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Background and purpose: Angiogenesis is a crucial step in tumour growth and metastasis. Ginsenoside-Rb1 (Rb1), the major
active constituent of ginseng, potently inhibits angiogenesis in vivo and in vitro. However, the underlying mechanism remains
unknown. We hypothesized that the potent anti-angiogenic protein, pigment epithelium-derived factor (PEDF), is involved in
regulating the anti-angiogenic effects of Rb1.

Experimental approaches: Rb1-induced PEDF was determined by real-time PCR and western blot analysis. The anti-
angiogenic effects of Rb1 were demonstrated using endothelial cell tube formation assay. Competitive ligand-binding and
reporter gene assays were employed to indicate the interaction between Rb1 and the oestrogen receptor (ER).

Key results: Rb1 significantly increased the transcription, protein expression and secretion of PEDF. Targeted inhibition of
PEDF completely prevented Rb1-induced inhibition of endothelial tube formation, suggesting that the anti-angiogenic effect
of Rb1 was PEDF specific. Interestingly, the activation of PEDF occurred via a genomic pathway of ERf. Competitive ligand-
binding assays indicated that Rb1 is a specific agonist of ERf, but not ERa.. Rb1 effectively recruited transcriptional activators
and activated an oestrogen-responsive reporter gene. Furthermore, Rb1-mediated PEDF activation and the subsequent
inhibition of tube formation were blocked by the ER antagonist ICl 182,780 or transfection of ERf siRNA, indicating ERf
dependence.

Conclusions and implications: Here we show for the first time that the Rb1 suppressed the formation of endothelial tube-like
structures through modulation of PEDF via ERS. These findings demonstrate a novel mechanism of the action of this
ginsenoside that may have value in anti-cancer and anti-angiogenesis therapy.
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Introduction

Ginseng is a key component in Chinese traditional medicine effects in the cardiovascular, endocrine, immune, and

and has been regarded as a panacea for thousands of years.
Its use in North America and Europe has become increasingly
popular in recent years because of its numerous purported
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nervous systems and apparently low rate of side effects
(Rhim et al., 2002). It is one of the best-selling herbs in the
United States (Helms, 2004). The major pharmacologically
active components of ginseng are ginsenosides, which are
steroidal saponins comprising 3-6% of ginseng. To date,
more than 30 ginsenosides have been identified. One of the
most abundant is the ginsenoside Rb1 and this ginsenoside
constitutes 0.37-0.5% of ginseng extracts (Zhu et al., 2004;
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Wang et al., 2005). The root extract of the American ginseng
contains on average 16.24mgg ! of the Rbl ginsenoside
(Zhu et al., 2004).

Various studies have indicated that Rb1l has anti-tumour
and anti-angiogenic activities. Ginseng has been shown to
possess cancer-preventing activities in case—control studies
(Yun, 2003), and ginseng extracts inhibit the growth of
human breast tumour cells in vitro (Duda et al., 1999). In
terms of its anti-angiogenic activity, Rb1 and its metabolite
have been shown to be very effective in suppressing tumour
angiogenesis in vivo (Sato et al., 1994; Shibata, 2001). Using
primary endothelial cell cultures, Rbl was shown to inhibit
functional neovascularization into a polymer scaffold in vivo
and the proliferation, chemoinvasion, and tubulogenesis of
endothelial cells in vitro (Sengupta et al., 2004). Although
these findings highlight the therapeutic potential of Rb1 as a
novel modality to treat cancer and other angiogenesis-
dependent diseases, the receptors for Rb1 and the signalling
molecules that mediate the anti-angiogenic activity of Rb1l
are still unknown.

