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Effect of Recepteur d'Origine Nantais expression on
chemosensitivity and tumor cell behavior in colorectal cancer
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Abstract. Recepteur d'Origine Nantais (RON) expression is
known to induce oncogenic properties including tumor cell
growth, survival, motility, angiogenesis and chemoresistance.
In the present study, we evaluated whether RON affects
chemosensitivity and oncogenic behavior of colorectal cancer
cells and investigated its prognostic value in colorectal cancer.
To evaluate the impact of RON on chemosensitivity and tumor
cell behavior, we treated colorectal cancer cells with small
interfering RNAs specific to RON. This was followed by flow
cytometric analyses and migration, Matrigel invasion and
endothelial tube formation assays. The expression of RON was
investigated by immunohistochemistry in colorectal cancer
tissues. TUNEL assay and immunohistochemical staining
for CD34 and D2-40 were deployed to determine apoptosis,
angiogenesis and lymphangiogenesis. RON knockdown
enhanced 5-fluorouracil (FU)-induced apoptosis by upregu-
lating the activities of caspases and expression of proapoptotic
genes. Moreover, it enhanced 5-FU-induced cell cycle arrest
by decreasing the expression of cyclins and cyclin-dependent
kinases and inducing that of p21. Furthermore, RON knock-
down augmented the 5-FU-induced inhibition of invasion
and migration of colorectal cancer cells. The B-catenin
signaling cascade was blocked by RON knockdown upon
5-FU treatment. RON knockdown also decreased endothelial
tube formation and expression of VEGF-A and HIF-lo and
increased angiostatin expression. Furthermore, it inhibited
lymphatic endothelial cell tube formation and the expression
of VEGF-C and COX-2. RON expression was observed to be
associated with age, tumor size, lymphovascular and perineural
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invasion, tumor stage, lymph node and distant metastasis,
and poor survival rate. The mean microvessel density value
of RON-positive tumors was significantly higher than that of
RON-negative ones. These results indicate that RON is associ-
ated with tumor progression by inhibiting chemosensitivity
and enhancing angiogenesis in colorectal cancer.

Introduction

Colorectal cancer is one of the common causes of cancer-
related deaths worldwide. Although recent advances in early
diagnosis and treatment have improved the clinical outcome
in patients with colorectal cancer, recurrence and metastasis
are still common (1-3). Therefore, a greater understanding of
the molecular mechanisms underlying tumor recurrence and
metastasis has proven useful in the management of colorectal
cancer (4).

In patients with various types of cancers, cancer cells in
primary tumors disseminate to distant organs, through the
blood and lymphatic circulatory systems by metastasis (5,6).
Dysregulated angiogenesis and lymphangiogenesis occur in a
variety of pathological settings including growth and dissemi-
nation of tumors (7-11). Several lines of evidence indicate that
progression of colorectal cancer depends on angiogenesis and
lymphangiogenesis (12-14).

The chemosensitivity of circulating cancer cells is
suggested to determine chemotherapeutic response in cancer
patients. Chemoresistance enables cancer cells to evade
apoptotic stimuli and leads to poor clinical prognosis (15-19).
Recent studies showed a correlation between poor treatment
outcome and development of chemoresistance in advanced
colorectal cancer patients (20-22).

Recepteur d'Origine Nantais (RON) is a member of the
c-MET protooncogene family of receptor tyrosine kinases
(RTKSs) that has been implicated in regulating invasive growth
phenotypes in a variety of cancers (23-29). Specifically, activa-
tion of RON mediates several biological events including cell
growth, motility, angiogenesis, epithelial-to-mesenchymal
transition and drug resistance in cancer cells (23-29).
Overexpression of RON has been reported in various cancer
tissues including that of the colon (30-37). Furthermore,
its overexpression correlates with aggressive disease and
poor prognosis in patients with colorectal, gastric or breast
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cancers (30-33). Therefore, activation of RON may be critical
to the development and progression of cancers. However,
the impact of RON on chemosensitivity, angiogenesis and
lymphangiogenesis in colorectal cancer is yet to be elucidated.

The aims of the present study were to evaluate whether
RON affects chemosensitivity and oncogenic behavior of
colorectal cancer cells, and delineate the relationship between
its expression and various clinicopathological parameters in
colorectal cancer.

