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Abstract

The epithelial-mesenchymal transition (EMT) is involved in neoplastic metastasis, and the RON protein may be involved. In the
present study, we determined the role and the mechanisms of action of RON in EMT in Madin-Darby canine kidney (MDCK)
cells by Western blot and cell migration analysis. Activation of RON by macrophage stimulating protein (MSP) results in cell
migration and initiates changes in the morphology of RON-cDNA-transfected MDCK cells. The absence of E-cadherin, the
presence of vimentin and an increase in Snail were observed in RE7 cells, which were derived from MDCK cells transfected
with wt-RON, compared with MDCK cells. Stimulation of RE7 cells with MSP resulted in increased migration (about 69% of the
wounded areas were covered) as well as increased activation of extracellular signal-regulated kinase 1/2 (Erk1/2) and glycogen
synthase kinase-3p (GSK-3; the percent of the activation ratio was 143.6/599.8% and 512.4%, respectively), which could
be inhibited with an individual chemical inhibitor PD98059 (50 uM) specific to MAPK/ERK kinase (the percent inhibition was
98.9 and 81.2%, respectively). Thus, the results indicated that RON protein could mediate EMT in MDCK cells via the Erk1/2
pathway. Furthermore, GSK-3f regulates the function of Snail in controlling EMT by this pathway.
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Introduction

Epithelial-mesenchymal transition (EMT) is a biologic
process that allows a polarized epithelial cell, which nor-
mally interacts with the basement membrane via its basal
surface, to undergo multiple biochemical changes that
enable the epithelial cell to assume a mesenchymal cell
phenotype. This, in turn, provides the cell with enhanced
migratory capacity, invasiveness, and increased resistance
to apoptosis (1). The completion of an EMT is signaled by
the degradation of the underlying basement membrane and
the formation of a mesenchymal cell that can migrate away
from the epithelial layer from which it originated.

In EMT, epithelial cells acquire fibroblast-like properties
and show reduced intercellular adhesion and increased mo-
tility. This process is associated with the functional loss of
E-cadherin (2,3). In cancer, down-regulation of E-cadherin
is the key step towards the invasive phase of carcinoma,

and dominant transcriptional repression is largely respon-
sible for the loss of E-cadherin expression (4-8).

The conversion of an epithelial cell into a mesenchymal
cellrequires alterations in morphology, cellular architecture,
adhesion, and migration capacity. Increased expression of
N-cadherin and vimentin, nuclear localization of -catenin,
and increased production of transcription factors such as
Snail1 (Snail), Snail2 (Slug), Twist, EF1/ZEB1, SIP1/ZEB2,
and/or E47 that inhibit E-cadherin production are the com-
monly used molecular markers for EMT. Phenotypic mark-
ers of EMT include an increased capacity for migration and
three-dimensional invasion, as well as resistance to anoikis/
apoptosis (9). Importantly, these developmental regula-
tors can induce EMT in a non-developmental context and
thereby have an important role in cancer and fibrosis.

The MET receptor tyrosine kinase was one of the first
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identified cell surface receptors that was able to stimu-
late scattering of epithelial cells. Activation of MET by its
ligand, hepatocyte growth factor, enhances the migration
of multiple cell lines in vitro. The RON protein is a typical
receptor tyrosine kinase (RTK) belonging to the MET fam-
ily (10,11). Induction of RON phosphorylation and kinase
activities can be achieved through ligand-dependent and
-independent mechanisms (12). Binding of macrophage
stimulating protein (MSP) to extracellular sequences of
RON leads to receptor homo-dimerization, which is a typical
example of ligand-induced RON activation (13,14). Ligand-
independent RON activation was observed in various
physiological and pathological conditions (15-17). Aberrant
RON expression also results in receptor phosphorylation
and kinase activation (16-18), which contributes to the
pathogenesis and malignancy of epithelial tumors.

The presentinvestigation was undertaken to determine
the role and the mechanisms of RON in EMT in Madin-
Darby canine kidney (MDCK) cells. Currently, the details of
mechanisms underlying RON-mediated cell migration and
shape change are unknown. Through a series of experi-
ments, we demonstrated that RON could mediate EMT in
MDCK cells through the Erk1/2 pathway. Thus, RON may
be involved in tumor progression and metastasis.

