MOLECULAR MEDICINE REPORTS 16: 8937-8943, 2017

Antiangiogenic properties of caudatin in vitro and in vivo by
suppression of VEGF-VEGFR2-AKT/FAK signal axis
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Abstract. Tumor angiogenesis provides essential nutrients and
oxygen to the tumor microenvironment, which is important in
tumor growth, progression and metastasis. Inhibition of tumor
angiogenesis represents one of the most promising strategies
in tumor therapy. The authors previously demonstrated that
caudatin, one species of C-21 steroidal from Cynanchum
auriculatum (C. auriculatum), effectively inhibits human
glioma growth in vitro and in vivo through triggering cell cycle
arrest and apoptosis. However, little information regarding
the antiangiogenic properties of caudatin in human glioma is
available. Based on the author's previous study, the antiangio-
genic effect of caudatin against human glioma was explored,
and the underlying mechanism was investigated. The results
suggested that caudatin treatment significantly inhibited
HUVEC human umbilical vein endothelial cell proliferation,
blocked the HUVECs migration, invasion and capillary-like
tube formation by disturbing the vascular endothelial growth
factor (VEGF)-VEGFR2-protein kinase B (AKT)/focal
adhesion kinase (FAK) signal axis. Notably, caudatin treat-
ment abolished the glioma cell growth by suppression of the
in vivo angiogenesis, which involved FAK and AKT dephos-
phorylation and inhibition of VEGF expression. The findings
validated the antiangiogenic potential of caudatin in hunting
human glioma.
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Introduction

Angiogenesis, the formation of new blood vessels initiated
by endothelial cell proliferation and migration, is necessary
for tumors to provide nutrients and remove metabolic
wastes continuously (1). Tumors cannot grow beyond a
certain size without concomitant vascular bed expansion.
Therefore, angiogenesis is a key step in tumor growth, and
anti-angiogenesis has become an attractive therapeutic
strategy in cancer treatment (2-4). Angiogenesis is regulated
by multiple growth factors and cytokines. Among these
factors, vascular endothelial growth factor (VEGF), generated
by most cancer cells and endothelial cells as well, is one of the
most potent angiogenic factors involved in tumor growth (5).
VEGF stimulates endothelial cell proliferation, migration
and tube formation by binding its receptor tyrosine kinases
expressed on endothelial cells. In these receptor tyrosine
kinases, VEGF receptor 2 (VEGFR2) mediates the major
function (6). Activation of VEGFR?2 leads to activation of
various downstream signal transduction proteins, including
focal adhesion kinase (FAK), phosphoinositide 3-kinase
(PI3K)/protein kinase B (AKT) (7). Inhibition of VEGF activity
or/and disabling the function of VEGFR2 are both accepted as
potential strategies for antiangiogenesis intervention in tumor
treatment.

Natural products present promising application in cancer
therapy due to their special pharmacological activities and
low toxicity. Cynanchum auriculatum (C. auriculatum) is a
traditional herb medicine mainly distributed in China and
other Asian countries (8). C-21 steroidal glycoside, the major
active component of C. auriculatum, showed multiple bioac-
tivities, including anti-proliferation and invasion of tumor
cells (9-12). Caudatin, isolated from the root of C. auricu-
latum, is a species of C-21 steroidal glycosides (13). The
chemical structure of caudatin can be found in our previous
publication (8). It is reported that caudatin could inhibit
tumor growth via inducing cell cycle arrest in several cell
lines (10,13) or inducing apoptosis through various signal
pathway in several cell lines such as human hepatoma cell
line SMMC7721 (10,14,15) and HepG2 cells (10,16,17),
human alveolar basal epithelial cell line A549 (18) and
gastric cancer cells (19). In our previous studies, caudatin
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was demonstrated effective in inducing cell cycle arrest (8)
and inducing apoptosis (13) in human glioma cells in vitro
and in vivo. However, the anti-angiogenesis effect of caudatin
on human glioma has not been explored yet, and the under-
lying mechanism remains elusive.

