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Transforming growth factor b (TGF-b) regulates a variety of phys-
iologic processes, including growth inhibition, differentiation, and
induction of apoptosis. Some TGF-b-initiated signals are conveyed
through Smad3; TGF-b binding to its receptors induces phosphor-
ylation of Smad3, which then migrates to the nucleus where it
functions as a transcription factor. We describe here the associa-
tion of Smad3 with the nuclear protooncogene protein SnoN.
Overexpression of SnoN represses transcriptional activation by
Smad3. Activation of TGF-b signaling leads to rapid degradation of
SnoN and, to a lesser extent, of the related Ski protein, and this
degradation is likely mediated by cellular proteasomes. These
results demonstrate the existence of a cascade of the TGF-b
signaling pathway, which, upon TGF-b stimulation, leads to the
destruction of protooncoproteins that antagonize the activation of
the TGF-b signaling.

Transforming growth factor b (TGF-b) is a member of a large
family of cytokines that affect a variety of biological pro-

cesses, including cell growth regulation, embryonic pattern
formation, immune regulation, and apoptosis (1–5). Signaling by
TGF-b is initiated by the binding of TGF-b to its heteromeric
complex of type I and II cell surface receptors (6, 7). Each
receptor is a transmembrane protein that possesses a cytoplas-
mic serineythreonine kinase domain (8, 9). Binding of TGF-b to
the ectodomain of the type II receptor induces heterooligomer-
ization between the type II and the type I receptors. Once the
two receptor subunits are in close proximity, the constitutively
active type II receptor kinase phosphorylates the GS domain of
the type I receptor kinase; this phosphorylation in turn activates
the type I receptor kinase, which dispatches most, if not all, of
the downstream signals from the receptor complex (10–13).

Genetic analysis in Drosophila and Caenorhabditis elegans has
indicated that Smad proteins are the intracellular mediators of
TGF-b signaling (14, 15). Once activated, the type I TGF-b
receptor kinase phosphorylates a Smad2 or Smad3 protein at an
SSXS motif present at the C terminus of both proteins (16, 17),
resulting in the oligomerization of Smad2 or -3 with their
common partner, Smad4 (18, 19). The resulting heteromeric
Smad protein complexes then migrate to the nucleus, where they
regulate expression of a large number of target genes, most of
which remain to be identified (20).

Several nuclear proteins have been found to interact with
Smad proteins. Such interactions either influence Smad function
directly or, alternatively, affect the functions of its binding
partners. Thus, p300, the AP-1 complex, TFE3, FAST-2, vitamin
D nuclear receptor, Gli3, and Evi-1 have all been reported to
bind to Smad3 and thereby participate in the regulation of
natural or artificial reporter constructs known to be inducible by
TGF-byactivin (21–29).

Recently, we reported that the Ski oncoprotein can also bind
Smad3 in vivo in a ligand-dependent manner (30). The resulting
complexes are able to bind to DNA, but the ability of these
complexes to function as activators of TGF-b-responsive pro-
moters is blocked. Overexpression of Ski in mink lung epithelial
cells causes the cells to acquire resistance to growth inhibition by
TGF-b. This resistance cannot be traced to any effects of Ski on

the ability of TGF-b to induce expression of the p15INK4B gene,
whose product is a potent inhibitor of the CDK4 and CDK6 G1
cyclin-dependent kinases. However, in the presence of overex-
pressed Ski, myc expression, which is normally suppressed by
TGF-b treatment, remains high. This suggests a plausible mech-
anism by which Ski confers resistance to TGF-b-mediated
growth suppression.

We report here on the interaction of SnoN, a Ski-related
protein, with Smad3. In addition to influencing the binding of
Ski and SnoN to the Smad3y4 transcription complex, we find a
second functional interaction between the TGF-b receptor and
the Ski and SnoN proteins that involves their metabolic stability.
These results extend our understanding of the molecular mech-
anisms mediating the intracellular signaling of TGF-b and
should also lead to a clearer mechanistic view of the oncogenic
activity of SnoN and Ski.

