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Two natural eudesmane-type sesquiterpenes from Laggera alata
inhibit angiogenesis and suppress breast cancer cell migration
through VEGF- and Angiopoietin 2-mediated signaling pathways
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Abstract. Eudesmane-type sesquiterpenes are natural
sesquiterpenes with anti-inflammatory properties, but their
anti-angiogenic activities are not known. The present study
demonstrated that 5a-hydroxycostic acid and hydroxyiso-
costic acid, two eudesmane-type sesquiterpenes (ETSs),
isolated from the herb Laggera alata, possessed anti-
angiogenic effects. Under non-toxic dosage, ETSs suppressed
VEGF-induced proliferation in human umbilical vein endo-
thelial cells (HUVECSs) and vessel formation in zebrafish
embryos. Moreover, ETSs inhibited VEGF-stimulated
HUVEC migration, stress fibers and tube formation. Results
from real-time PCR analysis involving in vivo and in vitro
experiments indicated that pro-angiogenic-related mRNA
levels were downregulated, including VEGFA, VEGFR2 and
Tie2 genes after ETS treatments. Western blot analysis showed
that ETSs suppressed VEGF-stimulated VEGFR?2 phosphory-
lation and activation of its downstream molecules, such as
Src/AKT/eNOS, FAK, PLCy/ERK1/2 and p38. Moreover,
the VEGF-stimulation of angiopoietin 2 (Ang2) mRNA level
increase was significantly downregulated in the presence of
ETSs. ETSs inhibited Ang2-induced phosphorylation of the
receptor Tie2 in HUVECs, which indicated that ETSs not
just suppressed VEGF/VEGFR2 axis, but also the Ang2/
Tie2 one. Furthermore, the wound-healing assay revealed that
ETSs reduced the migration of Ang2-stimulated human breast
cancer (MCF-7) cells. Mechanistically, the anti-migration
effect of ETSs correlated with the blockade of Ang2-induced
E-cadherin loss and AKT activation. Collectively, the present
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study suggests that ETSs possess anti-angiogenic ability by
interfering the VEGF- and Ang2-related pathways, and they
may be good drug candidates.

Introduction

Angiogenesis refers to the process of new blood vessel
formation, which constitutes a hallmark in physiological and
pathological contexts, such as embryo development, wound
healing, diabetic retinopathy and cancer metastasis (1,2).
Research on tumor angiogenesis progressed slowly until the
discovery of the key molecular initiators of angiogenesis,
i.e., the vascular endothelial growth factor (VEGF), and its
endothelial cell specific tyrosine kinase receptor VEGFR (3).
It is believed that the anti-angiogenic therapy could prevent
cancer growth and metastasis.

VEGEF has crucial and numerous effects on vascular
endothelial cells. It acts as both pro-survival factor and
stimulator of cell proliferation and migration, increases the
vascular permeability, and initiates the development of new
blood vessels (4). VEGF activates endothelial cells through
VEGFR1 and VEGFR2, while VEGFR2 mediates the major
angiogenic function of VEGF. VEGFR2 can lead to the acti-
vation of multiple downstream signal transduction cascades
including the ERK1/2, the AKT and the focal adhesion kinase
pathways (5). Besides, VEGF induces stress fiber formation
to enhance vascular permeability and facilitates cell migra-
tion. Therefore, intervention in one or more of the pathways
could downregulate the effect of VEGF signaling pathways.
Development of the inhibitors for the VEGF/VEGFR2
signaling pathway has led to several approved FDA drugs
which benefit hundreds of thousands of cancer patients.
Bevacizumab (Avastin), a VEGF-targeted antibody, and suni-
tinib (Sutent), a VEGFR inhibitor, are some of the best-known
drugs in this category (6).

However, clinical experiments also revealed cases of
limited efficacy in the anti-VEGF therapy due to unknown
causes (7). One proposed mechanism of the resistance involves
tumors upregulating the alternate pro-angiogenic molecules,
such as placental growth factor (PIGF), fibroblast growth
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factor 2 (FGF2) and angiopoietin 2 (Ang2). Due to the unique
mode of function and increased understanding of both VEGF-
and Ang2-induced pathways, tremendous effort has been
made to combine these two modalities to achieve enhanced
outcomes (8).

As a ligand of the Tie2 receptor, Ang2 is exclusively
expressed and stored in endothelial cells and functions as
a partial Tie2 agonist. It can be rapidly released following
cytokine stimulation, such as VEGF (9,10). The Ang2/Tie2
system is an important angiogenic switch to promote vessel
remodeling, sprouting and mural cell recruiting. Therefore,
the interference of Ang2/Tie2 and VEGF/ VEFGFR?2 axes has
attracted increasing attention for cancer prevention (11,12).
Indeed, several clinical trials of the dual target therapies have
shown a more potent anticancer activity (11,13). For instance,
Ang2 and VEGFA bispecific antibody CrossMab has been
clinically validated as an initial treatment for renal cell carci-
noma (13).

