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Transforming growth factor B (TGF-f) regulates many bio-
logical processes, and aberrant TGF- 3 signaling is implicated in
tumor development. Smad3 is a central component of the
TGEF-p signaling pathway, and once activated, Smad3 forms
complexes with Smad4 or other receptor-regulated Smads,
which accumulate in the nucleus to transcriptionally regulate
TGEF- target genes. Because Smad3 plays a significant role in
mediating the activities of TGF-f3, we examined its regulation
during tumor development using a well characterized tumor
model. We demonstrate that Smad3 levels are dramatically
reduced in the tumorigenic cell line transformed with activated
H-Ras compared with the normal parental epithelial cells. Inter-
estingly, we also observe a cell cycle-dependent regulation of
Smad3 in both cell types, with high Smad3 levels in quiescent
cells and a significant drop in Smad3 protein levels in prolifer-
ating cells. Smad3 is regulated at the mRNA level and at the level
of protein stability. In addition, functional analysis indicates
that down-regulation of Smad3 levels is required for the tumor
cells to proliferate in the presence of TGF-f, because ectopic
expression of Smad3 in the tumorigenic cell line restores the
growth inhibitory response to TGF-. In contrast, expression of
high levels of Smad3 did not interfere with the ability of these
cells to undergo epithelial to mesenchymal transition upon
TGEF-p stimulation. Altogether, our results suggest that the level
of Smad3 protein is an important determinant of the progres-
sion of tumorigenesis. High levels of Smad3 are required for the
tumor suppressor activities of TGF-f3, whereas lower levels are
sufficient for the tumor promoting functions.

Members of the transforming growth factor 8 (TGF-B)*
superfamily regulate many diverse cellular behaviors including
proliferation, differentiation, migration, and survival. TGF-3
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signals predominantly via a receptor complex comprising
the type I receptor ALKS5 (activin receptor-like kinase 5) and the
type II receptor TBRIL, both of which are serine/threonine
kinases (1). Activation of ALK5 by the constitutively active
TPBRII leads to the phosphorylation of the receptor-regulated
Smads Smad2 and Smad3 at their conserved C-terminal SSXS
motif. A different subset of receptor-regulated Smads, Smadl
and Smad5, are also phosphorylated in response to TGF-$ in
many different cell lines, although the receptor complexes
required for this are still under debate (2—4). Once activated,
receptor-regulated Smads form complexes with each other and
with the common Smad (co-Smad), Smad4. These Smad com-
plexes accumulate in the nucleus, where they assemble with
specific DNA-binding transcription factors, co-activators and
co-repressors to regulate transcription (1).

TGEF-B signaling is strongly implicated in cancer progres-
sion. At early stages of tumorigenesis, TGF-B signaling is
thought to act as a tumor suppressor, as a result of its ability to
arrest the growth of epithelial cells, and in some cases induce
apoptosis (5, 6). However, during late stages of cancer progres-
sion, the activities of TGF-f switch from tumor suppressive to
tumor promoting, enhancing tumor progression, invasion, and
metastasis (7). This can occur through down-regulation, muta-
tion, or deletion of core components of the TGF-3 pathway
such as the receptors or Smads or by alterations in downstream
targets of the pathway that specifically eliminate the tumor sup-
pressor activities of TGF-f (8). When the type II receptors are
completely lost, as in some colorectal, ovarian, or head and neck
cancers, the tumor cells themselves become completely nonre-
sponsive to TGF-, and the tumor promoting effects of TGF-f3
are elicited through effects on the tumor stroma (8). However,
in other cases, such as when Smad4 is deleted or mutated, or
when expression of other pathway components is down-regu-
lated but not completely lost, the tumor cells remain responsive
to TGF-B, which may promote their ability to migrate and
invade (8, 9).

The role of Smad3 in cancer is particularly intriguing. It is a
critical mediator of the cytostatic response to TGEF- . Evidence
for this comes from the observation that Smad3-deficient mice
show accelerated wound healing due to increased re-epithelial-
ization, which can be attributed to impaired TGF-S growth
inhibition of keratinocytes and increased recruitment of fibro-
blasts and macrophages (10). In addition, a variety of primary
cells from Smad3-null mice are partially resistant to the growth
inhibitory effects of TGF-£ (11, 12). Smad3 has also been shown
to suppress liver tumorigenesis by promoting apoptosis in
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tumor cells (13). Thus, Smad3 appears to have a tumor-sup-
pressive function. However, Smad3 also plays a crucial role in
the prometastatic activities of TGF-B. Reduction of Smad3 has
been shown to strongly suppress metastasis to the lung of
aggressive carcinoma cells (14), and Smad3 is essential for epi-
thelial to mesenchymal transition (EMT), which is thought to
be important for metastasis (15). This latter activity was dem-
onstrated by the inability of TGF-f to induce EMT in primary
tubular epithelial cells derived from kidneys of Smad3-null
mice (16). Interestingly, down-regulation of Smad3 expression,
though not a complete loss, was observed in Madin-Darby
canine kidney cells undergoing EMT, which was concomitant
with a resistance of these cells to TGF-B-induced growth inhi-
bition (17). Thus, Smad3 is required for both the growth inhib-
itory and tumor-promoting activities of TGF-B. This dual role
of Smad3 could explain why mutations in Smad3 in human
tumors appear to be very rare and have only very recently come
to light through genomic screening of human pancreatic,
breast, and colorectal tumors (18, 19). A more common obser-
vation is the down-regulation of Smad3 expression in tumors,
as has been observed in, for example, gastric cancer (20, 21).