Herein, the antiangiogenesis properties and the underlying
mechanism of caudatin on human glioma cells were inves-
tigated, and the results suggested that caudatin significantly
inhibited endothelial cell proliferation and blocked the
human umbilical vein endothelial cell (HUVEC) migration,
invasion and capillary-like tube formation by disturbing
the VEGF-VEGFR2-AKT/FAK signal axis, and eventually
resulted in the inhibition of glioma growth in vivo.

Materials and methods

Materials. Caudatin was purchased from Sigma-Aldrich
(St. Louis, MO, USA), and dissolved with dimethyl sulfoxide
(DMSO). Cell culture reagents and fetal bovine serum (FBS)
were procured from Invitrogen (Carlsbad, CA, USA). The
second antibody IgG (cat. no. 3452) and all of the primary
antibodies used in this study were both purchased from Cell
Signaling Technology (Beverly, MA, USA), including p-FAK
(cat. no. 3281), VEGF (cat. no. 2463), VEGFR?2 (cat. no. 9698),
p-VEGFR?2 (cat. no. 2478S), AKT (cat. no. 9272), p-AKT
(cat. no. 4060), Ki67 (cat. no. 9027) and CD34 (cat. no. 3569).
LY294002 was obtained from Calbiochem (San Diego, CA,
USA). PF-562271 was obtained from Selleck Chemicals
(Houston, TX, USA). All solvents used were of high-perfor-
mance liquid chromatography (HPLC) grade. Water used in
this study was provided by a Milli-Q water purification system
from Merck Millipore (Billerica, MA, USA).

Cell culture. HUVECs were purchased from the KeyGen
Biotech (Nanjing, China) and cultured in DMEM-F12 medium
supplemented with 10% FBS, 100 U/ml penicillin and 50 U/ml
streptomycin. Cells were maintained in a humidified incubator
of 5% CO, at 37°C.

Measurement of cell viability. Cell viability was measured
with 3-(4,5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium-
bromide (MTT) assay. Briefly, HUVECs were cultured in a
96-well plate (6x10° cells/well) for 24 h and then were treated
with indicated concentrations of caudatin for 48 h. After that,
20 ul MTT (5 mg/ml) solution/well was added and maintained
for 4 h. Then, the supernatant was removed, and 200 ul
DMSO/well was added, followed by 20 min shake to dissolve
the formazan crystals. Subsequently, the absorbance at 570 nm
was measured with a microplate reader (Molecular Device,
USA). Cell viability was expressed as percentage of control (as
100%). Cell morphology was observed by inverted microscope
(magnification, x200).

Migration assay. Wound healing assay was used to evaluate
cell migration. HUVECs seeded in 6-well culture plate
were incubated to full monolayer. Monolayer HUVECs
were wounded by scratching with a pipette tip and washed
twice with phosphate buffer solution (PBS). Fresh medium
containing 1% FBS was then added together with caudatin
or other reagents as designed. Cells were photographed under
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a Nikon Ti-S inverted microscope at the beginning and after
incubation for 48 h (magnification, x100; Nikon Corporation,
Tokyo, Japan). Cell migration distance was measured by
image plus software, and the migrated rate was expressed as
percentage of control. Three independent experiments were
performed.

