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Transforminggrowth factor� (TGF-�) signals throughSmad-
dependent and Smad-independent pathways. However, Smad
signaling is altered by allelic deletion or intragenic mutation of
the Smad4 gene in more than half of pancreatic ductal adeno-
carcinomas. We show here that loss of Smad4-dependent sig-
naling leads to aberrant expression of RON, a phosphotyrosine
kinase receptor, and that signaling by RON cooperates with
Smad4-independent TGF-� signaling to promote cell motility
and invasion. Restoring Smad4 expression in a pancreatic ductal
adenocarcinoma cell line that is deficient in Smad4 repressed
RON expression. Conversely, small interference RNA knock
down of Smad4 or blocking TGF-� signaling with a TGF-� type
I receptor kinase inhibitor in Smad4-intact cell lines induced
RON expression. TGF-�-induced motility and invasion were
inhibited in cells that express Smad4 and that have low levels of
RON compared with isogenically matched cells that were defi-
cient in Smad4. Furthermore, knocking down RON expression
in Smad4-deficient cells suppressed TGF-�-mediated motility
and invasion. We further determined that Smad4-dependent
signaling regulated RON expression at the transcriptional level
by real-time reverse transcription PCR and RON promoter
luciferase reporter assays. Functional inactivation by site-di-
rected mutations of two Smad binding sites on the RON pro-
moter inhibited TGF-�-mediated repression of RON promoter
activity. These studies indicate that loss of Smad4 contributes to
aberrant RON expression and that cross-talk of Smad4-inde-
pendent TGF-� signaling and the RON pathway promotes an
invasive phenotype.

Transforming growth factor-�s (TGF-�s)2 are multifunc-
tional cytokines that regulate numerous cellular processes,

including cell growth, differentiation, and apoptosis.
TGF-�s signal downstream of TGF-� receptors through a
canonical Smad pathway and through Smad-independent
pathways (1). TGF-�s signal by binding to transmembrane
serine-threonine kinases termed type I receptor (RI) and
type II receptor (RII). A third TGF-� receptor (RIII) is not
believed to be involved directly in TGF-� signaling but acts
to present TGF-�s to RII (2). TGF-� ligand first binds RII,
which then recruits RI to form a functional receptor com-
plex. After this complex is formed, RI is phosphorylated by
the constitutively active and autophosphorylated RII. For
Smad-dependent signaling, RI directly interacts with and
phosphorylates Smads 2 and 3 at a conserved consensus SXS
motif; these activated Smads bind Smad4, and subsequently
the complex translocates to the nucleus. This Smad complex
associates with other cofactors to bind efficiently to specific
DNA sequences, and the activated complex promotes tran-
scription or repression of TGF-�-responsive genes (3, 4).
TGF-�s also signal through their activated receptors inde-
pendent of Smads, although these pathways are less fully
defined. It is known that TGF-� can activate, independent of
Smads, the Ras/ERK, TAK1/p38, RhoA/JNK, and phospha-
tidylinositol 3-kinase/AKT pathways (1, 5).
TGF-� signaling is tumor-suppressive in normal epithelial

cells, but this pathway is often altered in cancer cells, leading to
tumor progression (6, 7). A number of mechanisms are attrib-
uted to the loss of TGF-� tumor-suppressive activities in cancer
cells. These mechanisms include allelic deletion or mutation of
Smad4, also designated as DPC4 (deleted in pancreatic carci-
noma locus 4) (8); interference of Smad activation by expres-
sion of inhibitory Smads (Smad6, Smad7); phosphorylation of
the linker region of Smads by ras (9); epigenetic silencing or
mutations of TGF-� receptor genes (10, 11); and TGF-�-medi-
ated effects on themicroenvironment (12, 13). TGF-�-induced
pathways may also cause a different phenotype in tumor cells
comparedwith normal cells by augmenting or cooperatingwith
oncogenic pathways (14–16). Of these mechanisms, loss of
Smad4 by allelic deletion or mutation occurs in 55% of pancre-
atic ductal adenocarcinomas (PDAC) as a relatively late event in
tumor progression (8, 17). Pancreatic cancer patients whose
tumors are Smad4-negative display a more aggressive cancer
and have shorter survival, suggesting that Smad4 has tumor-
suppressive properties in PDAC (18, 19).
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Studies suggest that TGF-� and phosphotyrosine kinase
receptor pathways including erbB2 (16) and epidermal growth
factor receptor (20) may cooperate to promote cancer progres-
sion. The receptor tyrosine kinase RON (recepteur d’origine
nantais), a member of the MET proto-oncogene family, was
reported recently to be overexpressed in PDAC (21). Activation
of RON by its ligand induces cell signaling through multiple
downstream targets, including mitogen-activated protein
kinase, phosphatidylinositol 3-kinase/AKT, c-Src, focal adhe-
sion kinase, �-catenin/TCF, and likely other unknown signal-
ing molecules (22). These signals are involved in many cellular
processes, including adhesion, motility, proliferation, and apo-
ptotic resistance. Elevated RON kinase expression is reported
to correlate with the invasive activity of tumors (22, 23). Sepa-
rate studies indicate that RON signaling suppresses TGF-�-
induced apoptosis (24) and that both TGF-� and RON path-
ways may promote epithelial to mesenchymal transition (25).
These findings prompted us to further examine the interactions
of TGF-� and RON pathways in PDAC.