Materials and Methods
Expression of Smad3 and SnoN. N-terminally hemagglutinin (HA)-
tagged SnoN was cloned in both the pEXL (22) and the pCI-Neo
vectors (Promega). BOSC cells were transfected by the calcium
phosphate precipitation method (32) and 36 hr later were
labeled for 4 hr in methionine-free medium (GIBCOyBRL)
containing 150 mCiyml [35S]methionine (ICN). Cells were lysed
in 0.4 ml of buffer C [150 mM NaCly1% Nonidet P-40y50 mM
TriszHCl (pH 7.5)y50 mM NaFy50 mM b-glycerophosphatey1
mM Na3VO3y1 mM DTTy5 mM EDTAy13 protease inhibitor
mixture (Roche Molecular Biochemicals)y10% glycerol] with
NaCl adjusted to 400 mM. The mixture was then centrifuged at
100,000 3 g for 15 min, the lysate was diluted with buffer C
without NaCl, and appropriate Abs (5 mg) were added. The
lysates were incubated at 4°C for 3 hr with 10 ml of protein-A
beads prebound with 1 ml of rabbit anti-mouse Ab (Upstate
Biotechnology, Lake Placid, NY). The immunoprecipitates were
eluted from beads by boiling for 5 min at 100°C in 30 ml of 23
SDS sample buffer [100 mM TriszHCl (pH 6.8)y200 mM
DTTy4% SDSy0.2% bromphenol bluey20% glycerol] and re-
solved by electrophoresis through a 10% SDSyPAGE gel, fol-
lowed by autoradiography.

HA-tagged SnoN was also cloned in the pMX-IRES-CD2
vector (X.L., unpublished data). The pMX-HA-SnoN-IRES-
CD2 construct was transfected into BOSC cells by calcium
phosphate precipitation (32). Forty-eight hours after transfec-
tion, virus supernatants were collected. A total of 5 3 105 Mv1Lu
L20 cells were infected with viral supernatant in the presence of
4 mgyml Polybrene for 4 hr, and fresh medium was added
afterward. Forty-eight hours after the infection, cells were sorted
by FACStar cell sorter (Becton Dickinson) according to their
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cell surface CD2 level, which was detected by Cy3-labeled
anti-CD2 Ab (PharMingen) and used as populations. Cells
expressing Flag-tagged Smad3 were generated essentially as
described (16).

In Vitro Translation. A 1-mg sample of plasmid expressing HA-
hSki and HA-hSnoN was in vitro-translated with the TNT
Coupled Reticulocyte Lysate System (Promega). The glutathi-
one S-transferase (GST) fusion proteins were mixed with in
vitro-translated proteins in 300 ml of buffer C for 3 hr at 4°C,
collected on glutathione-Sepharose beads, and the bound pro-
teins were separated by SDSyPAGE, visualized through fluo-
rography.

Luciferase Reporter Gene Assay. Twenty four hours prior to trans-
fection, Mv1Lu or HepG2 cells were seeded at 1 3 105 or 5 3
104 cells per well in a 12-well plate and grown for 24 hr.
DEAE-dextran-mediated transfections (10) or calcium phos-
phate precipitation were performed with 0.75 mg of p3TP-Lux
together with a total of 1 mg of the vector alone or expressing the
indicated Smad3 and SnoN. A total of 0.5 mg of pCH110 or pSVb
(CLONTECH) encoding b-galactosidase was included in each
sample as a control for the efficiency of transfection. After 20 hr
of incubation in the absence or presence of 100 pM TGF-b1,
luciferase activity was determined by using the luciferase assay
system (Promega), and b-galactosidase activity was measured
with the luminescent b-gal detection kit (CLONTECH).

Measurement of Protein Stability. Cells were incubated in methi-
onine-free medium for 30 min, and then changed into the same
but fresh medium containing 1 mCi of [35S]methionine for 2 hr.
They were then rinsed twice with PBS2, and once with chase
medium (DMEM containing 100 mgyml additional methionine
and cysteine), followed by incubation in the chase medium for
the indicated time. Alternatively, cells were treated with cyclo-
heximide at 10 mgyml concomitant with or without TGF-b
treatment for the indicated period of time. Cells were then lysed
with buffer C and processed as described above.

