMEC-1 cells were synchronized in
medium for 24 h and then treated with or without 10 or 20 nM RA-V for another 24 h or 48 h. Immunoblotting was performed three to four times
using independently prepared cell lysates, and these are the representative blots of HUVEC (A) and HMEC-1 (B). The histograms (C-F) show the
quantified results of protein levels, which were adjusted with corresponding B-actin protein level and expressed as fold of control (mean fold of
control + SD of three to four independent experiments). Differences between the treated and untreated control groups were determined by

Student’s unpaired t-test. *P < 0.05, **P < 0.01 significantly different from the control group.
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Western blot analyses of effect of RA-V on signalling kinases. HUVEC or HMEC-1 cells were synchronized in medium for 24 h and then treated with
or without 10 or 20 nM RA-V for another 24 h or 48 h. Immunoblotting was performed three to four times using independently prepared cell
lysates, and representative blots of HUVEC (A) and HMEC-1 (B) are shown. The histograms (C-E) show the quantified results of protein levels,
which were adjusted with corresponding B-actin protein level and expressed as fold of control (mean fold of control + SD of three to four
independent experiments). Differences between the treated and untreated control groups were determined by Student’s unpaired t-test.

*P < 0.05, **P < 0.01 significantly different from the control group.

distribution was analysed in RA-V-treated endothelial cells,
which were also stimulated with or without growth factors,
such as VEGF (10 ng mL™), bFGF (50 ng mL™) or serum
(10% v/v). As shown in Figure 3, RA-V treatment induced
G2/M phase cell cycle arrests in VEGF- and bFGF-stimulated
HUVEC as well as serum- and bFGF-stimulated HMEC-1.
Besides, both endothelial cell lines were arrested at G2/M
phase in the absence of serum. In contrast, there was no
significant change in cell cycle phase distribution after RA-V
treatment in serum-stimulated (in basal medium) HUVEC
and VEGF-stimulated HMEC-1 (data not shown). Basal pro-
liferation of HUVEC is very low but can be effectively stimu-
lated by VEGF or bFGE while HMEC-1 proliferate
spontaneously, but are not further stimulated by growth

factors (Nanobashvili et al., 2003). Our results are compat-
ible with these earlier observations in that significant
changes of the cell cycle were observed in VEGF- and bFGF-
stimulated, but not in serum-stimulated, HUVEC. Similarly,
the tube formation of VEGF- and bFGF-stimulated HUVEC
was significantly reduced by RA-V (Figure 4A). As the pro-
duction of VEGF-R1 was low in HMEC-1, the cells were more
sensitive to bFGF than VEGF stimulation (Nanobashvili
et al., 2003). Hence, serum- and bFGF-stimulated HMEC-1
suffered cell cycle arrest after RA-V treatment (Figure 3F, G).
RA-V treatment could also cause cell cycle arrest (Figure 3E,
H) and inhibition of tube formation in both endothelial cell
lines (Figures 4, S1), suggesting RA-V could inhibit angiogen-
esis in serum-free condition.
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Figure 10

gRT-PCR analysis of angiogenic gene mRNA. HUVEC or HMEC-1 cells were synchronized in medium for 24 h and then treated with or without
10 or 20 nM RA-V for another 24 h. Data were normalized to GAPDH and untreated control. Results are expressed as fold of control (mean fold
of control + SD from three to four independent experiments). Differences between the treated and untreated control groups were determined by
Student’s unpaired t-test. *P < 0.05, **P < 0.01 significantly different from the control group.
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Assays of endothelial cell migration showed that RA-V
inhibited the chemotactic response of endothelial cells. In
another migration/wound-induced motility assay, RA-V sig-
nificantly increased the open wound area, suggesting the
motility of endothelial cells across wounds was inhibited. The
inhibition of RA-V on HMEC-1 tube formation and migration
was not due to cytotoxicity as there was no toxic effect
observed after treating with RA-V for a relatively short period
of time (5 h or 16 h; data not shown).

