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Abstract

Ras-transformed intestinal epithelial cells are resistant
to the growth inhibitory actions of TGF3 and have a
marked decrease in expression of the TGFg type Il
receptor (TGFARII). Rat intestinal epithelial cells (RIE)
were stably transfected with activated Ras, Sos and
Raf constructs and tested for expression of TGFARII
and sensitivity to growth inhibition by TGFg3. The
parental RIE line and the RIE-Raf cells were non-
transformed in morphology and were sensitive to
TGFB (70-90% inhibited). In contrast, the RIE-Ras
and RIE-Sos lines were transformed, resistant to TGF3
and expressed 5- to 10-fold decreased levels of the
TGFSRII mRNA and protein. Cyclin D1 protein expres-
sion was repressed by TGF3 treatment in parental RIE
and RIE-Raf cells, whereas levels of cyclin D1 in RIE-
Ras and RIE-Sos cells remained unchanged. Treat-
ment of RIE-Ras cells with 25 yM farnesyl transferase
inhibitor, FTI L739,749, for 48 hours restored expres-
sion of TGFJRII to levels equivalent to control cells. In
addition, treatment of RIE-Ras cells for 48 hours with
PD-98059, a specific MAPKK inhibitor, also increased
expression of TGFSRIlI to control levels. Collectively
these results suggest that downregulation of TGFSRII
and loss of sensitivity to growth inhibition by TGF3 in
Ras-transformed intestinal epithelial cells is not
mediated exclusively by the conventional Ras/Raf/
MAPKK/MAPK pathway. However, activation of MAPK,
perhaps by an alternate Ras effector pathway, appears
to be necessary for Ras-mediated downregulation of
TGFSRIl.  Neoplasia (2000) 2, 357—-364.
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Introduction

The transforming growth factor 5 (TGF3) family of ligands
and receptors are key regulators of normal epithelial cell
homeostasis. The most prominent biologic activity of TGFj3
in epithelial cells is growth inhibition, although a number of
other diverse activities such as induction of differentiation,
regulation of cell migration and induction of extracellular
matrix synthesis have been described [1,2]. The three
mammalian TGF3 isoforms, TGF31, TGF32 and TGF33,

share 70—-75% sequence identity and a nearly equivalent
spectrum of biologic activity. These proteins are secreted as
inactive precursors and are activated by cleavage of a
precursor sequence to form the mature 25-kDa homodimer
which is capable of binding to the TGFj receptor. Three
classes of high-affinity cell surface TGF3 receptors have
been identified by cross-linking analyses and by molecular
cloning [3-5]. These are TGFARI (53 kDa), TGFSRII (75
kDa) and TGF3RIIl (~300 kDa) [6—8]. Each of these three
receptors binds each of the three TGF( ligands, albeit with
modest differences in affinity [9].

TGFp signaling occurs through a heterotetrameric com-
plex involving TGFSRI and TGFARII [10-12]. Binding
occurs with the extracellular domain of TGFSRIl which
possesses a constitutively active cytoplasmic serine/threo-
nine kinase, whereas TGFGRI only binds TGFg in the
presence of the TGFARII. Formation of the heteromeric
complex results in transphosphorylation of TGFSRI and
activation of the cytoplasmic serine/threonine kinase. This
kinase transiently phosphorylates and activates a family of
unique intracellular signaling molecules, designated Smads,
which translocate to the nucleus and regulate gene expres-
sion [4].

It has been hypothesized that disruption of the TGFj
pathway may result in loss of normal growth restraint and
favor cellular transformation. Indeed, TGF3 resistance
occurs in a wide variety of human neoplasms [13]. Although
loss of TGF 3 tumor suppressor activity has been detected at
multiple points along the ligand-receptor-signaling axis,
alterations in the expression of TGFARII are of particular
interest in colon carcinoma cells [14,15]. In transformed
colon lines, microsatellite instability due to a defect in DNA
base—base mismatch repair genes characteristically results
in a frame shift mutation in TGF3Rll, leading to production of
a nonfunctional, truncated receptor and loss of TGFg
responsiveness [15]. Such mutations in TGFSRII occur in
nearly all patients with microsatellite instability, including
those with hereditary nonpolyposis colon cancer (HNPCC),
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and account for approximately 15% of colorectal tumors. In
sporadic human colon cancers resistant to TGF3, genomic
mutations in TGFpRIl occur infrequently (6—10% of
sporadic tumors) and primarily in the context of genomic
instability [16—18].

