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ABSTRACT
Antiangiogenesis is a promising strategy of cancer treatment.
Vascular endothelial growth factor receptor [fetal liver kinase/
kinase-inserting domain-containing receptor (KDR)] is a ty-
rosine kinase receptor and has been strongly implicated in
tumor angiogenesis. In this study, we report that 2�,4�-dihy-
droxy-6�-methoxy-3�,5�-dimethylchalcone (ON-III), extracted
from the dried flower Cleistocalyx operculatus, used in tradi-
tional Chinese medicine, reversibly inhibited KDR tyrosine ki-
nase phosphorylation, but epidermal growth factor receptor
tyrosine kinase phosphorylation was unaffected under the
same concentrations of ON-III. ON-III also inhibited mitogen-
activated protein kinase (MAPK) and AKT activation of KDR
signal transduction in downstream molecules without reduced

total MAPK and AKT. The results in vitro showed that ON-III
inhibited growth of human vascular endothelial HDMEC cells in
the presence of VEGF preferentially, compared with epidermal
growth factor. Systemic administration of ON-III at nontoxic
doses in nude mice resulted in inhibition of subcutaneous tu-
mor growth of human hepatocarcinoma Bel7402 and lung can-
cer GLC-82 xenografts. The tumor vessel density decreased,
as determined by immunohistochemical staining, for CD31 af-
ter ON-III treatment. These results indicated that ON-III inhib-
ited KDR tyrosine kinase, shut down KDR-mediated signal
transduction, and inhibited tumor growth of human xenografts
in vivo.

Angiogenesis, the formation of new blood vessels by sprout-
ing from pre-existing endothelium, is a significant compo-
nent of a wide variety of biological processes, including em-
bryonic vascular development and differentiation, wound
healing, organ regeneration, and pathological processes in-
cluding tumorigenesis (Folkman, 1990; Eberhard et al.,
2000). Many growth factors involve this process. Of the nu-

merous growth factors and cytokines that have been shown
to have angiogenic effects, VEGF seems to be a pivotal factor
in pathological situations that involve neovascularization
(Smith et al., 2000; Foekens et al., 2001). VEGF is produced
by normal and transformed cells and plays a key role in the
physiology of normal vasculature and in tumor-induced an-
giogenesis, which makes it important to understand the
mechanisms through which this mitogen promotes cell pro-
liferation (Nakopoulou et al., 2002).

VEGF first binds to either of two tyrosine kinase receptors,
Flk1/KDR or Flt1. Signaling by such receptors facilitates
activation of the intrinsic tyrosine kinase followed by auto-
phosphorylation of tyrosine residues in the cytoplasmic sig-
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naling molecules that connect the activated receptor to trans-
duction cascades and promote cellular responses (Geng et al.,
2001; Colavitti et al., 2002; Dias et al., 2002). KDR receptor
possesses intrinsic tyrosine kinase activity that is stimulated
after ligand binding and receptor dimerization and is man-
datory for transmission of a cytoplasmic signaling response
(Binetruy-Tournaire et al., 2000; Zhu et al., 2001). The acti-
vation of KDR has also been shown to correlate with tumor
growth, lymph node metastasis, and resistance to chemother-
apy in many kinds of tumors (Thakker et al., 1999; Baek et
al., 2000). Binding of VEGF to KDR receptor on the surface of
endothelial cells facilitates its autophosphorylation of the
protein tyrosine kianse domain (Takahashi et al., 1999;
Ichikura et al., 2001; Zhang et al., 2002). Activation of KDR
by VEGF results in activation of phosphatidyl inositol 3-
kinase/AKT, MAPK, and protein kinase C; the ultimate
cellular response is DNA synthesis and cell proliferation.
Vascular endothelial growth factor receptors (VEGFRs) are
up-regulated on endothelium at sites of active angiogenesis,
providing an opportunity for selective therapeutic interven-
tion (Hanahan, 1997; Zhang et al., 2002).

To exploit targeting at KDR tyrosine kinase for cancer
treatment, we have been actively pursuing small molecule
therapeutic strategies targeted at KDR receptor-mediated
signal transduction pathway (Spiekermann et al., 2002;
Wedge et al., 2002). In this report, we describe that ON-III,
which is a chalcone derivative from the dried flower Cleisto-
calyx operculatus, used in traditional Chinese medicine,
could inhibit tyrosine phosphorylation of KDR and growth of
human cancer xenografts. Although some synthetic mole-
cules have been reported to inhibit the VEGFR kinase, this is
a low molecular weight inhibitor of the VEGF/VEGF receptor
system reported to be active at inhibiting VEGF-mediated
processes from traditional Chinese medicine.

Materials and Methods
Cell Culture and Reagents. The human dermal microvessel

endothelial cells (HDMEC) were prepared as described perviously
(Qian et al., 1999). HDMEC cells, human lung adenocarcinoma
GLC-82 cells, and hepatocarcinoma cell line Bel7402 cells were cul-
tivated in RMPI 1640 medium (Invitrogen, Carlsbad, CA) (Zhu et al.,
2000). Cells were grown in an incubator at 37°C under 5% CO2 in air.
KDR, anti-EGFR, and anti-tyrosine antibodies (PY99) were obtained
from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-Akt, phos-
pho-Akt, MAPK, and phospho-MAPK antibody were purchased from
Cell Signaling (Beverly, MA).

