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Small interfering RNA-directed targeting of RON alters
invasive and oncogenic phenotypes of human
hepatocellular carcinoma cells
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Abstract. The recepteur d'origine nantais (RON) receptor
tyrosine kinase is highly expressed in various cancers
including human hepatocellular carcinoma (HCC) and
involved in tumor progression. The aims of the current study
were to evaluate whether RON affects tumor cell behavior and
oncogenic signaling cascades in HCC cells. We investigated
the biologic role of RON on tumor cell behavior and oncogenic
signaling cascades including Akt, c-Raf and extracellular
signal-regulated kinase (ERK) by using the small interfering
RNA (siRNA) in HCC cell lines, chang, HepG2 and Huh7.
Knockdown of RON suppressed tumor cell migration and
invasion in all tested HCC cell lines. The proportion of apop-
totic cells induced by knockdown of RON was greater than that
induced by transfection of the scramble siRNA in all tested
HCC cell lines. Knockdown of RON resulted in cell cycle
arrest in the G,/M phase of chang and Huh7 cells, and sub G,
phase of HepG2 cells. Knockdown of RON activated cleaved
caspase-3 and PARP, and down-regulated the expression of
Bcl-2, Bel-xL and survivin, leading to induction of apoptosis
in all tested cell lines. Knockdown of RON negatively regu-
lates the progression of the cell cycle by decreasing cyclin D1
and D3, and increasing p21 and p27 in all tested cell lines. The
phosphorylation of Akt, c-Raf and ERK1/2 signal proteins was
significantly blocked by knockdown of RON in all tested cell
lines. These results suggest that RON is associated with inva-
sive and oncogenic phenotypes such as tumor cell migration,
invasion, resistance to apoptosis and cell cycle arrest through
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the modulation of Akt, c-Raf and ERK signaling cascades in
HCC cells.

Introduction

Human hepatocellular carcinoma (HCC) is the fifth most
common cancer worldwide and the third most common
cause of death from cancer. Early diagnosis of HCC is rare,
and most persons present with locally advanced or metastatic
disease. Accordingly, only 10-30% of newly diagnosed HCC
persons are eligible for radical treatment such as resection,
liver transplantation, and percutaneous ablation techniques
(1-3). Thus the inhibition of metastasis is of great importance
in the therapy of HCC. Cancer metastasis is a complex process
and arises through multiple genetic alterations including
mutational activation of oncogenes and inactivation of tumor
suppressor genes (4,5).

Among the oncogenes activated in the variety of cancers,
receptor tyrosine kinases (RTKs) play a critical role in regu-
lating cell growth, differentiation and survival, and are also
directly linked to cancer development and metastasis (6-12).
The recepteur d'origine nantais (RON) has features of a
classical receptor tyrosine kinase and belongs to the MET
proto-oncogene family. RON is a heterodimeric protein
of disulfide-linked extracellular a and transmembrane f§
subunits with intrinsic tyrosine kinase activity derived from
proteolytic cleavage of a single-chain precursor of 170 kDa
(13-19). Transgenic mouse models overexpressing RON in
lung or mammary epithelial cells develop lung and breast
carcinomas and are associated with metastatic dissemination
(20,21). RON is overexpressed in a variety of human epithelial
cancers including breast, colon, lung, ovary, pancreas and
bladder (22-27). Moreover, RON overexpression is associated
with poor survival as well as metastasis in breast, colon and
bladder cancers (22,23,27). Also, RON has been shown to
be overexpressed at mRNA and protein levels in HCC (28).
Various cytokines including hepatocyte growth factor, TNF-a,
IL-1 and IL-6 increase RON expression in lipopolysaccharide-
induced murine model of acute liver failure and HCC cell line
(28-30). Therefore, induction of RON by these cytokines may
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play an important role in development and progression of
HCC. However, the impact of RON on HCC progression has
not yet to be fully established.

Activation of the RON is essential in transducing a variety
of intracellular signaling cascades including the phosphati-
dylinositol-3 kinase (PI3K)/Akt, mitogen-activated protein
kinase (MAPK) including extracellular signal-regulated
kinase (ERK), B-catenin and nuclear factor-xB (NF-xB) that
lead to cellular growth, motility and invasion of extracellular
matrices (13-19).