In the present study, we linked the loss of Smad4-dependent
TGF-� signaling with an increase in expression of RON recep-
tor tyrosine kinase in human pancreatic cancer cells. We fur-
ther established that Smad4-dependent signaling regulates
RONexpression, at least in part, by suppressing RONpromoter
activity. Interestingly, aberrant RON expression enhanced
TGF-�-mediated motility and invasion in Smad4-deficient
cells. These findings suggest that the tumor-suppressing func-
tion of Smad4may bemediated in part by regulating the expres-
sion of RON. The cooperation of loss of Smad4 and up-regula-
tion of RON may contribute to the switch of TGF-� signaling
from being tumor-suppressive to an altered pathway that pro-
motes tumor progression in pancreatic cancer cells.

EXPERIMENTAL PROCEDURES

Cell Culture and Treatment—Human PDAC cell lines
BxPC-3, Capan-2, MIA PaCa-2, CFPAC-1, Panc-1, AsPC-1
were from American Type Culture Collection (ATCC, Rock-
ville, MD); UK Pan-1 was established in our laboratory (26).
BxPC-3 cells were maintained in RPMI 1640 medium, and
other cell lines were grown in Dulbecco’s modified Eagle’s
medium; each medium was supplemented with 10% fetal
bovine serum. Human recombinant TGF-�1 was purchased
from R&D Systems (Minneapolis, MN). The TGF-� receptor
type I kinase inhibitor (RIKI) and the proteasome inhibitor
MG132 were purchased from Calbiochem. The Hsp90 inhibi-
tor 17-allylamino-17-demethoxygeldanamycin (17-AAG) was
from Sigma-Aldrich, Inc.
Expression of Smad4, siRNA-Smad4, and siRNA-RON—pB-

abe/Smad4 (provided by Bernard E. Weissman, University of
North Carolina), pSuper/siRNA-Smad4 (provided by LuZhe
Sun, The University of Texas Health Science Center at San
Antonio, TX), or pSuper/siRNA-RON plasmids were trans-
fected into human embryonic kidney 293T amphotrophic
packaging cells (ATCC) using FuGENE 6 (Roche Applied Sci-
ence) according to themanufacturer’s protocol. Cells were then
infected with retroviral medium from the packaging cells 48 h
after transfection. The stable clones were selected with 1�g/ml

puromycin. The expression levels of Smad4 and RON in these
clones were determined by Western blotting analysis.
3TP-Luciferase Reporter Assay and MTT Assay—Respon-

siveness of cells to TGF-� was determined by transfection of a
TGF-�-responsive reporter construct, p3TP-Lux (27), and a
control plasmid, CMV-Renilla. 48 h after transfection, 3TP-
luciferase activity was measured using a Dual-Luciferase assay
kit (Promega) according to the manufacturer’s instruction and
normalized byRenilla luciferase activity. Todetermine cell pro-
liferation rate, 1000 cells/well were seeded in 96-well plates and
treated with vehicle or 10 ng/ml TGF-�1. At the indicated time
points, 0.5 mg/ml MTT (3-(4,5 dimethylthiazol-2-yl)-2,5-di-
phenyltetrazolium bromide) (Sigma) was added and the cells
were incubated for another 4 h. MTT assay was performed as
described previously (28).
Western Blotting Analysis—Whole cell extracts were