Material and Methods

Cell lines and reagents

The MDCK cells derived from a kidney of an apparently
normal adult female cocker spaniel were obtained from
the American Type Culture Collection (ATCC, USA). RE7
cells, stably expressing RON as described previously (14),
were derived from MDCK cells transfected with wt-RON.
The rabbit anti-RON antibody (R5029) was a gift from Prof.
Wang (Center for Biology Therapeutics, School of Phar-
macy, Texas Tech University Health Sciences Center, USA).
MSP was obtained from R&D System (USA). PD98059
as an Erk1/2 inhibitor was purchased from Cell Signaling
Technology (USA). Goat or rabbit IgG antibodies specific
for Pan-Erk, phosphor-Erk1/2 (p44/42), E-cadherin, vimen-
tin, Snail, Twist, regular or phosphor glycogen synthase
kinase-33 (GSK-3B) and AKT were purchased from Cell
Signaling Technology (USA) and Santa Cruz Biotechnol-
ogy (USA), respectively. Rabbit IgG antibodies (R5029)
specific for human RON C-terminal peptides were used
as previously described (19).

Cell lysates

All cells were lysed using cell lysis buffer (10X) contain-
ing 20 mM Tris-HCI, pH 7.5, 150 mM NaCl, 1 mM NayEDTA,
1 mM EGTA, 1% Triton, 2.5 mM sodium pyrophosphate, 1
mM beta-glycerophosphate, 1 mM Na3zVOyq4, and 1 ug/mL
leupeptin (Cell Signaling Technology). Samples containing
1 x 108 cells were lysed in 200 uL cell lysis buffer (1X) for
30 min at 4°C. The insoluble material was then removed
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by centrifugation at 8000 g for 10 min. The concentration
of protein in each lysate was determined using a BCA
protein assay kit (Pierce, USA) with bovine serum albumin
as the standard.

Western blot analysis

Western blot was carried out using specific antibod-
ies followed by goat anti-rabbit, or mouse 1gG coupled
with HRP (Santa Cruz). The reaction was developed with
enhanced ECL reagents and analyzed with a VersaDoc
Imaging system (Bio-Rad).

Cell migration assays

MDCK and RE7 cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) containing 10% fetal
bovine serum at 37°C in a humidified atmosphere con-
taining 5% CO,. When the cells reached 60-70% conflu-
ence in a 60-mm dish they were cultured in serum-free
DMEM for 24 h. The cell monolayers were scored with a
200-pL plastic tip and then treated with 2 nM MSP and/
or 50 uM PD98059. Cell migration into the wounded area
was measured after 24 h. During the migration assay, the
cells were taken out of the incubator and placed under a
Olympus 1 x 2-UCB microscope with a 100X objective.
Pictures of fixed positions in the wounds were taken with
a Q IMAGING Micropublisher 5.0 RTV that was mounted
on the microscope. Subsequently, the wound area in each
picture was determined by outlining the wound and mea-
suring the area using the Image-Pro Plus 6.0 software.
From the wound area, the average wound width could be
obtained by dividing the area by the length of the region
analyzed.

Results

Increased morphological changes and cell migration
in MSP-stimulated RE7 cells

RON activation mediates various activities including cell
shape change and migration. We tested the morphogenic
effect of RON on RE7 cells. MDCK and RE7 cells (1 x 104
cells per well in a 6-well plate) were stimulated with 2 nM
MSP for 72 h. The changes in cell morphology were recorded
with a light microscope (Figure 1). The results showed
that, upon stimulating cells with MSP for 72 h, scatter-like
activities were observed as judged by cell-cell dissociation
in RE7 cells. Individual cell morphology was also altered
dramatically, with elongated shapes and a rounded appear-
ance. The appearance of scatter-like activities suggests that
RON acts as a morphogenic factor for cells.

The effect of RON on cell migration was also deter-
mined in a wound-healing assay. Stimulation of cells with
MSP resulted in increased RE7 cell migration (about 69%
of the wounded areas were covered) (Figure 2). Thus,
RON induced morphological changes and cell migration
in RE7 cells.
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Figure 1. Morphological changes in mac-
rophage stimulating protein (MSP)-stim-
ulated RE7 cells. Cells (1 x 104 cells per
well in a 6-well plate) were stimulated with
2 nM MSP for 72 h. The morphologic cell
changes were recorded with a light micro-
scope (100X). Upon stimulating cells with
MSP for 72 h, scatter-like activities were
observed as judged by cell-cell dissocia-
tion in RE7 cells. Individual cell morpholo-
gies were also altered dramatically with
elongated shapes and a rounded appear-
ance.

Control

MSP

MDCK RE7

PD+MSP PD+MSP

Figure 2. Effect of RON activation on MDCK cell migration. Wounded spaces in cultures of MDCK and RE7 cells were created as
detailed in the Material and Methods section. Cells were treated with 2 nM macrophage stimulating protein (MSP) in the presence
or absence of 50 yM PD98059 (PD). The covered areas were calculated. Cell migration data are reported in the photos, which were
taken at 0 and 24 h after incubation. Stimulation of cells with MSP resulted in increased RE7 cell migration, while PD98059 showed
inhibitory effects on RE7 cell migration.
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Induction of EMT and changes of related proteins
induced by RON

To determine whether RON had the ability to induce
EMT in MDCK cells and to investigate the changes in
RON-related proteins, cellular proteins from MDCK and
RE7 cells were probed in Western blots with antibodies
specific for RON, E-cadherin, vimentin, Snail, and Twist.
The results are shown in Figure 3. The expression of RON
in MDCK induced the expression of pro-RON, RON B-chain
and p110. The absence of E-cadherin and the presence of
vimentin was observed in RE7 cells. The expression of Snail
was higher in RE7 than in MDCK. These results suggest
that the presence of RON leads to induction of EMT and
induces changes in RON-related proteins.