Akt causes a variety of biological effects, including cell
survival and proliferation, whereas c-Raf is a serine/threo-
nine kinase, implicated in the induction of growth arrest and
differentiation. c-Raf is one of the downstream targets for Akt
and phosphorylated and inactivated by Akt activation. c-Raf
phosphorylates and activates ERK signaling (31,32). However,
the impact of RON on Akt, c-Raf and ERK signaling cascades
in HCC cells remains unknown.

The aims of the current study were to evaluate whether RON
affects tumor cell behavior and oncogenic signaling cascades
including Akt, c-Raf and ERK signaling in HCC cells.

Materials and methods

Cell culture and small interfering RNA (siRNA) transfection.
HCC cell lines, chang, HepG2 and Huh7 were obtained from
the American Type Culture Collection line Inc. and cultured in
DMEM (Hyclone, Loan, UT, USA) supplemented with 10% fetal
bovine serum (Hyclone), 50 U/ml penicillin, and 50 pg/ml strep-
tomycin (Gibco, NY, USA). To transfect siRNA, HCC cells were
seeded into a plate such that they were 40-50% confluent at the
time of transfection. RON siRNA (Santa Cruz Biotechnology,
Santa Cruz, CA, USA) and scramble siRNA (Qiagen, MD, USA)
were transfected with lipofectamine™ RNAiIMAX (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer's recommen-
dations and then incubated up to 48 h.

Cell migration assay. Cells were cultured in a 6-well plate and
were transfected with 100 pM of RON and scramble siRNA.
After incubation for 48 h, scratch wound was carried out
by creating a linear cell-free region using 200 ul pipette tip
resulting in a uniform gap. The media were changed to 5%
FBS/RPMI-1640 media. The progress of cell migration into
the scratched area was photographed at 0, 6, 12 and 24 h using
an inverted microscope. The distances between gaps were
normalized to 1 cm after capture of six random sites.

Cell invasion assay. Transwell filters (8.0 ym pores) were
coated with 1% gelatin/RPMI-1640 overnight and dried out at
room temperature. Cells transfected with siRNA were seeded
at 2x10° cells in 120 ul 0.2% bovine serum albumin (BSA)
medium in the upper chamber. Subsequently, 400 ul 0.2%
BSA medium containing 20 xg/ml human plasma fibronectin
(Calbiochem, La Jolla, CA, USA), a chemotactic factor, were
loaded into the lower chamber. After incubation for 24 h,
migrated cells on bottom surface of the transwell were stained
with Diff Quik solution (Sysmex, Kobe, Japan) and counted in
5 selected fields under a light microscope. Data were expressed
as the mean = standard error (SE) of the number of cells/field
in three individual experiments.
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Apoptosis analysis. The collected RON knockdown HCC cells
using trypsin were washed with PBS and resuspended in 1X
binding buffer (BD Biosciences, San Diego, CA, USA). Cell
suspensions were incubated in APC Annexin V and 7-amino-
actinomycin D (7-AAD) (BD Biosciences) for 20 min at RT.
Prior to flow cytometric analysis 400 u1 of 1X binding buffer
was added and cells were analyzed on a FACSCalibur flow cyto-
meter (Becton-Dickinson, San Jose, CA, USA) using CellQuest
software.

Cell cycle analysis. The RON and scramble siRNA transfected
HCC cells were harvested using trypsin. Cell pellets were
washed with cold phosphate-buffered saline (PBS) and were
fixed in ice-cold 70% ethanol to determine cell cycle distribu-
tion. The cells fixed in 70% ethanol were washed with PBS
and resuspended in 0.1% sodium citrate, 0.1% Triton X-100
and 50 pg/ml propidium iodide (PI) for 20 min at room
temperature in the presence of 10 pg/ml ribonuclease A (prop-
idium iodide and ribonuclease A were from Sigma-Aldrich).
At least 10,000 events were collected in each histogram. Cell
cycle analysis was performed using the BD CellQuest® version
3.3 (Becton-Dickinson) and WinMDI version 2.9 (The Scripps
Research Institute, San Diego, CA, USA).