Laggera alata is a member of genus Laggera (Compositae)
and is a traditional herbal medicine with both anti-
inflammatory and anti-bacterial activities (14,15). However,
its anti-angiogenic efficacy is not known. Our group has
isolated several eudesmane-type sesquiterpenes (ETSs) from
Laggera alata (16). Two high-yield ETSs were selected to
be evaluated for their anti-angiogenic activity. In the present
study, both ETSs were found to be effective as angiogenic
inhibitors, not only in the in vitro cell model but also in the
in vivo zebrafish model. The mechanistic study showed that
their anti-angiogenic effects were related to their interference
in both the VEGF/VEGFR and the Ang2/Tie2 axes.

Materials and methods

Chemicals and reagents. Extraction and isolation of the two
ETSs, 5a-hydroxycostic acid (Comp. 1) and hydroxyiso-
costic acid (Comp. 2), from Laggera alata was carried out
as described previously (16). Their structures are shown in
Fig. 1A. The two chemicals were dissolved in DMSO at a final
concentration of 50 mM respectively, and diluted in culture
medium to the indicated concentration for assigned assay. The
vehicle group contained DMSO at 0.1% in its culture medium.

The human Ang2 was purchased from Adipogen (San Diego,
CA,USA). VEGF (VEGFA-165) was obtained from Peprotech
(Rockyhill, NJ, USA). The concentrations of Ang2 and VEGF
used in the subsequent experiments were 400 and 20 ng/
ml, respectively. Fetal bovine serum (FBS), low serum
growth supplement (LSGS), Dulbecco's modified Eagle's
medium (DMEM), phosphatase substrate kit, BCA protein
assay kit, Medium 200, Matrigel matrix, M-MLV and TRIzol
reagent were all purchased from Thermo Fisher Scientific
(Waltham, MA, USA), and Tag DNA polymerase was from
Takara (Tokyo, Japan). Evagreen dye was purchased from
Biotium (Hayward, CA, USA). Reagents including semaxanib
(SU5416, a specific VEGFR inhibitor), phalloidin, heparin,
bull serum albumin (BSA), MTT (3-(4,5-dimethylthiazol-
2-y1)-2,5-diphenyltetrazolium bromide) and non-protein
chemicals were obtained from Sigma Chemical Co. (St. Louis,
MO, USA). The pexmetinib (ARRY®614, a specific inhibitor of
Tie2 and p38) was purchased from APExBIO (Houston, TX,
USA).
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The antibodies against VEGFR, p-VEGFR2q,s,
p-Tie2yy 995, AKT, p-AKTs 475, ERK1/2, p-ERK1/2 111501952045
P38, P-P38rnrisortyriszs P-PLCYserinass P-StCryates P-FAK 1307,
p-eNOSq., 177, anti-mouse and anti-rabbit horseradish perioxi-
dase (HRP)-conjugated secondary antibodies were purchased
from Cell Signaling Technology (CST, Danvers, MA, USA).
The antibodies against Tie2, and p-Tie (Tie2yy,g9, + Ti€lyy007)
were from Abcam (Cambridge, UK). The anti--actin anti-
body was obtained from Santa Cruz Biotechnology (Dallas,
TX, USA). The antibody against E-cadherin was from BD
Biosciences (BD, San Jose, CA, USA). Both DAPI and
proteinase inhibitor cocktail tablets were from Roche (Basel,
Switzerland).

Cell culture and zebrafish handling. Human umbilical vein
endothelial cells (HUVECs) were purchased from Life
Technologies Corp. (Carlsbad, CA, USA), and were cultured
in the Medium 200 supplemented with LSGS, heparin
(0.1 mg/ml), and heat-inactivated FBS (20%, v/v). The human
breast cancer MCF-7 cells were obtained from the American
Type Culture Collection (ATCC, Manassas, VA, USA), and
were cultured in DMEM containing 10% FBS. Both cell
types were cultured in a 5% CO, humidified atmosphere at
37°C. For some of the in vitro experiments, HUVECs were
starved in both serum- and LSGS-free Medium 200 (main-
tenance medium) containing 0.5% BSA for 4 h, and MCF-7
cells were serum-starved in DMEM medium (maintenance
medium) overnight (~8 h). Then, the effects of ETSs were
detected. Wild-type zebrafish (AB strain) were bought from
Hong Kong goldfish market and maintained in flow-through
aquaria at 28°C. The fish were fed with general tropical fish
food and brine shrimp. Embryos were collected by natural
pairwise mating, and transferred to beakers (25 fish/300 ml
beaker) with clean embryo water (60 pg/ml instant ocean salt).

