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Abstract

Toxicarioside A is a cardenolide isolated mainly from plants and animals. Emerging evidence demonstrate that cardenolides
not only have cardiac effects but also anticancer effects. In this study, we used in vivo models to investigate the antitumor
activities of toxicarioside A and the potential mechanisms behind them. Murine colorectal carcinoma (CT26) and Lewis lung
carcinoma (LL/2) models were established in syngeneic BALB/c and C57BL/6 mice, respectively. We found that the optimum
effective dose of toxicarioside A treatment significantly suppressed tumor growth and angiogenesis in CT and LL/2 tumor
models in vivo. Northern and Western blot analysis showed significant inhibition of endoglin expression in toxicarioside A-
treated human umbilical vein endothelial cells (HUVECs) in vitro and tumor tissues in vivo. Toxicarioside A treatment
significantly inhibited cell proliferation, migration and invasion, but did not cause significant cell apoptosis and affected
other membrane protein (such as CD31 and MHC I) expression. In addition, TGF-f expression was also significantly inhibited
in CT26 and LL/2 tumor cells treated with toxicarioside A. Western blot analysis indicated that Smad1 and phosphorylated
Smad1 but not Smad2/3 and phosphorylated Smad2/3 were attenuated in HUVECs treated with toxicarioside A. Smad1 and
Smad2/3 signaling remained unchanged in CT26 and LL/2 tumor cells treated with toxicarioside A. Endoglin knockout by
small interfering RNA against endoglin induced alternations in Smad1 and Smad2/3 signaling in HUVECs. Our results
indicate that toxicarioside A suppresses tumor growth through inhibition of endoglin-related tumor angiogenesis, which
involves in the endoglin/TGF-B signal pathway.
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Introduction addition, we also found that toxicarioside A has the capabilities
of inhibiting NF-kB/bFGF and endoglin/ TGF-f signaling path-
ways in a gastric cancer and bone marrow stromal cell lines,
respectively [18,19].

Previous studies have demonstrated that endoglin is a homo-
) X ’ > WA dimeric transmembrane glycoprotein that can bind specifically to
thrf)ugho.ut many t‘roplcal areas in Southeast Asia. In China, it is transforming growth factor Bl (TGF-B1), TGF-P3, activin A, and
mainly distributed in the warmer southern and eastern areas, such several bone morphogenic proteins after incorporation with one of
as Guangxi, Guangdong, Yunnan, and Hainan provinces. Early two transmembrane serine-threonine kinases, TGF-f receptor I or
studies of the toxic agents of this plant in Indonesia and Malaysia TGF-P receptor I [20]. Endoglin is constitutively phosphorylated,
have resulted in the isolation of several kinds of cardenolides from but it is not an active signaling molecule and only works as an
the latex, seeds, and stem [3,4]. Traditionally, cardenolides have auxiliary component by formation of a heteromeric complex with
generally been accepted in the treatment of congestive heart the TGF-B receptor, by which it modulates the signaling of distinct
failure and as anti-arrhythmic agents [5-7]. However, recent TGF-P receptor 1 isotypes known as activin-receptor-like kinase
studies have demonstrated that certain cardenolides extracted (ALK)-1 and ALK-5 [21,22]. After formation of the activated
from some plants and animals are involved in complex cell signal heteromeric complex, endoglin modulates an intracellular signal-
ing cascade by which specific Smad proteins are activated and
further signals are transduced into the nucleus. There they
) ¢ > “u regulate the transcription of a series of genes involved in
cytotoxic cardenolides from the latex of Antiars toxicaria. These maintaining normal physiologic functions, such as cell prolifera-
have been shown to possess significant cytotoxicity against K562, o apoptosis, cell motility, cell adhesion, and tumor angiogenesis

SGC-7901, SMMC-7721, and HeLa cell lines [16,17]. In [23].

Antiaris toxicaria is well known as a poison for arrows, darts, and
blowdarts in many countries [1,2]. In China, this plant is known as
“arrow poison wood” because its latex contains a complex, toxic
mixture of cardenolide glycosides. Antiaris loxicaria grows widely

transduction mechanisms that may have important consequences
in blocking tumor cell proliferation and inducing tumor apoptosis
[8-15]. In recent years, our research group has isolated three new
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In addition, accumulating evidence has demonstrated that
endoglin is over-expressed and up-regulated in tumor-associated
angiogenic vasculature relative to normal tissue vasculature
[24,25]. Immunotherapies with anti-endoglin monoclonal anti-
body, DNA and protein vaccines against endoglin have been
shown to inhibit tumor growth and metastasis by suppressing
endoglin-related angiogenesis i viwvo [26-28]. Because we have
isolated three new cytotoxic cardenolides as described above, we
therefore think it is reasonable to conceive that these cytotoxic
cardenolides may potentially have some ability to inhibit tumor
growth by suppressing angiogenesis. In the present study, we
examined whether toxicarioside A, a cardenolide isolated from
Antiaris toxicaria, could inhibit tumor growth and its relationship
with the endoglin. Our results indicate that toxicarioside A can
suppress tumor growth by inhibiting angiogenesis, which involves
in the endoglin/ TGF-P signal pathway.