obtained in radioimmune precipitation buffer. Western blot-
ting analysis was performed using standard methods. Primary
antibodies against RON-�, Smad4 were purchased from Santa
Cruz Biotechnology (Santa Cruz, CA). Anti-phospho-Smad2
was purchased from Chemicon International (Temecula, CA),
and anti-Hsp90 was from Cell Signaling (Beverly, MA).
Cell Motility and Invasion Assay—The migratory and inva-

sive behavior of the cells was analyzed by in vitro Transwell
motility and Matrigel invasion assays according to the manu-
facturers’ protocols. Briefly, 3 � 104 cells/well were plated in a
24-well Transwell insert with 8-�m pore membrane or Matri-
gel invasion chambers (BD Biosciences) in 0.3 ml of serum-free
medium. The outer chambers contained 0.7 ml of 10% fetal
bovine serum medium. The cells were treated with 5 ng/ml
TGF-�1. After 48 h of incubation, the cells on the top surface of
the membrane were gently removed with cotton swabs. The
cells migrating or invading to the undersurface of the mem-
brane were fixed in 70% ethanol and stained with crystal violet.
The migration and invasion values were determined by eluting
crystal violet in 10% acetic acid, and the absorbance was taken
using a Fluostar Optima Plate Reader at 584 nm (29).
Quantitative Reverse Transcription PCR—Total RNA was

isolated from cells with the indicated treatments using TRIzol
reagent (Invitrogen). 100 ng of total RNAwas subjected to real-
time reverse transcription PCR reaction with SYBRGreen real-
time PCRmix (Applied Biosystems) according to the manufac-
turer’s instruction. The primer sequences for RON are
described elsewhere (30). �-Actin mRNAwas amplified simul-
taneously for an endogenous control. The primer sequences for
�-actin were described previously (31).
RON Promoter Luciferase Reporter Assay—The 1.2-kb

human RON gene promoter-CAT reporter vector was kindly
provided byDr. RichardBreathnach. This Ron promoter region
was subcloned into pGL3 basic luciferase reporter plasmid. The
predicted transcription factor binding sites of RON promoter
were analyzed by the MatInspector algorithm (Genomatix).
Smad binding elementmutant constructs (SBE-mut) of RON
promoter were generated using the QuikChange site-di-
rected mutagenesis kit (Stratagene). The primer sequences for
the mutants were: SBE-A (�83 � �87), wild type, 5�-ATTTG-
GCCCAGTCCAGACCTC GAGTCGGGCCCCCAG-3� and
mutant, 5�-ATTTGG CCCAGTCTACATCTCGAGTCGGG-
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CCCCCAG-3�; SBE-B (�184 �
�188), wild type, 5�-GCAGGCGT-
CAGGTGCTCAGACCCGAGGG-
CCGGGAAG-3� and mutant, 5�-
GCAGGCGTCAGGTGCTTAC-
ATCCGA GGGCCGGGAAG-3�.
Underlined nucleotides represent
Smad binding sites. Bold lettering
represents the location of wild type
and correspondingmutated nucleo-
tides. Cells were transfected with
the wild type and SBE mutant of
RON promoter luciferase con-
structs using FuGENE HD (for
BxPC3 cells) or FuGENE 6 (for UK
Pan-1 cells) transfection reagents
(Roche Applied Science). 24 h
after transfection, cells were pre-
treated with vehicle or with 1 �M
RIKI for 6 h and then treated with
5 ng/ml TGF-�1 for another 24 h.
The RON promoter activities were
assayed using the Dual-Luciferase
assay kit (Promega) and normal-
ized by CMV-Renilla luciferase
activity. All experiments were per-
formed at least three times.
Statistics Analysis—Data are pre-

sented asmean� S.D. of at least two
independent triplicate experiments.
Statistical analysis was performed
using analysis of variance (followed
by Bonferroni multiple comparison
test to determine the significance
among groups).