Cell proliferation assay. The cellular viability of the HUVECs
in the presence of either ETS compound was assayed using the
MTT method (17). In brief, HUVECs (5x10° cells/well) were
seeded in 96-well plates and allowed to attach overnight. Cells
were then treated with ETSs (from 25 to 200 uM) for 48 h.
The staining reagent of 30 yl MTT (5 mg/ml) was added to
each well for 4 h. The medium was then removed and 200 pl
DMSO was added. After complete dissolution of the precipi-
tated formazan, optical density was measured at 570 nm
using a UV-VIS spectrophotometer (Genesys 5, Spectronic
Instruments, USA). The cell viability was expressed as
percentage (%) of the vehicle group.

The effect of ETSs on VEGF-induced HUVECs prolif-
eration was also evaluated by MTT assay. Starved HUVECs
(5x10° cells/well) were stimulated by VEGF in the presence or
absence of the ETSs for 24 h, then the effect of ETSs on the
proliferation of HUVECs was evaluated.

Real-time PCR analysis. Total RNA in HUVECs or zebrafish
embryos was isolated using TRIzol reagent and cDNA was
conducted using M-MLV (18). Real-time PCR was performed
on a Bio-Rad detection system CFX96 in a volume of 20 ul
containing Evagreen dye 1 ul, Tag polymerase 0.1 ul, cDNA
4 1l (200 ng), 1 pl of each primer and H,0O 12.9 ul. The reaction
protocol was 40 cycles at 95°C for 20 sec, 57°C for 20 sec, and
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Figure 1. Effects of ETSs on VEGF-induced HUVEC proliferation and vessel formation in zebrafish embryos. (A) Chemical structure of the two ETSs, namely,
Sa-hydroxycostic acid (Comp. 1), hydroxyisocostic acid (Comp. 2). (B) Cytotoxicity of the ETSs on the HUVECs by MTT assay. (C) Concentration-dependent
inhibitory effects of ETSs on VEGF-stimulated HUVECs proliferation. (D) Inhibition of the vessel formation was assessed by quantitative optical density
of the endogenous alkaline phosphatase in zebrafish embryos. Each bar represents the mean + SD (n=3), ““p<0.005; “p<0.01 or “p<0.05 for the comparisons

between indicated groups.

72°C for 20 sec. A melt curve analysis was performed at the
end of the reaction to assess the specificity of amplification.
The mRNA levels of the genes were normalized to the internal
controls, namely, GAPDH and ELFla, in HUVECs and
zebrafish, respectively. The primer sequences for HUVECs
are as follows: hGAPDH forward, 5-CCCACTCCTCCACCT
TTGAC-3' and reverse, 5S-TCTTCCTCTTGTGCTCTTGC-3';
hVEGFR?2 forward, 5-GGAACCTCACTATCCGCAGAGT-3'
and reverse, 5'-CCAAGTTCGTCTTTTCCTGGGC-3"; hTiel
forward, 5'-GACCCACACTGACCAACACA-3' and reverse,
5'-GTTGTGCACGTAGATGACGC-3'; hTie2 forward, 5'-CTG
CAGTGCAATGAAGCATGC-3' and reverse, 5'-CTGCAGA
CCCAAACTCCTGAG-3". The primer sequences for zebrafish
are as follows: zELFla forward, 5'-GGCTGACTGTGCTGT
GCTGATTG-3'and reverse, 5'-CTTGTCGGT GGGACGGCT
AGG-3'; zZVEGFA-121 forward, 5'-CTACCCAGTGACCAA
CGC-3' and reverse, 5-GCTCTACAGCTCCTGACGAT-3";
ZVEGFA-165forward,5-TGCTCCTGCAAATTCACACAA-3'
and reverse, 5S'-ATCTTGGCTTTTCACATCTGCAA-3";
ZVEGFR?2 forward, 5-GCCTGATCCACAACTGCTTCC-3'
and reverse, 5'-CTCTCCTCACACGACTCAATGC-3'; zAng2
5-AGGTGGAGGCTGGACTGTC-3' and reverse, 5-GTGG
TGAGCAGGTGGATGAC-3'; Tiel forward, 5'-CAAGAGGC
ACGGAAGGCTTA-3" and reverse, 5'-AGTGACAGTAAC
GCAGAGCC-3; zTie2 forward, 5'-CTACCCAGTGACCAA
CGC-3' and reverse, 5'-GCTCTACAGCTC CTGACGAT-3.

Wound-healing migration assay. The effect of the ETSs on
cell migration was evaluated by the wound-healing assay

according to protocols reported previously (19) with some
modifications. Briefly, HUVECs and MCF-7 cells were plated
in 24-well plates at a density of 2x10° and 2.5x10° cells/well,
respectively. When the cells reached 100% confluence, they
were starved to inactivate cell proliferation and a scrape was
created with sterilized pipette tip. After washings twice with
PBS, the cells were overlaid with fresh medium containing
various concentrations of ETSs or SU5416 (4 uM), co-treated
with either VEGF or Ang2. Images were taken using an
inverted microscope (Nikon TE300, Japan) at O h and after
20-h incubations. The extent of migration was analyzed
using an Image-Pro Plus software (Media Cybernetics, USA).
Wound size of the vehicle group was set as 100%.