The aforementioned data indicate that unrecognized
mutations at other points in the TGF3 pathway or that
epigenetic events involving TGFSRII are operative in many
colon tumors. Mutational disruption of the key signal proteins
Madr2 and DPC4 (smad4) occurs in 4% and 16% of
colorectal carcinomas respectively [19,20]. Also, decreased
expression of TGFSRII is found in intestinal adenomas from
min mice harboring loss of APC tumor suppressor gene
function [21]. An apparent epigenetic event resulting in
decreased TGFgRII expression has been described in
intestinal epithelial cells transformed by an activated Ras
oncogene [22,23]. The Ras gene product is a 21 kDa,
membrane-associated, guanine nucleotide-binding signal-
ing protein which is mutationally activated in about 50% of
colorectal carcinomas [24,25]. A number of parallel and
interacting intracellular signaling pathways are activated by
Ras, the end result of which is regulation of gene expression.
Previous studies have found that nontransformed jejunal
epithelial cells transfected with the H-Ras oncogene
become resistant to growth inhibition by TGFj3 [22,23]. This
occurs in the context of reduced expression of TGFSRII
mRNA and protein [22,23,26,27]. Data suggest that down-
regulation of TGFGRII occurs transcriptionally [27]. Similar
observations have been made in other cell lines [28—30];
however, downregulation of TGFSRII is not a universal
observation in Ras transformed cells [31].

In the present study, the relationship between Ras
overexpression, TGFARII expression and TGFj sensitivity
in intestinal epithelial cells is further examined by using cell
lines transfected with activated Sos and Raf, signaling
proteins functioning immediately before and after Ras
activation in the “conventional” Ras signaling pathway
[24]. The results show that a Ras - effector pathway operat-
ing independent of Raf serine/threonine kinase activation,
but dependent on MAPK activity, is involved in down-
regulation of TGFSRII and induction of TGFS resistance.

Materials and Methods

Cell Lines and Reagents

RIE-1 rat intestinal epithelial cells [32] were obtained
from Ken Brown (Cambridge, UK) and were maintained in
DMEM supplemented with 5% fetal calf serum. RIE-Ras
cells were kindly supplied by Dr. Robert Coffey (Vanderbilt
University) and were stably transfected with pSV2-H-ras
(12 V) containing human sequences encoding the trans-
forming H-Ras (12 V) protein [33]. The RIE-Raf and RIE -
Sos lines were kindly provided by Dr. Channing Der
(University of North Carolina). RIE-Raf cells are stably
transfected with pZIP - Araf22W, a c- Raf- 1 mutant activated
by NH.-terminal truncation [34]. Araf22W is transforming in
fibroblasts, but not epithelial cells [35]. The RIE-Sos line

stably overexpresses the constitutively activated, mem-
brane-targeted Sos1 protein (Sos-CAAX). It has been
previously determined that Sos-CAAX causes transforma-
tion of NIH3T3 cells by chronic activation of endogenous
Ras. RIE-Sos cells exhibit the same growth and morpholo-
gic characteristics observed with Ras-transformed cells
(personal communication, Sean Oldham, University of North
Carolina). For each transfected cell line, multiple G418-
resistant clones (>50) were pooled for use in subsequent
studies. TGF31 was obtained from R&D Systems, Minnea-
polis, MN.