Results
Ligand-Dependent Association of the SnoN Protein with Smad3. We
have recently characterized in detail the functional role of Ski in
the TGF-b signal transduction pathway. In vivo, Ski interacts
physically with Smad3 in a TGF-b-dependent manner. Binding
of Ski to Smad3 blocks transcriptional activation of TGF-b-
inducible promoters regulated by Smad3, while leaving intact the
DNA-binding activities of Smad3. Our studies did not address
the function of SnoN, the only other protein known to have clear
relatedness to Ski. To explore the functional similarities and
differences between the two proteins, we began by assessing the
binding activity of SnoN to Smad3 and the consequences of this
binding on Smad3-regulated transcription, using assays similar to
those described previously (30).

First, we characterized the relative abilities of SnoN and Ski
to bind in vitro to wild-type and mutant versions of Smad3. As
previously described, we generated a mutant version of Smad3,
termed Smad3D, in which we converted the three C-terminal
serines into aspartic acid residues to mimic the physiologic
phosphorylation of Smad3 by the activated TGF-b type I recep-
tor kinase (30). We also generated a truncated form of Smad3D
that lacks the N-terminal 198 amino acids, as well as a mutant
that contains only the middle portion (amino acids 199–405) of
Smad3. These proteins were expressed as recombinant GST
fusion proteins and were mixed with the full-length human SnoN
and Ski proteins that were tagged with an influenza virus HA
antigen, and synthesized by in vitro translation in the presence of
[35S]methionine. Upon binding to the SnoN and Ski protein in
vitro, the GST fusion proteins were retrieved on glutathione-

Sepharose beads, and the bound proteins were analyzed by
SDSyPAGE.

As shown in Fig. 1A, the in vitro-translated SnoN and Ski
proteins behaved identically. Each bound quite strongly to the
Smad3D protein or its C-terminal MH2-containing domain, but
more weakly to the wild-type, unmodified version of Smad3, and
did not bind at all the middle portion of Smad3, which served as
a negative control. These results show that SnoN and Ski exhibit
similar affinity in vitro for the Smad3D protein, which, as
mentioned, mimics the phosphorylated form of Smad3 found in
cells after exposure to TGF-b.

To further assess possible in vivo interactions of Smad3 with
SnoN, through transient transfection, we ectopically expressed
an HA-tagged SnoN protein (HA-SnoN) with a Flag-tagged
Smad3 protein (Flag-Smad3) in BOSC23 cells, derived from a
human embryonic kidney cell line transformed by the adenovi-
rus E1A protein (32). These cells were labeled metabolically for
4 hr with [35S]methionine 40 hr posttransfection. Immunopre-

Fig. 1. In vitro and in vivo protein–protein interaction between Smad3 and
SnoN. (A) In vitro binding of Ski and SnoN proteins to GST-Smad3 recombinant
fusion proteins. In vitro-translated HA-tagged human Ski and SnoN proteins
were exposed to the various GST-Smad3 recombinant fusion proteins and
captured on glutathione beads; 10% of the translation products were directly
immunoprecipitated with anti-HA Ab. Proteins bound to the beads were
separated by SDSyPAGE and visualized by fluorography. (B) In vivo association
of SnoN and Ski with Smad3 protein. HA-SnoN, HA-Ski, and Flag-Smad3
together with the constitutively active type I TGF-b receptor were ectopically
expressed in BOSC cells through transient transfection. Lysates prepared from
metabolically labeled cells 36 hr after transfection were subjected to immu-
noprecipitation with anti-HA or anti-Flag Ab. The SnoN and Ski proteins that
were associated with Smad3 protein as well as the Smad3 protein associated
with SnoN and Ski proteins were retrieved on protein G beads, separated by
SDSyPAGE, and visualized through fluorography. The arrowheads denote the
slowly migrating Smad3, which most likely is the form phosphorylated by the
activated type I TGF-b receptor kinase.
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cipitation of resulting cell lysates with Ab directed against the
HA tag at the N terminus of SnoN revealed the expected
expression of the protein (Fig. 1B, lane 1), which was absent in
a control transfection in which only N-terminally Flag-tagged
Smad3 was expressed by transient transfection (Fig. 1B, lane 2).
Similarly, immunoprecipitation with the anti-Flag Ab yielded
only the expected N-terminally Flag-tagged Smad3 protein in
cells ectopically expressing this protein (Fig. 1B, lane 6), but not
in control cells where only HA-tagged SnoN was ectopically
expressed (Fig. 1B, lane 5). However, the coexpression of
HA-SnoN with Flag-Smad3 resulted in complex formation be-
tween these two proteins, as demonstrated by the presence of
Smad3 in immunoprecipitates from lysates treated with the
anti-HA Ab directed against the tagged SnoN protein (Fig. 1B,
lane 3). In a reciprocal fashion, complex formation between
SnoN and Smad3 could also be demonstrated by the coimmu-
noprecipitated SnoN protein observed when the lysate was
treated with the anti-Flag Ab directed against the tagged Smad3
protein (Fig. 1B, lanes 7). Thus, SnoN and Smad3 can form
physical complexes in vivo when both proteins are overexpressed.
Such association can occur even in the absence of TGF-b
treatment of cells.