Materials and Methods

Isolation and identification of toxicarioside A

Latex from Antiaris toxicaria was collected from Lingshui County
in Hainan Province, China, in November 2005. The plant was
validated by Professor Zhu-nian Wang in the Institute of Crops
Genetic Resources, Chinese Academy of Tropical Agricultural
Sciences. The voucher specimen was numbered AN200511 and
deposited in the Institute of Tropical Bioscience and Biotechnol-
ogy, Chinese Academy of Tropical Agricultural Sciences. Tox-
icarioside A was isolated from the fractionation of the 60% ethanol
extract of the latex of Antiaris toxicaria, as previously reported [15].
Its structure was elucidated by comprehensive analysis of 1D and
2D NMR spectra (Figure 1A). The resultant toxicarioside A was
dissolved in DMSO in a stock concentration (I mg/ml) for
subsequent experiments. The field studies in this study were
permitted by Institute of Tropical Bioscience and Biotechnology,
Chinese Academy of Tropical Agricultural Sciences. The plant
samples were delicately collected to avoid causing death.

Cell culture

Murine colorectal carcinoma cell line CT26 (C'126) cells, Lewis
lung carcinoma (LL/2) cells were purchased from the American
Type Culture Collection (ATCC). The human umbilical vein
endothelial cells (HUVECs) were isolated and cultured as we
reported previously [29]. The tumor cells and HUVECs were
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cultured in DMEM, RPMI1640, or F-12K media (Gibical) and
supplemented with 10% fetal bovine serum, 2 mmol/L glutamine,
100 TU/mL penicillin, and 100 pg/ml streptomycin at 37°C in a
humidified atmosphere with 5% COs. For analysis of endoglin
expression and Smad signaling in HUVEC, 100 ng/mL recom-
binant TGF-B1 (eBioscience) was added to the F-12K medium.
Cells from the logarithmic phase were used for subsequent
experiments.

Establishment of tumor models

Female mice at 6 to 8 weeks of age were used for establishment
of tumor models. Colorectal carcinoma CT26 model was
established in BALB/c mice, and a Lewis lung carcinoma model
was established in C57BL/6 mice. To established tumor models,
mice were injected s.c. with 2x10° corresponding tumor cells in
the right flank. When the tumor masses were palpable, the mice
were randomly divided into groups, treated with experimental or
control agents, and observed. The animal protocols in this study
were approved by the College’s Animal Care and Use Committee
(approval ID: HNMCE10012-7). Tumor size was monitored and
evaluated by measuring the longest dimension (length) and shortest
dimension (width) at 3-day intervals with a dial caliper, and tumor
volume was calculated according to the following formula: Tumor
volume =0.52x length x (width)®. Survival curves were
constructed according to the Kaplan-Meier method.

Determination of optimum effective dose

CT26-bearing BABL/c mice were randomly divided into five
groups (n=>5 for each group). Treatment was begun when tumor
volume was about 90 mm®. These mice were injected iv. with
various does of toxicarioside A (5, 10, 20, or 40 mg/kg in 100 pL
DMSO) and DMSO (100 pL). All these reagents were given every
3 days for 18 days. The mice were killed on day 21, and tumor
tissues were excised and weighed. The optimum effective dose of
toxicarioside A for subsequent experiments was determined
according to tumor weight.

Observations of antitumor activities and possible side
effects

Tumor-bearing mice inoculated with CT26 and LL/2 cells
were divided into two groups (n =10 for each group). One group
of mice was 1.v. injected with optimum does of toxicarioside A
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Figure 1. Structure and optimum effective dose of toxicarioside A. (A) Structure of toxicarioside A isolated from Antiaris toxicaria in Hainan,
China. (B) CT26-bearing BABL/c mice were randomly divided into five groups (n = 5) and i.v. injected with the indicated doses of toxicarioside A (5, 10,
20, and 40 mg/kg in 100 uL DMSO) and 100 pL DMSO every 3 days for 18 days. The results show tumor weight on day 18, indicating that 20 mg/kg
is the optimum dose. Data are expressed as mean = SEM, *P<<0.01 or less, 7 P>0.05.

doi:10.1371/journal.pone.0050351.g001
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Figure 2. Inhibition of tumor growth by toxicarioside A /n vivo. CT26 (A and B) and LL/2(C and D) model mice were randomly divided into two
groups (n=10) and i.v. injected with toxicarioside A (20 mg/kg in 100 uL DMSO) and DMSO 100 uL every 3 days for 21 days. (A and C) Tumor
volumes at different points in time in mice treated with toxicarioside A or DMSO. (B and D) Survival rates at different points in time for mice treated
with toxicarioside A or DMSO. Data are expressed as means = SEM, * P<<0.05 or less.

doi:10.1371/journal.pone.0050351.g002

(dissolved in 100 uL. DMSO) once every 3 days. Another group of
mice was 1.v. injected with DMSO 100 pL once every 3 days. The
tumor volumes and survival time were observed and recorded.
The mice were killed when they became moribund and the date of
death was recorded to calculate the survival time. In addition,
tumor tissues were also excised, fixed in 10% formalin and frozen
at —80°C for detections of microvessel density.

Moreover, potential toxicities in the mice treated with toxicario-
side A were also investigated. Gross measures including weight
loss, life span, ruffling of fur, feeding and behavior were observed.
Tissues of major organs such as liver, kidney, heart, lung, spleen
and brain were collected in the end of the experiment and fixed in
10% neutral buffered formalin solution and embedded in paraffin.
Sections of 3 to 5 pm were stained with HE and tissue structures
and cellular morphology were observed under microscope.

Detection of microvessel density and endoglin
expression in vessels

For microvessel density (MVD) analysis, frozen sections of
tumor tissues were fixed in acetone, incubated, and stained with an
antibody reactive to CD31, as performed previously [26]. The
sections were then stained with labeled streptavidin biotin reagents
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(Dako LSAB kit, peroxidase; Dako). Vessel density was determined
by counting the number of microvessels per high-power field (hpf)
in the sections under a microscope (80i, Nikon) at 200x
magnification. Images were captured with a digital photography
system (DP72, Olympus).

