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Inhibition of the invasion and migration of renal
carcinoma 786-0-si3 cells in vitro and in vivo
by Koelreuteria formosana extract
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Abstract. Koelreuteria formosana ethanolic extract (KFEE)
is obtained from natural plants that are endemic to Taiwan.
In a previous study, it was demonstrated that KFEE
inhibited low-density lipoprotein (LDL) and prevented
oxidized LDL-induced apoptosis in endothelial cells. In the
present study, KFEE was shown to inhibit the invasion and
migration of 786-0-SI3 renal cell carcinoma (RCC) cells
while not exhibiting any cytotoxic effects. 786-O-SI3 cells
were treated with KFEE at numerous concentrations
of <100 pg/ml for 24 h. In order to examine the effects of
KFEE, cells were then subjected to a series of assays for
cell viability (MTT), wound healing migration, cell inva-
sion and migration, gelatin zymography, casein zymography
and immunofluorescence, as well as western blot analysis.
KFEE was shown to decrease levels of matrix metallopro-
teinase-2, phosphorylated (p-)focal adhesion kinase Try925,
p-paxillin Serl78, p-mitogen-activated protein kinase
kinase 1/2, p-myosin light chain and p-extracellular
signal-regulated kinase 1/2 in 786-0-SI3 cells. Reduction
of lung metastases was observed in KFEE-treated mice
compared with vehicle-treated control mice. KFEE inhibited
the invasion of RCC cells and may have the potential for use
as a chemopreventive agent against RCC metastasis.
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Introduction

The most common type of kidney malignancy is renal cell
carcinoma (RCC), which accounts for~3% of tumors in
adults (1). Only 2% of the cases of RCC are associated with
inherited gene mutations. 70-75% of renal cancers are clear cell
carcinomas, a type of cancer that is traditionally resistant to
chemo- or radiotherapy (2). Therefore, surgical resection is the
preferred treatment option for patients with stage I-IV, local-
ized primary tumors. However, the effectiveness of surgery as
a cure for RCC is highly dependent on the stage and grade
of the disease. Approximately 25% of patients present with
advanced disease, including locally invasive and metastatic
RCC, the median survival time for which is 13 months (3.4).
Patients with locally advanced or metastatic RCC are gener-
ally offered treatment options; however, chemotherapy alone
has shown low response rates (5,6). Inmunomodulatory thera-
pies with various cytokines have been investigated in patients
with metastatic RCC; two of these agents, interleukin-2 and
interferon-a, demonstrated reproducible antitumor effects with
objective response rates of 15-31%. However, not all patients
with metastatic RCC showed improvements with these treat-
ments (7). Prior to 2005, high-dose interleukin-2 was the
only Food and Drug Administration-approved treatment for
RCC (8). Overall, metastatic RCC has a low survival rate
and ~20-30% of patients with early stage RCC at the time of
nephrectomy having tumor metastasis and a median relapse
time following nephrectomy of 15-18 months (7,9).

Guan-Jen-Huang extract has been shown to have a syner-
gistic effect on chemotherapy-induced apoptosis; moreover,
it has been reported to decrease cell adhesion, migration and
invasion (10). Mouse xenograft experiments have shown that
treatment with the aqueous extract of Paeonia suffruticosa
significantly inhibited tumor growth and pulmonary metas-
tasis of RCC cells (11). Allergen-free Rhus verniciflua stokes
extract may be a promising approach for the treatment of
unresectable multiple metastases (12).

Koelreuteria formosana, commonly known as
Chinese rain tree, is a deciduous tree native to Taiwan
and 15-20 m in height. Koelreuteria formosana ethanolic
extract (KFEE) was reported to have a suppressive effect on



