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Smad proteins are critical signal transducers downstream of the receptors of the transforming growth factor-b
(TGFb) superfamily. On phosphorylation and activation by the active TGFb receptor complex, Smad2 and
Smad3 form hetero-oligomers with Smad4 and translocate into the nucleus, where they interact with different
cellular partners, bind to DNA, regulate transcription of various downstream response genes, and cross-talk
with other signaling pathways. Here we show that a nuclear oncoprotein, Ski, can interact directly with
Smad2, Smad3, and Smad4 on a TGFb-responsive promoter element and repress their abilities to activate
transcription through recruitment of the nuclear transcriptional corepressor N-CoR and possibly its associated
histone deacetylase complex. Overexpression of Ski in a TGFb-responsive cell line renders it resistant to
TGFb-induced growth inhibition and defective in activation of JunB expression. This ability to overcome
TGFb-induced growth arrest may be responsible for the transforming activity of Ski in human and avian
cancer cells. Our studies suggest a new paradigm for inactivation of the Smad proteins by an oncoprotein
through transcriptional repression.
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Transforming growth factor-b (TGFb) is a multipotent
cytokine that elicits many biological functions including
inhibition of the growth of cells of epithelial, endotheli-
al, and lymphoid origins; production of extracellular ma-
trix components; and regulation of differentiation of
many cell types (Roberts and Sporn 1990). Binding of
TGFb1 to the cell-surface type II TGFb receptor (TbRII)
results in the formation of a heteromeric complex con-
taining the type I TGFb receptor (TbRI) and TbRII, fol-
lowed by the phosphorylation and activation of TbRI by
the TbRII kinase (Heldin et al. 1997; Massague 1998).
The activated TbRI then interacts with an adapter mol-
ecule SARA (Smad anchor for receptor activation;
Tsukazaki et al. 1998), which recruits downstream
Smad2 and Smad3 proteins to be phosphorylated by
TbRI (Heldin et al. 1997; Massagué 1998).

The Smad family proteins are critical components of
the TGF-b signaling pathways (Heldin et al. 1997; Mas-
sagué 1998). All Smad proteins share considerable ho-
mology in their primary sequences and most of them
contain two highly conserved Mad homology do-
mains:—Mad homologous domain 1 (MH1) in the
amino-terminal half and MH2 in the carboxy-terminal
half—and a diverse linker in between the two. The MH1

domains of Smad3 and Smad4 contain sequence-specific
DNA-binding activity (Yingling et al. 1997; Dennler et
al. 1998; Jonk et al. 1998; Shi et al. 1998; Song et al. 1998;
Zawel et al. 1998; Stroschein et al. 1999), and overex-
pression of these MH1 and linker domains in Hep3B hep-
atoma cells results in trancriptional activation of a plas-
minogen activator inhibitor-1 (PAI-1) promoter con-
struct (Stroschein et al. 1999). The MH2 domain, when
fused to the GAL4 DNA-binding domain, can activate
transcription, suggesting that it may contain transacti-
vation activity (Liu et al. 1996). This domain also medi-
ates homo- and hetero-oligomerization of the Smad pro-
teins (Heldin et al. 1997; Shi et al. 1997; Massagué 1998).
The MH1 and MH2 domains of Smad2 and Smad4 can
interact in an intramolecular manner and block the func-
tion of each other (Hata et al. 1997). The linker regions of
Smad2 and Smad3 contain serine residues that can be
phosphorylated by the mitogen-activated protein (MAP)
kinase and are involved in cross-talk between different
signaling pathways (Kretzschmar et al. 1997, 1999).

On stimulation by TGFb1, the pathway-restricted
Smads, Smad2 and Smad3, interact with the TGFb re-
ceptor complex and become phosphorylated on serine
residues located at the carboxyl termini of the molecules
(Heldin et al. 1997; Massagué 1998). Phosphorylated
Smad2 and Smad3 then form heteromeric complexes
with the common mediator Smad4 and translocate into

4Corresponding author.
E-MAIL k_luo@ux5.lbl.gov; FAX (510) 643-9290.

2196 GENES & DEVELOPMENT 13:2196–2206 © 1999 by Cold Spring Harbor Laboratory Press ISSN 0890-9369/99 $5.00; www.genesdev.org

 Cold Spring Harbor Laboratory Press on August 24, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