RNA Isolation and Northern Blotting

Total cellular RNA was extracted with an SDS-based
lysis buffer, subjected to proteinase K digestion and the
poly(A) fraction was isolated by oligo-dT selection as
previously described [36]. Poly(A) RNA was separated
by 1.2% agarose gel electrophoresis and transferred to
nylon membranes by Northern blotting [37]. cDNA probes
were labeled by random primer extension using Redivue
[®2P]-dCTP and the Rediprime DNA labeling system, both
from Amersham Life Sciences, Arlington Heights, IL. The
TGFSRIl probe is a 343-bp EcoRl/Pstl fragment of the
murine TGFBRIlI sequence encoding a portion of the 5
coding region and the extracellular domain. The VEGF
probe is a 448-bp Pstl/Sacll fragment of rat VEGF which
detects all splice variants. A 700-bp BamHI/Pstl fragment
of the cyclophilin gene (1B15) was used as a constitutive
probe. Hybridizations and posthybridization washes were
performed as described previously [38].

Immunoprecipitation and Western Blotting

Cell monolayers in 100-mm culture dishes were solubi-
lized in lysis buffer (20 mM Tris—HCI, pH 7.4, 120 mM NaCl,
100 mM NaF, 200 uM NazVO4, 4 mM PMSF, 10 ug/ml
leupeptin, 10 pg/ml aprotinin, 0.5% NP-40, and 2 mM
benzamidine) for 30 minutes at 4°C. After centrifugation at
12,000g for 15 minutes, the supernatant was incubated
overnight with a rabbit polyclonal anti-TGFSRIl antibody
(sc#400, Santa Cruz Biotechnology). Immunoprecipitates
were incubated with protein A-agarose for 1.5 hours and
then washed repeatedly in phosphate-buffered saline
containing 0.05% NP-40. The immune complexes were
eluted in SDS sample buffer (62.5 mM Tris—HCI, pH 6.8,
10% glycerol, 2% SDS, 1% 3-mercaptoethanol, 0.005%
bromophenol blue) for 5 minutes at 95°C, resolved by 10%
SDS-PAGE and transferred onto PVDF membranes in 25
mM Tris, 192 mM glycine, 20% methanol buffer at 30 V
overnight. Membranes were then blocked, incubated with
TGFSRII antibody (1:1000 dilution) followed by horseradish
peroxidase - conjugated goat anti-rabbit IgG (Vector Labs,
Burlingame, CA). The ECL Plus detection system (Amer-
sham) was used to detect the antigen—antibody complexes.
For cyclin D1 immunoblotting, total cell lysates were resolved
by 10% SDS-PAGE, transferred onto PVDF at 15 V for 0.7
hour and incubated with rabbit anti-human cyclin D1
polyclonal antibody (UBI, Lake Placid, NY). Immunodetec-
tion was performed as described above.
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Cell Proliferation Assays

[®H]-thymidine incorporation assays were carried out in
24 -well tissue culture plates as previously described [39].
Cells were seeded at a density of 20,000 cells/well, allowed
to attach for at least 24 hours, then treated as described in
the figure legends. A [3H]-thymidine pulse (1 pCi/well)
(NEN, Boston, MA) was provided between the 18th and 21st
hour of treatment. Radioactivity incorporated into trichlor-
oacetic acid insoluble material was determined by scintilla-
tion counting and results are presented as the mean+SEM
for triplicate or quadruplicate measurements. Each experi-
ment was repeated at least three times. For cell-counting
experiments, cells were treated with TGF31 (5 ng/ml) or
vehicle (4 mM HCL, 0.1% BSA) for 48 hours. Cells were
trypsinized and counted using a hemacytometer. Results are
presented as the mean+SD of at least three determinations.

Cross-linking

Cross-linking was performed as previously described
[40]. Briefly, cells were washed twice in KRH (50 mM
HEPES pH 7.5, 130 mM NaCl, 5 mM MgSQ,, 1.3 mM CaCl,
and 5 mM KCI) and preincubated with binding buffer (KRH
with 0.5% w/v BSA) for 30 minutes at 37°C. The
radioligand ['?°I]-TGF51 (NEN-Dupont) was added to a
final concentration of 50 pM in the presence or absence of
500 pM TGFpB1 and the incubation continued for an
additional 2 hours at 4°C. The ligand solution was removed,
the cells washed four times with cold KRH and 0.1 mg/ml
disuccinylsuberate (Pierce Chemical Company, Rockford,
IL) in KRH was added for 15 minutes at 4°C. Cells were
incubated in cold lysis buffer (1% Triton X-100, 10 mM Tris
pH 7.4, and 1 mM EDTA) for 30 minutes and the resulting
supernatant was collected without scraping. Equal volumes
of protein were added per gel lane within each experiment
and ranged between 55 and 90 ug. Samples were resolved
on 6% polyacrylamide gels, stained with fresh Coomassie
stain, destained in an excess of 5% methanol and 7% acetic
acid and dried in BioDesign Gel Wrap. The resulting
banding patterns were examined by autoradiography and
Phosphorimager analysis.