Because Smad3 plays a significant role in mediating both the
tumor suppressor and tumor-promoting activities of TGF-p,
we decided to systematically study how its levels were regulated
in a well studied tumor model, the EpH4/EpRas system (22).
We observe a cell cycle-dependent regulation of Smad3 in both
cell types, whereby high Smad3 levels are present in quiescent
cells, and the levels drop significantly in proliferating cells. We
also show that Smad3 levels are dramatically reduced in the
H-Ras-transformed cell line (EpRas) compared with the normal
parental epithelial cells (EpH4). We go on to show that Smad3 is
regulated at the level of mRNA and also protein stability.
Reduction in Smad3 levels in EpRas cells is essential for their
ability to proliferate in the presence of TGF-B. In support of
this, we demonstrate that ectopic expression of Smad3 in EpRas
cells restores the growth inhibitory response to TGF-S but has
no effect on the ability of these cells to undergo EMT.

EXPERIMENTAL PROCEDURES

Cell Culture, Treatments, Transfections, and Generation of
Cell Lines—All cell lines were maintained in Dulbecco’s modi-
fied Eagle’s medium supplemented with 10% fetal bovine
serum, and in the case of EpRas cells, 500 ng/ml G418. Cells
were induced at the indicated times with 2 ng/ml TGF-B1 (Pre-
proTech) or 20 ug/ml cycloheximide (Sigma), as appropriate.
For starvation assays, cells were maintained subconfluent in
medium containing 0.1% serum for 72 h. Fresh medium contain-
ing 10% serum was then added with or without TGE-(. Samples
for FACS and Western blotting were harvested after starvation
and 20 h after release. For the establishment of FLAG-Smad3
EpRas cell lines, EpRas cells were transfected with EF-FLAG-
Smad3 (23) together with a plasmid conferring puromycin
resistance (pSUPER-retro-puro; OligoEngine) using Lipo-
fectamine™™ 2000 Reagent (Invitrogen) according to the man-
ufacturer’s protocol. Stable transfectants were selected for
resistance to puromycin (5 ug/ml) to generate clones express-
ing FLAG-Smad3. Clones were analyzed for their expression of
FLAG-Smad3 by Western blotting.
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Cell Lysis, Western Blotting and Immunofluorescence—
Whole cell extracts were prepared using radioimmune precip-
itation assay buffer (50 mm Tris-HCI, pH 8, 150 mm NaCl, 1%
Nonidet P-40, 0.5% deoxycholate, 0.1% SDS, 1 mm dithiothrei-
tol, 25 mm NaF, 25 mm Na B-glycerophosphate, and protease
inhibitors) or D0.4 extraction buffer (24). Western blotting was
performed using standard procedures. The following antibod-
ies were used: Smad3 (Zymed Laboratories Inc.); Smad2/3 and
Grb2 (BD Biosciences); Smad4 (Clone B8), MCM7 (clone
141.2), JunB (clone C-11) and PAI-1 (clone C-9; Santa Cruz);
phospho-Smad2 (Cell Signaling Technology); phospho-Smad3
(EP823Y, Epitomics); FLAG and FLAG-horseradish peroxidase
(Sigma).

Immunofluorescence was carried out as described previously
(25). Antigen detection was performed using anti-E-cadherin
(BD Biosciences), anti-ZO1 (Zymed Laboratories Inc.) or
Vimentin (clone LN-6; Sigma) followed by Alexa Fluor 488-
conjugated goat anti-mouse IgG antibody or Texas Red conju-
gated goat anti-rabbit IgG antibody as appropriate. F-actin was
detected with Texas Red-phalloidin (Alexa). Cells were
mounted with Mowiol (Calbiochem), and fluorescence was
observed with a Zeiss confocal LSM 510 microscope.

RNase Protection Assays—Cells were grown to confluency for
48 h (quiescent samples) or released from quiescence by
trypsinization into fresh medium for 20 h. Cells were lysed, and
extraction of RNA, probe preparation, and RNase protection
assays were performed as described (26, 27). The Smad2 and -3
probes used for RNase protection were designed against the
human sequences but cross-reacted with the mouse sequences
and were as described (17). The y-actin probe was as described
previously (28).