Materials and methods

Patients and tissue sample collection. Colorectal cancer tissues
were obtained from 88 patients who consecutively under-
went surgery for colorectal cancer at the Chonnam National
University Hwasun Hospital between January and December
2006. Pathological studies and clinical histories recorded at
the time of surgery were reviewed. Tissue blocks that clearly
showed the junction between normal colon epithelium and
tumoral region were selected by microscopic analyses of their
original pathologic slides. The tumors were staged at the time
of surgery using standard protocol for tumor-node-metastasis
(TNM) staging given by the American Joint Committee on
Cancer. Survival was tracked from the time of surgery until
follow-up on December 31, 2014.

Cell culture and siRNA transfection. Human colorectal cancer
cell line, DLDI was obtained from the American Type Culture
Collection Line Inc., and were maintained in Dulbecco's
modified Eagle's medium (DMEM) supplemented with 10%
fetal bovine serum (both from HyClone, Logan, UT, USA).
Human umbilical vein endothelial cells (HUVECsSs; Lonza,
Walkersville, MD,USA) and human lymphatic endothelial cells
(HLEC:sS; ScienCell, San Diego, CA, USA) were maintained in
EGM®-2 MV SingleQuots® (Lonza). The RON-specific and
scrambled small interfering RNA (siRNA) duplexes were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA,
USA) and Qiagen (Germantown, MD, USA), respectively. The
siRNAs were transfected using Lipofectamine™ RNAiMAX
(Invitrogen, Carlsbad, CA, USA) according to the manufac-
turer's instructions. To obtain the conditioned medium (CM),
transfected cells were incubated in serum-free medium for
24 h.

5-Fluorouracil (FU) treatment. DLDI cells were seeded onto
6-well plates at densities of 3x10° cells/well, and transfected
with either RON-specific or scramble siRNA. Following incu-
bation for 24 h, 5-FU (Julian®; Dongkook, Korea) was added
at concentrations ranging from O to 80 pg/ml and incubated
for 24 h.

Cell proliferation assay. Cell proliferation was determined
using the EZ-CyTox (tetrazolium salts, WST-1) cell viability
assay kit (Daeil Lab Inc., Seoul, South Korea). Transfected
DLDI cells were treated with 5-FU at concentrations ranging
from O to 80 ug/ml, incubated for 24 h and treated with the
WST-1 reagent. This was followed by incubation for 1 h at
37°C. The absorbance was measured using a microplate reader
(Infinite M200) equipped with Magellan V6 data analysis
software (both from Tecan, Austria GmbH, Austria).
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Apoptosis analysis. Transfected cells treated with 5-FU
were collected using trypsin and resuspended in binding
buffer (BD Biosciences, San Diego, CA, USA). The cell
suspensions were then incubated with APC Annexin V and
7-amino-actinomycin D (7-AAD; BD Biosciences). The cells
were gently vortexed and incubated in dark for 20 min at room
temperature. The population of Annexin V-positive cells were
analyzed using BD Cell Quest® version 3.3 (Becton-Dickinson,
San Jose, CA, USA) and WinMDI version 2.9 (The Scripps
Research Institute, San Diego, CA, USA).

Cell cycle analysis. Transfected cells treated with 5-FU
were fixed in 70% ethanol and washed with phosphate-buff-
ered saline (PBS). Next, the cells were incubated with
100 pg/ml each of ribonuclease A and propidium iodide (both
from Sigma-Aldrich, St. Louis, MO, USA) at room tempera-
ture in the dark. The cell cycle profiles were analyzed using
BD CellQuest® version 3.3 and WinMDI version 2.9.

Transwell invasion assay. Invasion assays were performed
using Transwell filter chambers (8.0-um pore size; Costar,
Cambridge, MA, USA) with gelatin coating. The transfected,
5-FU-treated cells were seeded at densities of 2x10°, with 0.2%
bovine serum albumin (BSA) medium in the upper chambers.
The lower chambers were filled with 0.2% BSA medium
containing fibronectin (10 ug/ml). After 24 h of incubation,
invading cells on the lower surface of the upper chamber were
fixed with 70% ethanol and stained with Diff-Quik solution
(Sysmex, Kobe, Japan) following the manufacturer's protocol.
The stained cells were enumerated in five randomly selected
fields under a light microscope.