RESULTS

Generation of Isogenic Cell Lines
That Differ in Smad4 Expression—
TGF-� signaling through Smads is
known to have tumor-suppressive
activity. However, during tumor
progression �50% of PDAC cells
lose expression of Smad4 due to
allelic deletion or intragenic muta-
tions (32). To investigate whether
Smad4 plays a role in the malignant
behavior of PDAC cells, we gener-
ated two sets of isogenically
matched pancreatic cancer cell lines
that differ only in their expression
levels of Smad4. The two cell lines
chosen for these studies were
BxPC3 and UK Pan-1. BxPC3 cells
have biallelic deletion of Smad4 (8),
and UK Pan-1 cells express Smad4
(26). Smad4 was restored in BxPC3
cells by infecting cells with a retro-

FIGURE 1. Generation of isogenic cell lines that differ in Smad4 expression. A, Smad4 was stably expressed
in BxPC3 cells (Bx/Smad4) or knocked down in UK Pan-1 cells (UK/siSmad4) by retroviral infection. These cells
were compared with parental cells infected with an empty vector. Efficacy of restoration or knock down of
Smad4 was determined by Western blotting. B, TGF-�/Smad transcriptional responses were determined by
3TP-luc assays. Cells were transfected with 0.5 �g of p3TP-luciferase reporter plasmid along with CMV-Renilla
plasmid in 12-well plates. 24 h after transfection, cells were treated with 5 ng/ml TGF-�1 or vehicle control for
24 h. 3TP-luciferase activities were measured and normalized by the Renilla luciferase activities. The data
represent mean � S.D. from experiments performed in triplicates. C, BxPC3, Bx/Smad4, UK Pan-1, and UK/
siSmad4 cells were seeded (1000 cells/well) in 96-well plates and treated with 5 ng/ml TGF-�1 or vehicle
control. 3-(4,5 Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) proliferation assays were per-
formed at the indicated time points. The data are mean � S.D. from experiments performed in six replicates. **,
p � 0.01 compared with control.
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viral vector that expresses the Smad4 cDNA. These Smad4-
expressing cells were referred to as Bx/Smad4 (Fig. 1A, left).
Smad4 expression was knocked down in UK Pan-1 cells by sta-
bly expressing an siRNAdirected against Smad4, and these cells
were referred to as UK/siSmad4. UK/siSmad4 cells showed a
dramatic reduction of Smad4 expression compared with vector
control cells (Fig. 1A, right). TGF-�/Smad transcriptional
responses were determined for the two isogenic cell sets using a
luciferase readout of a TGF-� response element (3TP-Luc).
Restoring Smad4 expression in BxPC3 cells induced a Smad-
dependent response; conversely, knock down of Smad4 in UK

Pan-1 cells decreased the Smad-de-
pendent response (Fig. 1B). TGF-�
inhibited growth of the Smad4-in-
tact Bx/Smad4 and UK Pan-1 cells,
suggesting that the autonomous
TGF-� tumor-suppressive effects
were present in these cells (Fig. 1C).
Smad4 Suppresses TGF-�-medi-

atedMotility and Invasion—Studies
indicate that TGF-� can induce
motility and invasion in some late
stage tumors (13). It is not clear
whether TGF-�-mediated invasion
is through Smad-dependent or
Smad-independent pathways, al-
though current studies suggest that
TGF-� signaling can be altered in
tumor cells and may cooperate with
oncogenic signaling pathways to
promote tumor progression (14,
15).We examined the role of Smad4
in regulating TGF-� signaling
effects on motility and invasion
using the two isogenic matched
PDAC cell models that differ only in
their level of Smad4 expression.
TGF-� induced motility and inva-
sion in BxPC3 cells but not in
BxPC3/Smad4 cells (Fig. 2A). Con-
sistent with the premise that signal-
ing through Smad4 reduces TGF-�-
induced invasiveness, knock down
of Smad4 in UK Pan-1 cells (UK/
siSmad4) increased TGF-�-in-
duced invasion (Fig. 2B) The role of
autocrine TGF-� in promoting
invasion in UK/siSmad4 was con-
firmed because treatment of these
cells with TGF-� RIKI reduced
TGF-�-mediated invasion (Fig. 2B,
right bars).
TGF-� Negatively Regulates RON