Cell Cycle Analysis and EMT Studies—For EpH4 and EpRas
cell G,/S progression studies, cells were seeded at high density,
arrested in G,/G; by confluency for 2 days, released by
trypsinization, and replated at low density for up to 24 h before
harvesting for FACS analysis and/or Western blotting. The
growth inhibitory assays in EpH4, EpRas cells, and EpRas cell
clones were performed essentially as described previously (29).
Briefly, the cells were grown to confluency over 48 h, trypsin-
released, and replated at a low density and then either left unin-
duced or induced with 2 ng/ml TGF-. Samples for FACS anal-
ysis were collected 16, 18, or 20 h later.

To analyze cells for EMT progression, 5 X 10* EpH4, EpH4
cells depleted of Smad3, EpRas cells, or the FLAG-Smad3-ex-
pressing EpRas cell clones were plated out in 6-well plates and
grown in the presence or absence of TGF-B1 (2 ng/ml). The
medium was changed 1 day after seeding and then every
other day. TGF-B was added to the cells upon medium
change. Three days after plating, the cells were trypsinized
and replated at equivalent density to day 1. Smad3 small
interfering RNA transfection of EpH4 cells in the experi-
ment shown in supplemental Fig. 6 was performed at days 1
and 4. Cells were grown for a total of 10 days, which required
two trypsinizations, and then harvested 48 h after the final
TGE-B addition. EMT was assayed by staining for E-cad-
herin, ZO-1, vimentin, and actin.

BrdUrd Incorporation Assay—EpH4, EpRas, and EpRas S3
C1 cells were plated at high density, arrested in G,/G; by con-
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FIGURE 1. Smad3 expression levels are down-regulated in EpRas cells and are regulated during the cell
cycle. A, confluent EpH4 and EpRas cells were treated = 2 ng/ml TGF-B1 for 45 min. Whole cell extracts were
prepared from confluent cells, and equal amounts of protein were analyzed by Western blotting using anti-
bodies against the Smad2/3 and 4 and Grb2 as a loading control. B, Smad3 protein expression is regulated
during the cell cycle. Synchronized, quiescent EpH4 and EpRas cells were prepared by contact inhibition for
72 h. Actively cycling, low confluency EpH4 and EpRas cells were prepared by synchronizing the cells by
contact inhibition and then plating into fresh medium for 24 h. Cells were either unstimulated or treated with
2 ng/ml TGF-B1 for 1 h as indicated. Whole cell extracts were prepared, and equal amounts of protein were
analyzed by Western blotting using antibodies against Smad2/3 and Smad4 and Grb2 as a loading control.
C, cycling EpH4 and EpRas cells were treated with 2 ng/ml TGF-f3 for the times indicated. Whole cell extracts
were blotted with antibodies against phosphorylated Smad2, phosphorylated Smad3, Smad2/3, and MCM7 as
aloading control. D, EpH4 and EpRas cells were synchronized by contact inhibition and then plated into fresh
medium for the number of hours indicated. Cells were harvested and analyzed by FACS, to determine the
number of cells in G, (black bar), S (white bar), or G,/M (gray bar) and by Western blotting, using antibodies
against Smad3 and Grb2 as a loading control.

tact inhibition for 2 days, released by trypsinization, and
replated at low density for up to 20 h, with or without 2 ng/ml
TGE-B, in the presence of 10 mm bromodeoxyuridine (5-bro-
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mo-2-deoxyuridine, BrdUrd; Sigma).
Cells were then fixed in 70% ethanol
at 4°C, treated with hydrochloric
acid, incubated with an anti-BrdUrd
antibody (Becton Dickinson) and sec-
ondary fluorescein isothiocyanate-
conjugated antibody (DAKO) before
FACS analysis.

RESULTS

Smad3 Expression Levels Are
Regulated by Ras Activity and dur-
ing the Cell Cycle—The regulation
of Smad3 protein levels was inves-
tigated in a well characterized
model system (22). The parental
cells (EpH4 cells) are nontrans-
formed mouse mammary gland
epithelial cells, which are nontu-
morigenic and undergo growth
inhibition and apoptosis in re-
sponse to TGF-B. However, EpH4
cells that have been transformed
by stable expression of oncogenic
H-Ras (EpRas cells) do not arrest
in response to TGF-f but instead
undergo EMT, exhibit invasive
growth in three-dimensional cul-
tures, and form rapidly growing
tumors in mice.