Endoglin expression i situ on the tumor vessels was detected by
immunohistochemistry. Frozen sections of tumor tissues were fixed
in acetone, incubated with a monoclonal rabbit IgG antibody
against endoglin (Santa Cruz) and washed with PBST (0.05%
Tween 20 in PBS). Thereafter, a second goat FITC-conjugated
antibody against rabbit IgG (Sigma) was used to stain the sections
and washed with PBST. Slides were examined by fluorescence
microscopy (80 1, Nikon) and images were captured as above at
200 % magnification.

Proliferation, invasion and migration assays

MTT assay was used to determine cell proliferation. HUVECs
and both C'T'26 and LL/2 tumor cells in logarithmic growth were
trypsinized and harvested, and then the cells were seeded onto a
96-well plate. After 24 h, fresh RPMI 1640 or DMEM medium
containing different concentrations of toxicarioside A was added at
100 pL. per well respectively and each concentration has 6
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Figure 3. Inhibition of tumor angiogenesis and endoglin expression by toxicarioside A in vivo. (A) Frozen sections of tumor tissues were
tested by immunohistochemical analysis with a monoclonal antibody against CD31 and the representative high-power field (hpf) in the sections
under a microscope at 200x magnification. (B) The tumor vasculatures were quantified by counting the microvessels per hpf. (C) Quantitative
analysis of the alginate implants. Alginate beads containing 1x10° tumor cells were implanted s.c. into the backs of mice. Mice were then treated
with toxicarioside A or DMSO. Beads were surgically removed 14 days later and the FITC-dextran absorbed in the beads was quantified by a
fluorescent ELISA reader. Data are expressed as means * SEM, * P<<0.001 or less, relative to the DMSO-treated group. (D) Shown are the
representative images of endoglin expression in situ on the tumor vessels. Frozen sections of tumor tissues treated with toxicarioside A or DMSO
were incubated with an antibody against endoglin and a second FITC-conjugated antibody was used to stain the sections. Slides were examined by a
fluorescence microscopy at 200 x magnification.

doi:10.1371/journal.pone.0050351.g003

replicate wells. After incubation for different time intervals, 10 pL removed and 100 pL. DMSO was added into each well. The
of MTT (5 mg/mL) was added to each well and the cells were absorbance (OD value) at wavelength of 490 nm was measured
further incubated at 37°C for 4 hours. Then the supernatant was with a microplate reader (Bio-Tek EXL808).
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Invasion assay was performed in a 24-well transwell chamber
(Corning, Lowell) as previously described [19]. In brief, each
transwell chamber was coated with 15 pg Matrigel, 5x10* cells
were seeded to per-coated filters in 200 pl of serum-free medium
containing different concentrations of toxicarioside A in triplicate,
and the lower parts of the chambers were filled with 500 pL of
medium containing 10% FBS. The plates were incubated in a 5%
COy humidified incubator at 37°C for 24 h. After the cells on the
upper surface were gently removed with a cotton swab, the filters
were fixed with 95% alcohol for 15-20 min and stained with HE
for 15 min, and then the cells on the lower surface of the filters
were quantified under a microscope at 200X magnification.
Migration assay was performed by using method similar to the
transwell invasion chamber to assess the cell motility, except that
transwell chamber was not coated with Matrigel.

Detection of cell apoptosis in vitro

A TUNEL-based apoptosis detection was performed using a
TiterTACS In Situ Detection Kit (Trevigen) as described in a
previous study [30]. In brief, cells were seeded in 96-well plates
and incubated for 16 h in the presence or absence of tested drugs
at a various concentration. Thereafter, cells were fixed and nick-
end labeled as recommended by the manufacturer’s protocol. The
absorbance at 450 nm (A450 nm), corresponding to the number
of nick-ends, was normalized to the number of cells, as evaluated
from crystal violet staining (A540 nm). To ensure clear represen-
tation, all A450 nm/A540 nm signals were normalized to the
signal obtained using an unlabeled sample (cells treated with
DMSO without nick-end labeling) as negative control. For a
positive control, nuclease-treated cells were treated with TACS
nuclease after fixation and then nick-end labeled.

PLOS ONE | www.plosone.org

Table 1. The effects of toxicarioside A (Tox A) on cell proliferation.
Groups/Cell Dose (pg/mL) 24h 48 h
OD value Inhibition (%) OD value Inhibition (%)

HUVECs

DMSO 0.0 0.928+0.042 0.00£0.00 0.905+0.033 0.00£0.00

Tox A 0.5 0.795+0.087 14.81+5.49 0.724+0.053 20.39%5.72
1.5 0.633+0.063 31.64+5.91* 0.561+0.083 38.97£4.76*
45 0.580+0.065 37.27£4.58* 0.455+0.062 49.86+4.37*
9.0 0.337+0.088 62.75+7.38** 0.316+0.052 65.51+£6.48**

CT26

DMSO 0.0 0.894+0.033 0.00£0.00 0.887+0.049 0.00 = 0.00

Tox A 0.5 0.771£0.046 13.27%£5.33 0.719£0.062 19.06 * 6.44
1.5 0.607+0.052 32.46£6.09* 0.559+0.071 37.03£6.08*
4.5 0.546+0.059 39.03£5.82* 0.427+0.055 51.41£5.07**
9.0 0.421+0.076 53.28£6.44** 0.322+0.061 63.94£5.03**