LIN et al: KFEE INHIBITS METASTASIS OF RENAL CARCINOMA 786-0O-SI3 CELLS

oxidized low-density lipoprotein (oxLDL)-mediated vascular
endothelial dysfunction(13). K. formosana has been found to
contain protein-tyrosine kinase (PTK) inhibitors, including
anthraquinone, stilbene and flavonoids (e.g. galangin, morin,
myricetin and apigenin) (14). It is therefore thought that
K. formosana may have potential as an anticancer drug (15).
Flavonol, galloylrhamnoside, lignin and glycoside can be
found in the leaves of K. formosana (16) and its ethanolic
extract contains kaempferol and quercetin, which may have
potential PTK-inhibitory activity. The importance of PTK
in anticancer treatment is due to its regulatory effect on cell
proliferation (17). K. formosana contains the cyclolignans
austrobailignan-1 and -2 (18). The extracted components of
K. formosana have been shown to have a more powerful
antioxidant capability than xanthine oxidase, lipoxygenase
and tyrosinase (19). In a previous study, it was demonstrated
that KFEE inhibited human LDL in vitro and prevented
oxLDL-induced apoptosis in human umbilical vein endo-
thelial cells (20). Studies on the functions of K. formosana
have mainly concentrated on its antiproliferative or antioxi-
dant activity. However, the effect of this plant on tumor cell
migration and invasion has remained elusive. The aims of the
present study were to examine the effects of K. formosana
on RCC metastasis in vivo and on cell invasion, migration,
motility and proteinase expression in vitro.

Materials and methods

Preparation of KFEE. K. formosana branches, following the
shedding of their leaves, were purchased from local herb stores
in Taichung, Taiwan. K. formosana peduncle extracts were
prepared by initial condensation, followed by lyophilization,
as previously described (13). In brief, 100 g air-dried branch
was boiled with 50% ethanol at 70°C for 24 h. The solvent
was removed from the combined extract with a vacuum
rotary evaporator. The filtrate was then lyophilized and stored
at -20°C.

Total phenolic contents. The total phenolic content was
measured by photometric assay using a Folin-Ciocalteu
reagent (Fluka, Buchs, Switzerland) (19). Folin-Ciocalteu
reagent was added to each sample and sodium carbonate (Sigma,
St. Louis, MO, USA) was added. The specific absorbance was
measured immediately at 760 nm using a spectrophotom-
eter (Thermo Biomate 5; Thermo Electron Corporation, San
Jose, CA). Gallic acid (Sigma) was used as a standard phenolic
compound for the calibration curve (y=0.7758x+0.0582,
R2=0.9982). Total phenolic content was expressed as milli-
grams of gallic acid equivalents per gram of dry weight of
plant (mg GA/g DW).

High-performance liquid chromatography (HPLC) analysis.
HPLC analysis (Waters 600 with a 2998 photodiode array
detector; Waters Corp., Milford, MA,USA) was conducted with
a LiChroCART RP-18 reversed phase column (200x4 mM,;
5 pm Merck KGaA, Parmstadt, Germany), the mobile phase
consisted of water/acetic acid (0.05%, v/v) (solvent A) and
acetic acid/water/acetonitrile (0.05%, v/v; Sigma) (solvent B).
Elution was carried out in a programmed gradient elution as
follows: 0-30 min with 0-100% B.
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Establishment of xenograft-derived 786-0 cell lines. To estab-
lish the first generation of xenograft-derived 786-O cell lines,
786-0 cells were injected subcutaneously into the dorsal flank
of five-week-old nude BALB/c nu/nu mice. The size of each
tumor was measured as described previously (21). Solid tissue
from the tumor was then mechanically and enzymatically
disaggregated using collagenase (0.7 mg/ml) in serum-free
medium (Sigma) into a single-cell suspension and was desig-
nated as 786-O-SI1. A second-generation xenograft-derived
786-0 cell line was established following an identical protocol,
using cells from the 786-O-SI1 cell tumor; this single-cell
suspension was designated as 786-O-SI2. The third-generation
xenograft-derived 786-0 cell line was established from the
tumor produced by the 786-O-SI2 cells and was designated
as 786-0-SI3.

Cell culture and KFEE treatment. RCC cell line 786-0O-SI3
and human kidney-2 (HK-2; a human proximal tubule epithe-
lial cell line) cells were purchased from the Food Industry
Research and Development Institute (Hsinchu, Taiwan). The
RCC cell line 786-0-SI3 was cultured in RPMI 1640 medium
(Gibco-BRL, St. Louis, MO, USA) supplemented with
10% fetal calf serum, 2 mM L-glutamine, 100 mg/ml strepto-
mycin and 100 units/ml penicillin (Sigma). HK-2 was cultured
in a 1:1 mixture of Dulbecco's modified Eagle's medium
and Ham's F12 medium (Gibco-BRL) containing 10% fetal
bovine serum (FBS; Gibco-BRL). The cell cultures were
maintained at 37°C in a humidified atmosphere of 5% CO,.
KFEE treatment was added to the culture medium at different
concentrations (25, 50, 75 and 100 yg/ml) and was incubated
with cells for 24 h. DMSO (final concentration 0.1%) without
KFEE was used as a blank reagent.