the nucleus where they can bind to the TGFb-responsive
promoter DNA either directly through the Smad-binding
elements (SBEs) (Yingling et al. 1997; Dennler et al. 1998;
Jonk et al. 1998; Shi et al. 1998; Song et al. 1998; Zawel
et al. 1998; Stroschein et al. 1999) or in conjunction with
other sequence-specific DNA-binding proteins such as
FAST1 and FAST2 (Chen et al. 1996, 1997; Labbe et al.
1998; Zhou et al. 1998b). Smad proteins may form com-
plexes with general transcriptional activators, such as
p300/CBP (Feng et al. 1998; Janknecht et al. 1998; Pou-
ponnot et al. 1998; Shen et al. 1998; Topper et al. 1998)
and AP-1 (Zhang et al. 1998; Wong et al. 1999), or with a
transcriptional corepressor TGIF (Wotton et al. 1999) to
regulate TGFb signaling. Smad3 has also been shown to
synergize with transcriptional factors Sp1 (Moustakas
and Kardassis 1998), TFE3 (Hua et al. 1998), or NFkB
(Kon et al. 1999) to activate transcription from specific
promoters. However, many of these interactions are pro-
moter specific and none have been demonstrated to af-
fect TGFb-induced growth inhibition. Because all three
Smad proteins are important tumor suppressors and loss-
of-function mutations in Smad2 and Smad4 have been
found to associate with many types of human cancers
(Massagué 1998), additional cellular proteins may inter-
act with the Smads to modulate their ability to regulate
cell growth.

Here we report that Smad2, Smad3, and Smad4 asso-
ciated with a nuclear oncoprotein, Ski, through their
MH2 domains. Ski was first identified as a viral onco-
gene (v-ski) from the avian Sloan-Kettering retrovirus
(SKV) that transforms chicken embryo fibroblasts (Li et
al. 1986). The human cellular homolog c-ski was later
cloned based on its homology with v-ski and was found
to encode a nuclear protein of 728 amino acids (Nomura
et al. 1989; Sutrave et al. 1990a). Compared with c-Ski,
v-Ski is truncated mostly at the carboxyl terminus
(Stavnezer et al. 1989; Sutrave and Hughes 1989). How-
ever, this truncation is not responsible for the activation
of ski as an oncogene. Overexpression of wild-type c-Ski
also results in oncogenic transformation of chicken and
quail embryo fibroblasts (Colmenares and Stavnezer
1989; Colmenares et al. 1991). The transforming activity
of Ski is likely attributable to overexpression, not trun-
cation, of the c-Ski protein. Consistent with this notion,
an elevated level of c-Ski was also detected in several
human tumor cell lines derived from neuroblastoma,
melanoma, and prostate cancer (Nomura et al. 1989; Fu-
magalli et al. 1993). c-ski is a unique oncogene in that, in
addition to affecting cell growth, it is also involved in
regulation of muscle differentiation. Overexpression of
Ski resulted in muscle differentiation of quail embryo
cells (Colmenares and Stavnezer 1989) and hypertrophy
of skeletal muscle in mice (Sutrave et al. 1990b). Fur-
thermore, mice lacking c-ski displayed defective muscle
and neuronal differentiation (Berk et al. 1997). Little is
known about the pathways that Ski modulates to carry
out these diverse functions.

At the molecular level, Ski can function either as a
transcriptional activator (Engert et al. 1995; Tarapore et
al. 1997) or as a repressor (Nicol and Stavnezer 1998)

depending on the specific promoters involved. It has
been shown to bind to DNA, but only in conjunction
with other yet-to-be-identified cellular proteins (Nagase
et al. 1990; Nicol and Stavnezer 1998). Recently, Ski was
found to be a component of the histone deacetylase
(HDAC1) complex through binding to the nuclear hor-
mone receptor corepressor (N-CoR) and mSin3A, and
mediated transcriptional repression of the thyroid hor-
mone receptor, Mad and pRb (Nomura et al. 1999; Toki-
tou et al. 1999). The interaction between Ski and N-CoR
is mediated by the amino-terminal part of Ski (Nomura
et al. 1999). This region is also essential for the trans-
forming activity of c-Ski (Zheng et al. 1997) and is con-
served among ski family members including v-Ski and
c-SnoN (Nomura et al. 1989; Pearson-White 1993). This
raises an interesting possibility that the transforming ac-
tivity of Ski may be linked to its function as a transcrip-
tional corepressor. Despite these observations, the mo-
lecular mechanism by which Ski transforms cells and
regulates differentiation remains largely unknown. In
particular, it is not clear how overexpression of Ski in-
terferes with the growth-regulatory signaling pathways
and what the cellular targets of Ski are. Using an affinity
purification approach, we have found that Ski interacts
with the Smad proteins in vivo and blocks the ability of
the Smads to mediate TGFb-induced growth arrest and
transcriptional activation. Furthermore, cells overex-
pressing Ski became resistant to TGFb-induced growth
inhibition. The identification of Ski as a Smad-associat-
ing protein may provide insight into the mechanism for
the transforming activity of Ski as well as a mechanism
involved in regulation of Smad function.