LL/2

DMSO 0.0 0.903+0.029 0.00£0.00 0.839+0.037 0.00£0.00

Tox A 0.5 0.795+0.037 12.17+4.29 0.697+0.053 17.94+4.25
1.5 0.624+0.041 29.95+5.12* 0.522+0.059 36.95+5.73*
4.5 0.561+0.053 37.99+6.34* 0.403+0.062 52.07%6.11**
9.0 0.455+0.068 49.82+7.01** 0.307£0.079 63.92+6.54**

Data of six independent experiments were expressed as mean * SEM. * P<<0.05, ** P<<0.01 versus DMSO control group.

doi:10.1371/journal.pone.0050351.t001

Alginate encapsulation assay

Alginate-encapsulated tumor cell assays were performed as
previously described [31]. Briefly, C'T26 cells were resuspended in
a 1.5% solution of sodium alginate and added dropwise into a
swirling 37°C solution of 250 mM calcium chloride. Alginate
beads were formed containing approximately 1x10° tumor cells
per bead. Experimental mice were then anesthetized, and four
beads were implanted subcutaneously into an incision made on the
dorsal side. Incisions were closed with surgical clamps. After
14 days, mice were injected intravenously with 100 uL. of a
100 mg/kg FITC-dextran solution (Sigma). Beads were surgically
removed and FITC-dextran was quantified against a standard
curve of FITC-dextran using a fluorescent ELISA reader
(ELX808IU, Bio-Tek).

RNA isolation and Northern blot analysis

Total RNA was isolated directly from cultured cells and tumor
tissues using TRIzol reagent (Gibco-BRL/Invitrogen) as recom-
mended by the manufacturer’s instructions. For Northern blot
analysis, RNA was transferred to Hybond N* membranes and
then hybridized with full-length cDNA probes for murine endoglin
and P-actin in PerfectHyb Plus hybridization buffer (Sigma-
Aldrich) according to the manufacturer’s instructions. Digital
images were acquired and analyzed with a gel imaging system
(Bio-Rad Gel Docl1000, Bio-Rad). The resultant mRNA levels
were compared to B-actin and expressed as percentages of B-actin.

Western blot analysis

Western blot analysis was performed as described previously
[31]. In brief, lysates of cells treated with toxicarioside A or
DMSO and tumor-tissue homogenate proteins from mice treated
with toxicarioside A or DMSO were separated using 12% SDS-
PAGE. Gels were further transported onto a polyvinylidene
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difluoride membrane (Bio-Rad) by a mini trans-blot system (Bio-
Rad). The membrane blots were blocked at 4°C in 5% nonfat dry
milk, washed, and probed with antibodies against corresponding
target molecules at 1:500 (endoglin, TGF-f, Smadl, Smad2/3,
pSmadl, and pSmad2/3, all purchased from Santa Cruz, Abcam,
Innovations or Cell Signaling Technology). They were then
detected using an enhanced chemiluminescence system (Amer-
sham) as previously reported [32]. Digital images were acquired
and analyzed with a gel imaging system (Bio-Rad Gel Doc1000,
Bio-Rad). The resultant protein level was compared to B-actin and
is here expressed as percentage of B-actin.

Flow cytometry

To detect the membrane protein CD31 and MCH I on
HUVEC and on CT26 and LL/2 tumor cells, cells were blocked
with monoclonal antibodies against CD31 or MHC I (BD
Biosciences). Thereafter, cells were stained with a FITC-conju-
gated second antibody and analyzed on a FACSCalibur (BD
Biosciences) using CellQuestPro software (BD Biosciences).

Preparation of small interfering RNA against endoglin
and cell infection

Small interfering RNA (siRNA) against endoglin were prepared
as previously reported [33,34]. Briefly, siRNA duplexes against
murine endoglin were designed and synthesized by a commercial
biotechnological company (Takara, China). Scrambled siRNA was
also obtained from Takara and was used as the control siRNA.
HUVECs were transfected with the siRNA duplexes by electro-
poration using an electroporation system (Bio-Rad Gene Pulser II).
For transfection, 2x10° cells were resuspended in 1 mL electro-
poration buffer with 200 nmol/L. dsRNA. Thereafter, the
resuspended cells were transferred to a Gene Pulser cuvette (Bio-
Rad) and electroporated (1 pulse, 0.2 kV, 0.3 pF, 73.8 ms). The
electroporated cells were then combined, mixed with 4 mL
cultured medium, and plated onto four wells of a six-well culture
plate at a concentration of 1x10° per well. All cultures were
incubated at 37°C in a humidified air/COy (95:5, v/v) atmosphere
for the duration of the experiment. At 24 h posttransfection, the
toxicarioside A and DMSO were added into the cultured medium,
and the mixture was allowed to incubate for an additional 48 h.
The cultured cells were collected and used for Western blot
analysis as above.

Statistical analysis

An unpaired Student’s #test was used. Survival curves were
constructed according to the Kaplan-Meier method and statistical
significance was determined by the log-rank test. P values <0.05
were considered significant. Error bars represent SEM unless
otherwise indicated.

Results

Optimum effective dose

CT26-bearing BABL/c mice were treated with toxicarioside A
at different doses once every 3 days. Eighteen days after
inoculation, the mice were killed and tumor masses were removed
and weighed. Our results showed that toxicarioside A affected
tumor size in a dose-dependent manner (Figure 1B). The mice
treated with 5 and 10 mg/kg toxicarioside A showed some
inhibition of tumor growth, but the mice treated with 20 and
40 mg/kg showed similar significant levels of inhibition of tumor
growth (Figure 1B). Therefore, 20 mg/kg toxicarioside A was
considered the optimum effective dose and used for subsequent iz
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vivo experiments to investigate the anti-tumor and anti-angiogen-
esis activities.