Extraction and Isolation. ON-III was extracted and isolated
from the flower C. operculatus used in traditional Chinese medicine.
Its structure is shown in Fig. 1. The following is the steps of extrac-
tion and isolation of ON-III. The fresh buds (5.0 kg) of C. operculatus,

collected at South China Botanical Garden, Guangzhou, China, were
extracted with 95% EtOH three times at room temperature. The
EtOH extract, after concentration in vacuo, was suspended in water
and the aqueous suspension was sequentially extracted three times
each with ether, EtOAc, and n-BuOH. The combined EtOAc solution,
upon evaporation, yielded a brown syrup (13.0 g). This syrup was
subjected to silica gel column chromatography, eluted with CHCl3-
MeOH mixtures of increasing polarities (99.5:0.5 to 97:3). The frac-
tions obtained on elution with CHCl3-MeOH (99.5:0.5) were com-
bined and concentrated to afford a brown residue. This residue, upon
recrystallization in benzene, yielded compound (690 mg): orange
needles, melting point 124 to 126°C. The compound was identified by
co–thin-layer chromatography with an authentic sample and by di-
rect comparison of its spectral data with those reported previously
(Zhang et al., 1990).

Immunoblot Analysis. After the different treatments, cells were
placed on ice and washed twice with ice-cold PBS. Cell lysates were
harvested in lysis buffer (50 mM HEPES, 150 mM NaCl, 10% glyc-
erol, 1% Triton X-100, 1.5 mM MgCl2, and 1 mM EGTA) with protein
inhibitors (10 �g/ml trypsin, 10 �g/ml aprotinin, 10 �g/ml leupeptin,
1 mM phenylmethylsulfonyl fluoride, 200 �M Na3VO4, and 100 mM
NaF). After 10 min of centrifugation at 14,000g, the supernatant was
transferred to clean microcentrifuge tubes, protein was determined
by bicinchoninic acid protein assay (Pierce, Rockford, IL). Equal
amounts of protein were then boiled in 5� sample buffer for 5 min at
90°C and resolved on 10% Tris-glycine gels (Novex, San Diego, CA).
After electrophoresis, protein was electrotransferred to nitrocelluose
membrane (Amersham Biosciences, Piscataway, NJ). Membrane
was blocked with 5% milk in TBST (10 mM Tris, pH 7.4, 150 mM
NaCl, and 0.05% Tween 20) for 40 min at room temperature and then
incubated with a 1:2000 dilution of primary antibody in 1% milk in
TBST overnight at 4°C. After washing with TBST three times, the
membrane was probed with a 1:2000 dilution of anti-mouse or anti-
rabbit antibody conjugated with horseradish peroxidase (Santa Cruz
Biotechnology, San Francisco, CA) for 30 min at room temperature.
Washing with TBST three times again, the membrane was developed
by enhanced chemiluminescence (ECL; Amersham Biosciences).

Immunoprecipitation. Cells were washed twice with ice-cold
PBS and then lysed with lysis buffer for 20 min at 4°C, and the
protein content of the supernatants was determined by the bicincho-
ninic acid method (Pierce). Five hundred micrograms of protein was
immunoprecipitated at 4°C overnight using the KDR or EGFR anti-
body (10 �g) and 40 �l of agarose-protein G (Roche Molecular Bio-
chemicals, Mannheim, Germany). After being washed twice with
lysis buffer, the KDR or EGFR immune complex was resolved by
SDS-PAGE, and immunoblot assay was performed as described
above.

Phosphorylation Assays. Cells were seeded in 24-well plate in
10% fetal bovine serum/RMPI 1640 medium. On the next day, the
cells were washed twice with serum-free RMPI 1640 medium and
starved overnight (14 h). On the third day, cells were treated by
different concentrations of compounds for 30 min at 37°C before the
cells were stimulated by VEGF for 5 min. Then, cell lysates were
collected. Immunoprecipitation was conducted using anti-KDR or
anti-EGFR antibodies; KDR, EGFR, phosphorylated KDR, or phos-
phorylated EGFR was examined using anti-PTY or anti-KDR or
anti-EGFR antibodies through immunoblot analysis as shown under
Immunoblot Analysis.

Reversibility Test Protocol. We have used the protocol de-
scribed by Smaill et al. (1999). Treated cells were washed with warm
serum-free media, incubated for 30 min, washed again, and incu-
bated for another 8 h. This set of cells was tested for phosphorylation.

Cell Viability Assay. In brief, cells were seeded in 96-well plates
(Falcon, Lincoln Park, NJ) at various densities per well. On the next
day, compound was prepared at 2-fold dilutions in medium and
incubated with the cells until the control cells reached 100% conflu-
ence. Cell viability was determined by MTT assay. In brief, MTT
(Sigma-Aldrich, St. Louis, MO) was dissolved and sterilized in PBSFig. 1. The structure of ON-III.
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at 5 mg/ml, and 10 �l was added into each well. The plate was
incubated in incubator (37°C, 5% CO2) for 4 h, and all the medium
was removed. DMSO (100 �l) was added to each well to dissolve the
dark blue crystal, and the plate was shaken gently for 5 min. The
optical density values were read with a test wavelength of 570 nm
and a reference wavelength of 650 nm (Zhu et al., 2003).