Cell migration assay. Transfected, 5-FU-treated cells were
seeded at densities of 1x10° culture inserts (2x0.22 cm?; Ibidi,
Regensburg, Germany). Following incubation for 24 h, the inserts
were gently removed using sterile tweezers. Cells migrated into
the scratch were photographed at 0, 3, 6, 12 and 24 h time-points
using an inverted microscope. Distance between the gaps was
normalized to 1 cm after capture of three random sites.

Western blotting. Total proteins extracted with M-PER®
mammalian protein extraction reagent (Thermo, Rockford, IL,
USA) were resolved by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis and transferred onto PVDF membranes
(Millipore, Billerica, MA, USA). Specific proteins were blotted
with respective primary antibodies, which are as follows: anti-
RON, anti-cyclooxygenase-2 (COX-2), anti-vascular endothelial
growth factor (VEGF)-A, -C and -D, anti-GAPDH, and anti-f3-
tubulin (Santa Cruz Biotechnology). Antibodies against cleaved
and intact forms of caspase-3 and -9, and poly(ADP-ribose)
polymerase (PARP), Bcl-xL, Bax, Bim, cyclin B1, D1 and D3,
cyclin-dependent kinase (CDK) 2, 4 and 6, p21, p27,
hypoxia-inducible factor-la (HIF-1a), and total and phospho-
[-catenin (Ser33/37/Thr41) were purchased from Cell Signaling
Technology (Danvers, MA, USA). Antibodies against angio-
statin and endostatin were purchased from Abcam (Cambridge,
UK). The target proteins were detected using the enhanced
chemiluminescence detection system horseradish peroxidase
(HRP) substrate (Millipore) and luminescent image analyzer
LAS 4000 (Fujifilm, Tokyo, Japan).
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In vitro tube formation assay. Matrigel basement membrane
matrix (BD Biosciences) was used to coat culture plates
according to the manufacturer's instructions. Approximately
50 ul of thawed Matrigel was applied to each well of a 96-well
plate and left to polymerize at 37°C for 1 h. Transfected HUVECs
and HLECs (2x10* cells/well) in 100 ul CM were seeded on
the substratum of the Matrigel, and incubated for 24 h at 37°C
and 5% CO,. Next, the tube-like structures were photographed
using an inverted microscope. The tube lengths were measured
using the WimTube image analysis platform (Wimasis GmbH,
Munich, Germany) on the Ibidi website (www.ibidi.com).

Matrigel invasion assay. Transwell filters (8.0-ym pore size)
were coated with 1 mg/ml of Matrigel, and dried at room
temperature. Either HUVECs or HLECs were resuspended in
120 ul EGM®-2 MV Single Quotes® medium, and inoculated
into the upper chambers of the Matrigel-coated Transwells. The
lower chambers were filled with CM from transfected cells.
After incubation for 3 h, cells on the Transwell were stained
with Diff-Quik and non-invading cells on the upper surface of
the Transwell were wiped off with a cotton swab. The numbers
of invaded cells were enumerated in five randomly selected
fields under a light microscope. Data from three independent
experiments are expressed as the mean + standard deviation
(SD) of the number of cells/field.

Immunohistochemistry. Paraffin-embedded tissue sections
were deparaffinized, rehydrated and retrieved. To block the
endogenous peroxidase activity, tissues were treated with
peroxidase-blocking solution (Dako, Carpinteria, CA, USA);
and incubated overnight with anti-RON, anti-D2-40 (Dako),
and anti-CD34 (Abcam) antibodies in primary diluent solu-
tion (Invitrogen) at 4°C. After washing in Tris-buffered saline
Tween-20, the tissues were stained using the Dako Real™
EnVision HRP/DAB detection system and counterstained
with hematoxylin. The stained tissues were scored and photo-
graphed using a light microscope.

Determination of RON expression. The immunostained speci-
mens were examined by two dependent observers, unaware
of the clinicopathological data. The staining intensities in
cancer cells were graded as follows: 0, no staining; 1, weak;
2, moderate; and 3, strong. The percentages of stained cancer
cells were also graded as follows: 0, none; 1, <10%; 2, 10-50%;
and 3, >50%. The intensity score was multiplied by that of the
percent staining to obtain an overall score. The mean overall
score for the 88 tumors analyzed was 6.0, which was selected
as the cut-off for discriminating between RON expression
levels. Specimens with scores >6 and <6 were considered
RON-positive and -negative, respectively.