We first examined the levels of
Smad3 as well as Smad2 and Smad4
in both cell lines. A striking differ-
ence was observed in the levels of
Smad3 protein, whereby high levels
of Smad3 were detected in EpH4
cells compared with low Smad3 lev-
els observed in EpRas cells (Fig. 1A).
In contrast, both Smad2 and Smad4
expression remained constant. Fur-
ther analysis of Smad3 protein levels
in these cells revealed that the
expression pattern of Smad3 is also
differentially regulated depending
on the stage of the cell cycle. Quies-
cent cells, which have been arrested
in G,/G, by contact inhibition, and
actively proliferating cells exhibited
different Smad3 levels (Fig. 1B).
This was most apparent in EpH4
cells, where high levels of Smad3
protein were detected in quiescent
cells and dramatically decreased
Smad3 levels were observed in the
cycling cells (Fig. 1B, top panel).

This trend was also observed in EpRas cells, although the levels
of Smad3 in quiescent cells are still much lower than in EpH4
cells (Fig. 1B, top panel). Higher levels of Smad3 were also seen
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in quiescent EpH4 cells arrested by serum starvation compared
with actively proliferating cells (supplemental Fig. 1).

To investigate whether the low level of Smad3 protein in
EpRas cells would potentially influence the functionality of the
TGE-f signaling pathway, we assayed the phosphorylation of
Smad2 and Smad3 over time in cycling cells. P-Smad3 levels
were lower in EpRas cells compared with EpH4 cells, reflecting
the lower levels of Smad3 protein in EpRas cells (Fig. 1C). The
duration of Smad3 signaling was attenuated in the EpRas cells
compared with the EpH4 cells. At 4 h post-TGF- stimulation,
the level of p-Smad3 in EpRas cells was barely detectable,
whereas p-Smad3 was clearly observed in EpH4 cells (Fig. 1C).
We also assayed the TGF-B induction of two Smad3-dependent
target genes in these cell lines. Induction of both JunB and
PAI-1 was substantially reduced in EpRas cells compared with
EpH4 cells (supplemental Fig. 2).

We next examined the time course of down-regulation of
Smad3 protein in cells transitioning from the quiescent to the
proliferative state. Expression of Smad3 was examined in syn-
chronous cultures of EpH4 and EpRas cells at different times
after release from quiescence as they progressed toward
S-phase. Western blot analysis revealed that Smad3 protein
level was down-regulated over time at a steady rate (Fig. 1D). A
high level of Smad3 expression was initially observed in EpH4
cells, but by 24 h after release, the Smad3 protein level was
dramatically reduced (Fig. 1D). A similar profile was observed
in EpRas cells, although the initial level of Smad3 was lower
(Fig. 1D, top panels). FACS analysis of these cells at each time
point revealed that the decrease in Smad3 expression does not
precisely correlate with entry into S-phase, but rather, it
appears to occur steadily throughout G, (Fig. 1D, bottom
panels).

These data indicate that Smad3 expression is regulated at
two levels in this model system. First, Smad3 levels are down-
regulated by a mechanism dependent on the continuous acti-
vation of Ras. In addition, Smad3 levels are modulated by the
quiescent/cycling state of the cells.

Smad3 Is Regulated at the Level of mRNA in EpH4 and EpRas
Cells—To gain insight into the mechanisms involved in Smad3
expression, we examined the levels of Smad3 mRNA in the
different cell types, either quiescent or cycling. Smad3 mRNA
levels in the quiescent and cycling EpH4 and EpRas cells were
determined by quantitative RNase protection assays. Mouse
Smad2 and Smad3 mRNA protected the radiolabeled RNA
probe to generate a 230- and a 300-bp fragment, respectively.
The y-actin protection produced a smaller fragment of 65 bp
(Fig. 2A). The quantitation of the RNase protection analysis
revealed that Smad2 mRNA levels did not vary significantly
from quiescent to cycling cells or between EpH4 and EpRas,
which was expected from the Smad?2 protein data (Fig. 2B, left).
In contrast, Smad3 mRNA levels varied substantially, with a
3-fold decrease in Smad3 mRNA in cycling EpH4 cells com-
pared with quiescent cells (Fig. 2B, right). The Smad3 mRNA
profile was similar in EpRas cells, but there was an ~2-fold
decrease in Smad3 mRNA in EpRas cells compared with EpH4
cells. These results indicate that regulation of Smad3 mRNA
levels contributes to the control of expression levels of Smad3
observed in quiescent versus cycling cells and also the decrease
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FIGURE 2. Smad3 is regulated at the level of transcription. A, mRNA levels
of Smad2 and Smad3 were detected by RNase protection. Total RNA was
isolated from both cycling (C) and quiescent (Q) EpH4 and EpRas cells. 20 ug
of total RNA were analyzed by RNase protection with probes for Smad2 and
Smad3. The protected fragments (Smad2 or Smad3) are indicated. y-Actin
was used as a loading control. Data are representative of two independent
experiments. B, quantitation of RNase protection by phosphorimage analysis.
Data are the means and S.D. of two separate experiments relative to appro-
priate controls.

in Smad3 levels observed in EpRas cells compared with EpH4
cells.