To further investigate mechanisms through which RA-V
may exert their inhibitory effects on invasion and migration
of endothelial cells, the effects of RA-V on the ability of
HUVEC and HMEC-1 to adhere to ECM proteins were exam-
ined. RA-V decreased the ability of the cells to adhere to
collagen type IV, fibronectin and vitronectin in the tested cell
lines (Figure 7). Collagen IV plays an important role in cell
adhesion and motility (Glynn et al., 2008). Fibronectin has
an important role in promoting endothelial cell survival and
migration. It has also been shown to bind and enhance VEGF
activity in mediating endothelial cell migration (Wijelath
et al., 2002). Vitronectin is a high molecular weight glycopro-

tein and known to promote cell adhesion and affect cell
migration (Glynn ef al., 2008). Hence, treatment with RA-V
resulted in decreased adhesion of endothelial cells to these
matrix proteins and such effects were seldom demonstrated
by other anti-angiogenic candidates.

Degradation of the underlying basement membrane by
endothelial cells of the existing blood vessels is a crucial step
for initiating the formation of new capillaries (Carmeliet,
2000). Such process requires the cooperative activity of the
MMP system. MMP-2 and MMP-9 are specific for the degra-
dation of type IV collagen. Type I and V collagen, laminin
and fibronectin are also the substrates of MMP-2 (Liekens
et al., 2001). In the present study, the changes in protein and
mRNA expression levels of pro- and active MMP-2 and
MMP-9 have been determined. The protein levels and mRNA
expression of active MMP-2 in both endothelial cell lines
were significantly decreased after 24 h of RA-V treatment
(Figures 8C, D, 104, B), whereas the RA-V-induced changes of
MMP-9 protein level were observed only after 72 h treatment
(data not shown). Nonetheless, the mRNA expression of
MMP-9 was decreased in RA-V-treated endothelial cells
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Effect of RA-V on VEGF-induced in vivo angiogenesis in Matrigel
plugs. Haemoglobin content of Matrigel plugs from groups of mice,
treated as indicated. Results are expressed as the mean + SEM
(n=13) of three independent experiments. Differences between the
VEGF alone group and untreated control group as well as VEGF plus

RA-V groups were determined by Student’s unpaired t-test.
*P < 0.05; **P < 0.01; ***P < 0.005.

(Figure 10A, B). Inhibition of active MMP-2 and MMP-9
expression and decreased adhesion of endothelial cells to
ECM by RA-V may cooperate to reduce degradation of ECM
and thereby inhibit angiogenesis.

Apart from the effects of RA-V on the MMP system, we
hypothesized that RA-V suppresses the endothelial cell pro-
liferation by activating p21 and inactivating ERK1/2. Our
results showed that, the protein level of p21 increased to
different extents in RA-V-treated HUVEC and HMEC-1. Mean-
while, RA-V suppressed ERK1/2 phosphorylation in both cell
lines. Interestingly, significant decrease in phosphorylation
of p38 MAPK and PI3K were observed in RA-V-treated
HMEC-1 only. Such changes of signalling molecules may be
responsible for the inhibition of proliferation and migration
as well as cell cycle arrest in endothelial cells. On the other
hand, decreased JNK/SPAK phosphorylation was observed in
RA-V-treated HUVEC only. The JNK may act as the final
mediator of ERK1/2 to control cell proliferation (Hsu et al.,
2009) and matrix regulation (Medhora et al., 2008). On the
other hand, the protein and mRNA expression of receptors
for angiogenic molecules (VEGFR1, VEGFR2 and Tie 2) were
decreased in RA-V-treated endothelial cells. In addition, the
mRNA expression of Ang 1, which is angiogenic (Carmeliet,
2000), was down-regulated by RA-V treatment in both endot-
helial cell lines. Such changes may play a role in the anti-
angiogenic effect of RA-V. In contrast, changes in Ang 2
mRNA expression was different in the two types of endothe-
lial cells. Treatment of RA-V induced up-regulation of Ang 2
in HUVEC but down-regulation in HMEC-1. These differen-
tial responses may due to the different production of endog-
enous VEGF in the two cell types. HMEC-1 but not HUVEC
produces VEGF (Nanobashvili et al., 2003). Ang 2 suppresses
endothelial survival when there is no angiogenic stimulus
(Carmeliet, 2000)but it promotes angiogenesis in the pres-
ence of angiogenic molecules (Adams and Alitalo, 2007).
Therefore, when Ang 2 was up-regulated by RA-V in HUVEC,
the survival of the cells was suppressed. On the other hand, in
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Scheme outlining actions of RA-V on different cellular components
involved in anti-angiogenesis in endothelial cells.