Assessment of apoptosis in tissue samples. In order to detect
and quantify apoptosis, the DeadEnd™ Colorimetric terminal
deoxynucleotidyl transferase UTP nick-end labeling (TUNEL)
system (Promega, Madison, WI, USA) was used according
to the manufacturer's instructions. The number of positively
stained cells with apoptotic morphology was enumerated
in five random fields/sample. The apoptotic index (AI) was
expressed as the number of positively stained nuclei, including
apoptotic bodies among 1,000 tumor cell nuclei.
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Figure 1. Cell viability assay of RON knocked-down colorectal cancer cells
treated with 5-fluorouracil (FU) (0, 10, 20, 40 or 80 ug/ml). RON knock-
down did not enhance 5-FU-induced death in DLDI cells. RON, Recepteur
d'Origine Nantais; SS, scramble siRNA; RS, RON-specific siRNA.

Determination of microvessel (MVD) and lymphatic vessel
(LVD) densities. Microvessels and lymphatic vessels were
detected using anti-CD34 and anti-D2-40 antibodies. MVD
and LVD were quantified based on an international consensus.
The stained sections were visualized at low magnification
(x40) to identify the areas with high vascular density (hot
spots) within the peritumoral and intratumoral regions. These
high neovascular areas could occur anywhere within the
tumor, but were most frequent at the margins of the carcinoma.
Vessels in five areas with hot spots were enumerated at high
magnification (x200). MVD and LVD were expressed as the
mean number of vessels in these areas.

Statistical analyses. For intergroup comparisons, the Student's
t-test was used to determine statistical significance, where data
are presented as the mean + SD. Correlations between various
clinicopathological parameters and RON expression were
performed using the %> and Fisher exact tests. The relationship
of RON expression with AI, MVD or LVD was also evaluated
by the Student's t-test. Actuarial survival rates of patients with
either positive or negative RON expression were evaluated
according to the Kaplan-Meier method, and the differences
were tested with a log-rank test. The Cox regression model
was used to determine the prognostic significance of each
parameter by a multivariate analysis. The statistical analysis
was performed with Statistical Package for the Social Sciences
(SPSS/PC+ 15.0; SPSS, Inc., Chicago, IL, USA). P-values
<0.05 were considered statistically significant.

Results

Effect of RON on chemosensitivity of colorectal cancer
cell lines. In order to investigate the function of RON
in the oncogenic behavior of colorectal cancer cells, we
used RON-specific siRNAs to silence its endogenous gene
expression in DLDI cells. 5-FU is known to induce apoptosis
and affect the cell cycle of these colorectal cancer cells (20-22).
Cell viability assays revealed that RON knockdown did not
enhance 5-FU-induced death in DLDI1 cells (Fig. 1). We next
performed flow cytometric analyses to evaluate the impact of
RON on apoptosis and cell cycle distribution. The apoptotic rate
of DLDI cells upon RON knockdown significantly increased,
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Figure 2. Effect of RON knockdown on apoptosis in colorectal cancer cells treated with 5-fluorouracil (FU) (0, 10 or 40 ug/ml). (A) RON knockdown promotes
5-FU-induced apoptosis in colorectal cancer cells. The proportion of apoptotic cells induced by transfection of RS was greater than that induced by transfec-
tion of SS in DLDI cells with 5-FU treatment. (B) RON knockdown with 5-FU treatment induces apoptosis-related proteins of colorectal cancer cells. Cleaved
caspase-3 and poly(ADP-ribose) polymerase (PARP) levels were increased in RS-transfected DLDI1 cells treated with 5-FU, but that of cleaved caspase-9
remained unaffected. (C) RON knockdown along with 5-FU treatment induces apoptosis-regulatory proteins in colorectal cancer cells. Expression of Bax and
Bim increased in RS-transfected DLDI1 cells treated with 5-FU. Bel-xL expression remained unaffected in DLDI cells. RON, Recepteur d'Origine Nantais;

SS, scramble siRNA; RS, RON-specific siRNA.