Capillary-like tube formation assay. Tube formation assay was
carried out as described previously (20) with some modifica-
tions. In brief, HUVECsS (6x10° cells/well) in the medium were
seeded onto the Matrigel matrix-coated 96-well plates along
with VEGF. Various dilutions of ETSs or SU5416 (4 uM) were
added to the wells and kept for 6 h. The tubular structures were
captured and quantified using an Image-Pro Plus software.

Immunofluorescent staining. HUVECs (1x10° cells/ml) or
MCF-7 cells (2x10° cells/ml) were seeded to the clear cover
glass-bottom 35-mm Petri-dishes for confocal imaging over-
night at 37°C before starvation. During cell starvation, ETSs
(100 uM) were added to the cells 4 h before the cells were
treated with either VEGF or Ang2 for specified duration
(20 min to 6 h) depending on the objective of the experiment.
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Collected cells were washed twice with ice-cold PBS, fixed
with 4% paraformaldehyde for 15 min, and permeabilized
with 0.1% Triton X-100 in PBS. After rinsing twice with PBS,
the cells were blocked in the 3% BSA in PBS for 1 h and
immunostained with corresponding primary antibody at 4°C
overnight. Then, the cells were incubated with the secondary
fluorescent antibody for 1 h at room temperature. Finally, the
cell nucleus was visualized with DAPI, after washing with
PBS, and images were captured using a confocal microscope
(Olympus FV1000 IX81, Tokyo, Japan) (21).

Western blotting. HUVECs or MCF-7 cells (1x10° cells/dish)
were seeded in 100-mm culture dishes for 24 h before starva-
tion. During cell starvation, ETSs were exposed to cells for
4 h and then stimulated with VEGF or Ang?2 for specified
time interval. Whole-cell extracts were collected using a
lysis buffer supplemented with proteinase inhibitors. Protein
concentration was measured using the BCA protein assay
kit. Equal amounts of proteins (40 ug) were resolved by
electrophoresis on 12% SDS-PAGE gels and then transferred
to PVDF membrane (Millipore, Billerica, MA, USA). The
membrane was blocked with 3% BSA at room temperature
for 1 h, incubated with primary antibody at 4°C overnight
followed by HRP-conjugated goat secondary antibodies at
room temperature for 1 h. Protein bands were visualized using
enhanced chemiluminescence detection reagents (Bio-Rad,
Hercules, CA, USA) (22). The resulting images were scanned
using a scanner (Canon PIXMA MP150, Japan).

Quantitative EAP assay. Wild-type zebrafish (AB strain)
embryos were selected to evaluate the anti-angiogenic ability
of ETSs in vivo, a quantitative endogenous alkaline phospha-
tase (EAP) assay was performed as described previously (18).
Briefly, healthy, limpid, and regular embryos (24 h post fertil-
ization, 24 hpf) were arrayed in a 96-well plate (1 embryo/well)
and treated with ETSs (1-10 #M) until 48 hpf. Embryos were
then stained according to the manufacturer's instructions of
the phosphatase substrate kit (Pierce, Waltham, MA, USA).
The optical density of soluble end product was measured at
405 nm using a UV-VIS spectrophotometer. Vessel growth
is presented as the percentage in optical density compared to
that of the vehicle group: % vessel formation = (OD treated
at 48 hpf - OD vehicle at 24 hpf) / (OD vehicle at 48 hpf -
OD vehicle at 24 hpf) x 100%.

Statistical analysis. All experiments were performed at least
three times. Data are presented as the mean + standard devia-
tion (SD). Statistical analysis was determined using one-way
ANOVA.

Results

Effects of ETSs on the viability of HUVECs. The chemical
structures of ETSs are shown in Fig. 1A. Before assessing
the anti-angiogenic properties of ETSs, the MTT assay was
used to evaluate their toxic effects on HUVECs in the normal
growth medium. As shown in Fig. 1B, various concentrations
(0-100 uM) of ETSs were non-toxic to HUVECs. In this regard,
the concentrations of ETSs (<100 M) used in the subsequent
in vitro experiments were considered non-toxic.
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ETSs inhibits the proliferation of VEGF-induced HUVECs
and vessel formation in zebrafish embryos. VEGF plays an
important role during angiogenesis for its mitogenic effect
on vascular endothelial cells (23). Therefore, we measured
the inhibitory effect of ETSs on VEGF-induced HUVECs.
The viability of HUVECs was upregulated significantly from
77.32 to 100% (p<0.005) when VEGF was added (Fig. 1C),
while with the addition of ETSs, the viability was suppressed
dose-dependently (Fig. 1C). At 25 uM of Comp. 2, cell viability
decreased to 97.21% (p<0.05). A stronger inhibitory effect was
shown by Comp. 1 with viability of 91.07% (p<0.01). These
data suggest that VEGF-induced proliferation of the HUVECs
is sensitive to the presence of ETSs (Fig. 1B and C). Next,
the anti-angiogenic activities of ETSs were examined in the
wild-type zebrafish embryos. As shown in Fig. 1D, the two
selected ETSs dose-dependently inhibited the vessel forma-
tion in the zebrafish embryos in the range of 1.3-10 pM. At
the concentration of 5 uM, both ETSs have exhibited very
significant anti-angiogenic activities (p<0.005).