Smad3 Is Additionally Regulated at the Level of Protein
Stability—The differences in Smad3 mRNA levels were
unlikely to account for the much more dramatic differences
observed in Smad3 protein levels. Thus, to investigate whether
other mechanisms, such as Smad3 stability, are also involved in
the regulation of Smad3 protein levels, we determined the rate
of degradation of Smad3 under different conditions. Cycling
and quiescent EpH4 and EpRas cells were treated with the pro-
tein synthesis inhibitor cycloheximide to prevent translation of
newly synthesized Smad3 mRNA. Cycloheximide prevented
further progression of the cells through the cell cycle as deter-
mined by FACS analysis (data not shown), and, therefore, the
stability of Smad3 could be assessed at these two stages in the
cell cycle. In the control samples not treated with cyclohexi-
mide, Smad3 appears relatively stable in each condition, pre-
sumably because any degradation is balanced by resynthesis
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FIGURE 3. Smad3 proteins are less stable in cycling cells than when cells
are quiescent. A, synchronized, quiescent EpH4 and EpRas cells were pre-
pared by contact inhibition for 72 h. Actively cycling, low confluency EpH4
and EpRas cells were prepared by synchronizing the cells by contact inhibi-
tion and subsequent release into fresh medium for 15 h. Cells were either
untreated or treated with the protein synthesis inhibitor cyclohexamide (20
ng/ml) for 3-24 h as indicated. Whole cell extracts were prepared, and equal
amounts of protein were analyzed by Western blotting, using antibodies
against Smad3 and Grb2 as a loading control. B. The right panels of A were
quantitated using ImageJ (NIH) software. The levels of Smad3 were corrected
for the Grb2 loading control and normalized to the initial 3-h time point.

(Fig. 3, left panels). Smad3 protein levels were also stable in
cycloheximide-treated samples of quiescent EpH4 cells over
the 24-h period (Fig. 3A, right panels, and B). However, the
Smad3 protein levels in the cycloheximide-treated quiescent
EpRas decreased gradually over time (Fig. 3A, right panels, and
B), indicating that Smad3 was undergoing degradation. This
was even more striking in cycling EpH4 and EpRas cells (Fig.
3A, right panels, and B).

These data indicate that there is a higher turnover of Smad3
in EpRas cells, particularly in cycling cells, which is likely to
account at least in part for the very low Smad3 levels seen in
these cells. In contrast, Smad3 is most stable in quiescent EpH4
cells.

Re-expression of Smad3 Rescues the TGF-[B-induced Growth
Inhibitory Response in EpRas Cells—A major difference
between EpH4 and EpRas cells is their functional response to
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TGEF-B. In EpH4 cells, TGF-B has an antiproliferative effect,
which is not observed in EpRas cells (Fig. 44) (22). We demon-
strated this by synchronizing cells by contact inhibition and
then releasing them by trypsinization and replating in medium
containing 10% serum in the absence and presence of TGF-f3
for 16, 18, or 20 h (29). At the 16-h time point, EpH4 cells were
still predominantly in G, regardless of the presence of TGF-f.
At the 18- and 20-h time points, however, EpH4 cells entered
S-phase in the absence of TGF-f3, but the cells remained in G,
upon treatment with TGF- (Fig. 44, top row). In contrast, the
EpRas cells, which exhibit a higher proliferation rate, had
already entered S-phase 16 h after release, and progression
through the cell cycle was not inhibited by the presence of
TGE-P at any time point (Fig. 44, second row).

Having demonstrated that a key difference between EpH4
and EpRas cells is their level of Smad3, and given the impor-
tance of Smad3 for antiproliferative effects of TGF-f (supple-
mental Fig. 3), we investigated whether this response to TGF-f3
could be restored upon Smad3 re-expression in EpRas cells. To
this end, we generated a clonal EpRas cell line (EpRas S3 C1)
expressing FLAG-Smad3 and confirmed that the stably
expressed FLAG-Smad3 was responsive to TGF-8 (Fig. 4B and
supplemental Fig. 4). The EpRas FLAG-Smad3 cells proliferate
more slowly than EpRas cells, as seen by the fact that the per-
centage of cells in S-phase was reduced and the percentage of
cells in G, was increased, compared with the EpRas cellsat 16 h
post-release (Fig. 44, third row). Most strikingly, the entry of
the EpRas S3 C1 cells into S-phase was now inhibited by TGF- .
This was most evident at the 18-h time point, where a substan-
tial reduction in the number of cells in S-phase and increase
in the G, population is observed in the presence of TGF-f3 (Fig.
4A, third row). Samples were taken in parallel to determine the
level of Smad3 in EpRas and the EpRas Smad3 C1 cells. In highly
quiescent cells, no FLAG-Smad3 is detected, as the cytomega-
lovirus promoter, which drives FLAG-Smad3 expression, is
inactivated in these conditions.* However, high levels of FLAG-
Smad3 were detected 14 and 16 h after release from quiescence
(Fig. 4B) and were slightly lowered thereafter but remain above
the endogenous Smad3 levels of EpRas cells. A second indepen-
dent FLAG-Smad3 expressing clone, exhibiting a lower level of
Smad3 expression was also tested. In this case, the rescue of the
growth inhibitory action of TGF-f was slightly less pro-
nounced, correlating with the lower Smad3 expression level
(supplemental Fig. 5A4). The effect of TGF-f on cell cycle pro-
gression in these different cell types was also assayed by BrdUrd
incorporation (Fig. 4C). The results clearly show that TGF-f3
inhibits cell cycle progression of EpH4 cells and EpRas FLAG-
Smad3 cells but not EpRas cells. Taken together, these results
suggest that the level of Smad3 dictates whether EpRas cells can
respond to the antiproliferative effects of TGF-f.