Results

Cell Morphology and TGF3 Sensitivity

Striking differences in the morphology of the RIE
transfectants are observed. The parental RIE and RIE - Raf
cells are large and epithelioid with abundant cytoplasm,
whereas the RIE-Sos and RIE-Ras cells are smaller,
spindle-shaped cells with scant cytoplasm and small,
refractile nuclei (Figure 1). Thymidine incorporation assays
and cell counting were used to determine TGF 3 sensitivity.
Rapidly growing, subconfluent parental RIE, RIE-Sos, RIE-
Ras and RIE-Raf cells were treated with varying concentra-
tions of TGF31. Cell proliferation was determined by a [H]-
thymidine pulse 18 to 21 hours after treatment (Figure 2A)
as well as cell counting 48 hours after treatment (Figure
2B). Parental RIE cells and RIE - Raf transfectants are more
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Figure 1. Morphology of parental and transformed RIE-1 cells. Cell lines
were obtained as described in Materials and Methods. RIE: parental cells,
RAF: RIE-Araf22w, RAS: RIE-Ras(12V), SOS: RIE-Sos. Magnification,
x 200.

sensitive than the RIE - Ras and RIE - Sos lines. For example,
TGFS1 inhibits thymidine incorporation and growth of
parental RIE and RIE-Raf cells 60—80% at a concentration
of 5 to 10 ng/ml, whereas RIE-Ras and RIE-Sos cells are
inhibited from 10 to 20%. These data indicate the lines with a
transformed morphology are relatively resistant to the growth
inhibitory action of TGF 3 while the nontransformed lines are
sensitive.

TGF3RII mRNA and Protein Expression

Decreased expression of TGFSRII occurs in most Ras-
transformed lines including the RIE-Ras line [22,23,26—
30]. Extension of this observation to additional RIE cell lines
overexpressing immediate upstream (Sos) and down-
stream (Raf) components of the Ras/MAPK pathway are
shown in Figure 3. The TGFg3-sensitive lines with a
nontransformed morphology (parental RIE and RIE-Raf)
express 5- to 10-fold more TGFSRII mRBNA than the
resistant lines with a transformed morphology (RIE-Sos
and RIE-Ras) (Figure 3A). Western analysis using
immunoprecipitated TGFSRII indicates that TGFSRII protein
expression is also decreased in RIE -Ras and RIE-Sos cells
(Figure 3B). The Western blots show two TGFSRII protein
products, reflecting differential processing as previously
described [41,42]. The nature of the prominent low
molecular weight signal detected in the RIE-Sos is un-
certain, but was observed consistently. In experiments not
shown, inclusion of blocking peptide in a separate experi-
ment successfully competed away all signals shown in
Figure 3B, including the low molecular weight signal in the
RIE-Sos cells. Cross-linking with ['2°[-TGF31 was also
used to determine the relative expression of cell-surface
associated TGFQRIl (3C). These analyses confirmed
observations made using Northern and Western blotting.