Angiogenesis, the growth of new capillaries from the
pre-existing microvessels, is a tightly regulated event integral
to many physiological or pathological conditions, including
development, wound healing, and tumour growth (Risau,
1997). Among many angiogenesis regulators, pigment
epithelium-derived factor (PEDF) has been described as
the most potent natural inhibitor of angiogenesis known
to date (Dawson et al.,, 1999). It is a S50kDa secreted
glycoprotein expressed ubiquitously in many tissues
and cells of the body, including endothelial cells
(Tombran-Tink, 2005). Loss of PEDF expression is associated
with angiogenic activity in cancer cells, whereas PEDEF
as a soluble protein or when delivered using viral-mediated
gene transfer strategies, is highly effective against endo-
thelial cell growth, migration, and neovascularization
(Duh et al.,, 2002; Abe et al., 2004). PEDF can also
antagonize the effects of a number of important angio-
genic inducers, including vascular endothelial growth
factor (Dawson et al., 1999). Some of the mechanisms
regulating PEDF expression have been investigated. The
presence of a putative oestrogen responsive element in
the PEDF promoter, and the modulation by 17f-oestradiol
(E;) of PEDF expression are highly suggestive of an
oestrogen receptor (ER) involvement in PEDF’s biological
functions (Tombran-Tink et al., 1996; Cheung et al., 2006;
Li et al., 2006). The fact that Rbl is a steroidal saponin,
which in structure resembles oestrogen, and biochemical
studies also indicate that Rb1 has oestrogen-like properties
and exerts its action via the activation of ER (Lee et al.,
2003; Cho et al., 2004) further suggest that PEDF, ER, and Rb1
may be linked in a common pathway that controls
angiogenesis.

There are two subtypes of the ER, ERx and ERf. Although ERx
and ERp share a high sequence homology (96%) in their DNA-
binding domain, the divergence of their ligand-binding
domains (LBDs) (58% homology) leads to dissimilar ligand
preferences and affinities of these two ER subtypes. After
binding of the ligand to these receptors, the complex
interacts with specific DNA sequences, known as oestrogen
responsive elements (ERE), on the promoter regions of target
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genes, recruit coregulators, and initiate
(Gustafsson, 2000a).

In this study, we aimed to elucidate the mechanism of the
anti-angiogenic action of Rb-1. The results presented here
clearly show that Rb1 regulates the expression and action of
the anti-angiogenic factor PEDF and that this regulation is

under the control of ERf, but not ERax.

transcription

Materials and methods

Cell culture

Human umbilical vein endothelial cells (HUVEC) were
obtained from Clonetics (San Diego, CA, USA) and cultured
in medium 199 supplemented with 20% fetal bovine serum
(FBS), 20ugml~' endothelial cell growth supplement
(ECGS), 90Uml ™! heparin, and 1% penicillin-streptomy-
cin-neomycin in a humidified incubator at 37°C with 95%
air/5% CO,. HUVEC between passages 2-8 were used in these
studies to ensure the genetic stability of the culture. Cells
were then adapted in phenol red-free medium supplemented
with 20% charcoal/dextran-treated FBS (for removal of
endogenous steroids in the serum) 48 h before each assay.

Treatments

The regulation of PEDF by Rb1 was determined by treating
HUVEC with increasing concentrations of Rbl between
0 and 500 nM for 24 h. Conditioned media and total HUVEC
cell lysates were analysed for PEDF expression by western
blot. RNA was harvested for polymerase chain reaction (PCR)
analysis.

For inhibition assays, cells were pretreated with 10 uMm of
the ER antagonist ICI 182,780 for 30 min before the addition
of Rbl or DMSO alone, which served as a control.
Cell transfection was performed using siLentfect reagent
(Bio-Rad, Carlsbad, CA, USA) according to the manufac-
turer’s instructions. Briefly, HUVEC were seeded in six-well
plates and grown to 70-80% confluence. In total, 10 nM ERp
small interfering RNA (siRNA) was added per well. After 24 h,
the cells were incubated with or without Rbl for an
additional 24 h before protein levels determination or tube
formation assay. As a non-specific siRNA control, scrambled
siRNA was used.

Tube formation assay

HUVEC (1 x 10° cells per well) were seeded in growth factor-
reduced Matrigel-coated 24-well plates in phenol red-free
medium 199 containing 1% charcoal/dextran-treated FBS.
Cells were incubated in the absence or presence of 250 nM
Rb1l, conditioned medium derived from Rbl-stimulated
HUVEC (Rb1-CM), a combination of Rb1 or Rb1-CM with
either ER siRNA or PEDF-neutralizing antibody, or with ICI
182,780 for 16 h at 37°C. Images were captured under phase
contrast microscopy (x 10) using a CCD camera. Twelve
microscopic fields were randomly selected for each well. The
anti-angiogenic activities were determined by counting the
branch points of the formed tubes and the average numbers
of branch points were calculated as described previously (Yue
et al., 2006). Each experiment was repeated three times.