when compared with that in presence of scramble siRNAs
(11.67 vs. 33.74%). It also augmented the 5-FU-induced
apoptosis compared with that upon scramble siRNA treatment
in DLD1 cells (22.76 and 21.32 vs. 53.94 and 40.79%,
respectively) (Fig. 2A). We further investigated caspase
activities upon RON knockdown in these cell lines. Cleaved
caspase-3 and PARP levels were upregulated in DLDI1 cells
following RON knockdown and 5-FU treatment (Fig. 2B).
Fig. 2C illustrates that Bax and Bim protein levels increased
in RON knocked down DLDI1 cells. However, Bcl-xL level
remained unaltered upon RON knockdown along with 5-FU
treatment. However, this treatment arrested DLDI1 cells in the
subGl and GO/GI phases (Fig. 3A). Next, we evaluated the
effect of RON knockdown on various cell cycle regulatory
proteins. As Fig. 3B shows, cyclin Bl and D3, and CDK2
and 6 were significantly downregulated at the protein level.
Moreover, the CDK inhibitor p21 was upregulated in the
presence of RON-specific siRNAs and 5-FU in DLDI cells.
To evaluate whether RON affects the oncogenic behavior of
colorectal cancer cells, migration and invasion assays were
performed. The number of invading cells decreased in DLD1
cells treated with RON-specific siRNAs, with 10 yg/ml 5-FU
compared with scramble siRNA-treated controls (P=0.263,
0.033 and 0.068, respectively; Fig. 4A). The artificial wound
gap was also significantly broader on plates containing RON

knocked down DLDI cells, with 10 pg/ml 5-FU than that
on control plates (P=0.218, 0.020 and 0.137, respectively;
Fig. 4B).

Effect of RON on the oncogenic signaling pathway in
colorectal cancer cells. To examine whether RON activates
intracellular signaling pathways in colorectal cancer cells, we
measured the levels of phosphorylated B-catenin signaling
proteins by western blotting. The phosphorylation level of
[-catenin was increased by RON knockdown along with 5-FU
treatment in DLDI cells (Fig. 5).

Effect of RON on angiogenesis in colorectal cancer cells. We
determined whether conditioned media (CM) from RON and
scramble siRNA-transfected colorectal cancer cells affect
angiogenesis in HUVECs by performing Matrigel inva-
sion and endothelial tube formation assays. CM from RON
knocked down DLDI cells significantly inhibited endothelial
tube formation compared with that from the respective mock-
treated control cells (P=0.045; Fig. 6A). However, CM from
RON knocked down DLDI cells did not inhibit invasion of
HUVECs as compared to the controls (P=0.091; Fig. 6B).
The RON knockdown also decreased the expression of angio-
genic inducers VEGF-A and HIF-1a, and increased that of
the angiogenic inhibitor angiostatin in DLDI cells (Fig. 6C).
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Figure 3. Effect of RON knockdown on cell cycle of colorectal cancer cells treated with 5-fluorouracil (FU) (0, 10 or 40 ug/ml). (A) RON knockdown promotes
cell cycle arrest at the subG1 and G0/G1 phases in DLDI1 cells treated with 5-FU. (B) RON knockdown along with 5-FU treatment regulates cell cycle-related
proteins. Expression of cyclin Bl and D3, and CDK2 and 6 decreased, while that of p21 increased in RS-transfected DLDI cells treated with 5-FU. RON,

Recepteur d'Origine Nantais; SS, scramble siRNA; RS, RON-specific siRNA.
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Collectively, these results suggest that RON is associated with
angiogenesis and neovascularization in colorectal cancer cells.
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Figure 5. Effect of RON knockdown and 5-fluorouracil (FU) treatment (O,
10 or 40 pug/ml) on oncogenic signaling pathway in colorectal cancer cells.
Phosphorylation levels of 3-catenin (Ser33/37/Thr41) was increased in
RS-transfected DLDI cells treated with 5-FU. RON, Recepteur d'Origine
Nantais; SS, scrambled siRNA; RS, RON-specific siRNA.