We also wished to investigate the influence of TGF-b signaling
on this association. To do so, we ectopically expressed in these
BOSC cells a constitutively active type I TGF-b receptor that
carries a threonine-to-aspartic acid substitution at its residue 204
(TbRI T204D) (33). This constitutively active type I receptor
kinase yields phosphorylation of the C-terminal serine residues
of Smad3 (data not shown) and resulted in an increase in the
level of a slowly migrating species of Smad3 seen in lanes 6 and
8 (arrowheads) of Fig. 1B. As is also shown in these lanes, in the
presence of the constitutively active receptor, complex formation
between SnoN and Smad3 was modestly increased, as indicated
by the coimmunoprecipitated SnoN with Smad3 or vice versa
(compare SnoN between lanes 7 and 8 in the anti-Flag precip-
itation; Smad3 between lanes 3 and 4 in the anti-HA precipi-
tation).

An apparently contrasting result was observed when we
conducted transient transfection experiments using HA-tagged
Ski instead of the SnoN protein. Consistent with previously
reported results (30), there was a much more robust TGF-b
signaling-dependent complex formation between Smad3 and Ski
(Fig. 1B, compare Ski between lanes 15 and 16 in the anti-Flag
precipitation and Smad3 between lanes 11 and 12 in the anti-HA
precipitation). We concluded that, in an overexpression system,
Smad3 and SnoN can form physical complexes, the levels of
which can be enhanced by the activation of the TGF-b signal
transduction pathway. However, unlike the behavior of Ski:
Smad3 complexes, the formation of SnoN:Smad3 complexes did
not appear to be strongly induced by activation of TGF-b
signaling.

Transcriptional Repression by the SnoN Protein of a TGF-b-Responsive
Gene. One of the consequences of TGF-b signaling in the cell is
the transcriptional activation of specific genes, among them the
plasminogen activator inhibitor-1 (PAI-1) gene (22, 34, 35). In
addition, artificially constructed promoters containing the
Smad3y4 binding consensus sequence [Smad binding element
(SBE): GTCTAGAC] (36) are also activated transcriptionally in
response to TGF-b treatment.

To investigate the functional consequences of the binding of
SnoN to Smad3, we measured effects of ectopic expression of
these two proteins on the activity of PE2, a portion of the natural
PAI-1 promoter responsive to the activation of TGF-b signaling
(22) and on the activity of the 4XSBE promoter, which contains
four SBE sites in tandem; each promoter drove expression of a
luciferase reporter construct. When these chimeric genes are
introduced into TGF-b-responsive cells, their expression is

known to be greatly increased after TGF-b treatment (22, 36).
Moreover, ectopic expression of Smad3y4 is known to further
increase the responsiveness of the PE2 promoter to TGF-b-
mediated activation (22).