Western blot analysis

Equal amounts of proteins for each sample were separated by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
and transferred onto nitrocellulose membrane. The mem-
brane was then incubated with the indicated primary
antibodies for 3h, followed by horseradish peroxidase-
conjugated secondary antibodies and binding visualized by
an ECL detection system. Where indicated, the membranes
were stripped and re-probed with another antibody. The
density of the bands was quantified by densitometric
analysis using Metamorph software.

Real-time PCR

Total RNAs were extracted with TRIzol reagent and reverse
transcribed using Superscript II First-strand Synthesis
SuperMix (Invitrogen, Carlsbad, CA, USA). Real-time PCR
was performed using the IQ SYBR Green supermix and
the iCycler IQ-Real-Time detection system (BioRad, Hercules,
CA, USA). PCR primers for PEDF were synthesized
as described (Cheung et al., 2006). ff-Actin was analysed in
the same run. Fluorescent measurements were recorded
during each annealing step. The PCR quality and specificity
were verified by melting curve analysis and gel electro-
phoresis.

Competitive binding and co-activator recruitment assays

ERx and ERS competitive binding assays were performed
according to the manufacturer’s instructions. Serial
dilutions of Rbl (7.8-2uM) were used to compete with
Fluormone, a proprietary fluorescent oestrogen ligand, for
binding to the LBD of recombinant human ERx or ERf.
The fluorescence polarization was measured by a PTI
Fluorescence Lifetime Scanning Spectrometer. If Rb1l does
not bind to the LBD of ERx or ERf, no competition
occurs and a relatively large ER/Fluormone complex forms,
exhibiting a high polarization value. If Rb1 binds to ERx
or ERp, the Fluormone is displaced from the complex,
resulting in low polarization values. Negative (without any
ligand; 0% competition) and positive (1mMm E;; 100%
competition) controls provided limits for the fluorescence
polarization range. ICso was defined as the concentration
that caused a half-maximum shift in polarization. The
equilibrium dissociation constant (K4) was calculated as the
concentration of the competing ligand occupying half of the
binding sites in the absence of the tracer ligand. ICso and Ky
values were obtained by fitting the data from the competi-
tion studies to a one-site competition model and from the
saturation studies to a one-site binding model, respectively
(Blommel et al., 2004). Fluorescence-labeled co-activator
containing consensus LxxLL (where x is any amino acid)
motif was used to differentiate the agonist from the
antagonist of ERS (Ozers et al., 2005). Helix12 unblocks the
co-activator cleft upon binding of agonist to the LBD.
Competitive binding studies between Rb1 and the glucocor-
ticoid receptor (GR) were carried out using a GR competitive
binding assay, in which 1 mM dexamethasone served as a
positive control.
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Reporter gene assay

PERE-TA-SEAP reporter plasmids (0.5 ugwell™' of 24-well
plate) or pTAL-SEAP (negative control) were used with
Lipofectamine. pERE-TA-SEAP contains tandems of ERE
linked to a downstream SEAP reporter gene. pTAL-SEAP is
an identical plasmid but without the ERE. After transfection
for 24 h, cells were treated and conditioned medium were
harvested after further 24 h incubation. SEAP activity was
assayed according to the manufacturer’s protocol using the
SEAP Fluorescence detection kit. The SEAP activity was
measured as relative fluorescence intensity per ug of total
cellular protein, and expressed as multiples of the untreated
control.

The PEDF promoter region between positions —864 and
+ 63 (Tombran-Tink et al.,, 2004) was transfected using
Lipofectamine and the procedure carried out as directed by
the manufacturer. The pSV-f-galactosidase plasmid was co-
transfected as an internal control. Luciferase activity was
measured using a luminometer (TD20/20, Turner Designs).
Relative luciferase units (RLU) normalized to transfection
efficiency were calculated as the ratio of luciferase activity to
p-galactosidase activity and are presented as the mean +s.d.
of three individual experiments, each with triplicate
samples. The fold changes were calculated by comparison
with the promoterless luciferase vector (pGL3-Basic).