Effect of RON on lymphangiogenesis in colorectal cancer
cells. To examine the effects of RON on lymphangiogenesis
in HLECs, we performed Matrigel invasion and tube forma-
tion assays using CM from RON and scramble siRNA-treated
DLDI1 cells. CM from RON knocked down DLDI cells
significantly inhibited lymphatic endothelial tube formation
compared with that from the control cells (P=0.031; Fig. 7A).
However, CM from RON knocked down DLDI1 cells failed
to inhibit invasion of HLECs when compared with that from
the respective controls (P=0.325; Fig. 7B). RON knockdown
also suppressed expression of the lymphangiogenic inducers
VEGF-C and COX-2 in DLDI cells (Fig. 7C).

Correlation between RON and clinicopathological features
of colorectal cancer. To study the role of RON in colorectal
cancer progression, we measured the protein levels of RON
in formalin-fixed, paraffin-embedded tissue blocks. These
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Figure 6. Effect of RON knockdown on angiogenesis in colorectal cancer
cells. (A) The conditioned media (CM) from RS-transfected DLDI cells
significantly inhibited the formation of endothelial tubes compared with
CM from SS-transfected cells (P=0.045). (B) Matrigel invasion of HUVECs
cultured in CM from RS-transfected DLDI1 cells decreased compared with
that of HUVECs cultured in CM from SS-transfected cells, though not
significantly (P=0.091). (C) RON knockdown decreased the expression of
angiogenic inducers HIF-1a and VEGF-A, and increased that of the angio-
genic inhibitor angiostatin. RON, Recepteur d'Origine Nantais; SS, scramble
siRNA; RS, RON-specific siRNA; HIF-1a, hypoxia-inducible factor-la;
VEGF, vascular endothelial growth factor; HUVECs, human umbilical vein
endothelial cells. "P<0.05 vs. SS.

tissues were obtained from 88 colorectal cancer patients whose
clinicopathological data were available. We subsequently
analyzed their survival rates, as well as the correlation between
RON expression (determined by immunohistochemistry)
and clinicopathological parameters. RON immunostaining
was either absent or weak in normal colorectal mucosa, but
predominant in the cytoplasm of cancer cells (Fig. 8). Moreover,
it was undetected in the tumor stroma. The percentage of
positively stained tumor cells and staining intensity for each
sample were recorded. Of the 88 samples, RON-positivity
was observed in 45 (51.1%) tissues (Table I). Additionally,
immunostaining of RON was significantly associated with age,
tumor size, lymphovascular and perineural invasion, tumor
stage and lymph node and distant metastasis (P=0.049, 0.003,
0.003, 0.001, <0.001, <0.001 and 0.001, respectively; Table I).
Moreover, the overall survival rate for patients positive for
RON immunostaining was significantly lower than that for
patients with negative immunostaining (P<0.001; Fig. 9).

Correlation of RON expression with apoptosis, angiogenesis,
and lymphangiogenesis in colorectal cancers. All tumor
samples were assessed by TUNEL assays and immunostaining
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Figure 7. Effect of RON knockdown on lymphangiogenesis in colorectal
cancer cells. (A) Tube formation in conditioned medium (CM) from
RS-transfected DLDI cells was significantly inhibited compared with that
in CM from SS-transfected cells (P=0.031). (B) Matrigel invasion of HLECs
in CM from RS-transfected DLDI1 cells decreased compared with that in
CM from SS-transfected cells, but not significantly (P=0.325). (C) RON
knockdown decreased the expression of lymphangiogenic inducers VEGF-C
and COX-2 in DLDI cells. RON, Recepteur d'Origine Nantais; SS, scramble
siRNA; RS, RON-specific siRNA; VEGF, vascular endothelial growth
factor; COX-2, cyclooxygenase-2; HLECs, human lymphatic endothelial
cells. "P<0.05 vs. SS.

for CD34 and D2-40 in order to determine apoptosis, angio-
genesis and lymphangiogenesis. Al of the 88 tumor samples
ranged from 0.6 to 30, with a mean of 8.6 6.0. There was no
significant difference observed between RON expression and
Al (P=0.752). Moreover, MVD values for the samples ranged
from 23.0 to 429.0, with a mean of 116.0 76.4. The mean MVD
value for RON-positive tumors was 133.9 82.4, significantly
higher than that for RON-negative ones (P=0.040; Table II).
Furthermore, LVD values for the tumor samples ranged from
4.0 to 31.3 with a mean of 13.5 5.7. There was no significant
difference between RON expression and LVD values (P=0.170;
Table II).