HMEC-1 (with endogenous VEGF), down-regulation of Ang 2
by RA-V resulted in anti-angiogenesis. The present study has
provided novel and mechanistic insights into how RA-V
targets many components of angiogenic signalling pathways.
A scheme of possible mechanisms that underlie the actions of
RA-V on endothelial cells is shown in Figure 13.

Earlier, RA-V inhibited NF-kB activation in human embry-
onic kidney HEK-293-NF-«B luciferase stable cells (Fan et al.,
2010). The effect of RA-V on NF-kB activation in endothelial
cells was examined in the present study. The phosphorylation
and degradation of IxB is one of the critical steps in NF-xB
activation (Park et al., 2007). Application of TNF-o. can induce
IxB phosphorylation and degradation in endothelial cells
(Bieler et al., 2007). Thus, the levels of IxB-o. and phospho-
IxB-oo after TNF-o. treatment were measured in RA-V-
pretreated endothelial cells whole-cell extracts. Our results
showed that RA-V (20 nM) treatment decreased the protein
level of p-IkB, suggesting that RA-V may affect NF-kB activa-
tion, in both endothelial cell lines (Figure 11). Besides, the
effect of RA-V on reactive oxygen species (ROS) production in
endothelial cells was also evaluated as ROS play roles in the
apoptosis and NF-kB activation in endothelial cells (Du et al.,
1999). However, there was no significant change in ROS pro-
duction in the endothelial cells after RA-V-treatments (10 or
20 nM for 12, 24 or 48 h; data not shown). The results sug-
gested that the inhibition of RA-V on the NF-kB pathway may
not act through the inhibition of ROS production.

Furthermore, the in vivo anti-angiogenic effects of RA-V
was studied using a mouse Matrigel plug model. RA-V
decreased the haemoglobin content in Matrigel plugs loaded
with VEGF in comparison with VEGF alone. These in vivo
results substantiate the inhibitory effects of RA-V, which is
able to prevent vascular endothelial cells from responding to
VEGFE.

In conclusion, the anti-angiogenic effects of RA-V on
HUVEC and HMEC-1 cells may be exerted through inhibition
of ERK1/2 phosphorylation and MMP activation, leading to
decreased cell proliferation and migration/invasion, respec-



tively. RA-V may also exert anti-angiogenic activity by down-
regulating the expression of VEGFR. In addition, the results of
reducing PI3K signalling activities in HMEC-1 and JNK/SPAK
phosphorylation in HUVEC have disclosed different
responses to RA-V in the two endothelial cell lines. These
findings may provide support for the potential use of RA-V as
an anti-angiogenic therapy.
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Supporting information

Additional Supporting Information may be found in the
online version of this article:

Figure S1 Effects of RA-V on capillary-like tube formation by
HUVEC and HMEC-1. Representative photomicrographs
showing the VEGF-induced tube structures of HUVEC or
HMEC-1 following 16 h or 5§ h treatments, respectively, with
DMSO (0 nM/control) or indicated concentrations of RA-V.
Figure S2 Effects of RA-V on wound-induced motility of
HUVEC and HMEC-1. Representative photomicrographs
showing the cells migrated across the scratch wound in the
presence or absence of RA-V after 16 h incubation.

Figure S3 Effect of RA-V on VEGF-induced in vivo angiogen-
esis in Matrigel plugs. The representative pictures of Matrigel
plugs from indicated groups at day 7 after inoculation into
mice.

Table S1 Gene-specific PCR primers

Table $2 'H NMR (500 MHz) and *C NMR (100 MHz) data
for RA-V in CDClI; (6 in ppm, ] in Hz)
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