Determination of cell viability (MTT assay). To evaluate the
cytotoxicity of KFEE, cell viability was determined using an
MTT colorimetric assay (Sigma) (22). Cells were seeded in
24-well plates at a density of 3x10* cells/well and were treated
with concentrations of KFEE of 0-100 pg/ml at 37°C for 24 h.
Following incubation for 24 h, the media were removed and
the cells were washed with phosphate-buffered saline (PBS;
Sigma). The medium was then changed and the cells were
incubated with 20 ml MTT (5 mg/ml) for 4 h. The viable cell
number/dish was directly proportional to formazan production,
which, following solubilization with isopropanol (Sigma), was
measured by a Hitachi U-1900 spectrophotometer (Hitachi,
Tokyo, Japan) at 563 nm.

Wound healing migration assay. Wounds were introduced to
the confluent monolayer of cells with culture-inserts (Ibidi
GmbH, Martinsried, Germany) to create a cleared line. The
medium was removed and replaced with RPMI 1640 medium
containing 1% FBS, and KFEE was then added. The cells
were incubated at 37°C and cell migration into the wound area
was documented at 0, 6 and 24 h by a microscope (CKX41:
Olympus, Tokyo, Japan).

Cell invasion and migration assays. The 786-0O-SI3 cells were
pre-treated with KFEE at indicated concentrations (0, 25, 50,
75 and 100 pug/ml) for 24 h. The cells were then harvested
and seeded in a Boyden chamber (Neuro Probe, Cabin
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John, MD, USA) with 10* cells/well in serum-free medium
and were incubated at 37°C for 12 h. For the invasion assay,
10 ml Matrigel® (25 mg/50 ml; BD Biosciences, Bedford, MA,
USA) was applied to polycarbonate membrane filters (Neuro
Probe, Cabin John, MD, USA) with a pore size of 8 mM and
the bottom chamber of the apparatus contained a standard
medium. Following incubation, the filters were air dried in a
laminar flow hood for 5 h. The invaded cells were fixed with
methanol and stained with Giemsa (Sigma). Cell numbers
were counted with a light microscope (CKX41; Olympus) and
the migration assay was carried out as described for the inva-
sion assay, with no coating of Matrigel (23).

Determination of matrix melloproteinase (MMP)-2 and
urinary-type plasminogen activator (u-PA) by zymography.
The activities of MMP-2 and MMP-9 on the condition
medium were measured by gelatin-zymogram protease assays,
as previously described (24). Samples were prepared with
a standard SDS gel-loading buffer containing 0.01% SDS
without B-mercaptoethanol and were not boiled prior to
loading. The prepared samples were then subjected to
8% SDS-PAGE (0.75-mm; acrylamide/bis-acrylamide 30/1.2;
containing 0.1% gelatin; Sigma). Electrophoresis was performed
at 150 V in an OWL P-1 apparatus (Alpha Multiservices, Inc.,
Contoe, TX, USA) for 3 h. Following electrophoresis, the gels
were washed twice with 100 ml distilled water containing
2% Triton X-100 (Sigma) on a gyratory shaker at room
temperature for 30 min to remove the SDS. The gel was then
incubated in 100 ml reaction buffer (40 mM Tris-HCI, pH 8.0,
10 mM CacCl,, 0.02% NaNj; Sigma) at 37°C for 12 h, stained
with Coomassie brilliant blue R-250 and de-stained with
methanol/acetic acid/water (50/75/875, v/v/v; Sigma). u-PA
activity was visualized as previously described (24). 2% w/v
casein and 20 mg/ml plasminogen (Sigma) were added to
8% SDS-PAGE gels. Electrophoresis and zymography were
then performed for gelatin zymography.