In Vivo Antitumor Activity. The human liver and lung cancer
models were established in nude mice. BALB/c nude mice were
obtained from the Experimental Animal Center at Sun Yat-sen Uni-
versity. Female mice were 4 to 6 weeks old. All manipulations were
performed under sterile conditions. The procedures involving mice
and their care were in accordance with the National Institutes of
Health Guide for the Care and Use of Laboratory Animals and with
the UKCCCR (1998). Tumor xenografts were established by 1 � 106

Bel7402 cells injected s.c. into nude mice. Tumors were measured
with a caliper in larger diameter and smaller diameter. The tumor
volume was calculated by the formula 1/2 � larger diameter �
(smaller diameter)2. Treatments were initiated on day 7 after inoc-
ulation, by which time the the volume had reached �20 mm3. ON-III
was tested alone in mice bearing transplanted Bel7402 cells and
GLC-82 cells for determining the efficacious dosage for these tumors.
ON-III was given at 5.0, 10.0, and 20.0 mg/kg i.p. five times a week
for 4 weeks. Approximate tumor sizes and body weight were mea-
sured twice each week. Average volumes and standard deviations
were calculated for each group and plotted. Finally, the mice were
sacrificed, and the tumor tissues were excised and weighed. The
growth inhibitory effect was calculated with the formula: % inhibi-
tory rate � (T control � T drug)/T control � 100%.

Quantification of Tumor Vessel Counts. To determine
whether tumor growth inhibition by ON-III was associated with
inhibition of tumor vessel formation, groups of mice bearing the
Bel7402 hepatocarcinoma were used for histological examination.
The tumor-bearing mice were treated with either 20 mg/kg/day of
ON-III or vehicle. Two weeks after starting treatment, the tumor
tissues was quickly frozen and stored at �70°C. Frozen sections were

fixed and stained with primary antibodies to CD31. Five random
0.159-mm2 fields at 200� magnification were captured for each
tumor by using a Sony three-chip camera mounted on a Zeiss uni-
versal microscope (Drevs et al., 2000; Laird et al., 2002).

Results
The Effect of ON-III on Tyrosine Phosphorylation of

KDR. Autophosphorylation of KDR increases the velocity of the
kinase reaction, and only phosphorylated KDR can provide
binding sites for its substrates (such as phospholipase C�,
Grb-2, Shc, etc.). Thus, we first detected that ON-III inhibited
tyrosine phosphorylation of KDR. To examine the relationship
of dose-effect of inhibition, HDMEC cells were treated for 30
min in serum-free medium with the concentrations of ON-III
indicated in Fig. 2, then stimulated with 10 ng/ml VEGF for 5
min. Cells were lysed and immunoprecipitated using KDR an-
tibody, then resolved in SDS-PAGE. Western blot analysis was
conducted with anti-phosphotyrosine antibody and KDR anti-
body. The results suggested that ON-III significantly inhibited
phosphorylation of KDR in a dose-dependent manner at con-
centrations of 0, 2.5, 5.0, 10.0, and 20.0 �g/ml; the IC50 value
was 6.20 �g/ml in HDMEC cells. But levels of KDR protein were
unaffected after ON-III treatment (Fig. 2).

The Selectivity of Inhibition of KDR Phosphoryla-
tion by ON-III. ON-III inhibited tyrosine phosphorylation of
KDR. It is of interest to investigate the relative selectivity of
ON-III toward KDR. To elucidate this issue, human epider-
mal EGFR-overexpressing A431 cells were employed. A431
cells were treated with 10 and 40 �g/ml ON-III for 30 min
and then lysed and immunoprecipitated using EGFR anti-
body and resolved on SDS-PAGE. Western blot analysis was
conducted with anti-phosphotyrosine antibody and EGFR
antibody. The results showed that ON-III had no inhibitory
effect on tyrosine phosphorylation of EGFR after more than
40 �g/ml of ON-III treatment for 30 min in A431 cells (Fig. 3).

Reversible Inhibition of KDR Tyrosine Kinase Phos-
phorylation by ON-III. The results shown above indicate

Fig. 2. Inhibition of KDR phosphorylation by ON-III in HDMEC cells.
HDMEC cells were treated with different concentrations of ON-III for 30
min. Cells were collected, lysed, and immunoprecipitated using KDR
antibody, then resolved in SDS-PAGE. Western blot analysis was con-
ducted and probed with anti-KDR or anti-PTY antibody. Bottom shows
the ratios of protein quantitation of phospho-KDR to KDR. This experi-
ment is representative of three experiments.

Fig. 3. Inhibition of EGFR phosphorylation by ON-III. A431 cells were
treated with 0 (lane 1), 0.2% DMSO (lane 2), 10 �g/ml ON-III (lane 3),
and 40 �g/ml ON-III (lane 4) for 30 min. Cells were collected, lysed, and
immunoprecipitated using EGFR antibody, then resolved in SDS-PAGE.
Western blot analysis was conducted and probed with anti-EGFR or
anti-PTY antibody. This experiment is representative of two experi-
ments.