Invasion assay. Transwell assay was used to determine the
effect of caudatin on HUVECs invasion. Transwell cham-
bers (BD Biosciences, Bedford, MA, USA) containing a
6.5-mm-diameter polycarbonate filter with a pore size of 8 ym
were used. Briefly, each filter was coated with 60 ul Matrigel
(1 mg/ml; BD Biosciences) diluted with DMEM-F12 and incu-
bated at 37°C for 45 min. HUVECs (4x10* cells) suspended in
100 ul DMEM-F12 (FBS-free) were seeded in the filter, and
treated with or without 100 M caudatin for 24 h. Complete
DMEM-F12 (600 pl, 10% FBS) was added into the chamber
below. VEGF (200 ng/ml) and cisplatin (5 uM) were employed
as the positive and negative control, respectively. After incuba-
tion, the cells on the filter were wiped away, and the invaded
cells below the filter were washed with PBS, fixed with
90% ethanol and stained with 0.1% crystal violet. The invaded
cells were calculated by manual counting with a Nikon Ti-S
inverted microscope (magnification, x200). The invaded rate
was expressed as percentage of the control. Three independent
experiments were performed.

Tube formation.Capillary-like tube formation assay was used to
further detect the antiangiogenesis effect of caudatin. Matrigel
was pipetted into 48-well plate (60 pl/well) and polymerized
at 37°C for 45 min. HUVECs (100 pl, 1x10* cells/well) mixed
with 100 #M caudatin were seeded into Matrigel pre-coated
wells and incubated at 37°C with 5% CO, for 24 h. Cells were
photographed and the tube number was calculated by manual
counting using a Nikon Ti-S inverted microscope (magnifica-
tion, x100). Tube formation was scored as follows: A three
branch point event was defined as one tubular structure. Eight
random fields per well were quantified by manual counting.
Three independent experiments were performed.

Western blotting. Western blot analysis was performed as
described before (8). HUVECSs were cultured in dishes (10 cm)
and treated with indicated concentrations of caudatin or other
reagents for 48 h. Then, cells were washed twice by PBS
and lysed in RIPA lysis buffer (1xPBS, 1% NP40, 0.1% SDS,
5 mM EDTA, 0.5% sodium deoxycholate and 1 mM sodium
orthovanadate) for 20 min in the ice environment. Lysates
were centrifuged and supernatants were kept as total cell
protein. The concentration of total cell protein was quantified
by bicinchoninic acid assay (BCA; Beyontime, Beijing, China)
according to the manufacturer's instructions. Total protein
was added with sample loading buffer, boiled for 10 min to
be denatured, and stored at -80°C environment for subse-
quent SDS-polyacrylamide gel electrophoresis (SDS-PAGE)
analysis. Briefly, total protein (40 pg/lane) was separated by
SDS-PAGE and then transferred onto polyvinylidene difluo-
ride (PVDF) membranes (Merck Millipore). After that, the
membranes were blocked with 5% bovine serum albumin
(BSA) at room temperature for 2 h. Then, the membranes were
incubated with specific primary antibodies overnight at 4°C
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Figure 1. Caudatin inhibits cell proliferation of HUVECsS. (A) Cytotoxicity of caudatin towards HUVECs. Cells were treated with caudatin (0-200 yM) for
48 h, and cell viability was detected by MTT assay. (B) Morphological changes. Cell morphology was observed by phase contrast microscope (magnifica-

tion, x200). All data were expressed as the mean + SD of the three independent experiments. Bars with

compared to the control group.

and secondary antibodies for 2 h at room temperature sequen-
tially. At last, target protein bands were visualized with ECL
under an Imaging System (ChemiDoc MP, Bio-Rad). -actin
plays as a positive control.

In vivo antiangiogenesis. U251 human glioma cells xenograft
model was constructed as described previously (13). Briefly,
1x107 U251 cells in 100 pl serum-free medium were subcuta-
neously injected into the right oxter of male nude mice. When
tumors grew to 60 mm?® on average after 8 days, mice were
randomly divided into control group and the caudatin-treated
groups (25 and 100 mg/kg). Drugs were given through caudal
vein injection every other day for 16 days. At the termination
of the experiment, tumors were collected and used for western
blotting and immunohistochemical (IHC) assay (magnifica-
tion, x200). All animal experiments were approved by the
Animal Experimentation Ethics Committee.