Correlation of AI, MVD, and LVD with clinicopathological
features of colorectal cancer. The correlation of AI, MVD
and LVD with clinicopathological parameters is summarized
in Table III. Although LVD was associated with lymph node
metastasis (P=0.041), no significant correlation was observed
between either AI or MVD and various clinicopathological
parameters (Table I1I).

Discussion

Overexpression and/or activation of RON has been implicated
in the progression and metastasis of diverse epithelial cancers,
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Figure 8. Expression of RON in colorectal cancer tissues. RON immunostaining was predominant in the cytoplasm of tumor cells, being either absent or weak
in normal colon mucosa. Magnification, x200; RON, Recepteur d'Origine Nantais; N, paired normal colon mucosa tissue; T, colorectal cancer tissue.

Table I. Correlation between RON expression and the clinico-
pathological parameters of patients with colorectal cancer.

RON
Total Negative Positive P-value
(n=88) (n=43) (n=45)
Age (years) 0.049
<65.8 38 14 24
>65.8 50 29 21
Gender 0.859
Male 52 25 27
Female 36 18 18
Tumor size (cm) 0.003
<4.8 45 29 16
>4.8 43 14 29
Histologic type 0.687
Differentiated 77 37 40
Undifferentiated 11 6 5
Lymphovascular 0.003
invasion
Negative 58 35 23
Positive 30 8 22
Perineural invasion 0.001
Negative 63 38 25
Positive 25 5 20
Stage <0.001
a 42 32 10
I/1v 46 11 35
Depth of invasion (T) 0.068
T1/T2 23 15 8
T3/T4 65 28 37
Lymph node <0.001
metastasis (N)
NO 45 33 12
N1-3 43 10 33
Distant metastasis (M) 0.001
MO 78 43 35
Ml 10 0 10

RON, Recepteur d'Origine Nantais.
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Figure 9. Kaplan-Meier survival curve correlating overall survival rate with
negative and positive (solid and dotted lines, respectively) RON expression.
The overall survival rate of patients positive for RON immunostaining
was significantly lower than that of patients lacking RON-positive tumors
(P<0.001). RON, Recepteur d'Origine Nantais.

Table II. Correlation of RON expression with tumor cell
apoptosis, angiogenesis and lymphangiogenesis in colorectal
cancer.

RON expression
Indices Total Negative Positive P-value
Al 8.6+6.0 9.1+£7.2 8.2+4.7 0.752
MVD 116.0£764 9734655 133.9+824 0.040
LVD 13.5+5.7 12.2+4.8 153+6.4 0.170

RON, Recepteur d'Origine Nantais; Al, apoptotic index; MVD,
microvessel density; LVD, lymphatic vessel density.

where it plays a causal role in tumor progression by promoting
growth, survival and motility of tumor cells (23-29).

Cancer cells are typically characterized by increased
resistance to apoptosis and cell cycle control (5,6). In this
context, 5-FU is known to induce apoptosis and affects the
cell cycle of cancer cells (19). It is a widely used first-line drug
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Table III. Correlation of AI, MVD and LVD with clinicopathological parameters of patients with colorectal cancer.

Parameters Al (mean + SD) P-value MVD (mean + SD) P-value LVD (mean + SD)  P-value
Stage 0.179 0.098 0.062
I/ 10.4+7.6 105.6+70.0 12244 4
/v 7.3+4.1 125.6+81.5 14.7£6.5
Depth of invasion (T) 0.549 0.297 0.222
T1/T2 11.5+10.1 130.8+84.8 114439
T3/T4 7.8+4.2 110.8+73.3 14.2+6.1
LN metastasis (IN) 0.274 0.232 0.041
NO 10.4+7.6 108.3+£71.7 12244 4
N1-3 7.324.1 124.1+81.2 14.7+6.5
Distant metastasis (M) 0.389 0.795 0.102
MO 8.7+6 .4 113.2+71.6 13.4+59
Ml 84+29 138.4+£109.4 15.1+3.5

SD, standard deviation; Al, apoptotic index; MVD, microvessel density; LVD, lymphatic vessel density.

for colorectal cancer treatment, but limited by drug resistance
and severe toxicity (38,39).