Immunofluorescence assay. 7186-O-SI3 cells grown on glass
coverslips were fixed in 4% paraformaldehyde (Sigma) at room
temperature for 12 min. Following washing in PBS, the cells
were blocked and permeabilized in PBS containing 4% bovine
serum albumin and 0.1% Triton X-100 at room temperature
for 90 min. Filamentous actin was detected by incubating
coverslips with rhodamine-conjugated phalloidin (1:200)
at 4°C overnight and nuclei were counterstained with DAPI
(Sigma) at room temperature for 1 h. The cells were viewed
and photographed with a ZEISS Axioskop2 upright fluores-
cence microscope (Carl Zeiss AG, Oberkochen, Germany).

Immunoblotting. Samples of cell lysates or nuclear fractions
were separated by 12.5% SDS-PAGE and transferred onto a
nitrocellulose membrane (GE Heakthcare, Taipei, Taiwan), as
previously described (18). The blot was subsequently treated
using standard procedures and probed with the following anti-
bodies: c-Jun (cat. #3270), c-Fos (cat. #5348), phospho-FAK Tyr
925 (cat. #3284), phospho-MEK1/2 (cat. #9121), total-MEK1/2
(cat. #9122), phospho-MLC-2 (cat. #3671), total-MLC-2
(cat. #3672), phospho-ERK1/2 (cat. #9101), total-ERK1/2
(cat. #9107) (1:1,000 dilution, monoclonal, Cell Signaling
Technology, Inc., Danvers, MA, USA) and total-paxillin (cat.
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#sc-136297), MMP-2 (cat. #sc-13594), B-actin (cat. #sc-10731),
total-FAK (cat. #sc-932) and C23 (cat. #sc-17826) (1:1,000
dilution; monoclonal; Santa Cruz Biotechnology, Inc., Santa
Cruz CA, USA) and phospho-paxillin Ser 178 (cat. #44-1026;
1:1,000 dilution; monoclonal; Biosource, Camarillo, CA,
USA). Protein expression was detected by chemilumines-
cence with an Enhanced Chemiluminescence Plus detection
kit (Amersham Life Sciences, Inc., Piscataway, NJ, USA).

Measurement of lung metastasis in 786-0-SI3-bearing
mice. Five-week-old male C57BL/6 mice (National Taiwan
University Animal Center, Taiwan) were housed under a
regular 12-h light/dark cycle and with ad libitum access to a
standard rodent diet (Laboratory Rodent Diet 5001; LabDiet,
St. Louis, MO). Cells (1x10°) suspended in 0.1 ml PBS were
injected into the tail vein of the C57BL/6 mice. On the
following day (day 1), the mice were randomly divided into
three groups (n=3 for each group) to be fed by oral gavage
with saline (control) or KFEE (0.1 and 0.2 g/kg of body weight
daily). Three untreated mice were used as wild-type controls.
Following 31 days, the animals were sacrificed using CO,.
The lungs were isolated and weighed, and metastatic nodules
on the surface of the lungs were counted under a microscope
(Axioskop 2 Plus, Carl Zeiss, Inc., Oberkochen, Germany).
The lungs were fixed in neutral buffered 5% formalin (Sigma),
and sections were prepared and stained with hematoxylin and
eosin (Sigma) for morphological studies (25).

Statistical analysis. Statistically significant differ-
ences throughout this study were calculated by
Student's t-test (SigmaStat 2.0; Jandel Scientific, San Rafael,
CA). P<0.05 was considered to indicate a statistically signifi-
cant difference between values.

Results

Polyphenol contents in KFEE. Quantitative analysis of
phytochemicals revealed the presence of 38.8+0.4 mg/g poly-
phenols in KFEE. Reference compounds included gallic acid,
gallocatechin, catechin, caffeic acid, rutin, naringin, quercetin,
kaempferol, anthraquinone, myricetin, morin, apigenin and
galangin (Fig. 1A and B). To evaluate the bioactive compounds
in KFEE, K. formosana was successively extracted with
50% ethanol. HPLC analysis of KFEE (Fig. 1C) and 13 standard
compounds showed peaks corresponding to the retention time
chromatography and absorbance at 254 nm. Gallic acid and
caffeic acid were included in the composition of KFEE (Fig. 1D).