Regulation of Gene Expression in TGFj-Sensitive and
TGF}3 - Resistant Lines

Expression of TGFg3-responsive genes relevant to
cellular proliferation (cyclin D1) as well as genes relevant
to nonproliferative actions of TGF3 (vascular endothelial
growth factor, VEGF) were examined in the RIE lines.
Previous studies have established that growth factor
stimulation of quiescent epithelial cells results in rapid
induction of cyclin D expression and subsequent cell
proliferation, whereas growth factor withdrawal results in
decreased cyclin D protein levels and GO/G1 growth arrest
[43]. Inhibition of cyclin D1 expression is recognized as an
integral component of TGF/3-mediated growth inhibition in
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Figure 2. (A) TGF{ sensitivity measured by [PH]-thymidine incorporation in
parental and transformed RIE -1 cells. Subconfluent, rapidly growing cells
were treated with 10 ng/ml TGF[31 for 18 hours. Thymidine incorporation was
measured as described in Materials and Methods. Results are expressed as a
percentage of thymidine uptake in cells treated with vehicle alone. Individual
data points are the mean of quadruplicate determinations. Similar results were
obtained in three additional experiments. (B) TGF[3 sensitivity measured by
cell counting. Subconfluent, rapidly growing cells were treated with 10 ng/ml
TGFp3 for 48 hours. Cells were trypsinized and counted using a hemacyt-
ometer. Results are expressed as a percentage of cell numbers in cells treated
with vehicle alone. Individual data points are the mean of quadruplicate
determinations. Similar results were obtained in three additional experiments.

intestinal epithelial cells [44]. As expected, cyclin D1
protein levels were markedly decreased 12 hours after
treatment of subconfluent, rapidly growing parental RIE
and RIE-Raf cells with TGF3. Although the cyclin D1 level
in RIE-Raf cells exceeded the level in parental RIE cells,
substantial downregulation occurred with TGFg3 treatment
(Figure 4). In contrast, the elevated levels observed in the
RIE-Ras and RIE-Sos lines remained increased following
TGF( treatment. Thus, the decreased expression of
TGFpBRIl in Ras and Sos-overexpressing cells is asso-
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Figure 3. (A) TGFBRIIl mRNA expression in parental and transformed RIE - 1
cells. Poly(A) RNA was isolated from subconfluent monolayers. Four
micrograms of RNA were loaded per lane. Northern blots were prepared
and probed with radiolabeled cDNA, as described in Materials and Methods.
1B15 was used as a constitutive probe to control for loading. This experiment
was repeated at least four times. Results are expressed as a percentage of
mRNA expression in parental RIE -1 cells, as determined by densitometry.
(B) TGFpRII protein levels in parental and transformed RIE - 1 cells. Protein
lysates were prepared from subconfluent cells. Immunoprecipitations and
Western blotting were done as described in Materials and Methods. The
antibody is a rabbit polyclonal anti- TGF3RIl antibody. The arrows indicate the
two primary processed forms of TGF3RII [37,38]. All signals were competed
away by pre -incubation with a blocking peptide (not shown). (C) Cross-
linking to surface TGFSRII. [®°l]-TGF31 (NEN-Dupont) was added to a
final concentration of 50 pM in the presence ( + ) or absence ( — ) of 500 pM
TGF31 and the incubation continued for an additional two hours at 4°C. The
ligand solution was removed, the cells washed four times with cold KRH and
0.1 mg/ml disuccinylsuberate in KRH was added for 15 minutes at 4°C.
Autoradiograms were prepared as described in Materials and Methods.

ciated with resistance to TGF/3 growth inhibition, and is
reflected, in part at least, by persistence of elevated levels
of cyclin D1. Expression of VEGF following treatment with
TGF3 was also examined in the RIE lines. Increased
expression of VEGF by TGFg contributes to the angiogenic
response induced by TGFS [45]. Figure 5 depicts the

RIE Raf Ras Sos

TGFB - + - + - + - +

Figure 4. Regulation of cyclin D1 expression by TGF31 in parental and
transformed RIE -1 cells. Rapidly growing, subconfluent cells were treated
with 5 ng/ml TGF31 (+) or vehicle (— ) for 12 hours and total cellular
lysates were prepared. Western blotting was performed as described in
Materials and Methods.