In the present study, we evaluated whether RON knockdown
affects chemosensitivity of colorectal cancer cells. Apoptosis
is a highly regulated process, and various proapoptotic and
anti-apoptotic genes are involved in this process (40,41). Our
study showed that RON knockdown enhances 5-FU-induced
apoptosis by upregulating the activities of caspase-3 and
PARP; as well as the expression of proapoptotic genes
encoding Bax and Bim. In contrast, cell cycle progression is
regulated by positive (cyclins and CDKs) and negative (CDKIs)
effectors (42-44). Moreover, we showed that RON knockdown
augments 5-FU-induced cell cycle arrest by decreasing the
expression of cyclin Bl and D3, CDK2 and CDK6 and by
inducing that of p21. Furthermore, regulation of cell migration,
invasion and proliferation is crucial for maintaining cellular
homeostasis, and its loss is a hallmark of cancer cells (5,6).
In our study, RON knockdown enhanced the 5-FU-induced
inhibitory effect on the invasion and migration of colorectal
cancer cells. These results suggest that RON functions to resist
5-FU sensitivity by inhibiting apoptosis, cell cycle arrest,
invasion and migration in colorectal cancer cells.

To elucidate the mechanisms underlying the effects of RON
knockdown observed in the present study, we investigated
the intracellular signaling pathway that leads to inhibition
of apoptosis, cell cycle arrest, migration and invasion. We
found that the B-catenin signaling cascade is blocked upon
RON knockdown along with 5-FU treatment. Previous studies
have presented this cascade as one of the oncogenic signaling
pathways activated by RON (29,45,46). Therefore, our results
suggest that RON may regulate 5-FU sensitivity of colorectal
cancer cells via the (3-catenin signaling cascade.

Angiogenesis and lymphangiogenesis are critical features of
tumor growth and metastasis (7-11). Increasing evidence from
in vitro and in vivo studies has shown that angiogenesis and
lymphangiogenesis are associated with tumor growth, progres-
sion and poor clinical outcome in colorectal cancer (12-14). In
the present study, we examined the impact of RON expression

on angiogenic and lymphangiogenic phenotypes using in vitro
assays. RON knockdown decreased umbilical vein endothelial
tube formation and VEGF-A and HIF-la expression; and
increased angiostatin expression in colorectal cancer cells.
Previous studies showed that RON modulates angiogenic
chemokine production and subsequent endothelial recruitment
in prostatic cancers (47). Together, these results indicate that
RON plays an important role in tumor progression by stimu-
lating angiogenesis, and angiogenic and angiostatic factors in
colorectal cancer.

In addition, RON knockdown decreased lymphatic endo-
thelial cell tube formation and the expression of VEGF-C and
COX-2 in colorectal cancer cells. Previous studies reported that
VEGF-C, -D and COX-2 are associated with tumor lymphan-
giogenesis and lymph node metastasis (9-11,48). Therefore, we
suggest that RON contributes to tumor lymphangiogenesis in
colorectal cancer.

RON is overexpressed in several cancer types and is
associated with tumor progression (30-37). We next exam-
ined RON expression in a well-defined series of colorectal
cancer tissue samples, with special reference to patient
prognosis. RON expression was significantly increased in
the cancer tissues compared with that in normal colorectal
mucosa. It was also associated with age, tumor size and
stage, lymphovascular and perineural invasion, lymph node
and distant metastasis, and poor survival. Previous studies
have associated RON expression with aggressive disease and
poor clinical outcome in colorectal cancer patients (30,31).
RON expression has also been associated with progres-
sion and poor prognosis of gastric, ovarian and bladder
cancers (32,33,49,50). Our results, along with these studies,
suggest that RON expression may help predict poor clinical
outcome of colorectal cancer.

Finally, we evaluated the correlation of RON expression
with tumor cell apoptosis, angiogenesis and lymphangiogenesis
in colorectal cancer tissues, in order to confirm our in vitro
observations. The mean MVD value for RON-positive
tumors was significantly higher than that of RON-negative
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ones. However, there was no significant difference of RON
expression with either Al or LVD.

In conclusion, RON influences tumor progression by

inhibiting chemosensitivity and enhancing angiogenesis in
colorectal cancer.
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