Statistical analysis

Each experiment was repeated at least three times with
essentially identical results and presented as mean+s.d.
Statistical comparisons were carried out by one-way analysis
of variance (ANOVA), with Tukey’s least significant differ-
ence f-test for post hoc analysis (GraphPad software, San
Diego). P<0.05 was considered statistically significant.

Materials

Ginsenoside-Rb1 (Rb1l) is a reference compound (purity
>98%) purchased from the Division of Chinese Materia
Medica and Natural Products, National Institute for the
Control of Pharmaceutical and Biological Products
(NICPBP), Ministry of Public Health, China. Phenol red-free
medium 199, ECGS, heparin, GR antagonist RU486, dex-
amethasone (Dex), and the polyclonal anti-f-actin were
purchased from Sigma (St Louis, MO, USA). Charcoal/
dextran-treated FBS was obtained from Hyclone (Logan,
UT, USA). Diarylpropionitrile (DPN), propyl pyrazole triol
(PPT), and the ER antagonist ICI 182,780 were obtained from
Tocris Biosciences (Ellisville, MI, USA). Antibodies to ER« and
ERp were purchased from Upstate Biotechnology Inc. (Lake
Placid, NY, USA), PEDF antibodies were from Bioproducts
(Maryland, MD, USA). The peroxidase-conjugated secondary
antibodies were from Zymed (San Francisco, CA, USA).
Growth factor-reduced Matrigel (GFR-Matrigel), pERE-TA-
SEAP, and pGRE-TA-SEAP were from BD Biosciences (Palo
Alto, CA, USA). ERo and ERf competitive binding assays, GR
competitive binding assay, and ER co-activator binding assay
were from Invitrogen. siRNA for silencing ERS (Cat. No.
M-003402-02) was from Dharmacon (Lafayette, CO, USA).
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Results

Rb1 promotes the expression and secretion of PEDF in HUVEC
PEDF is a natural inhibitor of angiogenesis that plays a
crucial role in maintaining the angiogenic balance (Dawson
et al., 1999). To evaluate the possible effect of Rb1 on PEDF
expression, HUVEC were stimulated with different concen-
trations (0-500 nM) of Rb1 for 24 h. Figure 1 shows that Rb1
dose-dependently induced PEDF protein expression in the
cell lysate with the maximal effect being observed at a dose
of 250nM (Figure la). Consistently, media conditioned by
these cells also showed enhanced secretion of PEDF
(Figure 1b). The presence of a specific 50-kDa band indicated
that PEDF was appropriately synthesized and processed.

To elucidate whether Rbl-induced PEDF secretion was
transcriptionally controlled, mRNA expression of PEDF was
measured by real-time PCR. Melting curve analysis yielded a
single peak, and gel electrophoresis showed a single band
(data not shown). Treatment of HUVEC with 250nM Rb1l
resulted in a significant upregulation of PEDF mRNA
(Figure 2a). The fold-change in mRNA levels was comparable
to that in protein levels (~7-fold), suggesting that the
increased PEDF protein expression may result from increased
mRNA synthesis.

Rb1 directly regulates PEDF gene transcription

To assess whether Rb1 causes transcriptional activation at the
PEDF promoter, we transfected HUVEC with a luciferase
reporter construct of the PEDF promoter region —864 to + 63
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Figure 1 Rb1 regulated PEDF expression in HUVEC. HUVEC were
incubated in culture medium supplemented with 20% charcoal-
stripped FBS for 48 h, and, subsequently, were treated with vehicle
only, or increasing concentrations of Rb1 (100-500nm) for 24 h.
(a) Cell lysate (40 ug) and (b) conditioned medium (100 ng) were
analysed by western blot for the presence of PEDF protein.
Immunoblotting for f-actin and staining of proteins by Coomassie
blue were included as loading controls for (a and b), respectively.
The signal intensity was determined by densitometry and expressed
as the ratio of PEDF relative to f-actin or Coomassie blue for each
sample (right panels). Experiments were repeated three times and
data are shown as mean+s.d. *P<0.05 for Rb1-treated cells versus
untreated control. PEDF, pigment epithelium-derived factor; HUVEC,
human umbilical vein endothelial cells; FBS, fetal bovine serum.
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and measured luciferase activity after treatment with 250 nM
of Rb1. Luciferase activity was normalized according to the -
galactosidase activity and expressed as RLU to reflect the
promoter activity. Transfection efficiency was >70% as
determined using the green fluorescent protein. The results
showed that the activity of PEDF promoter was strongly
increased (3.5-fold) by Rbl (P<0.05) (Figure 2b). These
results clearly demonstrate a direct effect of Rbl on the
human PEDF gene promoter.