RNA isolation and amplification by RT-PCR.RNA was isolated
using the TRIzol method (Invitrogen), reverse transcribed, and
amplified as previously described using specific primers for
RON and GAPDH. Primer sequences were as follows; RON,
5-TCG CCT CGA TGG AGC TCC TC-3'/5-CAT GTG TGC
CAC TGT GAC GT-3'; GAPDH, 5-ACC ACA GTC CAT
GCC ATC AC-3/5-TCC ACC ACC CTG TTG CTG TA-3".
For each sample, 1 ug total-RNA was used to prepare cDNA
in a reaction containing 50 ng/ul oligo(dt) (Promega, Madison,
WI, USA) and after incubation at 72°C for 10 min, MMLV
reverse transcriptase (Invitrogen) and RNAsin (Takara, Otsu,
Shiga, Japan) were added and incubation continued at 42°C for
1 h and at 72°C for 15 min. PCR amplification of cDNA was
performed using gene-specific primers and GoTaq. Polymerase
(Promega). PCR products were separated by electrophoresis
on 1% agarose gel containing ethidium bromide.

Western blotting. Total cell extracts were lysed in M-PER®
mammalian protein extraction reagent (Thermo, Rockford, IL,
USA) with Halt™ phosphatase inhibitor and Halt™ protease
inhibitor cocktail (Thermo). Protein concentrations were deter-
mined by BCA™ protein assay (Thermo). The proteins were
separated by 10 or 12% SDS-PAGE and transferred onto PVDF
membrane (Millipore, Billerica, MA, USA). The following anti-
bodies were used; antibodies against RON (f3-chain), survivin
and GAPDH were purchased from Santa Cruz Biotechnology.
Antibodies against phospho-Akt (Ser473), phospho-Akt
(Thr308), Akt, phospho-c-Raf (Ser259), cleaved caspase-3,
cleaved Poly (ADP-ribose) polymerase (PARP), cyclin depen-
dent kinase 4 (CDK4), cyclin D1, cyclin D3, p21, p27, Bad, Bid,
Bcl-2 and Bcl-xL were purchased from Cell Signaling (Danvers,
MA, USA). Immunoreactive proteins were visualized by the
enhanced chemiluminescence detection system HRP substrate
(Millipore). Immunoreactive bands were quantified using the
luminescent image analyzer LAS-4000 and MultiGauge V3.2
image analyzer software (Fujifilm, Tokyo, Japan).
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Figure 1. Knockdown of RON suppresses tumor cell migration and invasion of HCC cells. (A) Effect of RON knockdown on cell migration. The wound healing
assay using the siRNA-transfected cells was performed and graphs of cell migration are displayed as relative healing distances (mean + SE, n=3; "P<0.05). The
artificial wound gap in plates of scramble siRNA-transfected chang, HepG2 and Huh?7 cells became significantly narrower than that in RON siRNA-transfected
cells at 6, 12 and 24 h ('P<0.05). (B) Invasion assay of cells under RON knockdown. The number of invading RON siRNA-transfected chang, HepG2 and Huh7
cells were significantly lower than that of scramble siRNA-transfected cells (mean + SE, n=6; “P<0.005, "P<0.05). SS, scramble siRNA; RS, RON siRNA.

Statistical analysis. To compare intergroups, data were derived
from at least three independent experiments. The data are
presented as the means + SD. In intergroup comparisons, a
student's t-test was used to determine statistical significance.
The Statistical Package for the Social Sciences used was (SPSS/
PC + 15.0, Chicago, IL). P-values <0.05 were considered to
indicate statistical significance.

Results
Knockdown of RON suppresses tumor cell migration and inva-

sion of HCC cells. To evaluate the impact of RON knockdown
on migration and invasion of HCC cells, chang, HepG2 and

Huh?7 cells, the migration and invasion assays using siRNA-
transfected cells were performed. RON gene expression in all
tested cells showed a specific reduction at mRNA and protein
levels by transfection of RON siRNA (data not shown). The arti-
ficial wound gap in plates of scramble siRNA-transfected chang,
HepG2 and Huh7 cells became significantly narrower than that
in RON siRNA-transfected cells at 6, 12 and 24 h (‘P<0.05)
(Fig. 1A). The number of invading RON siRNA-transfected
chang, HepG2 and Huh7 cells were 449.3+25.4, 223.7+100.3
and 780.0+133.0, whereas for the scramble siRNA-transfected
cells they were 2577.3+67.0, 2752.0+290.0 and 1102.7+19.6
as measured by the five random squares of the 0.5x0.5 mm?
microscope fields under the conditions of 10 yxg/ml fibronectin;
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Figure 2. Knockdown of RON induces apoptosis and cell cycle arrest in HCC cells. (A) The proportion of early apoptotic cells induced by transfection of
RON siRNA was greater than that induced by transfection of the scramble siRNA (18.27 vs. 6.47, 16.07 vs. 5.75, and 16.34 vs. 10.77%, respectively) in chang,
HepG2 and Huh7 cells. (B) Knockdown of RON induced cell cycle arrest of the G,/M phase in chang and Huh7 cells and G,/G, phase in HepG2 cells. One
representative experiment of the three independent experiments is shown. SS, scramble siRNA; RS, RON siRNA.
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Figure 3. RON knockdown-induced apoptosis is associated with the modula-
tion of apoptotic regulatory proteins in HCC cells. (A) An increase in cleaved
caspase-3 and PARP expression was detected in the chang, HepG2 and Huh7
cells after knockdown of RON. (B) RON knockdown led to a decrease of anti-
apoptotic proteins, Bcl-2, Bel-xL and survivin in chang, HepG2 and Huh7 cells.
PARP, Poly (ADP-ribose) polymerase; SS, scramble siRNA; RS, RON siRNA.