Both ETSs inhibit VEGF-induced HUVECs migration, stress
fibers and tube formation. The effects of ETSs on VEGF-
mediated HUVECs migration were investigated using a
wound-healing assay (Fig. 2A). HUVECs migrated to a clear
area when stimulated with VEGF, and the stimulatory effect
of VEGF was inhibited by ETSs in a dose-dependent manner
(Fig. 2A). Even at 25 uM, the two compounds exhibited very
significant inhibitory effects (p<0.005) (Fig. 2A). These data
reveal that ETSs inhibit VEGF-stimulated migration of the
endothelial cells.

The activation of endothelial cell migration by VEGF
involves a massive remodeling of the actin cytoskeleton
that reorganizes into transcytoplasmic stress fibers (24). As
shown in Fig. 2B, the immunofluorescent intensity of F-actin
(green) stained with FITC-conjugated phalloidin was highly
increased in the VEGF-stimulated HUVECs, which indicated
an increase of the stress fibers formation. However, such stress
in the endothelial cells was markedly attenuated in the pres-
ence of ETSs (Fig. 2B). These results show that ETSs might
suppress the migration of the VEGF-induced HUVECs by
inhibiting the formation of the stress fiber.

During angiogenesis, a critical step is the formation of
the new capillary tube derived from the migrated endothelial
cells (4). Therefore, we investigated whether ETSs could
inhibit VEGF-induced endothelial cell tube formation. As
shown in Fig. 2C, a rough, but complete tube network was
formed from the VEGF-stimulated HUVECs. However, with
the treatment of ETSs (100 #M), the tube formation pattern
disassembled in a manner similar to that of the vehicle group
(p>0.05, data not shown). Quantification of the tube length
revealed that 25 uM ETSs could abolish the VEGF-stimulated
tube formation significantly (p<0.05) (Fig. 2C), suggesting a
potent inhibitory effect of ETSs on the tubulogenesis of the
VEGF-induced endothelial cells.

ETSs downregulate the pro-angiogenic-related genes in
HUVECs and zebrafish embryos. The effects of ETSs on
the angiogenic-related gene expression levels in HUVECs
were evaluated by the real-time PCR analysis. HUVECs
were exposed to ETSs (50 M) for 24 h, the mRNA levels
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Figure 2. Effects of ETSs on VEGF-stimulated HUVEC migration, stress fibers and tube formation. (A) Effect of ETSs on VEGF-induced HUVECs migration.
Starved HUVECS were subjected to wound-healing assay as described in Materials and methods (magnification, x100). (B) Effect of ETSs on VEGF-induced
stress fibers formation in HUVECs. Immunofluorescent staining of HUVECs with FITC-conjugated phalloidin for F-actin (green) and DAPI (blue for nuclear).
Starved HUVECS were treated with ETSs (100 M) or SU (SU5416, 4 uM) for 4 h and then stimulated with VEGF for 20 min, images were taken after immu-
nostaining processes by confocal microscope (magnification, x1,200). (C) Inhibition of VEGF-induced HUVECsS tube formation by ETSs or SU (SU5416). Cell
tubular structures were captured (magnification, x100) and tube length was quantified (n=3). Each bar represents the mean + SD, ““p<0.005, “p<0.01, "p<0.05

for the comparison with cells exposed to VEGF only.

of VEGFR2 and Tiel/2 were then determined. As shown in
Fig. 3A, both ETSs significantly inhibited the mRNA levels
of VEGFR2 (p<0.005), the key receptor of VEGF. Only
Comp. 1 downregulated the activity of the angiopoietin orphan
receptor Tiel (p<0.01). However, both compounds significantly
reduced the mRNA level of angiopoietin receptor Tie2 (p<0.01
or 0.005). These data suggest that ETSs apparently acted as
inhibitors of angiogenesis by regulating VEGF/VEGFR2 and
Ang?2/Tie2 pathways. Thus, the following results from in vivo
experiment focused on the two pathways.

To determine the effects of ETSs on the pro-angiogenic-
related gene expression levels in vivo, zebrafish embryos were
treated with ETSs (10 M) for 24 h and subjected to real-time
PCR analysis. As shown in Fig. 3B, the mRNA levels of both
VEGFA and VEGFR2 were downregulated significantly in
the presence of ETSs. As for the Ang2/Tie axis, ETSs down-

regulated the mRNA levels of Ang2 (p<0.01 or p<0.005) and
Tie2 receptor (p<0.01), but no significance was found in Tiel
(Fig. 3B). The PCR data from the zebrafish embryos further
confirmed their anti-angiogenic activities.