Rb1-induced anti-angiogenic actions involves PEDF in HUVEC

Next, we examined whether the anti-angiogenic activity of
Rb1 was mediated via modulation of PEDF. Tube formation
assay was employed because it is the most simple and
classical angiogenesis assay in vitro and has been described as
representing the multi-step process of angiogenesis invol-
ving cell adhesion, migration, and differentiation (Madri
et al., 1988). As shown in Figure 3, endothelial cells aligned
and formed tube-like network structures in the absence of
Rb1, in contrast to a significant decrease in tube formation of
HUVEC following treatment with 250nM Rbl. The anti-
angiogenic effect of Rb1l was completely reversed by the
addition of PEDF-neutralizing antibody (P<0.05), confirm-
ing that Rb1 actions were mediated through PEDF and that
the negative effect of PEDF on tube formation was specific.
Importantly, conditioned media derived from Rbl-treated
HUVEC (Rb1-CM) also led to a 4.6-fold decrease in the
number of branch points, an effect that was markedly
attenuated in the presence of the PEDF-neutralizing anti-
body but not control immunoglobulin G (IgG). The
antibodies alone had no effect on tube formation. These
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Figure 2 Rb1 directly activated PEDF transcription. (a) Cells were
incubated in culture medium supplemented with 20% charcoal-
stripped FBS for 48 h, and then cultured in the presence of 250 nm
Rb1 for 24 h. Changes in PEDF mRNA levels were determined by
real-time PCR using primers specific for PEDF and f-actin. (b) Cells
were transfected with 1 g of reporter construct of PEDF promoter
region from nucleotide —864 to + 63 in the presence or absence of
250nM Rb1. All cells were co-transfected with 0.5 ug of pSV-pGal as
an internal control for transcription efficiency. The reporter activity,
referred to as relative luciferase units (RLU), was calculated as the
ratio of luciferase to f-galactosidase activity normalized by the RLU
(=1) displayed by cells transfected with the pGL3-Basic vector. The
results are obtained from three repeated experiments, and data are
shown as mean+s.d. *P<0.05 for treated cells versus untreated
control. PEDF, pigment epithelium-derived factor; FBS, fetal bovine
serum.
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Figure 3 PEDF was involved in Rbl-mediated inhibition of
endothelial tube formation. HUVEC (1 x 10° cells per well) were
seeded in growth factor-reduced, Matrigel-coated, 24-well plate in
phenol red-free medium 199 containing 1% charcoal-stripped FBS.
Cells were treated with or without 250 nM Rb1 in the absence or
presence of PEDF-neutralizing antibody (anti-PEDF). Conditioned
medium derived from Rb1-stimulated HUVEC (Rb1-CM) was left
untreated or pretreated with anti-PEDF or control IgG. Control cells
were treated with anti-PEDF or IgG alone. Bottom panel, data
represent the mean +s.d. of the number of branch points relative to
the control, which was set to be 100%, counted in 12 microscopic
fields of three independent experiments. Scale bar, 50 um. *P<0.05
for treated cells versus untreated control. PEDF, pigment epithelium-
derived factor; HUVEC, human umbilical vein endothelial cells; FBS,
fetal bovine serum; 1gG, immunoglobulin G.

data demonstrate, for the first time, a role for PEDF in
mediating the anti-angiogenic activity of Rb1 in HUVEC.

ERa and ERP expression of HUVEC

ER is a potential regulator of PEDF gene expression
(Tombran-Tink et al., 1996; Cheung et al., 2006; Li et al.,
2006) and the oestrogenic effect of Rb1 has been previously
proposed (Lee et al., 2003; Cho et al., 2004). To investigate
the possible role of ER in Rbl-induced anti-angiogenic
activity, we first evaluated the expression of ERa and ERf
by western blot analysis and real-time PCR in HUVEC.
Figure 4 reveals that the protein and mRNA of both subtypes
were present in the cells, as described previously (Venkov
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Figure 4 Expression of ERx and ERf in HUVEC. Western blot and
real-time PCR were performed on HUVEC for ERx and ERf protein
expression and mRNA quantification. f-Actin was included as a
loading control. ER, oestrogen receptor; HUVEC, human umbilical
vein endothelial cells.

etal., 1996). Rb1 treatment for 24 h did not alter ERx and ERf
expression (Figure 4).