Expression in a Smad4-dependent
Manner—Previous findings indi-
cate that RON is overexpressed in
PDAC and aberrant expression of
RON is correlated with tumor inva-

siveness in cancer cell lines (22, 33, 34). RON and TGF-� both
induce epithelial to mesenchymal transition, and RON signal-
ing can suppress TGF-�-mediated apoptosis (24, 25). These
findings led us to examine the interaction of RON and TGF-�
signaling in PDAC. Surprisingly, we found that RON expres-
sion was inversely correlated with the expression of Smad4.
Cells that were deficient of Smad4 expressed dramatically
higher levels of RON compared with Smad4-intact PDAC cell
lines (Fig. 3A). To further examine whether Smad4-dependent
TGF-� signaling might regulate the expression of RON, we
compared two Smad4 null cell lines, Capan-2 and BxPC3, and

FIGURE 2. Smad4 expression suppresses TGF-�-mediated cell invasiveness. A, BxPC3 and Bx/Smad4 cells
(3 � 104) were seeded in the Transwell inserts (upper left) or Matrigel invasion chambers (upper right) and
treated with 5 ng/ml TGF-�1 alone or vehicle control for 48 h. Cells on the top surface of the chamber were
removed. The cells migrating to the under surface were fixed and stained with crystal violet. The motility and
invasion value were measured by eluting the dye from the cells on the undersurface of inserts. The data
represent mean � S.D. from experiments performed in triplicate. **, p � 0.01; ***, p � 0.001. The lower panels
are the representatives of light microscopy photos (�4 objective) of the invasion assay. B, Matrigel invasion
assays were performed in UK Pan-1 and UK/siSmad4 cells. Left, the representatives of light microscopy photos
(�4 objective). Right, quantification data representing the mean � S.D. of three separate invasion assays; **,
p � 0.01.
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two Smad4 intact cell lines, Panc-1 andUKPan-1. Treatment of
these cells with exogenous TGF-� further decreased the low
level of RON expression in Smad4-intact cells but did not have
an effect on the expression level of RON in cells deficient of
Smad4 (Fig. 3B). Moreover, knock down of Smad4 in UK Pan 1
cells dramatically increased the expression level of RON (Fig.
3B, right panel). We further determined in Smad4-intact cells
(Bx/Smad4, UK Pan-1, and Panc-1) that blocking TGF-� sig-
naling, using anRIKI, caused an increase in the steady state level
of RON (Fig. 3, C and D). Thus, these data suggest that RON
expression is suppressed by TGF-� signaling in a Smad4-de-
pendent manner.

RON Is Required for TGF-�-mediated Invasion in Samd4-
deficient Cells—Our data indicate that signaling through
Smad4 inhibited invasion and suppressed RON expression in
PDAC. We hypothesized that RON activity was required for
TGF-�-induced invasion. To test this hypothesis we compared
the capacity of TGF-� to induce invasion in vector control
BxPC3 cells with BxPC3 cells where RON expression was
knocked down by stably expressing RON siRNA. Two cell
clones where RON was dramatically knocked down were com-
pared with BxPC3 vector control cells for invasion through
Matrigel (Fig. 4). TGF-� induced invasion in the control BxPC3
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FIGURE 3. TGF-� negatively regulates RON kinase expression in a Smad4-
dependent manner. Western blotting analyses were performed for the
expression of Smad4 and RON-� of whole cell lysates (50 �g/lane) from indi-
cated treatments. �-Actin was used for protein loading control. A, cell lysates
were isolated from exponential growing cells, and the expression levels of
RON-� and Smad4 were inversely correlated in PDAC cell lines. B, Panc-1, UK
Pan-1, CF PAC-1, and BxPC3 cells were treated with 5 ng/ml TGF-�1 or vehicle
for 48 h. C, BxPC3 and Bx/Smad4 cells were pretreated with 1 �M RIKI for 6 h,
followed by 5 ng/ml TGF-�1 or vehicle for 48 h. The efficacy of RIKI to block
TGF-�-induced phosphorylation of Smad2 is indicated (middle panel). D, RIKI
reversed TGF-�-mediated down-regulation of RON-� expression in UK Pan-1
and Panc-1 cells.