Antitumor effects and side effects

The antitumor activities induced by toxicarioside A were
observed in tumor models i vivo. GT26-bearing BABL/c mice
(Figs. 2A and 2B) and LL/2-bearing C57BL/6N mice (Figs. 2C
and 2D) were treated with toxicarioside A and DMSO respec-
tively. Tumor volumes (Figure 2A and 2C) and survival rates
(Figs. 2B and 2D) were observed. Relative to mice treated with
DMSO, the tumor volumes in the mice treated with toxicarioside
A were significantly decreased and the survival rates were high,
suggesting significant inhibition of tumor growth and prolonged
survival time in the mice treated with toxicarioside A (Figure 2,
P<0.05 or less after day 23).

In the present study, no significant adverse consequences were
found in gross measures such as ruff ling of fur, weight loss,
behavior and life span during the experiment. At the end of the
experiment, the major organs in each group were collected and
HE stained for microscopic examination. There were not
significant pathologic changes in any major organ such as liver,
kidney, lung, spleen, brain or heart in the mice treated with
toxicarioside A when compared to the control mice (data not
shown).

Inhibition of angiogenesis in vivo

Angiogenesis within tumor masses was evaluated by counting
the number of microvessels on the sections stained with an
antibody against to CD31. The average number of vessels per
high-power field (hpf) in mice treated with toxicarioside A was
significantly decreased relative to those of mice treated with
DMSO (Figure 3A and 3B, P<0.001), 21.86%2.38 versus
42.03%x4.83 in the CT26 model and 22.97%+2.96 versus
47.41%5.05 in the LL/2 model, respectively. In addition, the
inhibition of angiogenesis in the mice treated with toxicarioside A
was also confirmed in alginate encapsulation assay. CT26 and LL/
2 tumor cells were encapsulated in alginate beads and implanted
subcutaneously in corresponding mice. Angiogenesis was then
quantified by measuring the uptake of FITC-dextran into the
beads. Similar results were found in the alginate encapsulation
assay FITC-dextran uptake was found to be significantly reduced
in mice treated with toxicarioside A relative to mice treated with
DMSO (Figure 3C, P<<0.001), 1.44%0.19 versus 2.99%0.36 (ug)
in the CT26 model and 1.54+0.24 versus 3.19%0.45 (ug) in the
LL/2 model.

Effects on HUVEC, CT26 and LL/2 tumor cell proliferation,
migration, invasion and apoptosis

HUVEC, CT26 and LL/2 cells were treated with toxicarioside
A at different concentrations (0.5, 1.5, 4.5, 9.0 pg/ml) for 24—
48 h, the results of MTT assay demonstrated that toxicarioside A
treatment caused significantly inhibition of cell proliferation on
HUVEGCs, CT26 and LL/2 tumor cells @ vitro. The inhibition
effects on HUVECs, C'T26 and LL/2 cells caused by toxicarioside
A were found to be both dose and time dependent; the OD value
decreased gradually, and the inhibitory rate increased gradually in
HUVECs and both C'T26 and LL/2 tumor cells (Table 1).

Similar results as MTT assay were found in the migration and
invasion assays. From the results of Transwells in vitro (Table 2),
addition of toxicarioside A to the conditioned medium in the
upper chamber suppressed the migration and invasion of
HUVECs and both CT26 and LL/2 tumor cells also in a dose-
dependent manner. When compared with the DMSO control
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group, treatment with toxicarioside A at doses of 1.5, 4.5, and
9.0 pg/ml caused significantly inhibition of cell migration and
invasion on HUVECs and both CT26 and LL/2 tumor cells
(Table 2).

A TUNEL-based assay was performed to determine the number
of nick-ends generated as a result of DNA fragmentation during
apoptosis. The results performed in HUVEC, CT26, and LL/2
cells are shown in Figure 4. Compared with the DMSO control
group, the numbers of nick-ends in toxicarioside-A-treated
HUVEC, CT26, and LL/2 cells were similar to those observed
in corresponding unlabeled negative cells, indicating that toxicar-
1oside A dose not have significantly anti-apoptotic effects on
HUVEC, CT26, and LL/2 cells (Figure 4).

Inhibition of endoglin expression in vitro and in vivo

Endoglin mRNA was detected by Northern blot analysis.
HUVECGs, CT26 cells, and LL/2 cells were cultured in different
concentrations of toxicarioside A. Total mRNA was isolated for
Northern blot analysis. The results of Northern blot analysis
showed that toxicarioside A inhibited endoglin expression in a
dose-dependent manner in the HUVECs but not in the CT26 or
LL/2 tumor cells. Doses of 0.5 to 9 pg induced significant
inhibition of endoglin expression relative to untreated cells and
other doses (Figure 5A, left, P<<0.01). Tumor tissues were also
subjected to total mRINA isolation and Northern blot analysis.
Figure 5A (right) shows that endoglin mRNA expression in both
CT26 and LL/2 tumor tissues treated with toxicarioside A were
significantly suppressed relative to the tumor tissues treated with
DMSO (P<0.01).