As seen in Fig. 2A, when the PE2 promoter construct was
introduced into HepG2 cells, which express receptors for and are
responsive to TGF-b (37), introduction of a Smad3 expression
construct enhanced the ability of TGF-b to activate the PE2
promoter. In contrast, such activation was reduced by the
coexpression of either SnoN protein or Ski in these cells.

Similarly, as shown in Fig. 2B, in HepG2 cells, activation of the
4XSBE promoter in response to TGF-b was greatly increased by
cointroduction of a Smad3 expression construct, and Smad3-
mediated transcriptional activation was again attenuated by the
expression of SnoN protein. The transcriptional block imposed
by SnoN on this promoter is less dramatic than that seen on the
PE2 promoter. Indeed, only when SnoN was expressed at a very
high level could it block the transcriptional activation. In con-
trast, as we reported previously (30), Ski can effectively block

Fig. 2. Transcriptional repression by SnoN of the PE2 and 4XSBE (SBE:
GTCTAGAG) promoters. (A) HepG2 cells were transfected with PE2-luciferase
construct together with 1 mg of Smad3 and SnoN expression plasmids. After
incubation for 20 hr in the absence or presence of 100 pM TGF-b, luciferase as
well as b-galactosidase activity was determined. (B) HepG2 cells were trans-
fected with 4XSBE-luciferase construct promoter together with 1 mg of Smad3
and 0.25, 1, or 4 mg of SnoN expression plasmids. Luciferase and b-galactosi-
dase activities were determined as in A. In both A and B, relative luciferase
activities, whose values are the averages of the duplicate samples, were
plotted after normalization with the b-galactosidase, and representative
results from three separate experiments are presented. The filled bars repre-
sent cells that had been treated with TGF-b, and the open bars represent cells
that had not been treated.
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TGF-b-induced transcriptional activation, even when expressed
at a lower level. We note that the activity of the cytomegalovirus
promoter, used as internal control in these experiments, was not
affected by the presence of SnoN, indicating that the transcrip-
tional repression of SnoN is not a result of a general, nonspecific
inhibition of cellular transcriptional activity. These results indi-
cate that the SnoN protein acts as a direct antagonist of Smad3
transcriptional activation. These data also suggest that the
effects of SnoN on Smad3-mediated gene activation are depen-
dent on the sequence context of the Smad3-binding site, which
may vary greatly from one promoter to another.

Effects of TGF-b on the Metabolic Stability of SnoN. To examine
more carefully the consequences of this interaction between
Smad3 and SnoN, we generated a clone of mink lung epithelial
cells that stably expressed HA-tagged SnoN. As shown in Fig. 3
A and B, HA-tagged SnoN rapidly disappeared in response to
TGF-b in a manner dependent on the duration of the treatment:
a 30-min exposure to TGF-b resulted in a more drastic reduction
of SnoN levels than did a 15-min exposure (Fig. 3B, lanes 3 and
2, respectively).

To gauge quantitatively the stability of SnoN, we measured the
half-life of SnoN protein in the absence or presence of TGF-b
treatment. As seen in Fig. 3D, the half-life of SnoN changed from
60 min in mink lung epithelial cells that had not been treated with
TGF-b to 10 min after the cells were treated with 100 pM
TGF-b, consistent with the rapid decline in the steady-state
levels of SnoN protein after TGF-b treatment as gauged by an
immunoblot assay (Fig. 3 A and B).

To assess whether the disappearance of SnoN protein was the
result of degradation by cellular proteasomes, we pretreated the
cells for 1 hr with MG-132, a proteasome inhibitor that is able
to permeate the plasma membrane. In a subset of these cells, we
continued this treatment for another 30 min in the presence of
TGF-b; others received an additional 30 min of MG-132 treat-
ment without addition of TGF-b. Treatment with MG-132 for a
total of 90 min in the absence of TGF-b caused a 3-fold increase
in the level of HA-SnoN (Fig. 3A, compare lanes 1 and 4; note
that the sample in lane 4 is derived from one-third the number
of cells as that in lane 1). This suggests that proteasomes are
involved in the rapid turnover of SnoN protein, even in the
absence of TGF-b. Pretreatment with MG-132 for 60 min before
addition of 200 pM TGF-b completely prevented TGF-b-
induced loss of HA-tagged-SnoN (Fig. 3A, compare lanes 3 and
5). These results demonstrate that inhibition of proteasome
function leads to enhanced SnoN stability, preventing TGF-b-
induced degradation of SnoN.