The changes of signaling molecules in MSP-stimulated
RE7 cells
MSP-induced RON activation resulted in the in-

MDCK
RE7

A pro-RON

#——— RONB-chain

e p110

A E-cadherin

#— \/imentin

— ’ M. Saiil

=

. "

Figure 3. Induction of epithelial-mesenchymal transition and
changes of related proteins by RON. Cellular proteins from
MDCK and RE7 cells without any stimulation were probed in
Western blots with five antibodies specific for RON, E-cadherin,
vimentin, Snail, and Twist.
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creased activation of Erk1/2 and inactivation of GSK-3f3
in RE7 cells compared with MDCK cells (the percent of
the activation and inactivation ratio was Erk1 = 143.6%,
Erk2 = 599.8%, and GSK-38 = 512.4%), but the activa-
tion of AKT and IkBa was not changed (Figure 4). The
expression of Snail in 2 nM MSP-stimulated RE7 cells
increased over time (from 0, 15, 30 min, 1, 2, and 6 h;
Figure 5), while the relative density ratio of Snail and
B-actin increased from 0.428 to 1.333. These results
demonstrate that MSP-induced RON activation is ca-
pable of activating downstream signaling pathways such
as Erk1/2 in RE7 cells.

Inhibitory effect of PD98059 on MSP-stimulated RE7
cells

To determine which signaling pathways are involved in
enhanced cell migration and shape change, RE7 cells were
stimulated with MSP in the presence of specific chemical
inhibitors such as PD98059 (for Erk1/2), which is specific
to MAPK/ERK kinase. PD98059 (50 pM) inhibited MSP-
induced activation of Erk1/2 (p44/42; Figure 6). The expres-
sion of phosphorylated GSK-3f3, Snail, and vimentin was
decreased over time (from 0 to 15 and 30 min, and after 1,
2,and 6 h). No change in cell signaling molecules was seen
in cells treated with Wortmannin (data not shown).

In a wound-healing assay, stimulation of cells with
MSP resulted in increased RE7 cell migration (Figure 2).
PD98059 showed inhibitory effects on RE7 cell migration,
inhibiting not only spontaneous migration, but also MSP-
induced cell motility (about 25-28% of wounded areas were
covered, respectively).

Discussion

We determined the role and the mechanisms of RON
in EMT. RON activation transduces multiple signals that
control cell replication, scattering, migration, and invasion
of extracellular matrices (12). RON is involved in the EMT
of MDCK cells. RON expression promotes transformation
of cells from an epithelial phenotype to a mesenchymal
phenotype. As shown in Figures 1 and 2, scatter-like ac-
tivities with elongated shapes and a rounded appearance
were observed in RE7 cells expressing RON, but not in
normal MDCK cells. The phenotype of RE7 cells was dif-
ferent from that of MDCK cells, as shown by the absence of
E-cadherin, the presence of vimentin, and up-regulation of
Snail in RE7 cells relative to MDCK cells. Moreover, MSP
stimulation induced cell migration (Figure 2), which sug-
gests that activated RON transduces signals that activate
the motile machinery of the cell, possibly playing a role in
promoting invasive activity in vivo.

Our results also demonstrated that constitutive expres-
sion of RON in MDCK cells resulted in alterations of cell
morphology with increased motile-invasive activities. These
changes were characterized by the loss of epithelial markers
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Figure 4. Changes of signaling molecules in macrophage
stimulating protein (MSP)-stimulated RE7 cells. Cellular
proteins from 2 nM MSP-stimulated MDCK and RE7 cells
were probed in Western blots using 5 antibodies specific
S ~—p-pdd S — p-GSK-33 for the signaling molecules ERK, p-GSK-33, GSK-3p, AKT,

MDCK
RE7
MDCK
RE7

and IkBa.
-
- . — con
| — M. — pan-ERK
- i
S — Actin
S S
a by a i
= [is = o
~——P-AKT — [kBo.
-
S . .
” . «— Actin
-
RE7
0 min 15 min 30 min 1h 2h 6h MSP 2nM

— —— — -d- +—— Snail

Time 0 min 15 min 30 min 1h 2h 6h
Dentsaity 0.428 0.419 0.503 0.737 0.989 1.333
ratio

Figure 5. Changes of Snail expression in macrophage stimulating protein (MSP)-stimulated RE7 cells. Cellular
proteins from 2 nM MSP-stimulated RE7 cells were probed in Western blots using 5 antibodies specific for Snail
(from O, to 15 and 30 min, and after 1, 2, and 6 h). The expression level of Snail was shown by the relative density
ratio of Snail and B-actin.
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such as adherent protein E-cadherin and
the gain of mesenchymal phenotypes
including the increased expression of
vimentin.