ETSs inhibit the activation of VEGF/VEGFR?2 signaling
pathways in HUVECs. Our previous results proved that ETSs
effectively suppressed VEGF-stimulated angiogenesis both
in vitro and in vivo. To understand the molecular mechanism
of ETS-induced inhibition of angiogenesis, we investigated
whether ETSs suppressed the phosphorylation of VEGFR2,
the critical receptor tyrosine kinase on the surface of endothe-
lial cells (25). The addition of exogenous VEGF to HUVECs
strongly increased the phosphorylation of VEGFR2 at Ser1175
site (Fig. 4). However, pretreatment with ETSs suppressed the
VEGF-stimulated VEGFR?2 phosphorylation (Fig. 4).
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Figure 3. Effects of ETSs on mRNA level of angiogenic-related genes in
HUVECsS and zebrafish embryos. (A) HUVECs were exposed to DMSO or ETS
(50 uM)-containing medium for 24 h, the mRNA levels of the markers were
analyzed by real-time PCR. (B) mRNA levels of pro-angiogenic-related genes
in the vehicle or ETS (10 uM)-treated zebrafish embryos. Each bar represents
the mean + SD (n=3), “"p<0.005; “p<0.01, ‘p<0.05 for the comparison with
vehicle group.

VEGF binding to VEGFR?2 activates various downstream
signaling molecules with distinct and overlapping func-
tions, which is responsible for endothelial cell proliferation,
migration and tube formation (5,26). Therefore, we explored
whether ETSs inhibited VEGF/VEGFR2-mediated signaling
pathways. Starved HUVECs were pretreated with ETSs for
4 h and subsequently stimulated by VEGF for 20 min. As
shown in Fig. 4, an extensive downregulation of the activa-
tion of Src/AKT/eNOS signaling pathway was observed at
50 uM ETSs (Fig. 4). ETSs also suppressed the activation
of the VEGFR2 downstream signaling molecules, namely,
FAK, PLCy, ERK1/2 and p38. Taken together, these data
suggested that ETSs suppressed angiogenesis by inhibiting
the VEGF/VEGFR2-mediated Src/AKT/eNOS, FAK, PLCy/
ERK1/2, and p38 signaling pathways.

ETSs downregulate VEGF-enhanced Ang2 mRNA level in
HUYVECs. With the stimulation of VEGF in endothelial cells,
the mRNA level of Ang2, another crucial pro-angiogenic
factor, increased (11). As shown in Fig. 5, in the presence
of VEGF, the Ang2 mRNA level increased significantly
compared to the vehicle. Pretreatment by ETSs (50 #M) almost
completely reversed the increase induced by VEGF (p<0.001).
VEGF induced Ang?2 secretion and synthesis, this Ang2 could
bind with Tie2 and promote the angiogenic activity of VEGF.
The low Ang?2 level of ETS-treated group may indicate that
Ang2/Tie2 might have taken part in the ETS-induced anti-
angiogenesis. To clarify the direct effects of ETSs on Ang2/
Tie2 axis, we completed the following experiments.

ETSs inhibit Ang2-induced phosphorylation of Tie receptor.
Ang?2 acts as an agonist of Tie2 receptor and leads to the
phosphorylation of Tie2. This would result in vascular desta-
bilization and remodeling (22). Hence, we utilized exogenous
Ang? to induce Tie2 phosphorylation, while the activation of
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Figure 4. ETSs suppress VEGF/VEGFR2 signaling pathways in HUVECS.
Starved HUVECs were pretreated with ETSs or SU5416 (4 uM) for 4 h and
then stimulated with VEGF for 20 min. Protein from different treatments
was evaluated by western blotting and probed with these specific antibodies.
Three independent experiments were performed.
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Figure 5. Effects of ETSs on Ang2 mRNA levels of VEGF-stimulated
HUVECs determined by real-time PCR. Total RNAs were prepared from
HUVECS that had been treated with VEGF with or without the presence of
ETSs (50 uM) for 6 h. Each bar represents the mean £ SD (n=3), “"p<0.005
for the comparison with cells exposed to VEGF only.