Results

Caudatin inhibits cell proliferation of HUVECs. Firstly, MTT
assay was employed to examine the anti-proliferation activity
of caudatin against HUVECs. As shown in Fig. 1, treatment of
HUVECs with caudatin (below 12 M) showed no cytotoxicity.
Treatment of cells with 6 xM caudatin slightly promoted U251
cells growth. However, caudatin (25-200 yM) significantly
inhibited U251 cells growth in a dose-dependent manner. For
instance, cells exposed to 50, 100 and 200 M of caudatin for
48 h markedly inhibited the HUVECs viability to 71.5, 53.6
and 38.1%, respectively. This result suggests that caudatin may
act as a potential cytostatic agent in hunting HUVECs growth.

Caudatin blocks HUVECs migration, invasion and capil-
lary-like tube formation. Wound-healing assay, Transwell
assay and capillary-like tube formation were used to evaluate
the inhibition effect of caudatin on cell migration, invasion
and tube formation, respectively. VEGF and cisplatin were
employed as positive and negative control respectively in these
assays to evaluate caudatin's potential. Cell migration and inva-
sion is critical for endothelial cells to form blood vessels during
angiogenesis. As shown in Fig. 2, VEGF obviously promoted
cell migration (Fig. 2A and B), invasion (Fig. 2C and D) and
capillary-like tube formation (Fig. 2E and F). However, caudatin
(100 uM) treatment effectively blocked HUVECs migration,

cxxy

" indicate the statistical difference at P<0.01 when

invasion and capillary-like tube formation (Fig. 2). The statis-
tical data of migrated rate, invaded rate and the tube formation
further confirmed caudatin's inhibitory effects, which is similar
with that of cisplatin. These results showed that caudatin has
the potential to block the capillary-like tube formation in vitro
by inhibiting the HUVECs migration and invasion.

Caudatin suppresses FAK phosphorylation in HUVECs. FAK
is an upstream kinase that has a key role in the regulation of
cell migration and invasion. Therefore, it was interested to
investigate whether FAK was involved in the caudatin-induced
inhibition of HUVEC migration and invasion. A specific
antibody against the phosphorylated (activated) form of FAK
was used (Fig. 3). The results showed that caudatin treatment
caused significant dephosphorylation of FAK in a dose- and
time-dependent manner (Fig. 3A and B). To further confirm
the role of FAK, wound healing assay was operated using
the specific FAK inhibitor (PF562271). As shown in Fig. 3D
and E, pretreatment of HUVECs with PF562271 (10 nM) for
1 h markedly enhanced caudatin-induced inhibition against
cell migration, which confirmed the effect of inactivation FAK
on cell migration inhibition. Results in protein levels further
confirmed this conclusion. Treatment of HUVECs with
caudatin caused significant inactivation of FAK, and this effect
was enhanced at the presence of PF562271 (Fig. 3C). Taken
together, the results above suggest that caudatin can inhibit
cell migration of HUVECs through FAK dephosphorylation.