The related Ski protein also exhibited a rapid disappearance
in response to TGF-b in a manner dependent on the concen-
tration of TGF-b added (Fig. 3 A and C). As was the case with
SnoN, the destruction of Ski could be completely prevented by
pretreatment of cells with the MG-132 proteasome inhibitor
(Fig. 3A, lanes 9 and 10). However, these two proteins behaved
differently in that higher concentrations of TGF-b were required
to cause the degradation of Ski (Fig. 3C). The normal half-life
of Ski in mink lung epithelial cells is 100 min, longer than that
of SnoN, and in response to treatment with 100 pM TGF-b, the
half-life of Ski was shortened to 30 min (Fig. 3 D and E).

TGF-b-induced degradation is specific to SnoN and Ski,
because under the identical conditions, the levels of Smad3 did
not change (data not shown). Interestingly, in the presence of the
MG-132 proteasome inhibitor, the complex between SnoN and
the endogenous Smad3 could be readily detected when cells were
activated by TGF-b, but was impossible to detect when cells were
not treated with TGF-b (data not shown). This reinforced the
notion that SnoN and Smad3 form a complex only in response
to activation of TGF-b signaling. However, although a SnoN
molecule may initially form a complex with Smad3 after TGF-b
receptor activation, it may not succeed in blocking Smad3-
mediated transcriptional activation subsequently, because acti-
vation of TGF-b signaling results in rapid degradation of SnoN
(Fig. 3).

Discussion
We demonstrate here that the SnoN oncoprotein, like Ski,
participates in modulating signaling by TGF-b. SnoN binds
weakly to Smad3 in the absence of TGF-b treatment, and
strongly to Smad3 after its phosphorylation by the ligand-
activated TGF-b receptor kinase. This association reduces the
subsequent ability of Smad3 to activate transcription of target
genes, as demonstrated here through the ectopic expression of
SnoN. The present work also reveals a second, countervailing
effect of TGF-b signaling on SnoN: activation of the TGF-b
receptor causes the SnoN and the related Ski molecules to be
targeted for destruction, apparently by proteasomes. These
findings reveal a connection between SnoN and Smad3 and shed
light on the mechanism of both TGF-b signaling and the
mechanism used by SnoN for cell transformation (38).