Xenograft-derived 786-0-SI3 cells display increased MMP-2.
To determine whether the serial xenotransplantation of a cancer
cell line in nude mice enriches the malignant subpopulation,
tumor-forming 786-0 cells were injected subcutaneously into
the dorsal flank of five-week-old nude BALB/c nu/nu mice.
Three xenograft-derived 786-0 cell lines, namely 786-O-SI1,
786-0-SI2 and 786-0-SI3, were established from the
xenograft tumors (Fig. 2A). 786-O-SI3 cells significantly
exhibited increased MMP-2 activity compared to that of the
control 786-0 cell line (P<0.001; Fig. 2B), indicating that the
successive implantation of 786-0 cells in nude mice increased
the ability of the tumor to metastasize.
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Figure 1. Chemical profile of KFEE analyzed by HPLC-mass spectrometry. (A) Chromatograms from HPLC analysis of KFEE showed peaks corresponding to
the respective retention times (min) of the compounds. (B) HPLC chromatogram of nine standard compounds. Peaks: 1,6.25 ug gallic acid; 2, 100 g gallocat-
echin; 3,43.54 pg (+)catechin; 4, 4.37 ug caffeic acid; 5, 6.25 pg rutin; 6, 12.5 ug naringin; 7, 3.77 ug quercetin; 8, 3.57 ug kaempferol; 9, 2.6 g anthraquinone
in 10 ugl DMSO. (C) Peaks: 10, 3.97 ug myricetin; 11,9.96 ug morin; 12, 6.7 ug apigenin; 13, 0.24 ug of galangin in 10 1 DMSO. (D) Combination of 100 ug
of KFEE with two standard compounds, 6.25 ug gallic acid and 4.37 ug caffeic acid. Absorbance was monitored at 254 nm. KFEE, Koelreuteria formosana
ethanolic extract; HPLC, high-performance liquid chromatography; AU, absorbance units; DMSO, dimethyl sulfoxide..
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condition media were subjected to gelatin zymography to analyze the activity
of MMP-2. Results were statistically evaluated using a one-way analysis of
varience with Dunnett's post-hoc test ("“P<0.001). MMP, matrix metallopro-
teinase.

Absence of cytotoxicity of KFEE on HK-2 cells and RCC
786-0-SI3 cells. A previous study reported no cytotoxic
effects of KFEE (<100 pg/ml) on RCC 786-0-SI3 cells (17).
In the present study, RCC 786-O-SI3 and HK-2 cells
were viable in the presence of 0, 25, 50, 75 and 100 pg/ml
KFEE (Fig. 3A and B) (P>0.05). In all subsequent experi-
ments, this concentration range was used for KFEE.

KFEE inhibits the invasion, motility and migration of RCC
786-0-SI3 cells. Incubation of 786-0O-SI3 with 1% FBS
produced marked cell migration into the wounded area at
6 and 24 h following wounding, whereas wounds treated
with KFEE showed significantly delayed wound healing
under identical conditions (Fig. 3C and D). In addition,
KFEE had a concentration-dependent inhibitory effect on
cell migration, with 87.5+2.5% cell migration compared to
that of the control (P<0.001) (Fig. 3E and F). Under identical
conditions, it was also observed that KFEE reduced the inva-
sion of RCC 786-0-SI3 cells in a concentration-dependent
manner, which was demonstrated using a cell invasion
assay using a Matrigel-coated Boyden chamber. Following
treatment with 100 yg/ml KFEE, invasion capability was
decreased to 89.8+4.0% compared to that of the control
(P<0.001) (Fig. 3E and G).