Endoglin protein was isolated by SDS-PAGE and detected by
Western blot analysis. Results were similar to those of Northern
blot analysis (Figure 5B). Endoglin protein expression was also
observed in a dose-dependent pattern only in the HUVECs, not in
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CT26 or LL/2 tumor cells (Figure 5B, left). In vivo experiments
indicated endoglin protein in the C'T26 and LL/2 tumor tissues
treated with toxicarioside A but not in the tumor tissues treated
with DMSO (Figure 4B, right). Statistical analysis indicated that
significant differences existed between HUVECs treated with
various doses of toxicarioside A and between the tumor tissues
treated with toxicarioside A and DMSO (Figure 5B, P<0.01).
These in vitro and i vivo results suggest that toxicarioside A
treatment can significantly inhibit endoglin expression in tumor
angiogenesis-related cells, such as HUVECs, but not in tumor cells
(CT26 and LL/2).

In addition, endoglin expression was also detected i situ in the
tumor vessels by immunofluorescence. Sections of tumor tissue
were stained using monoclonal endoglin antibody and a FITC-
conjugated second antibody. The slides were then examined by
fluorescence microscopy at 200X magnification. There were no
obvious fluorescent signals in the sections from the tumor tissues
treated with toxicarioside A, but strong fluorescent signals were
found in the sections of tumor tissues treated with DMSO
(Figure 3D), suggesting that w situ endoglin expression on the
tumor vessels was also suppressed by toxicarioside A treatment.

Effects on expression of other cell membrane proteins
As we know, endoglin is a membrane protein. To determine
whether toxicarioside A affects the membrane protein expression,
CD31 and MHC I antigen were chosen as representative
membrane proteins on HUVECs and tumor cells. Flow cytometric
analysis revealed that CD31 only expressed on HUVECs, but
MHC I expressed on HUVECs and both CT26 and LL/2 tumor
cells (Figure 6). Moreover, the expression levels of CD31 on
HUVECs and expression levels of MHC I on HUVECs and on
both CT26 and LL/2 tumor cells were similar between cells
treated with toxicarioside A and DMSO (Figure 6). These results
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Table 2. The effects of toxicarioside A (Tox A) on cell migration and invasion.
Cells/Groups Dose (ng/mL) Migration Invasion
Cell number Inhibition (%) Cell number Inhibition (%)

HUVECs

DMSO 0.0 82.73+£9.94 0.00£0.00 71.98+9.37 0.00£0.00

Tox A 0.5 70.38+8.86 15.06+7.29 61.47+7.52 14.70%+5.33
15 58.39£7.75 29.61+8.90* 52.84+6.02 26.85+7.41*
45 46.55+6.09 43.07+9.77* 42.39+553 41.36+8.37*
9.0 37.21£5.23 55.6311.42%* 32.51£5.07 55.02£9.62%*

CT26

DMSO 0.0 94.27+11.03 0.00%+0.00 69.43£8.58 0.00%+0.00

Tox A 0.5 82.91+10.27 12.18%£5.33 58.47+6.92 1537*6.71
15 69.46+9.28 26.83+£7.42% 50.22*5.37 27.85+8.07*
4.5 56.53+8.99 40.61+8.06* 41.56+6.02 40.58+9.01*
9.0 42.89+7.55 54.88+9.67** 29.81+6.03 57.34+9.35%*

LL/2

DMSO 0.0 78.24+8.38 0.00£0.00 86.339.08 0.00£0.00

Tox A 0.5 69.45+7.21 11.53%+5.07 71.01+8.23 17.24+4.86
1.5 52.06+6.04 33.01£7.32* 60.68+7.25 29.25+6.03*
4.5 41.09£5.27 47.25+8.03** 51.05%7.01 40.97£8.01*
9.0 34.88+£4.91 54.97£9.85** 40.44*6.57 53.29£8.94**

Data of six independent experiments were expressed as mean = SEM. * P<0.05, ** P<<0.01 versus DMSO control group.

doi:10.1371/journal.pone.0050351.t002
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Figure 4. No affect on cell apoptosis /n vitro. HUVECs, CT26, and LL/2 cells were treated with toxicarioside A or DMSO for 24 h. Thereafter, cells
were fixed and nick-end labeled. The number of nick-ends (A450 nm) was divided by the number of cells as evaluated by crystal violet staining
(A540 nm). A450/A540 nm signals were normalized to the signal obtained in unlabeled cells. These cells became the negative group. Cells in the
positive group were treated with TACS nuclease after fixation and then nick-end labeled. Toxicarioside A treatment did not cause significant cell
apoptosis. The graph shows the results of a representative experiment run in triplicate. Data are expressed as mean * SEM. * P<<0.001 and # p>0.05.

doi:10.1371/journal.pone.0050351.g004

indicate that toxicarioside A can suppress endoglin expression, but
does not affect other membrane protein (such as CD31 and MHC
I) expression in HUVECs, C'T26 and LL/2 cells.

Inhibition of TGF- signaling

Endoglin interacts with TGF-f receptor I isotypes ALK and
ALKS, leading to phosphorylation of Smadl/5/8 and Smad2/3,
respectively. For this reason, we next detected TGF-f, Smadl,
Smad2/3, phosphorylated Smadl (pSmadl), and phosphorylated
Smad2/3 (pSmad2/3) by Western blot analysis. HUVECs, CT26
cells, and LL/2 cells were treated with toxicarioside A or DMSO
for 24 hours and cell lysates were used to detect corresponding
protein expression. TGF-B expression was not found in HUVECs,
but it was found in C'T26 and LL/2 tumor cells. Its expression
could be significantly suppressed by toxicarioside A treatment
(Figure 7, P<0.001). However, the suppression of TGF-B
expression in GT26 and LL/2 induced by toxicarioside A did
not cause changes in the expression of Smadl and Smad2/3
(Figure 7). In addition, toxicarioside A treatment inhibited both
Smadl and pSmadl expression, but not Smad2/3 and pSmad2/3
expression in HUVECs (Figure 7). These results indicate that
toxicarioside A could affect endoglin expression in HUVECs and
TGF-B expression in CT24 and LL/2 tumor cells. Toxicarioside
A altered Smadl signaling but not Smad2/3 signaling only in
HUVECs, not in CT24 or LL./2 tumor cells.