High Smad3 Levels Do Not Interfere with TGF-B-induced
EMT in EpRas Cells—The predominant response of EpRas cells
to TGF-B is to undergo EMT. This requires both activated Ras
and TGF-B. It was previously shown in Madin-Darby canine
kidney cells that Smad3 levels fall during the progression of

4 A.C. Daly, P. Vizan, and C. S. Hill, unpublished observations.
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FIGURE 4. Stable expression of Smad3 restores the cell cycle arrest induced by TGF-f in EpRas cells. A, EpH4, EpRas, and EpRas S3 C1 cells were
synchronized by contact inhibition and released by trypsinization into fresh medium in the presence or absence of TGF- (2 ng/ml). Cells were collected at
different time points and analyzed by FACS, to determine the number of cells in G;, S, and G,/M. Percentage of cells in each phase of the cell cycle are given.
Cells were also collected for analysis by Western blotting (B). FLAG-Smad3 can be observed as a band running with a slightly lower mobility than endogenous
Smad3 in extracts prepared from EpRas S3 C1 cells only. Grb2 serves as a loading control. C, cells were synchronized by contact inhibition then released by

trypsinization into fresh medium with or without TGF- in the presence of 10 mm BrdUrd. BrdUrd incorporation was measured by FACS analysis.

EMT. However, low levels of Smad3 are not sufficient, as EpH4
cells depleted of Smad3 do not undergo EMT in response to
TGEF-B (supplemental Fig. 6). It was important to determine,
however, whether increased Smad3 levels would interfere with
the progression of EpRas cells through EMT. EpRas cells and
the FLAG-Smad3-expressing EpRas cells were therefore
assayed for their ability to undergo an EMT in response to
TGF-B. Immunostaining of epithelial and mesenchymal mark-
ers in EpRas cells showed that in unstimulated cells, the adhe-
rens junction protein E-cadherin and the tight junction com-
ponent ZO-1 are localized to intercellular junctions (Fig. 5, left
panels). Staining of TGF-B-treated EpRas cells revealed a
marked delocalization and down-regulation of ZO-1 and com-
plete abolition of E-cadherin, revealing a loss in epithelial polar-
ity indicative of EMT. In addition, phalloidin staining revealed a
dramatic remodeling of actin to actin stress fibers in the pres-
ence of TGF-P, typical of migratory, mesenchymal cells (30).
The FLAG-Smad3-expressing EpRas cell lines exhibited an
identical phenotype, with loss of E-cadherin and down-regula-
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tion of ZO-1, suggesting that Smad3 expression in these cells
does not interfere with the progression of EMT (Fig. 5, right
panels and supplemental Fig. 5, B and C). These results estab-
lish that higher Smad3 levels do not interfere with progression
of TGF-B-induced EMT in EpRas cells.

DISCUSSION

Accumulating evidence has revealed that Smad3 plays an
essential role in mediating the biological responses of TGF-f,
and it has been implicated in both its antiproliferative and pro-
invasive effects. Here, we have shown that the expression of
Smad3 protein is subject to regulation at the mRNA level as well
as post-translationally, which results in a dramatic down-regu-
lation of Smad3 in transformed EpRas cells compared with
nontransformed EpH4 cells and also in a dramatic down-regu-
lation of Smad3 in cycling versus quiescent cells. The low level
of Smad3 accounts for the refractory response of the EpRas cells
to the growth inhibitory activities of TGF-f3, as this response is
restored upon ectopic expression of Smad3.
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FIGURE 5. Stable expression of Smad3 does not inhibit TGF-B-induced EMT in EpRas cells. EpRas and
EpRas S3 C1 cells were plated out at low density and either grown in the presence or absence of TGF-B1 (2
ng/ml) for a total of 10 days as described under “Experimental Procedures.” Cells were then processed for
immunofluorescence using an anti-E-cadherin antibody, to analyze adherens junctions or an anti-Zona Occlu-
dens 1 (ZO-1) antibody, to analyze tight junctions. Smad2/3 localization and actin reorganization was visual-
ized with an anti-Smad2/3 antibody and Texas Red-conjugated phalloidin, respectively. The E-cadherin and
Z0-1 staining was performed on one sample of cells, and the Smad2/3 and phalloidin staining on another. In
the EpRas S3 C1 cells, FLAG-Smad3 can be seen in the nucleus in the absence of TGF-, as has been described

for EGFP-Smad3 (56).