the difference between the two was statistically significant in
chang, HepG2 and Huh?7 cells (P<0.005, P<0.005 and P<0.05,
respectively) (Fig. 1B).

Knockdown of RON induces apoptosis and cell cycle arrest
in HCC cells. The imbalance between apoptosis and cell
cycle progression is closely related to cancer development and
progression. To evaluate the impact of RON on apoptosis and
cell cycle, we performed FACS analyses. The proportion of
early apoptotic cells induced by transfection of RON siRNA
was greater than that induced by transfection of the scramble

siRNA (18.27 vs. 6.47, 16.07 vs. 5.75 and 16.34 vs. 10.77%,
respectively) in chang, HepG2 and Huh7 cells (Fig. 2A).
Knockdown of RON-induced cell cycle arrest of the G,/M
phase in chang and Huh7 cells and sub G, phase in HepG2
cells (Fig. 2B). These results suggest that RON enhances
growth and survival capacity in HCC cells.

RON knockdown-induced apoptosis is associated with the
modulation of apoptotic regulatory proteins in HCC cells.
Caspase-3 and PARP are the crucial mediators of apoptosis.
An increase in cleaved caspase-3 and PARP expression was
detected in the chang, HepG2 and Huh?7 cells after knockdown
of RON. Apoptosis is regulated by numerous genes including
pro-apoptotic and anti-apoptotic genes. RON knockdown led
to a decrease of anti-apoptotic proteins, Bcl-2, Bel-xL and
survivin in chang, HepG2 and Huh7 cells. The pro-apoptotic
protein levels such as Bad and Bid were not altered in response
to RON knockdown in chang, HepG2 and Huh?7 cells (Fig. 3).

Knockdown of RON induces cell cycle arrest through the modula-
tion of cell cycle regulators in HCC cells. Cell cycle progression
is positively regulated by a family of cyclins and CDKs and
negatively by CDK inhibitors (CDKIs). The cyclin D1 and D3
level was significantly decreased by RON knockdown in all
tested cells. The p21 and p27 protein level was significantly
increased by RON knockdown in all tested cells. CDK4 protein
level was not altered in response to RON knockdown (Fig. 4).

Knockdown of RON decreases the phosphorylation of Akt,
c-Raf and ERK signaling proteins in HCC cells. We studied
the effect of RON on Akt, c-Raf and ERK signaling pathways,
essential for cell growth and survival during carcinogenesis.
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Figure 4. Knockdown of RON induces cell cycle arrest through the modula-
tion of cell cycle regulators in HCC cells. The cyclin D1 and D3 levels were
significantly decreased by RON knockdown in all tested cells. The p21 and
p27 protein level was significantly increased by RON knockdown in all tested
cells. CDK4 protein level was not altered in response to RON knockdown.
SS, scramble siRNA; RS, RON siRNA.
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Figure 5. Knockdown of RON decreases the phosphorylation of Akt, c-Raf
and ERK signaling proteins in HCC cells. The phosphorylation levels on
Serd473 of Akt were decreased by RON knockdown in all tested cells. The
phosphorylation levels on Thr308 of Akt were not altered by RON knock-
down in all tested cells. The phosphorylation level of c-Raf was decreased
by RON knockdown in all tested cells. The phosphorylation level of ERK1/2
was decreased by RON knockdown in all tested cells. SS, scramble siRNA;
RS, RON siRNA.

The phosphorylation levels on Ser473 of Akt were decreased
by RON knockdown in all tested cells. The phosphorylation
levels on Thr308 of Akt were not altered by RON knockdown
in all tested cells. The phosphorylation level of c-Raf (Ser259)
was decreased by RON knockdown in all tested cells. The
phosphorylation level of ERK1/2 was decreased by RON
knockdown in all tested cells (Fig. 5).