Neoplasia e Vol. 2, No. 4, July—August 2000
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Figure 5. Induction of VEGF mRNA by TGFj31. Cell lines were treated with 5
ng/ml TGFj31 for 18 hours. Poly (A) RNA was isolated and Northern blots
prepared as described in Materials and Methods. The membranes were
probed with cDNA complementary to VEGF and 1B15. Autoradiograms were
scanned and quantitated by laser densitometry. Similar results were obtained
in two additional experiments.

degree to which TGFgS induces VEGF expression in
logarithmically growing RIE cells. Ras and Sos over-
expressing cells had increased basal levels of VEGF
expression, but all cell lines responded to TGF/ treatment
with a further induction of VEGF expression. This response
was most prominent in the Ras-transformed (10-fold) and
Sos-transformed (five-fold) RIE lines, indicating preser-
vation of signaling by a nonmitogenic pathway, despite a
functionally significant reduction of TGFj signaling by
pathways relevant to growth regulation.

Inhibition of Ras Activity by Farnesyl Transferase Inhibitor
(FTI) Restores TGFGRII

Cytosolic Ras is partitioned to the cell membrane by a
series of posttranslational modifications, including addition of
a 15-carbon isoprenyl (farnesyl) group to a sulfhydryl
moiety in the C-terminal CAAX sequence, a reaction
catalyzed by farnesyl transferase. Farnesylation and mem-
brane localization of Ras to the cytosolic face of the cell
membrane is required for Ras activity [24,46,47]. Thus,
inhibition of farnesylation by FTI suppresses Ras function. In
the present series of experiments, addition of the FTI
L739,749 to Ras transformed RIE-1 cells was used to
determine the specificity and reversibility of Ras-mediated
downregulation of TGFSRII. Treatment with FTI at the
concentrations used in these experiments are sufficient to
inhibit H-Ras processing and transformation in RIE-1 cells
(Nywanna Sizemore et al., personal communication).
Rapidly growing, subconfluent RIE-Ras cells were treated
with 10 and 25 M L739,749 for 48 hours. As shown in Figure
6A, a nearly five-fold induction of TGF3RIl mRNA expres-
sion was noted at both concentrations of FTI. This induction
principally occurred between the 24th and 48th hours of
treatment because initial experiments showed little increase
after the shorter interval (not shown). Thus, the suppression
of TGFSRII expression by Ras overexpression is directly
related to the activation of Ras at the cytosolic face of the cell
membrane and is reversible with persistent inhibition of
farnesyltransferase activity. The specificity of the FTI effect
on TGFSRII was also examined by determination of its effect
on VEGF, a known Ras-regulated gene [48,49]. As
expected, L739,749 markedly downregulates VEGF expres-
sion in Ras transformed RIE cells. Figure 6B shows the
effect of farnesyltransferase inhibition on Ras-mediated
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downregulation of TGF/3RII is reversible within 24 hours of
L739,749 withdrawal.