Rb1 is a functional ligand for ERB but not for ERo. or GR
Thereafter, a competitive ligand-binding assay was per-
formed to study the specific binding of Rb1 to ERz and ERS
using proprietary fluorescent ligand (Fluormone)-recombi-
nant human ER complexes. Displacement of Fluormone
from the complex results in a decrease in fluorescence
polarization. The shift in polarization is used to determine
the specific affinity of that ligand for the respective receptor.
The competitive ligand binding assays indicated that Rb1 is a
specific ligand for ERf, but not for ERo. The ICs( values for E,
and Rbl were 15.18nM (Kq=4.82nM; R*=0.98) and
246.70 nM (Kg=70.36nM; R2=0.99), respectively
(Figure 5a). This value agrees well with the concentration
of Rb1 (250 nMm) that shows significant inhibitory effects on
PEDF expression and angiogenesis (Figures 1-3). Moreover,
the binding was specific for ER because similar concentration
(or even at a concentration 100-fold higher) of Rb1 could not
displace Fluormone (Glucocorticoid) from the GR (data not
shown). These results demonstrate that Rbl is a selective
agonist for ERf, but not for ERa or GR.

In the classical genomic pathway of oestrogen action, the
nuclear hormone receptor-ligand complex undergoes a
conformation change allowing the receptor to interact with
ERE located on the promoter regions and to recruit
coregulators for initiation of transcription of target genes
(Gustafsson, 2000a). Using the co-activator recruitment
assay, we showed that Rbl, like E,, induced interaction of
ERp with co-activator peptides (Figure 5b). In addition, Rb1
was able to activate ER transcription from a SEAP reporter
gene (pERE-TA-SEAP) under the control of a promoter
containing two copies of the ERE in HUVEC, showing a
2.1-fold induction over control and this efficacy was
comparable with that of E, (Figure 5c). Both E, and Rbl
had no effect on pTAL-SEAP, a vector identical to pERE-TA-
SEAP but without the ERE (data not shown). ICI 182,780, a
specific ER antagonist, was used as a negative control. It was
able to bind the LBD of ER but showed no recruitment of co-
activator peptide or transactivation of the reporter gene

British Journal of Pharmacology (2007) 152 207-215
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Figure 5 Competitive binding of Rb1 to ERf, co-activator peptide
recruitment, and reporter gene activation. (a) The competitive
binding was determined by a fluorescence polarization-based assay
using recombinant human ERo or ERS, and E; (1 mMm) served as
positive controls. (b) Fluorescent-labeled co-activator containing
consensus LxxLL (where x is any amino acid) motif was used to
differentiate the agonist from the antagonist of ERS. Fluorescence
polarization was expressed as millipolarization units (mP). Data
represent the means from three different experiments. (C) HUVEC
was transiently transfected with a reporter gene containing 2 x ERE.
E; (50nMm) and ICI 182,780 (ICI) (10 um) were used as positive and
negative controls. SEAP activity was measured as relative fluores-
cence intensity per microgram of total protein. The SEAP activity of
the untreated control cells was defined as 1. Data represent
mean+s.d. (n=3). *P<0.05 for treated cells versus untreated
control. ER, oestrogen receptor; HUVEC, human umbilical
vein endothelial cells; ERE, oestrogen responsive element; E,,
17 p-oestradiol.

(Figures 5b and c). These data further confirm that Rb1 can
directly activate ERf signaling.