Caudatin disturbs the VEGF-VEGFR2-AKT signal axis.
The VEGF-VEGFR2- AKT signal axis has key roles in
regulation of cell proliferation, cell growth, survival and
angiogenesis. Therefore, it was of interest to investigate
whether the VEGF-VEGFR2-AKT signal axis was involved
in the caudatin-induced inhibition against HUVECs
proliferation and angiogenesis. Firstly, western blotting assay
was employed and different concentrations of caudatin on the
VEGF-VEGFR2-AKT signal axis expression was assayed,
and the results showed that caudatin treatment significantly
suppressed the expression of VEGF and p-VEGFR2 in a
dose-dependent manner (Fig. 4A), but caused no significant
changes in the expression of total-VEGFR2 and total-AKT. To
further confirm the role of the VEGF-VEGFR2- AKT signal
axis, cell viability was detected by MTT assay using a specific
AKT inhibitor (LY294002). As shown in Fig. 4B, pre-treatment
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Figure 2. Caudatin blocks HUVEC cell migration, invasion and capillary-like tube formation. HUVEC cell migration (A and B), invasion (C and D) and tube
formation (E and F) were detected by wound-healing assay, Transwell and Matrigel assay, respectively. VEGF and cisplatin were employed as the positive and
negative control, respectively. Different letters on bars are statistically different at P<0.05 level when compared between any two groups. HUVEC, human
umbilical vein endothelial cells; VEGF, vascular endothelial growth factor.
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Figure 3. Caudatin suppresses FAK-dependent cell migration of HUVECs. Dose-dependent (A) and time-dependent (B) effects of caudatin on p-FAK expression.
(C) FAK inhibitor (PF562271) enhanced caudatin-induced FAK inactivation. Protein expression was detected by western blotting. (D and E) FAK inhibitor enhances
caudatin-induced migration inhibition against HUVECs. Cells were pre-treated with 10 nM PF562271 for 1 h before caudatin treatment. Different letters on bars
are statistically different at P<0.05 level when compared between any two groups. HUVEC, human umbilical vein endothelial cells; FAK, focal adhesion kinase.
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Figure 4. Caudatin disturbs the VEGF-VEGFR2-AKT signal axis. (A) Caudatin suppressed the expression of VEGF-VEGFR2-AKT signal axis. (B) AKT
inhibitor (LY294002) enhanced caudatin-induced growth inhibition against HUVECs. Cells were pre-treated with 10 zM LY294002 for 2 h before caudatin
treatment. Cell viability was determined by MTT assay. Different letters on bars are statistically different at P<0.05 level when compared between any two groups.
HUVEC, human umbilical vein endothelial cells; VEGF, vascular endothelial growth factor; AKT, protein kinase B; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,

5-diphenyltetrazoliumbromide.
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Figure 5. Caudatin hinders in vivo angiogenesis. Caudatin inhibited the tumor volume (A) and tumor weight (B). (C) Caudatin suppressed the expressions
of phosphorylated AKT and FAK in tumor xenograft. (D) Effects of caudatin on Ki-67, VEGF and CD-34 expression in vivo. Different letters on bars are
statistically different at P<0.05 level when compared between any two groups. AKT, protein kinase; FAK, focal adhesion kinase; VEGF, vascular endothelial

growth factor.

of HUVECs with LY294002 (an AKT-upstream inhibitor)
for 1 h markedly enhanced caudatin-induced cell growth
inhibition against HUVECsS, indicating that caudatin inhibited
HUVEC proliferation with AKT-dependent manner. These
results indicated that the disturbance of VEGF-VEGFR2-AKT
signal axis contributed to caudatin-induced inhibition against
proliferation and angiogenesis.

Caudatin hinders the glioma growth by inhibiting in vivo
angiogenesis. To investigate the antiangiogenesis effect
of caudatin in vivo, immune-deficient nude mice bearing
U251 xenograft tumors were employed (Fig. 5). The results
demonstrated that caudatin treatment in vivo significantly
inhibited U251 cell xenograft tumor growth, as convinced by
the decrease of tumour volume (Fig. 5A) and tumor weight
(Fig. 5B) and ki-67 expression (Fig. 5D). Moreover, CD-34,
one of the endothelial cell markers, was detected in xenograft

tumors by THC method, and the results clearly demonstrated
that caudatin treatment obviously abolished the tumor
angiogenesis in vivo. VEGF expression as one of the most
important pro-angiogenic factors also showed dramatically
decrease (Fig. 5D). Furthermore, caudatin treatment caused
the dephosphorylation of AKT and FAK detected by western
blotting, which further affirmed the inhibitory effect of
caudatin on glioma angiogenesis. Taken together, these results
above suggest that caudatin can inhibit glioma cells growth by
suppression of the in vivo angiogenesis involving the FAK and
AKT dephosphorylation and inhibition of VEGF expression.