Inhibition of MAPKK also Upregulates TGFRII Expression

Raf is the first signaling component downstream of Ras in
the MAPK cascade, yet, as we have shown, RIE cells
overexpressing Raf are biologically and phenotypically more
similar to parental RIE cells than Ras-overexpressing cells.
These observations suggest that an alternate Ras effector
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Figure 6. Effect of FTI and PD-98059 on TGF3RIl and VEGF expression in
RIE-Ras cells. (A) RIE-Ras cells were treated for 48 hours with the
concentration of FTI (L739,749) and PD-98059 shown. Poly(A) RNA was
isolated and Northern blots were prepared. Membranes were probed with %P
cDNA complementary to TGFSRII, VEGF and 1B15. Autoradiograms were
scanned and quantitated by laser densitometry. The signals in each lane were
normalized to the respective level of 1B15 expression and plotted relative to
expression in untreated RIE - Ras cells. Both compounds are suspended in
DMSO, which has no apparent effect on expression of either mRNA species.
This experiment was repeated twice. Similar results were seen in RIE - Sos
cells. Solid bars: TGF3RII expression; hatched bars VEGF expression. (B)
RIE - Ras cells were treated with 25 uM FTI (L739,749) for 24 and 48 hours
as shown and protein isolates were subjected to Western analysis as
described in Materials and Methods. In separate experiments, the cells were
treated with FTI for 48 hours followed by removal (R) of the inhibitor for 24 or
48 hours as shown. (C) Confluent RIE - Ras monolayers were treated with
vehicle, 25 M L739,749 or 25 1M PD - 98059 for 48 hours. Crosslinking was
performed as described in Materials and Methods. Unlabeled TGF31 was
included in assays (+) to control for specificity of binding. Similar results
were observed in RIE - Sos cells.
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system is involved in the downregulation of TGFARII and
associated TGF3-resistance and altered morphology. Put in
a different way, Ras-mediated downregulation of TGFjRII
and emergence of TGF/ resistance appears to occur, at
least in part, by Raf-independent pathways. If a Ras effector
pathway exclusively independent from the traditional Ras/
Raf/MAPKK/MAPK pathway is responsible for downregula-
tion of TGF/RII, inhibition of the MAPK pathway using the
specific MAPKK inhibitor PD-98059 [50] should not affect
TGFSRIl levels. Treatment with 25 M PD-98059 for 24
hours resulted in a modest increase in TGFSRII mRNA levels
to approximately 1.5-fold above control in all lines tested
(not shown). Subsequent studies showed a eight-fold
increase in RIE-Ras cells treated for 48 hours (Figure
6A). This degree of TGFARII induction approximates levels
of expression in the TGFg3-sensitive parental RIE lines.
Cross-linking analysis confirmed that induction of TGF3RII
by L739,749 and PD-98059 resulted in induction of cell-
surface receptor biologically capable of binding [2°1]-TGF 31
(Figure 6C).

Discussion

TGF 3 is a potent inhibitor of cellular proliferation in epithelial
cells, including those of the intestinal tract. Both TGF3 and
TGF( receptors are expressed in the normal intestinal
epithelium and perform a vital role in the tightly regulated
balance of proliferation and differentiation along the intestinal
crypt-villus axis [39,51-53]. It has long been hypothesized
that loss of normal TGF/3-mediated growth inhibition may
result in unregulated growth of the intestinal epithelium and
contribute to colorectal carcinogenesis. Indeed, mammalian
TGF 3 receptors are now considered tumor suppressor gene
products. Inactivating mutations in the type Il TGF 3 receptor
occur in more than 90% of colorectal tumors that exhibit
microsatellite instability, including persons with HNPCC
[14,15]. Loss of a functional TGFSRIl in HNPCC results in
resistance to TGF3-mediated growth inhibition and unregu-
lated colon epithelial cell growth [15].

Our laboratory recently reported decreased levels of
TGFGRIl and resistance to TGFS in Ras-transformed
intestinal epithelial cells [23], a finding confirmed in related
studies by other investigators [22]. This Ras-related
epigenetic event involving the TGFSRIl results in an
molecular defect analogous to that described in HNPCC.
Activating p21 Ras mutations are observed in approximately
50% of colorectal tumors and are believed to occur relatively
early in the sequence of cumulative molecular defects
leading to colorectal neoplasia [54]. Thus, Ras-mediated
effects on TGFS sensitivity may be a major contributor to
colorectal carcinogenesis.

The mechanism by which sustained Ras activation results
in reduced TGF ORIl expression is not clear. Zhao and Buick
[27] found that dexamethasone - inducible expression of Ras
under the control of a MMTV promoter reduced TGF/RII
mRNA levels at least in part by reducing rates of RNA
transcription in IEC-18 cells. In these studies [27], the half-
life of the TGFSRII mRNA in Ras-expressing cells was not

different from control cells and the investigators found a
conversion from TGF 3Rl to TGF3RI expression in response
to Ras induction by dexamethasone. In our studies, a similar
conversion was not observed in RIE cells stably transformed
by Ras (data not shown).