The actions of Rb1 on PEDF expression and function are mediated
via ERP

To study the involvement of ERS in Rbl-induced PEDF
activation, we examined the effect of the ERf selective
agonist DPN (100nM) (Harrington et al.,, 2003) on PEDF
expression. The results showed that DPN closely reproduced
the response of Rb1 with a significant increase in the amount
of PEDF mRNA (6.3-fold versus control) (Figure 6a). In
contrast, the ERu« selective agonist PPT did not increase PEDF
expression (data not shown), suggesting the involvement of
ERp in the Rbl-induced anti-angiogenic action. To further
define the role of ERf in the Rb1 effects, we chose to deplete
ERB wusing siRNA. The efficacy of silencing ERS was
determined by immunoblotting (Figure 6b). Most impor-
tantly, reduced ERf expression with siRNA markedly atte-
nuated Rbl-induced PEDF expression (Figures 6¢ and d) as
well as its effects on endothelial tube formation (Figure 7)
when compared with cells transfected with non-specific
siRNA. PEDF promoter activity was also reduced by ERp
siRNA, suggesting that the ER-mediated activation of PEDF
occurs via a genomic pathway. These activities can also be
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specifically blocked by treatment with the specific ER
antagonist ICI 182,780 (Figures 6 and 7), providing further
support for the role of activated ER in mediating Rb1 action
in these cells. The antagonist or siRNA alone had no effect
(Figures 6 and 7). Together, these data indicate that ERf is a
critical mechanistic link in mediating the anti-angiogenic
effects of Rb1 in HUVEC.

Discussion

The growth of solid tumours is highly dependent on
angiogenesis. Thus, inhibition of angiogenesis has become
a promising approach in anticancer therapy (Fan et al.,
2006). Our data provide a molecular basis for the anti-
angiogenic action of Rb1l. Here we show for the first time
that the Rbl suppresses tube-like structure formation, and
that this effect is mediated by activation of the potent anti-
angiogenic protein PEDF under the control of ERf, but not
ERo. The clinical relevance of this observation was under-
pinned by the fact that Rb1l and its metabolite inhibited
tumour angiogenesis in vivo (Sato et al., 1994; Shibata, 2001).
In epidemiological case-control studies, ginseng was found
to possess cancer prevention activities in various organ sites
(Yun, 2003).

PEDF is one of the most potent inhibitors of angiogenesis
in vitro and in vivo, an action clearly evident in tumour
xenografts, tube-like structure formation, and corneal neo-
vascularization (Dawson et al., 1999; Duh et al., 2002; Abe
et al., 2004). Mice lacking PEDF exhibit increased vascularity
in most organs (Folkman, 2004). In our study, the anti-
angiogenic effects of Rb1, as demonstrated by inhibition of
endothelial tubular networks formation when grown on a
reconstituted basement membrane, were reversed with a
PEDF-neutralizing antibody, strongly suggesting that PEDF is
downstream to Rbl action in HUVEC. The importance of
PEDF as an angiomodulator is obvious from the fact that it
targets only new vessel growth and spares the pre-existing
vasculature and, as an endogenously produced molecule,
PEDF is relatively non-toxic, although side effects might
present at high doses (Ek et al., 2006).

Another novel observation presented here is the finding
that PEDF is a direct target of ERS. Rb1 causes transcriptional
activation at the PEDF promoter. Since the ERf agonist DPN,
but not the ERo agonist PPT, induced a similar increase of the
amount of PEDF mRNA, we proposed that the regulation of
PEDF is ERp-mediated. These studies represent the first
demonstration that Rb1l induces PEDF expression through
the transcriptional effect of ERf, an interesting finding that
now makes PEDF a target for both ER subtypes although its
transcriptional response is likely to depend on the ER type
and the ligand. In line with our present findings, E,
treatment of retinal Miiller cells, which are known to be
ERp positive, has also been shown to upregulate PEDF mRNA
expression (Li et al.,, 2006). On the contrary, in human
ovarian surface epithelial cells where the main ER subtype is
ERo (Brandenberger et al., 1998), E, has been reported to
repress PEDF gene expression (Cheung et al., 2006). Also, E,
could regulate gene transcription via other motifs in
addition to the ERE, including activator protein-1, nuclear
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Figure 6 Inhibition of ERf suppressed Rb1-induced PEDF expression. (a) PEDF mRNA was assessed by real-time RT-PCR in untreated control
cells or cells treated with Rb1, E;, or DPN. (b) Cells were transiently transfected with siRNA directed against ERS (ERf siRNA) or non-specific
siRNA (NS-siRNA) as a control. ERx and ERf expression levels were analysed by western blot. Changes in PEDF mRNA and protein were
analysed by (c) real-time PCR and (d) western blot, respectively. Cells treated with a specific ER antagonist ICl 182,780 (ICI) were also analysed.
Experiments were repeated three times, and data are shown as mean +s.d. *P<0.05 for treated cells versus untreated control. ER, oestrogen
receptor; ERE, oestrogen responsive element; E,, 17f-oestradiol; RT-PCR, reverse transcription-polymerase chain reaction; DPN,
diarylpropionitrile; siRNA, small interfering RNA.