KFEE suppresses the expression and activity of MMP-2 and
u-PA in RCC 786-0-SI3 cells. To determine the involvement
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cells were treated with KFEE for 24 h and the condition media were subjected to gelatin zymography and casein zymography in order to analyze the activities
of (H) MMP-2 and (I) u-PA. Results were statistically evaluated using a one-way analysis of variance with Dunnett's post-hoc test (“P<0.01; and ““P<0.001,
compared with the control). Results were repeated three times and the separate experiments showed similar data. KFEE, Koelreuteria formosana ethanolic
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(A) Control and 50 or 100 ug/ml KFEE-treated metastatic 786-O-SI3 cells stained with phalloidin to detect F-actin (magnifaction, x40). Cell lysates were sub-
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trol. Protein signals were visualized using an enhanced chemiluminescence detection system. KFEE, Koelreuteria formosana ethanolic extract; Erk1/2,
extracellular signal-regulated kinase 1/2; GRB2, growth factor receptor-bound protein 2; MMP, matrix metalloproteinase; FAK, focal adhesion kinase;
MEK]1/2, mitogen-activated protein kinase kinase 1/2; MLC, myosin light chain; p, phosphorylated; t, total.

of MMPs and u-PA in the KFEE-induced inhibition of invasion
and migration of 786-O-SI3 RCC cells, the effects of KFEE
on MMP and u-PA activity were investigated using gelatin and
casein zymography, respectively, under serum-starved condi-
tions. KFEE reduced the activity of MMP-2 (P<0.001) in gelatin
zymography (Fig. 3H) and that of u-PA (P<0.001) in casein
zymography assays (Fig. 3I). Furthermore, KFEE decreased
the migratory and invasive capacities of 786-0-SI3 cells
and the cell shape changed from rounded to spindle-shaped,
indicating that KFEE may regulate metastasis by controlling
cytoskeletal events essential for motility (Fig. 4A).

KFEE decreases MMP-2 and inhibits the phosphorylation
of focal adhesion kinase (FAK) Tyr925, mitogen-activated
protein kinase kinase (MEK)I/2, extracellular-regulated
kinase (Erk)1/2 and paxillin Serl78 in RCC 786-0-SI3 cells.
Given that KFEE inhibited the invasion, migration and
transcriptional levels of MMP-2 and u-PA activities in
786-0-SI3 cells, the effects of KFEE on the expression of the
Erk1/2/mitogen-activated protein kinase (MAPK) pathways
were investigated by western blot analysis to elucidate
the underlying mechanisms. KFEE significantly inhibited
phosphorylation of FAK Tyr925, Paxillin Ser178, MEK1/2 and

Erk1/2 (Figs. 4B and C) in RCC 786-0-SI3 cells. Therefore,
inhibition of the FAK Tyr925 and Erk1/2 signaling pathways
may be involved in the reduction of MMP-2 and u-PA activity,
as well as tumor cell invasion. In contrast, the phosphoryla-
tion of myosin light chain (MLC)2 (Fig. 4C), the cell actin
dynamic regulatory protein, was decreased.

KFEE decreases levels of c-Jun and c-Fos in RCC
786-0-S13 cells. Western blot analysis revealed that KFEE
significantly inhibited c-Jun and c-Fos levels in the nuclear
extracts of RCC 786-0-SI3 cells (P<0.001) (Fig. 4D).

KFEE inhibits lung colonization of 786-0-SI3 cells.
786-0-SI3 cells primarily form lung tumors. C57BL/6
mice were injected with 786-0-SI3 cells via the tail vein
and administered either KFEE or saline via oral gavage.
KFEE reduced 785-0-SI3 cell pulmonary metastasis
formation. Within 31 d of injection, the average body
weight of KFEE-treated mice was lower than that of the
control group (Fig. 5A). The mean lung weights of animals
receiving 0.1 g/kg/d KFEE (0.4503+0.0838 g; P<0.001) and
0.2 g/kg/d KFEE (0.3288+0.1208 g; P<0.001) were significantly
lower than those of the control animals (0.7154+0.0.1601 g;
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Figure 5. Suppression of metastatic renal cell carcinoma in mouse lungs by KFEE. 786-0-SI3 cells were injected into the tail veins of five-week-old male
C57BL/6 mice. Following injection of 786-0-SI3 cells, KFEE (0.1 and 0.2 g/kg) and placebo (saline) were administered using an oral gavage for 31 days.
(A) Body weight of mice was measured every three days. Mice were sacrificed and their lungs were (B) compared using representative photographs of
lungs and (C) weighed. Results were statistically evaluated using a one-way analysis of variance with Dunnett's post-hoc test ("P<0.05, “P<0.01, ““P<0.001).
(D) Histopathology of the lungs of metastatic tumor-bearing C57BL/6 mice (magnification, x400). The lungs of metastasis-induced animals were fixed in
neutral buffered formalin and stained with hematoxylin and eosin. Control (786-0-SI3 + placebo), normal lung (WT), 786-O-SI3 + 0.1 g/kg/d KFEE and
786-0-SI3 + 0.2 g/kg KFEE. KFEE, Arrows indicate tumor cells, as metastasis in the lung Koelreuteria formosana ethanolic extract; WT, wild type.