Fig. 4. Reversible inhibition of KDR phosphorylation by ON-III. HDMEC
cells were treated with 0 (lane 1), vehicle (lane 2), or 10 �g/ml ON-III for
30 min (lane 3), then were washed and incubated for 30 min (lane 4) or 8 h
(5) with fresh medium. Immunoprecipitation was performed with KDR
antibody. Western blot analysis was performed and probed with anti-PTY
or anti-KDR antibody. This experiment is repeated three times.
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that ON-III selectively inhibits tyrosine phosphorylation of
KDR receptor. To investigate whether inhibition of tyrosine
phosphorylation of KDR by ON-III is reversible, HDMEC
cells were treated with 10 �g/ml ON-III in serum-free me-
dium for 30 min, and the cells were washed with serum-free
medium twice, then incubated separately for 30 min and 8 h.
The tyrosine phosphorylation of KDR was detected. The re-
sults showed that the levels of phosphorylation of KDR com-
pletely recovered 8 h after ON-III was washed out (Fig. 4).

Effect of ON-III on the Activation of MAPK and AKT,
Downstream Targets of the KDR Signal Pathway. Ac-
tivation of KDR leads to endothelial cell proliferation, pre-
sumably by inducing activation of extracellular signal-regu-
lated kinase 1/2 and phosphatidyl inositol 3-kinase/AKT
pathway. To examine whether ON-III can inhibit activation
of MAPK and AKT, HDMEC cells were treated with varying
concentrations of ON-III for 30 min, and phospho-MAPK and
MAPK were detected with anti-phospho-MAPK and anti-
MAPK antibody in HDMEC cells. Phospho-Akt and Akt were
detected with anti-phospho-AKT and anti-AKT antibody.
Phospho-MAPK and phospho-Akt were the active types of
MAPK and Akt, respectively. The results showed that phos-
pho-MAPK and phospho-Akt decreased significantly after
treatment of HDMEC cells with ON-III (Fig. 5), but total

MAPK and Akt were unaffected. However, phospho-MAPK
and phospho-AKT in A431 were unaffected by ON-III (data
not shown). This suggested that ON-III has potent inhibitory
effect on activation of MAPK and Akt in a dose-dependent
manner in VEGF-stimulating HDMEC cells after treatment
with ON-III for 30 min.

Effect of ON-III on the Growth of Human Endothe-
lial Cells in the Presence of VEGF. The results described
above suggested that ON-III inhibited tyrosine phosphoryla-
tion of KDR in HDMEC cells. Can ON-III inhibit cell growth

Fig. 5. Inhibition of MAPK and AKT activation by ON-III. HDMEC cells
were treated with different concentrations of ON-III for 30 min in the
presence of VEGF. Cells were collected and lysed. Western blot analysis
was conducted and probed with anti-phospho-MAPK, anti-MAPK, anti-
phospho-AKT, or anti-AKT antibody. This experiment is representative
of three experiments.

Fig. 6. Inhibitory effect of ON-III on the growth of HDMEC cells in the
presence of VEGF or EGF. HDMEC cells were treated with different
concentrations of ON-III in the presence of VEGF or EGF for 72 h. Cell
viability was determined with MTT assay and shown as cell viability
rate � S.E. (n � 4).

Fig. 7. The inhibitory effect of ON-III on the growth of human hepato-
carcinoma cell Bel7402 (A) and lung adenocarcinoma GLC-82 (B) xeno-
graft tumors. Bel7402 and GCL-82 cells were implanted s.c. in athymic
mice. Treatment was started when palpable primary tumors reached a
size of �0.16 cm3. Once-daily i.p. administration of ON-III or vehicle was
then started and continued for the duration of the experiment. Data
points represent a mean tumor volume � S.E. from 10 mice. A, ON-III
has significant inhibitory effect on hepatocarcinoma cell growth with
inhibition rates of 38%, 45%, and 65% at dosages of 5, 10, and 20 mg/kg,
respectively (P � 0.05). B, ON-III inhibited lung cancer cell growth with
inhibitory rates of 21.8% (P � 0.05) or 40% (P � 0.05) at dosages of 5 or
20 mg/kg, respectively.

ON-III Inhibited VEGF Receptor Tyrosine Kinase 1447

 by guest on D
ecem

ber 1, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


more potently in the presence of VEGF? To elucidate this
issue, HDMEC cells and MTT analysis were employed. The
results shown in Fig. 6 indicate that ON-III had more poten-
tial inhibitory effect on HDMEC cells in the presence of
VEGF. It indicated that ON-III inhibited VEGF-mediated
cell growth in HDMEC cells.