Discussion

RON activates an array of oncogenic signaling cascades such
as phosphoinositide-3-kinase/Akt, focal adhesion kinase,
and MAPKSs which are involved in cell proliferation, tubular
morphogenesis, cell motility, migration and invasion of many
cancer cells. RON modulates diverse processes involved
in tumor progression and metastasis in a variety of human
cancers (13-27). Consequently, an understanding of the molec-
ular alterations of RON that facilitate tumor progression and
metastasis will provide insight into approaches to optimized
target therapies. However, the impact of RON on invasive and
oncogenic phenotypes of HCC cells remains unknown.
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We first studied the impact of RON knockdown on tumor
cell migration and invasion, crucial to tumor metastasis in
HCC cells. In our study, knockdown of RON suppressed tumor
cell migration and invasion in tested HCC cells. These results
suggest that modulation of RON could affect metastatic tumor
progression in HCC.

Apoptosis and cell cycle plays an important role in
supporting proper development and maintaining healthy
homeostasis of mature tissues. The deregulation of apoptosis
and cell cycle could be closely related to cancer development
and progression (33-36). So, we next studied the effect of
RON knockdown on apoptosis and cell cycle progression in
HCC cells. Our results showed that RON knockdown induced
apoptosis and cell cycle arrest in tested HCC cells. Apoptosis
was induced by a decrease of anti-apoptotic proteins and cell
cycle arrest induced by a decrease of cyclins and an increase of
CDKIs. These results indicate that RON induces resistance to
apoptosis and cell cycle arrest via the modulation of apoptotic
and cell cycle regulatory proteins.

Amplification and/or overexpression of RON transduces
oncogenic signals that regulate tumorigenic activities of a
majority of cancer cell lines examined (13-19). Akt is a serine/
threonine protein kinase and involved in a wide variety of
cellular functions including cellular proliferation, survival and
differentiation. Activation of Akt has oncogenic effects and is
reported to be up-regulated in various cancers. Akt is activated
through the phosphorylation of two regulatory sites including
Thr308 in the activation loop within the kinase domain and
Ser473 in the C-terminal regulatory domain by upstream
kinases such as phosphoinositide-dependent kinase 1 (37).

Next, we studied the effect of RON on Akt signaling
pathway, essential for cell apoptosis and proliferation during
carcinogenesis. In our study, the phosphorylation levels on
Serd473 of Akt were decreased by RON knockdown in all
tested cells. But the phosphorylation levels on Thr308 of Akt
were not altered by RON knockdown in the tested cells. These
results indicated that Akt signal was inactivated by phosphory-
lation of Ser473, but not Thr308 after knockdown of RON in
HCC cells.

Activation of protein kinase,c-Raf mediates various cellular
responses, such as proliferation, growth arrest, apoptosis and
differentiation. Activation of Akt phosphorylates on Ser259
of c-Raf and results in a decrease in c-Raf activity (31,32).
In our study, the phosphorylation level of c-Raf (Ser259) was
decreased by RON knockdown in all tested cells.

MAPK/ERK signaling is involved in many cellular programs
such as cell growth, migration, survival and differentiation.
Activation of RON leads to activation of its downstream target,
MAPK/ERK signaling cascade (13-19). c-Raf phosphorylates
and activates mitogen-activated protein kinase (MEK), and
MEK phosphorylates ERK, leading to activation of ERK (38,39).
In our study, the phosphorylation of ERK1/2 was decreased by
RON knockdown in all tested cells. Therefore, knockdown of
RON blocks Akt activation, and inhibits phosphorylation and
inactivation of c-Raf and ERK1/2. To our knowledge, this is the
first investigation on the effects of RON knockdown on the Akt,
c-Raf and ERK signaling in HCC cells.

In summary, knockdown of RON suppressed tumor cell
migration and invasion in HCC cells. Knockdown of RON
induced apoptosis and cell cycle arrest in HCC cells. Knockdown
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of RON blocked the phosphorylation of Akt, c-Raf and ERK1/2
signal proteins in HCC cells. Taken together, RON is associ-
ated with invasive and oncogenic phenotypes such as tumor
cell migration, invasion, resistance to apoptosis and cell cycle
arrest through the modulation of Akt, c-Raf and ERK signaling
cascades in HCC cells.
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