In the present study, a role for the conventional Raf/
MAPKK/MAPK pathway in regulation of TGFgSRIl was
investigated by exploring TGF3 sensitivity and receptor
levels in Ras-transformed RIE cells, as well as RIE cells
stably transfected with activated signaling proteins function-
ing immediately before (Sos) and after (Raf) Ras. Sos
mediates activation of p21 Ras by linking it to receptor
tyrosine kinase activation [24]. The RIE-Sos transfectants
are characterized by normal levels of endogenous (wild-
type) Ras; however, Ras in RIE-Sos cells is predominantly
membrane-associated in the activated GTP-bound state,
resulting in transformation. TGFRII expression and TGF3-
sensitivity in RIE-Sos clones is similar in all respects to the
activated, mutant Ras-overexpressing transfectants. In
contrast, RIE-Raf clones exhibited biologic behavior more
similar to the parental RIE line than the RIE -Ras or RIE-Sos
clones, despite the fact that Raf activation is the immediate
downstream consequence of Ras activation. Prior work
indicates equivalent Raf kinase activity in the RIE-Ras and
RIE-Raf cells used in our experiments, thus validating the
significance of our observations [33]. In conjunction with
results using FT1 L739,749, our work suggests alternate Ras
effector pathways are involved in reversible regulation of
TGFSRIl expression. In related studies, signaling through a
Raf-independent Ras effector pathway has also been found
to mediate Ras-induced cellular transformation in RIE-1
cells [33].

Inasmuch as inhibition of MAPKK by the pharmacologi-
cal agent PD-98059 restores TGF3RII levels in RIE-Ras
cells, our data collectively indicate that diverse Ras effector
pathways may act in concert to downregulate TGFSRII.
The level of Raf kinase activity in the RIE-Ras and RIE-
Raf lines used in our study is similar, further reinforcing our
conclusions. Indeed, accumulating evidence supports a
great deal of complexity in Ras signal transduction and
biologic responses, such as transformation, occur as the
integrated result of signaling by multiple Ras effectors. It is
attractive to postulate that the Rho family of small GTP-
binding signaling proteins are candidate effectors with
which the conventional Raf/MAPKK/MAPK may interact to
downregulate TGFSRIlI [24]. Substantial data exist in
support of Rho proteins as Raf-independent Ras effectors
and in some cell systems, Rho function is necessary for full
oncogenic transformation by Ras [55-58]. It has been
suggested that Rho may cooperate with Raf to cause
transformation and recent data suggest that Rho proteins
cooperate with Raf to activate p42YAPK and p44MAPK [59].
These data are congruous with our own observation that
Ras-mediated downregulation of TGFSRIl is not exclu-
sively dependent on Raf activation and requires MAPK
activation. Full delineation of the interacting pathways
involved in Ras-mediated downregulation of TGFgRII
may permit design of rational strategies for inhibition of
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the pathways and restoration of TGFSRIl and possibly
growth sensitivity.

We found that Ras and Sos overexpressing cells had
markedly increased basal levels of VEGF expression, an
observation that has been previously reported [48,49], but
the RIE-Ras and RIE-Sos clones responded to TGFj3
treatment with a further induction of VEGF expression,
despite resistance to the growth inhibitory actions of TGFg3.
This response was most prominent in the Ras- and Sos-
transformed RIE lines, indicating preservation of signaling by
a nonmitogenic pathway, despite a functionally significant
reduction of TGF signaling by mitogenic pathways. Similar
observations have been reported in other cell systems
[27,60,61] and it has been suggested that signaling related
to nonmitogenic actions of TGF 3 may occur primarily thru the
TGFpBRI. The precise mechanism by which this occurs is
uncertain. These results indicate a dual adverse effect of
Ras-transformation on RIE-1 cell biology, including loss of
an autocrine growth inhibitory pathway and stimulation of
angiogenic molecules which may further favor tumor growth
in vivo, the end result of which is an enhanced potential for
tumorigenesis.

Recent data in lung and mammary epithelial cells suggest
that oncogenic Ras may interfere with TGFg3 signaling by
phosphorylation of Smad2 and Smad3 in the polylinker
region resulting in inhibition of Smad complex translocation
into the nucleus [62]. TGFRII levels were not reported in
this study. These results suggest both receptor and post-
receptor mechanisms may be involved in TGF 3 resistance in
Ras-transformed intestinal epithelial cells.
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