Mechanism of Smad3 Regulation—We have shown that
Smad3 is regulated at the mRNA level by signaling downstream
of Ras and by the quiescent/cycling status of the cells. This is
likely due to transcriptional regulation, but because we have
only measured steady state mRNA levels, we cannot rule out
effects on mRNA stability. To date however, there is very little
known about regulatory elements controlling transcription of
the Smad3 gene. Thus, an in depth analysis of the upstream
sequences of the Smad3 gene is now important to identify ele-
ments required for the Ras-regulated transcriptional repression
and the up-regulation in quiescent cells.

We have also shown that the stability of Smad3 protein is a
major contributing factor in the observed differences in basal
Smad3 levels between EpH4 and EpRas cells and also the differ-
ences in Smad3 levels between cycling and quiescent cells. We
do not yet understand what dictates Smad3 stability in EpH4/
EpRas cells. One possibility we investigated was that Smad3
degradation could be regulated by serine/threonine phosphor-
ylation, as has been shown for Smad1l, Myc, c-Jun, and cyclin E
(31-33). Smad3 has been shown to be phosphorylated by ERK
MAP kinase on Ser?°®, Ser?°®, and Thr'”° in the linker region,
and by CDK2/4 on Thr® in the MH1 domain and Thr'”® and
Thr?"? in the linker region (34, 35), and this has been shown to
have a negative effect on Smad3 activity (34, 36, 37). Interest-
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highest levels of CDK2/4 and ERK
MAP kinases of the cell lines/condi-
tions analyzed. However, mutation
of any of the CDK or ERK MAP
kinase sites in Smad3 independently
or in various combinations had no
stabilizing effect on Smad3 com-
pared with wild type Smad3 in
either EpH4 or EpRas cells (data not
shown), ruling out a mechanism
whereby CDK or ERK MAP kinase
activity influences Smad3 stability
through phosphorylation at these
sites.

A recent study investigating basal
Smad3 stability showed that Axin
facilitates GSK3pB-induced phos-
phorylation of Smad3 at Thr®®
the MH1 domain in HaCaT, mouse
embryonic fibroblasts, and HepG2
cells (38). This triggers Smad3 ubiq-
uitination and degradation, suggest-
ing that GSK3 is a potential candi-
date for Smad3 regulation in EpRas
cells. However, the activity of
GSK3p is negatively regulated by
Ras through phosphatidylinositol
3-kinase (39). Constitutive Ras acti-
vation would therefore be expected
to lead to inhibition of GSK3 and
thus reduce Smad3 turnover, con-
trary to what we observed. It therefore seems unlikely that
GSK3p plays a role in Smad3 stability in EpRas cells. Consistent
with this, treatment of EpRas cells with lithium chloride had no
effect on Smad3 turnover (data not shown). Further work will
be necessary to determine how Smad3 stability is regulated in
EpH4/EpRas cells.

The Relevance of Smad3 Regulation in the EpH4/EpRas Tu-
mor Model—The contribution of the signaling pathways down-
stream of H-Ras to induce the tumor-promoting activities of
TGF-B has been clearly demonstrated in the EpH4/EpRas
system (40). MAPK activity was shown to be important for
TGF-B-induced EMT, tumorigenesis and metastasis, whereas
Ras-induced phosphatidylinositol 3-kinase activity promoted
cell scattering and rescued cells from TGF-B-induced cell-cycle
arrest and apoptosis (40). However, the level at which these
pathways cooperated and the molecular mechanisms govern-
ing these effects were largely unknown. Our current study
reveals that prolonged Ras activity results in a reduction in
Smad3 protein levels below the threshold required for growth
inhibitory responses to TGE- 3. In the EpRas cells, the decrease
in Smad3 levels is sufficient to abrogate the responsiveness of
these cells to TGF-B-induced growth inhibition, whereas the
protumorigenic activities of TGF-f remain intact. Ectopic
expression of Smad3 in these cells sensitizes them to this
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growth inhibitory response. Interestingly, endogenous Smad2
cannot compensate for the loss of Smad3, which is consistent
with the distinct phenotypes of the Smad2- and Smad3-null
mice (41), suggesting that these two proteins have nonredun-
dant functions in the TGF-B pathway.