Antitumor Activity of ON-III in Vivo. ON-III inhibited
KDR tyrosine kinase phosphorylation and KDR-mediated
signal transduction. This suggested that ON-III might in-
hibit the tumor growth in vivo. Therefore, we established
human liver cancer and lung adenocarcinoma xenografts to
detect antitumor activity of ON-III in vivo. ON-III adminis-
tration was initiated on day 7 after implantation, when the
tumor size was approximately �20 mm3. ON-III was alone
given by i.p. injection every day at doses of 5, 10, or 20 mg/kg,
and tumor growth was inhibited with 38%, 45%, and 65%,
respectively, after 4 weeks of treatment. There were signifi-
cant differences (P � 0.05) compared with control (Fig. 7a).
No obvious toxicity was observed in mice receiving the dosage
treatment. ON-III had no effect on body weight of nude mice

bearing hepatocarcinoma cell Bel7402 (Table 1). In addition,
ON-III inhibited human lung cancer GLC-82 xenografts in
nude mice. The inhibitory rates were 21.8% (P � 0.05) and
40% (P � 0.01) after 4 weeks treatment at dose of 5 and 20
mg/kg ON-III, respectively (Fig. 7b).

Effect of ON-III on Tumor Vascularization. ON-III can
inhibit VEGFR tyrosine kinase phosphorylation. Thus, inhi-
bition of tumor growth in vivo by ON-III may occur by inhib-
iting tumor angiogenesis. Therefore, we employed immuno-
histochemical staining for CD31 to detect vessels in tumor
tissues. The results revealed a significant decrease in tumor
vessel counts in the ON-III groups compared with those in
the control group (Fig. 8).

Discussion
Tumor growth depends on angiogenesis. This angiogenic

switch is characterized by oncogene-driven tumor expression
of pro-angiogenic proteins, such as VEGF, basic fibroblast
growth factor, interleukin-8, and others. The significance of
VEGF/VEGFR signaling in tumor initiation, progression,
and metastasis make them important targets for develop-
ment of specific inhibitors (Blagosklonny, 2004). Activation of
KDR by VEGF results in its receptor tyrosine kinase phos-
phorylation. Phosphorylated KDR receptor provides binding
sites for SH-2 domain-containing protein, including the adap-
tor proteins Grb-2 and Shc. In addition to SH-2 domain,
Grb-2 binds to the small nucleotide exchange proteins, such
as Sos through its SH-3 domain, then activates ras by ex-
changing GTP for GDP on ras (Jeong et al., 2002). Activated
ras binds to and facilitates raf activation. Activated raf stim-
ulates extracellular signal-regulated kinase kinase activity,
which, in turn, activates the MAPK pathway. Inhibiting
VEGF production and blocking VEGF/VEGFR signaling can
inhibit tumor angiogenesis and tumor growth in vivo
(Teicher et al., 2001; Keyes et al., 2004). Although some small

Fig. 8. Analysis of microvessel density of ON-III-treated
Bel7402 tumor xenografts (n � 5). A, histological sections of
control (vehicle-treated) and ON-III (20 mg/kg/day)-treated
Bel7402 tumors stained for CD31 and presented at 200�
magnification. A significant reduction in CD31 (endothelial
cells) staining was evident after ON-III treatment. Mean
CD31-positive area/5000-�m2 viable tumor (B), as deter-
mined by morphometric image analysis after ON-III treat-
ment, are shown. P � 0.01 by one-tailed t test.

TABLE 1
Effect of ON-III on body weight of nude mice bearing hepatocarcinoma
cell BEL7402
The treatment of ON-III has no significant effect on body weight of nude mice
compared with DMSO group, P � 0.05.

Groups

Before Treatment After Treatment

No. of
Mice

Body
Weight

No. of
Mice

Body
Weight

g g

NS 10 23.1 � 1.84 10 28.1 � 2.46
DMSO 10 23.4 � 1.93 10 26.3 � 1.67
ON-III

5 mg/kg 10 22.8 � 1.35 10 26.2 � 1.39
10 mg/kg 10 23.1 � 1.69 10 26.9 � 2.52
20 mg/kg 10 23.6 � 2.61 10 24.4 � 2.33

NS, 0.9% NaCl solution.
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molecules targeting KDR tyrosine kinase (e.g., SU5416,
SU6668, ZD6474, and PTK787) have been reported, it is very
interesting to identify VEGFR tyrosine kinase inhibitors
from traditional Chinese medicine because it has usually no
or low toxicity to host (Carlomagno et al., 2002; Mendel et al.,
2003; O‘Farrell et al., 2003).

KDR tyrosine kinase is a potent target for cancer treat-
ment (Huang et al., 2002; Itokawa et al., 2002). In this study,
we found that ON-III, which is one of the chalcone deriva-
tives from the dried flower C. operculatus, inhibited tyrosine
phosphorylation of KDR. But the expression of KDR protein
was unaffected. This indicates that inhibition of phosphory-
lation of KDR was not via reduced KDR expression. The data
demonstrated that inhibition of KDR phosphorylation by
ON-III was reversible and relatively selective compared with
EGFR tyrosine kinase phosphorylation. Our results demon-
strated that ON-III inhibited activation of MAPK and Akt
and shut down KDR downstream signaling. ON-III inhibited
VEGF-stimulating HDMEC cell proliferation significantly.
In comparison, growth inhibition of HDMEC cells by ON-III
in the presence of EGF, but without VEGF, was obviously
weaker. Moreover, ON-III produced a dose-dependent inhi-
bition of tumor growth in human tumor xenograft models
(hepatocarcinoma Bel7402 and lung adenocarcinoma GLC-
82), despite their varied histological origin (liver and lung,
respectively) and different growth inhibitory rates. In both
cases, the percentage of inhibition on tumor growth kept
increasing as the duration of drug application was extended,
which is indicative of a sustained antitumor effect of ON-III.
Furthermore, histological examination showed that tumor
vessel counts decreased in tumor tissues in ON-III-treated
mice. This may be the result of VEGF signaling blockage. In
all of the in vivo experiments described in this report, ON-III
was extremely well tolerated, with no obvious effects on body
weight or animal behavior, and no target organ toxicity was
observed.