FIGURE 4. RON is required for TGF-�-mediated invasion in Smad4-defi-
cient cells. A, BxPC3 cells were stably infected with siRNA-RON (Bx/siRON).
Expression levels of RON-� were determined by Western blotting analysis as
described in Fig. 3. Expression levels of ERK1/2 were determined for the spec-
ificity of siRNA-RON. B, a representative of light microscopy photos (�4 objec-
tive) of Matrigel invasion assays. Quantification of the Matrigel invasion
assays showing the inhibition of TGF-�-mediated cell invasion by knocking
down RON. C, cell invasion was measured as described in Fig. 2. The data
are mean � S.D. from experiments performed in triplicate. **, p � 0.01; ***,
p � 0.001.
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cells; however, knock down of RONby siRNA suppressedTGF-
�-induced invasion as shown for two separate cell clones (Fig. 4,
B and C). These results confirm the cooperativity of RON for
TGF-�-induced invasion in BxPC3 cells andmimic the effect of
Smad4-intact PDAC cells lines that express low levels of RON
(Fig. 2A).
Smad4-dependent Signaling Regulates RON Transcription—

To determine the level at which Smad4 signaling regulates
RON expression, RON protein stability and the steady state
levels of RON mRNA were determined. BxPC3 and Bx/Smad4
cells were treated with cycloheximide for up to 8 h to inhibit de
novo protein synthesis. Only a slight level of degradation of
RON protein was observed in both cell lines, with the only dif-
ference being that Bx/Smad4 cells show lower basal level of
RON protein compared with the parental BxPC3 cells which
are deficient in Smad4. This finding suggests that RON protein
has a relatively long half-life in both Smad4-intact and Smad4-
deficient cells. A recent study (35) showed that degradation of
RON protein is through an ubiquitin-proteasome pathway and
that heat shock protein 90 (Hsp90), a chaperone protein, stabi-
lizes the RON from proteasome degradation. To examine
whether Smad4 might accelerate RON degradation by this
mechanism, BxPC3 and Bx/Smad4 cells were treated with an
Hsp90 inhibitor, 17-allylamino-17-demethoxy-geldanamycin
(17-AAG), and a proteasome inhibitor, MG132. Both cell lines
displayed similar patterns for RON degradation by inhibiting
Hsp90. Inhibiting proteasome activity with MG132 prevented
17-AAG-mediated degradation of RON (Fig. 5A), suggesting
that RON protein turnover is caused, at least in part, through a
ubiquitin-proteasome pathway and that Hsp90 may protect
RON from this degradation. However, these studies suggest
that Smad4 signaling does not down-regulate RON expression
by altering these processes.
The mRNA level of RON was next determined by real-time

reverse transcription PCR. TGF-� treatment caused a decrease
in the steady state levels of mRNA in both Smad4-restored
BxPC3 and Smad4-intact UK Pan-1 cells, but not in Smad4 null
BxPC3 and in UK/siSmad4 cells. Blocking TGF-� signaling in

Smad4-positive cells by RIKI prevented the decrease of RON
mRNA by TGF-� (Fig. 6, A and C). To further determine
whether Smad4-dependent TGF-� signaling regulates RON at
transcription level, we performed RON promoter reporter
assays. Consistent with RON mRNA levels, TGF-� treatment
decreased RONpromoter activities in Smad4-positive cells, but
not in Smad4 null cells or in cells where Smad4 was knocked
down (Fig. 6, B and D).
An examination of the DNA sequence of the RON promoter

reveals that it lacks a TATA box and that it possesses several
putative binding sites for Sp1 and STAT family of transcription
factors (Fig. 7A). In addition, theRONpromoter has three puta-
tive Smad binding elements (SBEs) located at �83, �184, and
�484 bp relative to the transcription start site (Fig. 7A). The
two SBE sites, termed site SBE-A and SBE-B, most proximal to
the transcription start site were examined for their role in TGF-
�/Smad4-mediated repression of RON promoter activity.
Functional inactivation by site-directed mutation of either
SBE-A or SBE-B sites of the RON promoter attenuated the
TGF-�-mediated suppression of RON promoter activity in
Smad4-expressing cells (Fig. 7B). TGF-� treatment reduced
RON promoter activity to 35.6% of control for UK Pan-1 and
33.6% for Bx/Smad4 cells (Fig. 7B). Mutation of SBE-A or
SBE-B sites reduced the level of TGF-�-mediated inhibition of
RON promoter activity to 87.3% (SBE-A) and 79.2% (SBE-B) of
control inUKPan-1 cells and 74.1% (SBE-A) and 64.1% (SBE-B)
in Bx/Smad4 cells (Fig. 7B). These findings imply that TGF-�/
Smad4-dependent signaling represses RON promoter activity
and that the SBE sites may serve as repressor elements.