We further speculate that the decrease in Smad3 protein lev-
els in EpRas cells may not only render the cells resistant to the
antiproliferative effects of TGF-f but may also elicit Ras-in-
duced transformation. In untransformed cells, oncogenes, like
activated Ras and Raf, normally induce senescence (42), and in
a mouse multistage skin carcinogenesis model, Ras-induced
senescence has been shown to be mediated via Smad3 (43).
However, upon acquisition of other oncogenic mutations,
activated Ras and Raf induce transformation. Thus, it seems
likely that transformation by Raf or Ras might be facilitated
by down-regulation of Smad3, which may be induced by the
expression of the activated Ras or Raf themselves, as in the
Madin-Darby canine kidney and EpRas models (this work
and Ref. 17), or through other distinct mechanisms such as
promoter methylation.

We have also shown that Smad3 levels are dependent on the
quiescent/cycling status of the EpH4 and EpRas cells. In EpH4
cells, this phenomenon restricts the antiproliferative effects of
TGEF-B to cells that are already in a quiescent state. TGF-f3
prevents quiescent cells re-entering the cell cycle, but it cannot
induce arrest of EpH4 cells when added at other points in the
cell cycle.* We hypothesize that this might be important in vivo
for cell cycle progression in the presence of low levels of auto-
crine TGF-B.

Regulation of Smad3 Levels in Cancer—Modulation of
Smad3 expression has been observed in a wide spectrum of
human cancers. Importantly, we find a correlation between
colorectal tumor cells harboring activating Ras or Raf muta-
tions and low levels of Smad3 relative to Smad2 (supplemental
Fig. 7), suggesting that our observations in the EpH4/EpRas
system are general. Interestingly, in tumor cells that also have
an inactivating mutation in Smad4, Smad3 is readily detectable,
suggesting that once Smad4 activity is lost there is no pressure
to lose Smad3 (supplemental Fig. 7). It has also been previously
reported that two of nine gastric cancer cell lines exhibit low
Smad3 mRNA and protein levels, resulting in loss of some
TGEF-B responsiveness (20). Introduction of Smad3 into
Smad3-deficient gastric cancer cell lines restores TGF-f3-
mediated p15 and p21 induction, as well as growth inhibi-
tion. Moreover, these Smad3-expressing cells showed dra-
matically reduced tumorigenicity in vivo, providing strong
evidence that Smad3 has an important tumor suppressive
function in the early stages of gastric carcinogenesis (20). In
addition, Smad3 levels decrease during carcinogenesis in
some tissues such as the breast, where the nuclear Smad3
level is reduced in high grade breast cancers (44). Further-
more, investigation of Smad3 protein levels in T-cell acute
lymphoblastic leukemia patients revealed a complete loss of
Smad3, which is not due to mutations in the Smad3 gene or
alterations in the level of Smad3 mRNA expression (21).

Microarray analysis has also revealed a wealth of information
regarding Smad3 expression in a range of cancers. In contrast to
the Letterio study mentioned above (21), a detailed study on
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patients with leukemia demonstrated a reduction of Smad3
mRNA in T-cell acute lymphoblastic leukemia, and also found
decreased Smad3 mRNA in B-cell acute lymphoblastic leuke-
mia and acute myeloid leukemia tumors (45). Smad3 is also
down-regulated in B-cell lymphomas (46 —48) and in ovarian
adenocarcinomas (serous and endometrioid) (49, 50). Three
independent studies showed that Smad3 is down-regulated in
prostate carcinomas (51-53), and moreover, the level of Smad3
is down-regulated to a greater extent in more aggressive, met-
astatic carcinomas (51, 53). From this evidence, it is tempting to
speculate that Smad3 expression is further down-regulated in
metastatic cells, to overcome the growth inhibitory and apopto-
tic activities of TGF-p at distant sites. It is possible that a min-
imal threshold level of Smad3 is required for TGF-f3 induced
migration.

For many years, it was believed that Smad3 was not mutated
in cancer, in contrast to Smad4, which is frequently mutated or
deleted in pancreatic and colon cancer (54). However, Smad3
mutations have been very recently detected in colon, breast,
and pancreatic cancers (18, 19, 55). These include a mutation in
the MH2 domain (F260S) and extreme C-terminal serine
(S422F) of Smad3, which are likely to interfere with the activity
of Smad3 by perturbing the Smad3/Smad4 interaction (18).

In conclusion, Smad3 functions as both a negative and posi-
tive regulator of tumorigenesis. Here, we propose that the level
of Smad3 protein is an important determinant of the TGF-f3
response and can dictate whether TGF- acts as a tumor sup-
pressor or tumor promoter. By regulation through a complex
integration of signals, the level of Smad3, and, therefore, its
activity, is altered. The high level of Smad3 is attributed to the
antiproliferative effects of TGF-3, whereas a minimal level is
sufficient for the migratory and invasive properties associated
with TGF-B. Restoring high levels of Smad3, required for the
growth inhibitory responses of TGF-B, could be critical in
developing strategies to target metastatic tumors, which have
lost responsiveness to the antiproliferative effects of TGF-f3.
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