From this experiment, we found that efficacy of ON-III
after daily i.p. dosing was dependent on the growth rate of
the tumors and was more optimal against slowly growing
tumors and more variable against quickly growing tumors.
Our findings that ON-III is less effective against lung carci-
noma GLC-82 than hepatocarcinoma cancer Bel7402 is con-
sistent with studies reported using the tyrosine kinase inhib-
itors SU5416 and PTK787/ZK222584 and neutralizing
antibodies against VEGF (Laird et al., 2000; Mendel et al.,
2000). These inhibitors are also less effective against some
tumors than others, perhaps because of differences in the
requirement of new blood vessels for the growth of particular
tumors and the angiogenic factors produced by a particular
tumor cell population. Although others have shown that al-
most all tumor cell lines in vitro and tumors grown in vivo
produce VEGF, cytokines or growth factors other than VEGF
may also contribute to endothelial cell survival and tumor
angiogenesis and even be up-regulated when the effects of
VEGF are inhibited (Fong et al., 1999; Buchdunger et al.,
2000). We have observed in vitro that ON-III has a low
inhibitory effect on endothelial cell growth if EGF is present
in the medium. This suggests that several different factors
support endothelial survival and tumor vascularization.
Anti-VEGF therapy may be more effective against some
types of tumors than others, and future therapy may neces-
sitate a combination of antiangiogenic agents with different

mechanisms of action, as well as conventional therapies tar-
geting the tumor cells. This may give VEGF inhibitors addi-
tional therapeutic applications over antiangiogenic agents
with other mechanisms of action. Soluble VEGF receptors
and antibodies against VEGF or its receptors have also been
proposed as agents to block VEGF; compared with ON-III,
however, the antibodies have the disadvantages of large pro-
teins (Klement et al., 2000; Dias et al., 2001).

Taken together, we identified ON-III, a potent inhibitor of
VEGF signaling with antitumor effect in vivo. This com-
pound is from the dried flower C. operculatus used in tradi-
tional Chinese medicine for treatment of inflammation for
many years. No adverse events have been observed clinically.
Therefore, ON-III is a promising anticancer agent targeting
VEGFR tyrosine kinase.

References
Baek JH, Jang JE, Kang CM, Chung HY, Kim ND, and Kim KW (2000) Hypoxia-

induced VEGF enhances tumor survivability via suppression of serum depriva-
tion-induced apoptosis. Oncogene 19:4621–4631.

Binetruy-Tournaire R, Demangel C, Malavaud B, Vassy R, Rouyre S, Kraemer M,
Plouet J, Derbin C, Perret G, and Mazie JC (2000) Identification of a peptide
blocking vascular endothelial growth factor (VEGF)-mediated angiogenesis.
EMBO (Eur Mol Biol Organ) J 19:1525–1533.

Blagosklonny MV (2004) Antiangiogenic therapy and tumor progression. Cancer Cell
5:13–17.

Buchdunger E, Cioffi CL, Law N, Stover D, Ohno-Jones S, Druker BJ, and Lydon NB
(2000) Abl protein-tyrosine kinase inhibitor STI571 inhibits in vitro signal trans-
duction mediated by c-kit and platelet-derived growth factor receptors. J Pharma-
col Exp Ther 295:139–145.

Carlomagno F, Vitagliano D, Guida T, Ciardiello F, Tortora G, Vecchio G, Ryan AJ,
Fontanini G, Fusco A, and Santoro M (2002) ZD6474, an orally available inhibitor
of KDR tyrosine kinase activity, efficiently blocks oncogenic RET kinases. Cancer
Res 62:7284–7290.

Colavitti R, Pani G, Bedogni B, Anzevino R, Borrello S, Waltenberger J, and Galeotti
T (2002) Reactive oxygen species as downstream mediators of angiogenic signaling
by vascular endothelial growth factor receptor-2/KDR. J Biol Chem 277:3101–
3108.

Dias S, Hattori K, Heissig B, Zhu Z, Wu Y, Witte L, Hicklin DJ, Tateno M, Bohlen
P, Moore MA, et al. (2001) Inhibition of both paracrine and autocrine VEGF/
VEGFR-2 signaling pathways is essential to induce long-term remission of xeno-
transplanted human leukemias. Proc Natl Acad Sci USA 98:10857–10862.

Dias S, Shmelkov SV, Lam G, and Rafii S (2002) VEGF (165) promotes survival of
leukemic cells by Hsp90-mediated induction of Bcl-2 expression and apoptosis
inhibition. Blood 99:2532–2540.