DISCUSSION

In this study, we investigated the role of Smad4 in mediating
the paradoxical functions ofTGF-� signaling of tumor suppres-
sion and tumor promotion. In the course of these studies we
made the anecdotal observation that pancreatic cancer cells
that express Smad4 have lower levels of RON receptor com-
pared with Smad4-deficient cells. These events were linked by
expressing Smad4 in Smad4-deficient cells and conversely by
knocking down Smad4 expression in Smad4-intact cells. These
studies revealed that Smad4-dependent TGF-� signaling was a
negative regulator of RON expression and that this Smad4-de-
pendent suppression of RON expression was mediated at least
in part at the transcriptional level. Moreover, functional inacti-
vation of SBEs on the RON promoter inhibited TGF-�-medi-
ated suppression of RON promoter activity. This finding sug-
gests that these SBEs are required for TGF-�-mediated
suppression of RON promoter activity. More importantly,
TGF-�-inducedmotility and invasion found in PDAC cell lines
were reduced in cells that expressed Smad4 and that showed
low levels of RON or in Smad4-deficient cells where RON
expression was knocked down. Taken together, these studies
imply that down-regulating the expression of RON by Smad
signaling contributes to TGF-�-mediated tumor suppression
and that the tumor-promoting effects of TGF-� in Smad4-de-
ficient cells are dependent on cross-talk of Smad4-independent
TGF-� signaling and RON pathways.
It is well recognized that Smad4 is a tumor suppressor in

normal cells and in early stages of neoplasia. However, a num-

RON-ββ

β-actin

BxPC3 Bx/Smad4

CHX (h) 0 2 4 8 0 2 4 8

RON-β

β-actin

BxPC3 Bx/Smad4B.

A.

+++---+++---MG132

84-84-84-84-17AAG Hrs

Hrs

FIGURE 5. RON protein stability is not regulated by Smad4. A, BxPC3 and
Bx/Smad4 cells were treated with 5 ng/ml TGF-�1 for 24 h followed by adding
20 �g/ml cycloheximide (CHX) for the indicated time periods. B, BxPC3 and
Bx/Smad4 cells were treated with vehicle (�) or Hsp90 inhibitor 17AAG (1 �M)
in the presence or absence of the proteasome inhibitor MG132 (10 �M) for 6 h.
Cell lysates were analyzed by Western blotting using antibody to RON-�.
�-Actin was used as protein loading control.
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ber of studies indicate that Smad
signaling mediates a more invasive
phenotype in late stage cancers (36,
37). These studies suggest that
Smad signaling is altered in these
tumors, perhaps by altering the
composition of coactivators/core-
pressors of Smad complexes,
thereby changing TGF-�-induced
gene expression, or by cooperating
effects of TGF-� signaling (cross-
talk) with oncogenic pathways.
Examples of this include a report by
Deckers et al. (38) that Smad4
enhances bone metastasis in a
mammary cancer model, and a
study by Arteaga and co-workers
(16) indicates that cross-talk of
TGF-�/Smad and erbB-2 induces
TGF-�-mediated cell motility and
cancer progression. In contrast,
other studies indicate that intact
TGF-� signaling may have tumor-
suppressive activities, at least in
some cancer models. Bardeesy et al.
(39) showed, using a transgenic
mouse model of PDAC, that loss of
Smad4 caused rapid tumor progres-
sion. Moreover, studies by Moses
and co-workers (40) showed in a
murine mammary tumor virus
transgenic model that restoring an
intact TGF-� signaling pathway
repressed disease progression. In
our study, knock down of Smad4
in a Smad4-intact PDAC cell line,
UK Pan-1, significantly enhanced
TGF-�-induced invasion. Con-
versely, expressing Smad4 in the
Smad4-deficient cell line BxPC3
inhibited TGF-�-mediated motil-
ity and invasion. Thus, Smad4 sig-
naling reduces the level of inva-
siveness caused by TGF-� in these
cell line models. Our findings are
also in agreement with the clinical
observations that patients with
PDAC who are deficient in Smad4
have increased metastatic pro-
gression and have shorter survival
times (18, 19).
Invasion by cancer cells is a com-

plex process involving a variety of
factors. Altered expression of recep-
tor tyrosine kinases contributes sig-
nificantly to invasive growth of can-
cers (41, 42). Overexpression of
receptor tyrosine kinases such as