Tie2 in the presence of ETSs was evaluated by both immu-
nofluorescent staining and the western blotting. Starved
HUVECs were pretreated with ETSs (100 xM) for 4 h and
stimulated with Ang2 for 30 min. Compared to the vehicle
group (DMSO-treated), Ang2 increased the phosphorylation of
Tie which occurred on the cell membrane (Fig. 6A). However,
for the group treated with ETSs (100 #M), they showed weaker
fluorescence intensity than that with only the Ang2 stimula-
tion, indicative of the inhibition of the phosphorylation of Tie
receptor in the presence of ETSs. In the western blotting results
(Fig. 6B), the data showed the inhibitory effects of ETSs on
Ang2-induced Tie2 phosphorylation.
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Figure 6. ETSs inhibit Ang2-induced Tie2 phosphorylation in HUVECs by immunofluorescent staining (A) and western blot analysis (B). Starved HUVECs
were cultured with ETSs (100 uM) or ARRY614 (4 uM) for 4 h and stimulated with Ang2 (400 ng/ml) for 30 min. (A) The treated HUVECs were immunostained
with anti-pTie (Tie2 Tyr992 + Tiel Tyrl007) antibody. Images of p-Tie (red) and the merged images with DAPI (blue) are shown with magnification, x1,200.
(B) p-Tie2 levels in treated HUVECSs were evaluated by western blotting.
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Figure 7. Inhibition of ETSs on Ang2-stimulated MCF-7 cell migration and E-cadherin loss. (A) ETSs suppress Ang2-induced MCF-7 cells migration (mag-
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only. (B and C) Starved MCF-7 cells stimulated with Ang2 with or without ETSs for 8 h, then cells were fluorescent stained with E-cadherin and images were
taken with magnification, x1,200 (B), or the whole cell protein of the treated cells was extracted for subsequent western blot analyses (C).
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Figure 8. The ETS modulation of angiogenesis in HUVECs. Arrows, activation; blocks, the inhibitory effect of ETSs.

ETSs inhibit Ang2-induced MCF-7 cell migration. Ang2
promotes the proangiogenic action of VEGF leading to blood
vessel growth. Besides, Ang2 also enhances tumor growth
and cancerous metastasis (27). In order to evaluate whether
ETSs could inhibit Ang?2 stimulated cancer cell migration, we
conducted wound-healing analysis on breast cancer MCF-7
cells. Data revealed that stimulation with Ang2 (400 ng/ml)
highly enhanced cell mobility, leading to smaller wound area
(Fig. 7A). However, ETSs inhibited Ang2-induced MCF7 cells
migration dose-dependently from 25 to 100 M. At 25 uM of
ETSs, Comp. 1 exhibited stronger inhibitory effect with larger
wound area (p<0.005) than that of Comp. 2 (Fig. 7A).

E-cadherin is a cell-cell adhesion molecule with pivotal
roles in tissue formation, epithelial cells behavior, and is
linked to the invasion of cancer cells (28). With the stimulation
of Ang2 on MCF-7 cells, we observed the loss of E-cadherin
(Fig. 7B). Western blot assay of the E-cadherin protein level
also confirmed the loss of E-cadherin induced by Ang2
(Fig. 7C). However, ETS treatment suppressed the E-cadherin
loss, both immunofluorescent staining and western blot anal-
ysis showed the inhibitory effect of ETSs. Besides, the p-AKT
level was upregulated after Ang2 stimulation in MCF-7 cells,
while the ETS exposed cells showed a sharp reduction of
the p-AKT level (Fig. 7C). These data suggested that ETSs
inhibited Ang2-induced MCF-7 cell migration by suppressing
E-cadherin loss and AKT phosphorylation.

Discussion

Tumor growth is initially fed by the nearby blood vessels in
order to support the removal of waste from and supply of
nutrients to a tumor (29). Therefore, anti-angiogenic therapy
has been considered as a promising method to treat cancer.
Search for the appropriate angiogenic inhibitors is a key step
towards achieving this goal (6). In the present study, to the

best of our knowledge, we show for the first time that ETSs
exhibited anti-angiogenic properties both in vivo and in vitro.

Several activators in the angiogenic process have been iden-
tified in many pro-angiogenic mechanisms. The VEGF/VEGFR
signaling pathway has been implicated as a critical regulator
of tumor neovasculation (7). In this study, VEGF-stimulated
HUVEC proliferation, migration, and tube formation were
inhibited dose-dependently by the ETSs at the non-toxic
concentrations (Figs. 1C and 2). Moreover, ETSs inhibited
the VEGF-induced VEGFR?2 phosphorylation in HUVECs
(Fig. 4), suggesting that the ETSs may likely function as
VEGF/VEGFR?2 inhibitors suppressing the VEGF-stimulated
angiogenesis.