Drevs J, Hofmann I, Hugenschmidt H, Wittig C, Madjar H, Muller M, Wood J,
Martiny-Baron G, Unger C, and Marme D (2000) Effects of PTK787/ZK 222584, a
specific inhibitor of vascular endothelial growth factor receptor tyrosine kinases,
on primary tumor, metastasis, vessel density and blood flow in a murine renal cell
carcinoma model. Cancer Res 60:4819–4824.

Eberhard A, Kahlert S, Goede V, Hemmerlein B, Plate KH, and Augustin HG (2000)
Heterogeneity of angiogenesis and blood vessel maturation in human tumors:
implications for antiangiogenic tumor therapies. Cancer Res 60:1388–1393.

Foekens JA, Peters HA, Grebenchtchikov N, Look MP, Meijer-van Gelder ME,
Geurts-Moespot A, van der Kwast TH, Sweep CG, and Klijn JG (2001) High tumor
levels of vascular endothelial growth factor predict poor response to systemic
therapy in advanced breast cancer. Cancer Res 61:5407–5414.

Folkman J (1990) What is the evidence that tumors are angiogenesis dependent?
J Natl Cancer Inst 82:4–6.

Fong TA, Shawver LK, Sun L, Tang C, App H, Powell TJ, Kim YH, Schreck R, Wang
X, Risau W, et al. (1999) SU5416 is a potent and selective inhibitor of the vascular
endothelial growth factor receptor (Flk-1/KDR) that inhibits tyrosine kinase ca-
talysis, tumor vascularization and growth of multiple tumor types. Cancer Res
59:99–106.

Geng L, Donnelly E, McMahon G, Lin PC, Sierra-Rivera E, Oshinka H, and Hallahan
DE (2001) Inhibition of vascular endothelial growth factor receptor signaling leads
to reversal of tumor resistance to radiotherapy. Cancer Res 61:2413–2419.

Hanahan D (1997) Signaling vascular morphogenesis and maintenance. Science
(Wash DC) 277:48–50.

Huang X, Wong MK, Yi H, Watkins S, Laird AD, Wolf SF, and Gorelik E (2002)
Combined therapy of local and metastatic 4T1 breast tumor in mice using SU6668,
an inhibitor of angiogenic receptor tyrosine kinases and the immunostimulator
B7.2-IgG fusion protein. Cancer Res 62:5727–5735.

Ichikura T, Tomimatsu S, Ohkura E, and Mochizuki H (2001) Prognostic significance
of the expression of vascular endothelial growth factor (VEGF) and VEGF-C in
gastric carcinoma. J Surg Oncol 78:132–137.

Itokawa T, Nokihara H, Nishioka Y, Sone S, Iwamoto Y, Yamada Y, Cherrington J,
McMahon G, Shibuya M, Kuwano M, et al. (2002) Antiangiogenic effect by SU5416
is partly attributable to inhibition of Flt-1 receptor signaling. Mol Cancer Ther
1:295–302.

Jeong SJ, Itokawa T, Shibuya M, Kuwano M, Ono M, Higuchi R, and Miyamoto T
(2002) Costunolide, a sesquiterpene lactone from Saussurea lappa, inhibits the
VEGFR KDR/Flk-1 signaling pathway. Cancer Lett 187:129–133.

ON-III Inhibited VEGF Receptor Tyrosine Kinase 1449

 by guest on D
ecem

ber 1, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


Keyes KA, Mann L, Sherman M, Galbreath E, Schirtzinger L, Ballard D, Chen YF,
Iversen P, and Teicher BA (2004) LY317615 decreases plasma VEGF levels in
human tumor xenograft-bearing mice. Cancer Chemother Pharmacol 53:133–140.

Klement G, Baruchel S, Rak J, Man S, Clark K, Hicklin DJ, Bohlen P, and Kerbel RS
(2000) Continuous low-dose therapy with vinblastine and VEGF receptor-2 anti-
body induces sustained tumor regression without overt toxicity. J Clin Investig
105:R15–R24.

Laird AD, Christensen JG, Li G, Carver J, Smith K, Xin X, Moss KG, Louie SG,
Mendel DB, and Cherrington JM (2002) SU6668 inhibits Flk-1/KDR and PDGFR-
beta in vivo, resulting in rapid apoptosis of tumor vasculature and tumor regres-
sion in mice. FASEB J 16:681–690.

Laird AD, Vajkoczy P, Shawver LK, Thurnher A, Liang C, Mohammadi M, Schless-
inger J, Ullrich A, Hubbard SR, Blake RA, et al. (2000) SU6668 is a potent
antiangiogenic and antitumor agent that induces regression of established tumors.
Cancer Res 60:4152–4160.

Mendel DB, Laird AD, Xin X, Louie SG, Christensen JG, Li G, Schreck RE, Abrams
TJ, Ngai TJ, Lee LB, et al. (2003) In vivo antitumor activity of SU11248, a novel
tyrosine kinase inhibitor targeting vascular endothelial growth factor and platelet-
derived growth factor receptors: determination of a pharmacokinetic/pharmacody-
namic relationship. Clin Cancer Res 9:327–337.