FIGURE 6. Smad4-dependent TGF-� signaling RON expression at the transcriptional level. A, BxPC3 and
Bx/Smad4 cells were pretreated with RIKI (1 �M) for 6 h followed by vehicle or TGF-�1 (5 ng/ml) in the presence
or absence of RIKI for another 24 h. 100 ng of total RNA was subjected to reverse transcription and real-time PCR
reaction with SYBR Green mix. The relative mRNA levels were presented as compared with untreated BxPC3
control. B, BxPC3 and Bx/Smad4 cells were transfected with full-length of RON promoter luciferase reporter
construct and received the same treatment as above. Luciferase activities were measured 48 h after transfec-
tion. The data were presented as -fold changes of luciferase activities compared with untreated control. C and
D, real-time reverse transcription PCR and RON promoter luciferase reporter assays performed in UK Pan-1 and
UK/siSmad4 cells. Data for A–C are presented as the mean � S.D. of three separate experiments.
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erbB family members is frequently found in pancreatic cancers
and pancreatic cancer cell lines (17, 43). In addition, recent
studies show that the RON receptor, a member of theMet fam-
ily of receptor tyrosine kinases, is overexpressed in PDAC (33,
34). We found that RON receptor tyrosine kinase expression
was elevated in pancreatic cancer cell lines that are deficient of
Smad4 comparedwith cell lines that possess intact components
of the Smad signaling pathway. Re-expression of Smad4 in
BxPC3 cells down-regulated RON expression. TGF-�1 treat-
ment further decreased the levels of RON in Smad4-positive
cell lines. We did not find that TGF-� caused any appreciable
down-regulation in the expression of erbB family of receptor
tyrosine kinases (not shown). Our findings are the first to indi-
cate that Smad4-dependent TGF-� signaling is a negative reg-
ulator of RON. Thus, loss of Smad4 likely contributes to the
overexpression of RON observed in some pancreatic cancers.

Our studies further indicate that TGF-�/Smad-independent
signaling mediates motility and invasiveness and that optimal
TGF-�-mediated motility and invasion require RON signaling.
It is known that TGF-� can activate, independent of Smads, the
Ras/ERK, TAK1/p38, RhoA/JNK, and phosphatidylinositol
3-kinase/AKT pathways (1). Our studies imply that cross-talk
betweenRONand Smad4-independentTGF-�pathways coop-
erates in TGF-�-induced invasiveness.

Although RON is reported to be overexpressed in PDAC
tumors (33), the mechanism causing this overexpression has
not been investigated. Analysis of the RON promoter revealed
three consensus SBEs. Smad complexes associate with other
cofactors to efficiently bind SBEs and promote transcription or
repression of TGF-�-responsive genes (3, 4). Activated Smads
induce the expression of cyclin-dependent kinase inhibitors,
including p21WAF1/CIP1, p27kip1, and p15INK4B, but repress the
transcription of c-Myc (4, 44). Our findings suggest a role of
Smad4-containing complexes as transcriptional repressors of
the RONpromoter. The importance of these SBEs in repressing
RON promoter activity is supported by site-directed mutation
studies. TGF-�-mediated repression of RON promoter activity
was inhibited by functional inactivation of either of the two SBE
sites that are most proximal to the transcriptional start site.
These studies imply that Smads act as transcriptional repres-
sors of RON, perhaps in a manner similar to that seen for
c-Myc. Studies by others (35) show that RON protein turnover
is mediated through ubiquitylation/proteasome pathway. Our
studies indicate that in the absence of exogenous RON ligand
RON protein is relatively long lived in both Smad4-intact and
Smad4-deficient cells. Our studies indicate that TGF-� regu-
lates RON expression through transcriptional repression.
However, these studies do not rule out the possibility that
TGF-� could partially regulate RON expression through post-
translational mechanisms.
How TGF-� signaling switches from tumor-suppressive to

tumor-promoting activity remains an intriguing question for
cancer biologists. We show here that one critical and novel
mechanism involves cross-talk between TGF-� and RON
signaling pathways and that the presence or absence of intact
Smad4-dependent signaling regulates TGF-�-induced inva-
sive properties in PDAC. This TGF-�/RON axis may be
exploited for cancer therapy, and the status of Smad4-de-
pendent signaling may impact response to therapy by TGF-�
RI kinase inhibitors, which are now entering clinical trials.
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