factor-«B, and cAMP-responsive element binding protein area for further research. The mechanism for the differential
(Alexaki et al., 2006; Cascio et al., 2007) and their binding ERo and ERf-mediated transcriptional regulation of PEDF is
sites are present in the PEDF promoter. Whether these unknown and again requires further study.

regulatory elements participate in ER-mediated transcrip- The oestrogenic effects of Rbl have been previously
tional regulation of PEDF remains to be determined and is an hypothesized (Lee et al., 2003; Cho et al., 2004). In this
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Figure 7 Inhibition of ERf attenuated Rb1-mediated inhibition of
endothelial tube formation. HUVEC (1 x 10° cells per well) were
seeded in growth factor-reduced, Matrigel-coated, 24-well plate in
phenol red-free medium 199 containing 1% charcoal-stripped FBS.
Cells were treated with or without 250 nM Rb1, in the absence or
presence of ERf siRNA, non-specific (NS)-siRNA, or ICI 182,780 (ICl).
Control cells were treated with ERS siRNA, NS-siRNA, or ICI alone.
Bottom panel, data represent the mean+s.d. of the number of
branch points relative to the control, which was set to be 100%,
counted in 12 microscopic fields of three independent experiments.
Scale bar, 50 um. *P<0.05 for treated cells versus untreated control.

study, we showed for the first time a direct effect of Rb1 on
ER in human endothelial cells and that this effect was
mediated by ERp, rather than ERe. In competitive ligand-
binding assays, Rb1l was able to displace a high-affinity
fluorescent oestrogen ligand from human recombinant ERp,
but not ERa. Furthermore, the ability to recruit co-activator
peptides to the receptor and the activation of the reporter
gene have demonstrated that Rb1 can activate transcription
from the consensus ERE motifs. Our results also demon-
strated that GR showed no response to Rbl, providing
further support for a specific role of activated ER in
mediating its action.

The mechanism of the oestrogenic effect has been re-
evaluated following the discovery of a second ER subtype,
ERS (Rubanyi et al., 1997). Studies in ERa knockout mice
(Sudhir et al.,, 1997) and in the only known individual
lacking functional ERo (Gustafsson, 2000b) point to a
positive role for ERx in the regulation of angiogenesis. The
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impact of ERf in this regard is less clear although several
reports support the role of ERf as a negative regulator of ERo
(Pettersson and Gustafsson, 2001; Buteau-Lozano et al.,
2002). However, a possible role for ERf in inhibition of
angiogenesis has been postulated, based on the evidence that
E, decreases the expression of the angiogenic factor VEGF in
breast cancer cells transfected with ERf (Garvin et al., 2006),
as well as reduced angiogenesis of the MDA-MB-231
xenograft tumours which endogenously express ERf (Doll
et al., 2003). Our findings that Rb1 binds preferentially to
ERp, but not ERe, suggest that this ginsenoside may have
potential pharmacological utility as a natural selective ER
modulator with tissue-specific action. The potential advan-
tage of tissue-specific action is the reduction of systemic side
effects. Thus, ERf has been shown to produce the beneficial
effects of oestrogen on bone and the cardiovascular system
without the undesirable effects of oestrogen on breast and
endometrial proliferation (Pettersson and Gustafsson, 2001;
Buteau-Lozano et al., 2002), which could possibly account
for the reported favourable influence of ginseng in post-
menopausal women and its anticancer effects (Kronenberg
and Fugh-Berman, 2002; Lee et al., 2003).

In summary, the present study provides evidence support-
ing the postulated role of Rb1 as an inhibitor of angiogenesis
and demonstrates the novel finding that inhibition of the
formation of tube-like structures by endothelial cell cultures
by Rb1 is mediated through PEDF via the ERf subtype in
HUVEC. These findings also provide further insights into the
possible therapeutic use of Rb1, especially in cancer, where
neovascularization is an important pathological component.
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