Due to the strong tyrosine kinase activity of VEGFR?2, it
transduces a series of downstream cascades in the angiogenic
process (30). AKT is a serine/threonine kinase, a well-known
VEGFR2 signaling downstream mediator that plays a
central role in a range of cellular functions including cancer
cell growth, migration, and angiogenesis (31). AKT/eNOS
signaling has been identified as a functional mediator in the
VEGF-stimulated angiogenesis, through the production of
NO to mediate cell cytoskeleton reorganization and increase
vascular permeability (31-33). Moreover, the function of AKT/
eNOS in the activation of VEGFR?2 signaling pathway depends
on its upstream Src activation (34). Treatment with ETSs has
shown a sharp decrease in the phosphorylation of Srcy,y,
AKTs,..73 and eNOSg,,,,;; in the endothelial cells (Fig. 4),
suggesting that the Src/AKT/eNOS pathway was involved in
the ETS-mediated anti-angiogenic molecular mechanism.
VEGF/VEGFR?2 system activates its downstream molecules,
including FAK and PLCy to facilitate proliferation, migra-
tion and morphogenic differentiation of endothelial cells into
capillary-like structures with vascular permeability (35,36).
VEGF relies on the activation of FAK to promote tumor
vascular permeability, progression, and metastasis (37). On
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the other hand, FAK partially promotes ERK1/2 signaling
cascade which is very important for vascular endothelial cell
proliferation after VEGF-recruited PLCy is activated (35,38).
In our study, we observed that ETSs inhibited endothelial
cell proliferation and tube formation in response to VEGF
treatment, and with a sharp decrease in FAK, ERK1/2 and
PLCy (Fig. 4), indicating that ETSs suppressed the key steps
of VEGF-stimulated endothelial cells by inactivating FAK and
PLCYy/ERK1/2 signaling pathways. p38 was identified as an
important player in VEGF-induced endothelial cell mobility
by promoting the formation of stress fibers (24). Our results
showed that ETSs reduced significantly the formation of
VEGF-induced stress fibers and the phosphorylation of p38
(Figs. 2B and 4), suggesting that ETSs inhibited p38 activa-
tion to disrupt VEGF-induced stress fiber formation. These
mechanistic results reveal that ETSs inhibited the activation of
VEGFR2 and thereby suppressed the VEGFR2 downstream
signaling pathways in the endothelial cells.

Anti-VEGF and VEGFR2 drugs have been used clinically
and were shown to slow tumor growth, improve drug delivery,
and more importantly, to extend the lives of cancer patients,
but drug resistance of the inhibitors in the VEGF/VEGFR2
system limits their clinical application (39). Thus, other
strategies for inhibiting the tumor neovascularization are
being sought. Mechanistic studies of the resistance showed
that anti-VEGF therapy involved the adaptive enforcement
of Ang2/Tie2 system (12,40). Mounting evidence suggests
that combination of both anti-VEGF/VEGFR and Ang?2/Tie2
agents targeting the blood vessel network can lead to outcomes
superior to those using either agent alone (8,41).

It is well documented that VEGF upregulates the mRNA
level of Ang?2 in endothelial cells and leads to Ang2 secre-
tion (9,11). The secreted Ang2 acts as a partial agonist of
Tie2 receptor leading to Tie2 phosphorylation, disturbances
of vascular endothelial cell junction integrity and vascular
sprouting (11,40,42). In the present study, VEGF upregulated
the mRNA level of Ang?2 but was suppressed by ETSs (Fig. 5).
Besides, ETSs reduced exogenous Ang2-induced Tie2 phos-
phorylation in endothelial cells (Fig. 6). Our results indicated
that ETSs not only suppressed VEGF/ VEGFR2 axis but also
the Ang2/Tie2 system in the endothelial cells. This makes
ETSs promising anti-angiogenic candidates with dual targets.

Higher circulating amount of Ang2 was detected in the
plasma of cancer patients at the advanced stage, and Ang2
facilitated the metastatic ability of cancer cells, such as breast
and ovarian cancers (43). MCF-7 cells have a weak metastatic
ability, but Ang2 can upregulate their mobility in tumor-bearing
mice and cells. E-cadherin is a cell-cell adhesion molecule
with pivotal roles in tissue formation, epithelial cell behavior
and suppression of cancer, and it is linked to the invasion of
breast cancer cells (28). We have observed that ETSs showed
a sharp reduction in the migration of Ang2-induced MCF-7
cells, suppression of the loss in E-cadherin, and decrease in the
expression of p-AKT (Fig. 7).

To further ascertain the anti-angiogenic effects by ETSs,
in vivo experiments were conducted in the zebrafish embryo
which is a successful animal model for studying angiogenesis
and evaluating anti-angiogenic agents (44,45). Small molecules
added directly to the culture media containing the zebrafish
embryos could diffuse into the embryos and induce angio-
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genic effect (44). Our results demonstrated that exposure of
ETS:s altered the process of angiogenesis in zebrafish embryos
(Figs. 1D and 3B). Therefore, the two compounds exhibited
anti-angiogenic activities in vivo.

In conclusion, we provide evidence in the present study
that ETSs inhibited the proliferation, migration and tube
formation in VEGF-induced HUVECs. Suppressing the
VEGF/VEGFR?2 system following the treatment with ETSs
could result in the multiple inhibitions of a number of down-
stream VEGF-dependent pathways, including Src/AKT/eNOS,
FAK, PLCy/ERK1/2 and p38 pathways, and contribute to
ETS-mediated anti-angiogenic property (Fig. 8). Furthermore,
ETSs effectively block Ang2/Tie2 axis, implying that ETSs
may function as angiogenic inhibitors with dual targets (Fig. 8).
Collectively, these findings suggest that the ETSs may be
developed into a new type of anti-angiogenic agent for the
treatment of breast cancer.
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