Mendel DB, Schreck RE, West DC, Li G, Strawn LM, Tanciongco SS, Vasile S,
Shawver LK, and Cherrington JM (2000) The angiogenesis inhibitor SU5416 has
long-lasting effects on vascular endothelial growth factor receptor phosphorylation
and function. Clin Cancer Res 6:4848–4858.

Nakopoulou L, Stefanaki K, Panayotopoulou E, Giannopoulou I, Athanassiadou P,
Gakiopoulou-Givalou H, and Louvrou A (2002) Expression of the vascular endo-
thelial growth factor receptor-2/Flk-1 in breast carcinomas: correlation with pro-
liferation. Hum Pathol 33:863–870.

O’Farrell AM, Abrams TJ, Yuen HA, Ngai TJ, Louie SG, Yee KW, Wong LM, Hong
W, Lee LB, Town A, et al. (2003) SU11248 is a novel FLT3 tyrosine kinase
inhibitor with potent activity in vitro and in vivo. Blood 101:3597–3605.

Qian CN, Min HQ, Lin HL, Feng GK, Ye YL, Wang LG, and Kuang ZJ (1999)
Anti-tumor effect of angiogenesis inhibitor TNP-470 on the human nasopharyn-
geal carcinoma cell line NPC/HK1. Oncology 57:36–41.

Smaill JB, Palmer BD, Rewcastle GW, Denny WA, McNamara DJ, Dobrusin EM,
Bridges AJ, Zhou H, Showalter HD, et al. (1999) Tyrosine kinase inhibitors. 15. 4-
(Phenylamino)quinazoline and 4- (phenylamino)pyrido[d]pyrimidine acrylamides
as irreversible inhibitors of the ATP binding site of the epidermal growth factor
receptor. J Med Chem 42:1803–1815.

Smith BD, Smith GL, Carter D, Sasaki CT, and Haffty BG (2000) Prognostic
significance of vascular endothelial growth factor protein levels in oral and oro-
pharyngeal squamous cell carcinoma. J Clin Oncol 18:2046–2052.

Spiekermann K, Faber F, Voswinckel R, and Hiddemann W (2002) The protein
tyrosine kinase inhibitor SU5614 inhibits VEGF-induced endothelial cell sprout-
ing and induces growth arrest and apoptosis by inhibition of c-kit in AML cells.
Exp Hematol 30:767–773.

Takahashi T, Ueno H, and Shibuya M (1999) VEGF activates protein kinase C-
dependent, but Ras-independent Raf-MEK-MAP kinase pathway for DNA synthe-
sis in primary endothelial cells. Oncogene 18:2221–2230.

Teicher BA, Menon K, Alvarez E, Galbreath E, Shih C, and Faul MM (2001)
Antiangiogenic and antitumor effects of a protein kinase Cbeta inhibitor in human
HT-29 colon carcinoma and human CaKi1 renal cell carcinoma xenografts. Anti-
cancer Res 21:3175–3184.

Thakker GD, Hajjar DP, Muller WA, and Rosengart TK (1999) The role of phospha-
tidylinositol 3-kinase in vascular endothelial growth factor signaling. J Biol Chem
274:10002–10007.

UKCCCR (1998) United Kingdom Co-ordinating Committee on Cancer Research
(UKCCCR) Guidelines for the Welfare of Animals in Experimental Neoplasia
(Second Edition). Br J Cancer 77:1–10.

Wedge SR, Ogilvie DJ, Dukes M, Kendrew J, Chester R, Jackson JA, Boffey SJ,
Valentine PJ, Curwen JO, Musgrove HL, et al. (2002) ZD6474 inhibits vascular
endothelial growth factor signaling, angiogenesis and tumor growth following oral
administration. Cancer Res 62:4645–4655.

Zhang F, Liu M, and Lu R (1990) Studies on the chemical constituents from the bud
of Cleistocalyx operculatus. Acta Botanica Sinica 32:469–472.

Zhang XS, Zhu XF, Gao JS, Ye YL, Feng QS, Liu ZC, and Zeng YX (2002) Variable
sensitivity of endothelial cells to epirubicin in xenografts of human nasopharyn-
geal carcinoma CNE-2 cells. Cancer Biol Ther 1:263–265.

Zhu XF, Liu ZC, Xie BF, Feng GK, and Zeng YX (2003) Ceramide induces cell cycle
arrest and upregulates p27kip in nasopharyngeal carcinoma cells. Cancer Lett
193:149–154.

Zhu XF, Liu ZC, Xie BF, Li ZM, Feng GK, Yang D, and Zeng YX (2001) EGFR
tyrosine kinase inhibitor AG1478 inhibits cell proliferation and arrests cell cycle in
nasopharyngeal carcinoma cells. Cancer Lett 169:27–32.

Zhu XF, Zhang XS, Li ZM, Yao YQ, Xie BF, Liu ZC, and Zeng YX (2000) Apoptosis
induced by ceramide in hepatocellular carcinoma Bel7402 cells. Acta Pharmacol
Sin 21:225–228.

Address correspondence to: Dr. Yi-Xin Zeng, Cancer Center, Sun Yat-sen
University, 651 DongFeng Road East, GuangZhou 510060, China. E-mail:
yxzeng@gzsums.edu.cn

1450 Zhu et al.

 by guest on D
ecem

ber 1, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/