Fig. 3. TGF-b causes degradation of SnoN and Ski proteins. (A) Mink lung
epithelial cells stably expressing SnoN or Ski were pretreated with MG-132 or
vehicle (DMSO) for 1 hr before treatment with the indicated concentrations of
TGF-b for 30 min. Lysates were immunoprecipitated with the anti-HA Ab; the
immunoprecipitates (IP) were collected on protein G beads, separated by
SDSyPAGE, transferred to poly(vinylidene difluoride) (PVDF) membrane, and
immunoblotted with anti-HA Ab. The amount of lysate used in lanes 4 and 5
was one-third that employed in lanes 1–3. (B) Same as A, except that mink lung
epithelial cells stably expressing SnoN protein were treated for different time
with TGF-b. (C) Same as A, except an increasing concentration of TGF-b was
used with mink lung epithelial cells stably expressing Ski protein. (D and E)
Measurement of stability of SnoN (D) and Ski protein (E). (D) Mink lung cells
stably expressing HA-SnoN were treated with cycloheximide concomitant
with TGF-b. At the indicated times, cells were lysed and the lysate was
immunoprecipitated with the anti-HA Ab. The immunoprecipitates were
collected on protein G beads, separated by SDSyPAGE, and transferred to
PVDF membrane followed by immunoblotting with the anti-HA Ab. (E) Mink
lung cells stably expressing Ski were labeled with [35S]methionine for 3 hr,
followed by a chase in the presence of 100 mgyml methionine and cysteine.
Cells were lysed and processed as in D, except that the SDSyPAGE gel was dried
and exposed to a phosphoimager plate (FUJIX, Tokyo).
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As reported recently, we identified the SnoN protein as a
Smad3-binding protein by using an in vitro biochemical approach
(30). We found that the Smad3D protein, which is a structural
mimic of the receptor-phosphorylated form of Smad3, was able
to bind a protein of 80 kDa in lysates prepared from mink lung
epithelial cells, but was not able to do so when these cells were
pretreated with TGF-b for 30 min. Paradoxically, once we
identified this 80-kDa protein and analyzed its behavior through
transient and stable expression, we found that Smad3:SnoN
complexes behaved in an opposite fashion: their association was
actually potentiated by TGF-b treatment of cells (Fig. 1, and data
not shown). This discrepancy is resolved by the evidence pre-
sented here that TGF-b treatment rapidly leads to degradation
of SnoN. Moreover, the rapid and apparently specific degrada-
tion of SnoN, as well as of Ski, in response to TGF-b treatment
of the cell further supports the notion that these two proteins
form integral components of the TGF-b signaling cascade. The
degradation of SnoN most likely also occurs when cells express
the constitutively active type I TGF-b receptor, which function-
ally mimics the consequences of physiologic activation of the
TGF-b receptor through ligand binding. This would nicely
explain the failure of robust complex formation between SnoN
and Smad3 when these proteins are coexpressed together with
the activated receptor (Fig. 1B), because the SnoN protein is
rapidly and efficiently degraded in response to the activation of
TGF-b signaling, leaving little of this protein available for
binding to the Smad3 protein.

The related SnoN and Ski proteins, the only known members
of this protooncogene family, differ significantly in their biolog-
ical activities. When constitutively expressed in avian fibroblasts,
Ski is able to cause anchorage-independent growth and mor-
phological transformation (39). SnoN, in contrast, is able to
achieve morphological transformation of avian fibroblasts only
when expressed at very high levels (38). Overexpression of Ski
in mink lung epithelial cells leads to repression of transcriptional
activation by Smad3 and to resistance to the growth-inhibitory
effect of TGF-b. The latter effect may be mediated by the
continued expression of myc genes in spite of active TGF-b
signaling in these cells (30). Unlike the effects observed with Ski,
overexpression of SnoN in mink lung epithelial cells failed to
render them resistant to TGF-b and did not cause any discern-
ible effects on the transcriptional regulation of p15INK4B and myc
genes (data not shown).

These very substantial differences between SnoN and Ski
function can now be explained in terms of their respective
metabolic stabilities. SnoN is readily degraded in response to the
weak activation of TGF-b signaling, whereas Ski is degraded only
when cells are stimulated with a very high level of TGF-b. As a
direct consequence, only when SnoN is expressed at far higher
levels than Ski can SnoN succeed in eliciting effects in a cell
transformation assay or in an assay measuring resistance to the
growth-inhibitory effects of TGF-b. These observations leave
unresolved the normal physiologic roles of SnoN and Ski. We
speculate that the antagonism between SnoN and Smad3 is
responsible for the subtle modulation of TGF-b-induced tran-
scription of certain genes in specific cell types at certain stages
of development.

These observations suggest that the effects of TGF-b receptor
activation can be profoundly affected by the presence of other
proteins that may be constitutively present in specific cell types.
Thus, cells that express SnoN or Ski may be relatively unrespon-
sive to TGF-b stimulation. In certain cells, ligand activation of
the TGF-b receptor may cause the rapid degradation of preex-
isting SnoN, resulting in the removal of an important obstacle to
TGF-b-mediated transcriptional activation. In yet other cells, we
speculate that SnoN may persist after TGF-b receptor activation,
and thereby succeed in blocking an important component of the
TGF-b signaling cascade involving the Smad3y4 transcription
factors. Accordingly, the well-documented highly variable effects
of TGF-b on various cell types may be attributable to the
background of ancillary proteins, such as Ski and SnoN, that are
capable of blunting and redirecting specific downstream effector
pathways emanating from the TGF-b pathway.
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