Inhibition of TGF-B signaling by endoglin interference
Due to the role of endoglin in TGF-f signaling and decreased
expression of endoglin in toxicarioside-A-treated HUVECs and
TGF-B in the toxicarioside-A-treated CT26 and LL/2 tumor cells,
we explored the roles played by endoglin and TGF-B in Smad
signaling in HUVECGs. We used siRNA against endoglin to
attenuate endoglin protein levels in HUVECs. Endoglin protein
levels were decreased by a factor of about 13 after siRNA
interference against endoglin. The endoglin levels were 4.8%=0.9
(% relative to B-actin) in the HUVEC: treated with siRNA versus
62.6%6.2 in the control HUVECGs (Figure 8A, P<<0.001). Similar
to the effects observed in the toxicarioside A-treated HUVECs,
both Smadl and Smad2/3 signaling were activated by stimulation
of TGF-B, but only Smadl activation was significantly decreased
in the HUVECG:s treated with siRNA. It was not decreased in the
control HUVECs, 9.3+1.2 (% relative to B-actin) and 2.7%0.7
versus 66.9%7.3 and 47.3%4.5, respectively (Figure 8A, P<<0.001).

PLOS ONE | www.plosone.org

In contrast, the protein levels of TGF-B were low and unaffected
by endoglin siRNA interference. The protein level of TGF-f in the
HUVEC: treated with siRNA was 5.2+0.8 (% relative to B-actin)
versus 6.8%1.1 i the control HUVEGs (Figure 8A, P>0.05).
These results indicated that the inhibition of the Smad]1 singling in
HUVECs by toxicarioside A treatment was the direct result of
decreased endoglin expression and not related to other cellular
changes, such as self-secreted TGF-f. However, exogenous TGF-
B does appear to be needed for activation of Smadl signaling.

Discussion

Antiaris toxicaria is widespread throughout the tropical rainforests
of southeastern Asia, and the plant is featured in many legends
dating back to ancient times. It is especially famous for its poison,
which has been used for arrows, darts, and blowdarts. Modern
studies have isolated many chemically effective ingredients from its
latex sap [35]. The most focus has been on the active complex
mixture of cardenolide glycosides [17,35]. In addition to the
traditional effect of these cardenolides on the inhibition of the
ubiquitous cell surface Na* and K*-ATPase, over the past decade,
there has been a substantial increase in the number of studies
investigating the effects of cardiac glycosides on the growth of
human malignant tumor cells and the possible molecular
mechanisms behind them [9-12,36]. In our previous works, we
isolated three new cytotoxic cardenolides from the latex of Antaris
toxicaria and showed them to possess significant cytotoxicity against
several human tumor cell lines  vitro [16,17]. In the present study,
we further investigated the i viwo anticancer activity and the
potential molecular mechanism behind toxicarioside A, one of the
cytotoxic cardenolides that we isolated from the latex of Antaris
toxicaria in our laboratory. We established i vivo tumor models of
CT26 colorectal carcinoma and LL/2 Lewis lung carcinoma in
BALB/c and C57BL/6 mice, respectively. Relative to the DMSO
control mice, we found that tumor growth and angiogenesis were
significantly suppressed in mice treated with the optimum effective
dose of toxicarioside A. In situ detection of endoglin expression on
the tumor vessels by immunofluorescence showed that toxicario-
side A treatment lead to significant inhibition of endoglin
expression on the tumor vessels relative to the control DMSO
treatment. In addition, endoglin expression was decreased in
tumor tissues treated with toxicarioside A and wm wvitro cultured
HUVEC supplemented with toxicarioside A in the culture media,
but not in C'T26 and LL/2 tumor cells. These results indicate that
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Figure 5. Inhibition of endoglin expression by toxicarioside A in vitro and in vivo. Endoglin mRNA and protein in cultured cells and tumor
tissues were detected by Northern and Western blot. (A) The results of Northern blot analysis. Expression of endoglin mRNA was inhibited by
toxicarioside A in dose-dependent manner in HUVECs and in tumor tissues treated with toxicarioside A but not in CT26 or LL/2 tumor cells. (B) The
results of Western blot analysis. Expression of endoglin protein was similar to that observed in Northern blot analysis. Data are expressed as mean =

SEM, *P<0.01 o less, # P>0.05.
doi:10.1371/journal.pone.0050351.g005

endoglin is mainly expressed in the endothelial cells and toxicario-

side A can suppress the endoglin expression in the endothelial

cells.
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Endoglin works as an auxiliary regulatory component by
formation of a heteromeric complex with the TGF-f receptor,
by which it modulates the signaling of distinct TGF-B receptor 1
isotypes ALK-1 and ALK-5 [21,22]. Considering that TGF- is
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Figure 6. No affect on membrane protein expression. HUVECs, CT26 and LL/2 cells were treated with toxicarioside A (4.5 pg/mL) or
DMSO for 24 h. Thereafter, cells were stained with anti-CD31 or anti-MHC | and analyzed by flow cytometry. Shown are representative histograms

of cells treated with toxicarioside A (gray) and DMSO (solid black line).
doi:10.1371/journal.pone.0050351.9g006

one of the endoglin’s ligands, we investigated whether HUVECs
or tumor cells could express TGF-B and whether toxicarioside A
would affect TGF-B expression. In the present study, we used
Western blot analysis to detect TGF-f expression in HUVECs and
tumor cells. Although small amounts of TGF-f were detected in
HUVECs, there was no significant difference between HUVECs
treated with toxicarioside A and control DMSO. In contrast, 60—
80% (relative to B-actin) expression of TGF-B was observed in the