Discussion
Recently, great efforts have been made to identify anticancer

agents which can block insurgence of primary tumors or
recurrence. Current interest is focusing on the beneficial



8942

effects of phytochemicals (20), which have been found to
influence some steps in cancer angiogenesis besides their
traditional application (21). Angiogenesis is essential to
the growth of solid tumors and inhibition of angiogenesis
is an effective and promising target for anticancer therapy.
Caudatin is a bioactive C-21 steroidal glycoside extracted
from the root of C. auriculatum. Our previous studies have
revealed that caudatin had the potential to inhibit human
glioma cells growth in vitro and in vivo through triggering
cell cycle arrest or/and apoptosis (8,13). However, little
information about the antiangiogenic effect of caudatin was
available. Therefore, in the present study, we evaluated the
antiangiogenic effect and mechanism of caudatin in human
glioma in vitro and in vivo.

Rapid proliferation of cancer cells usually causes the
intracellular hypoxia environment, which in turn accelerates
the development of new blood vessels (22). VEGF as the most
important pro-angiogenic factors was involved in almost every
stage of tumor angiogenesis (23-25). Increasing studies have
indicated that VEGF was capable of stimulating endothelial
cell proliferation, migration and formation of new capillaries
from pre-existing vasculature, which are all key steps in the
process of angiogenesis (26,27). VEGF can supply pro-survival
and pro-angiogenic signals to normal and tumor-derived endo-
thelial cells, which is mainly mediated by VEGF receptors,
including VEGFR1, VEGFR2 and VEGFR3 (28). VEGFR2, a
receptor tyrosine kinase, can be activated by autophosphoryla-
tion through binging of VEGF, which subsequently activated
the secondary messengers including AKT, ERK and FAK to
regulate endothelial cell proliferation, migration and angio-
genesis (29-34). In the present study, exposure of HUVECsS to
caudatin resulted in the suppression of VEGF and p-VEGFR2
expression. The results indicated that caudatin can act as the
inhibitor of VEGF and VEGFR?2 to inhibit HUVECs migra-
tion, invasion and angiogenesis.

It is reported that overexpression of FAK in endothelial
cells can promote the endothelial cell migration, invasion
and angiogenesis (31,35). Inactivation of FAK by conditional
knockout mice could disrupt angiogenesis in late-stage
embryos (36). Therefore, FAK inhibition may result in an
antiangiogenic effect and was considered as novel anticancer
strategy (32). Our data showed that caudatin treatment time-
and dose-dependent suppressed FAK phosphorylation. FAK
inhibitor (PF562271) effectively enhanced caudatin-induced
inhibition against HUVECs migration. The results in vivo
also that caudatin inhibited the glioma growth involving
the suppression of FAK phosphorylation. These results all
validated the contribution of FAK dephosphorylation to
caudatin-induced inhibition against HUVECs migration.

VEGF and VEGFR2 regulate endothelial cell survival and
proliferation through activating the PI3K/AKT signal (37).
AKT is recruited during signal transduction from growth
factor receptors and intracellular pathways (37). AKT
activation not only promotes endothelial cell survival but
also regulates vasomotor responses (37,38). Overexpression
of PI3K/AKT has been shown to induce angiogenesis and
regulate tumor growth (39-41). In the present study, caudatin
treatment causes obvious inhibition of AKT both in vitro and
in vivo. PI3K inhibitor further confirmed the AKT-dependent
effect of caudatin-induced cell killing.
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In conclusion

In the present study, the antiangiogenic properties and mecha-
nism of caudatin in vitro and in vivo was investigated, and
the results suggested that caudatin had the potential to inhibit
HUVEGC:s proliferation, migration, invasion and capillary-like
tube formation in vitro and in vivo through suppression of
the VEGF-VEGFR2-AKT/FAK signal axis. Our findings
validated the antiangiogenic potential of caudatin in the tumor
chemotherapy.
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