Fig. 5B). The lungs of the control mice were visibly riddled
with metastatic tumor nodules compared with those of the
KFEE-treated mice (Fig. 5C). Histopathology of the lung also
showed marked reduction in tumor mass in the lungs of the
KFEE-treated animals (Fig. 5D).

Discussion

A previous study demonstrated that KFEE inhibited
human LDL and prevented oxLDL-induced apoptosis of
human umbilical vein endothelial cells (13). The present
study demonstrated the efficacy of KFEE as a therapeutic
agent for RCC. KFEE decreased invasion and migration of
RCC 786-0-SI3 cells and reduced u-PA and MMP-2 expres-
sion. The mechanism of KFEE-induced downregulation of
u-PA and MMP-2 activity was found to proceed via the inhi-
bition of FAK Tyr925, Paxillin Ser178, MEK1/2 and Erk1/2
phosphorylation. Furthermore, histopathology of the lungs of
C57BL/6 mice injected with RCC 786-0-SI3 cells showed
a markedly reduced tumor mass in KFEE-treated animals,
compared with that of the controls. In addition HPLC-mass
spectrometry revealed that KFEE contained gallic acid and
caffeic acid.

Gallic acid has been reported to inhibit melanoma and
metastasis of gastric cancer cells (26,27). Caffeic acid
has been shown to inhibit the migration and invasion of
oral cancer and hepatocarcinoma cells through inhibition
of MMP-2 (28,29). Serine proteases, metalloproteases and
their inhibitors are known to be key enzymes in matrix
remodeling during cancer invasion, migration and angio-
genesis (30). MMPs and the plasminogen activation system
crucially affect the process of cancer cell invasion and migra-
tion. In RCC, MMP-2, MMP-9 and u-PA are of prognostic
significance (31-34).

The activation of one or more MAPK pathway signaling
proteins (e.g. Erk1/2, c-Jun N-terminal kinase and p38) is
necessary for the induction of MMP-2, MMP-9 and u-PA. Data
from the present study showed that KFEE suppressed MMP-2
and u-PA activity in 786-0O-SI3 cells by inhibiting the phos-
phorylation of FAK Tyr925, Paxillin Ser178, MEK1/2 and
Erk 1/2. In addition, western blot analysis showed that KFEE
inhibited the downstream effectors of the Erk1/2 pathway,
c-Jun and c-Fos, in nuclear extracts. Gallic acid inhibits the
invasion and migration of human prostate cancer cells and
suppresses protein levels of MMP-2 and -9, FAK, JNK and
ERK1/2 (35). The phosphorylation of paxillin Serl78 advances
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the association of paxillin with FAK, therefore inducing the
migration of corneal epithelial cells (36).

RCC-bearing mice are well-established animal models for
metastasis (37). In the present study, KFEE effectively inhib-
ited numerous aspects of tumor formation in RCC 786-0-SI3
mouse models in vivo. This model was selected based on
the aggressive behavior and the high metastatic potential of
this RCC cell line. Following intravenous injection of RCC
786-0-SI3 cells, mice were treated by daily oral administra-
tion of KFEE and the results demonstrated that KFEE was
able to significantly delay tumor cell colonization in the lungs
of these mice.

In conclusion, the present study elucidated the anticancer
mechanisms of KFEE. KFFE was shown to decrease levels
of MMP-2, p-FAK try925, p-paxillin Serl78, p-MEK1/2,
p-MLC and p-Erkl1/2 in 786-0-SI3 cells. KFEE-treated mice
also showed reduced lung metastases compared with those
observed in vehicle-treated control mice. Overall, the results of
the present study suggested that KFEE may be a potential thera-
peutic or adjuvant strategy for treating RCC patients. However,
the clinical application of KFEE requires further investigation
in terms of its molecular mechanisms and beneficial effects.
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