The morphological changes medi-
ated by RON are manifested through
various signaling pathways such as
Erk1/2 and AKT, thus altering cell adhe-
sion, reorganizing the cytoskeleton, and
reducing cellular interaction (12,19).
The expression of RON was accom-
panied by tyrosine phosphorylation,
which indicated constitutive activation.
MSP further regulated RON phospho-
rylation, leading to the activation of
downstream signaling proteins such
as Erk1/2 and GSK-38 (Figure 4). The
results indicated that the activation of
Erk1/2 stimulated with RON can lead
to the increased expression of p-GSK-
3B, in agreement with previous results
(20,21). It has been reported that
MAPK can inactivate GSK-3f by direct
phosphorylation at its C terminus (21).
Thus, the up-regulation of p-GSK-383
induced down-regulation of GSK-3f3
activation.

MSP-induced RON activation also =—
enhanced the expression of Snail in
a time-dependent manner (Figure 5),
which was regulated by GSK-3f. Snail
was firstidentified in Drosophila, where
it down-regulates the transcription of
shotgun (an E-cadherin orthologue)
to control gastrulation (3). Snail ho-
mologues have subsequently been
found in many other species, including
humans (3). Recently, Snail was shown
to repress the expression of E-cadherin
and toinduce EMT in MDCK cells (22-24), which indicated
that Snail has a fundamental role in EMT through its sup-
pression of E-cadherin. Snail is a GSK-3 substrate, while
inhibition of GSK-3p results in the up-regulation of Snail
and down-regulation of E-cadherin in vivo (20).

Inhibition of MAP kinase activities by the specific chemi-
cal inhibitor PD98059 completely blocked cell migration.
MSP-induced activation of Erk1/2 (p44/42) was inhibited
by PD98059 (Figure 6). The expression of phosphorylated
GSK-3B, Snail, and vimentin was decreased over time.
RE7 cell migration stimulated with MSP could also be
inhibited by PD98059. Thus, the down-regulated expres-
sion of Snail inhibited by PD98059 indicated that it could
function as a promoter for EMT, which was induced with
Erk1/2 and reinforced the notion that cell migration and
cancer metastasis are finely tuned events.

0 min

S —
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Figure 6. Inhibitory effect of PD98059 on macrophage stimulating protein (MSP)-
stimulated RE7 cells. RE7 cells were stimulated with 2 nM MSP in the presence of
individual chemical inhibitors such as PD98059 (PD, 50 uM) for 0-6 h. Cellular proteins
from RE7 cells were probed in Western blots with 5 antibodies specific for the signaling
molecules ERK, p-GSK-3p, GSK-38, Snail, and vimentin.

At present, the precise signaling pathways that trans-
duce RON signals leading to EMT are largely unknown
(19). However, the results shown here in Figures 4 and
6 provide important clues indicating that the activation of
MAPKI/Erk pathways might be critical. As shown in Figure
4, RON activation led to increased activation of Erk1/2, the
constitutive components of the MAPK pathway. Blocking
Erk1/2 activation by PD98059 might prevent the MSP-
induced EMT with the decreased expression of vimentin.
The regulation of Snail by GSK-3B reveals that many
oncogenic pathways could govern human cancer cell
invasion and metastasis by modulating GSK-3f activity.
GSK-3p is a multi-tasking kinase involved in the Akt, Wnt,
and Hedgehog pathways, all of which are engaged in the
determination of cell fate and morphology (25). GSK-3j3
has been reported to bind and phosphorylate Snail and
thereby induce its nuclear export (20). Therefore, the

Braz J Med Biol Res 44(7) 2011



640

Erk1/2 oncogenic signals stimulated with RON inhibited
GSK-3f and thus in turn resulted in the stabilization and
nuclear localization of Snail to trigger cell migration and
EMT. Since Snail regulates E-cadherin (26), we specu-
late that the down-regulation of GSK-3f by this pathway
promoted and stabilized Snail and inhibited E-cadherin,
to induce cell migration and lead to EMT.

Thus, our results indicate that RON could mediate EMT
in MDCK cells. This occurred through the Erk1/2 pathway,
which inhibited GSK-38, and in turn resulted in the stabiliza-
tion of Snail and the down-regulation of E-cadherin.
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