CT26 and LL/2 tumor cells, and its expression was found to be
significantly suppressed by toxicarioside A treatment. Tumor cells
are major cell types within the tumor mass, and endothelial cells
mainly exist in the newly formed blood vessels. Therefore, it is easy
to conceive that the TGF-B secreted by the tumor cells will act
with the endoglin in the endothelial cells to promote tumor
angiogenesis, which will further facilitate tumor growth and
metastasis.
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Figure 7. Inhibition of TGF-f§ expression and Smad proteins by toxicarioside A treatment. TGF-§§ and Smad proteins were detected by
Western blot in HUVECs, CT26 cells, and LL/2 cells treated with toxicarioside A or DMSO. TGF-f expression was found to be attenuated in CT26 and
LL/2 tumor cells treated with toxicarioside A but not in HUVECs relative to corresponding cells treated with DMSO. Smad1 and phosphorylated
Smad1 (pSmad1) showed attenuation in HUVECs but not in CT26 and LL/2 tumor cells. Smad2/3 and pSmad2/3 remained unchanged in HUVECs,
CT26 cells, and LL/2 tumor cells. Data are expressed as means *= SEM, *P<<0.001 or less, relative to the DMSO-treated group.
doi:10.1371/journal.pone.0050351.g007
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doi:10.1371/journal.pone.0050351.g008

A series of preclinical and clinical studies have indicated that expression of TGF-f in the tumor cells were significantly inhibited
endoglin is a hallmark molecule of tumor angiogenesis. It is over- by toxicarioside A treatment. The detection of Smad proteins
expressed and up-regulated in tumor-associated angiogenic showed that Smadl and its activated counterpart, pSmadl, were
vasculature relative to normal tissue vasculature [37-41]. Al- significantly attenuated in the HUVECGs, whereas Smad2/3 and
though the exact mechanism by which endoglin induces tumor pSmad2/3 were not affected. Therefore, it can be concluded that
angiogenesis remains to be illustrated, it is well accepted that attenuation of the ALKI-induced Smadl/5/8 signaling pathway
endoglin acts as a positive regulator of ALK signaling and a through suppression of endoglin and TGF-B expression in the
negative regulator of ALKD) signaling in endothelial cells [42-43]. endothelial cells and in the tumor cells is responsible for the effects
Endoglin initiates its intracellular signaling cascade through on the i vivo inhibition of tumor growth and tumor angiogenesis
phosphorylation of specific Smad proteins by which further signals by toxicarioside A treatment (Figure 8B).
are transduced into the nucleus and series genes are regulated to To determine if the antitumor effects of toxicarioside A were the
be transcribed after formation of the activated heteromeric direct result of a primary effect on endoglin attenuation in the

complex with TGF-B receptor I isotypes ALK-1 and ALK-5 endothelial cells but not directly related to the TGF-f in the tumor
[21,22,42,43]. In the present study, @ vivo results showed that cells, endoglin expression was selectively attenuated in HUVECs
toxicarioside A treatment could significantly suppress tumor using siRNA. Similar the results observed in the HUVECs treated
growth and inhibit tumor angiogenesis in CT26 and LL/2 tumor with toxicarioside A, endoglin protein levels were decreased and
models. The expression of endoglin in the endothelial cells and Smad signaling was altered in the HUVEGs transfected with
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endoglin siRNA. Smadl but not Smad2/3 protein levels were
significantly decreased, suggesting that endoglin plays a role in the
attenuation of endothelial tumor growth and tumor angiogenesis.

In the present study, we found that toxicarioside A inhibited
endoglin expression mainly in HUVECs and inhibited TGF-8
expression in tumor cells, which lead to suppress tumor growth
through inhibition of tumor angiogenesis. In addition, we still
found that toxicarioside A could significantly suppress cell
proliferation, migration and invasion in HUVECs, CT26 and
LL/2 cells. Moreover, toxicarioside A treatment did not induce
cell apoptosis and cause abnormal expression of other membrane
proteins, such as CD31 and MHC I on HUVECs, CT26 and LL/
2 cells. These data suggest that toxicarioside A specifically acts on
the suppression of endoglin expression. However, our present data
can not identify the underlying mechanisms by which toxicarioside
A treatment causes such cell type-specific expression of endoglin.
We suppose that there may be a common mechanism by which
toxicarioside A regulate both endoglin and TGF-f transcription
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expression. Therefore, further studies are needed in order to unveil
the possible mechanism related to endoglin and TGF-f expression
inhibited by toxicarioside A.

In summary, our results indicate that toxicarioside A can
suppress tumor growth and tumor angiogenesis by attenuating the
endoglin expression in endothelial cells and TGF-f in tumor cells.
The attenuated expression of endoglin and TGF-B together
further induce inhibition of cascade activation of ALK1 (Smadl/
5/8) in endothelial cells, resulting in decreased tumor angiogenesis
and suppression of tumor growth.
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