Results

Smad2, Smad3, and Smad4 interact with Ski
through the MH2 domains

To identify Smad4-associated cellular proteins, we sta-
bly introduced the Flag-tagged Smad4 amino-terminal
domain (Smad4NL, containing the MH1 domain and the
linker region) or carboxy-terminal MH2 domain (Fig. 1A)
into 293T cells and examined cellular proteins that co-
purified with Smad4. Cell lysates were prepared from
these cell lines and applied to an anti-Flag antibody col-
umn. After extensive washes, Smad4 and its associated
proteins were eluted with the Flag peptide and visualized
by silver staining (Fig. 1A). Two major proteins with ap-
parent molecular masses of 97 and 80 kD were found to
associate predominantly with the MH2 domain of
Smad4 (lane 2), weakly with the full-length protein (data
not shown), but not with the MH1 and linker domains of
Smad4 (lane 3). These two proteins were also found to
associate with the Smad4 MH2 domain in transfected
TGFb-responsive Hep3B cells (data not shown). Approxi-
mately 2 µg of each of the two proteins were affinity
purified and sequenced. Amino acid sequences of a total
of five peptides derived from the 80-kD protein showed a
perfect match to human c-SnoN (Nomura et al. 1989;
Pearson-White 1993). Similarly, the 97-kD protein was
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identified as the human c-Ski protein (Nomura et al.
1989). c-sno and c-ski are two closely related members of
the ski family of proto-oncogenes (Nomura et al. 1989;
Pearson-White 1993). They share 69% sequence identity
in the amino-terminal part of the molecules (Nomura et
al. 1989). The relative amounts of Ski and SnoN associ-
ated with the Smad4C (Fig. 1A, lane 2) reflected cellular
levels of these two proteins (data not shown). In this
report, we focused on the interaction between the Smads
and Ski. The functional interaction between Smad4 and
c-SnoN will be described elsewhere.

To investigate whether Ski also interacts with Smad2
and Smad3 in addition to Smad4, we performed coim-
munoprecipitation experiments in lysates of transfected
293T cells. Flag-tagged full-length or truncated Smad2,
Smad3, or Smad4 was cotransfected into 293T cells to-
gether with HA-tagged Ski and isolated by immunopre-
cipitation with anti-Flag agarose (Fig. 1B). HA–Ski was
found to associate with the full-length and the MH2 do-
mains of Smad2, Smad3, and Smad4, but not with the
MH1 domains of these molecules. Interactions of endog-
enous Ski with Smad2, Smad3, and Smad4 were also de-
tected in cell extracts prepared from human epidermoid
carcinoma A431 cells (data not shown), which have been
shown to express high levels of Ski (Nomura et al. 1989).
The interaction between Ski and Smad2 and Smad3 in
TGFb-responsive cells is dependent on TGFb treatment
(see Fig. 6B, below).

Ski binds to SBE in conjunction with Smad3
and Smad4

Ski in nuclear extracts prepared from c-Ski-transformed
cells was shown previously to interact with condensed
chromatin and recognize a specific DNA element (GTC-
TAGAC) (Nicol and Stavnezer 1998). However, purified
recombinant Ski protein failed to bind DNA directly,
suggesting that Ski must bind to this DNA sequence

through interaction with yet-to-be-identified DNA-bind-
ing partners (Nagase et al. 1990; Nicol and Stavnezer
1998). A close examination of the Ski-binding DNA el-
ement revealed a perfect match to SBE (Zawel et al.
1998). Because Smad3 and Smad4 bind directly to SBE
(Shi et al. 1998; Zawel et al. 1998), an intriguing possi-
bility is that Smad proteins may be the DNA-binding
partners of Ski. To test this hypothesis, a Ski/Smad4
complex was purified from 293T cells transfected with
Flag–Ski together with HA–Smad4 and incubated with
the 32P-labeled SBE oligonucleotide in an electrophoretic
mobility shift assay (EMSA) (Fig. 2). Although Ski alone
(GST–Ski or Flag–Ski) did not bind DNA (Fig. 2, lanes
2,3), complexes of Ski with Smad4 resulted in a mobility
shift of the SBE oligonucleotide (Fig. 2, lane 4). Antibody
supershift experiments demonstrated that the observed
DNA–protein complex contained Ski as well as Smad4
(Fig. 2, lanes 6,7). Similarly, Ski/Smad3 complex isolated
from the transfected 293T cells also bound the SBE oligo-
nucleotide (data not shown). Thus, Ski can interact with
Smad proteins on SBE, and Smad proteins may be the
long sought-after DNA-binding partners of Ski.

Ski represses TGFb-induced, Smad-dependent
transcriptional activation

Smad proteins play an important role in mediating
TGFb-induced transcriptional activation of downstream
genes. To examine the effect of the Ski–Smad interaction
on TGFb-induced transcriptional activation, we cotrans-
fected c-ski with the TGFb-responsive p3TP–lux re-
porter construct into Hep3B cells. Introduction of in-
creasing amounts of c-ski cDNA resulted in a corre-
sponding decrease in TGFb-induced transactivation (Fig.
3A), suggesting that Ski functions to repress TGFb-in-
duced transactivation. Similar results were also obtained
using the natural PAI-1 promoter (data not shown). Fur-
thermore, Ski markedly inhibited transcriptional activa-

Figure 1. Ski interacts with the MH2 domains of
Smad2, Smad3, and Smad4. (A) Cell lysates were
prepared from control 293T cells or 293T cells sta-
bly expressing Flag–Smad4C or Flag–Smad4N, and
Smad4-associated cellular proteins were isolated
by affinity purification using anti-Flag agarose fol-
lowed by elution with the Flag peptide as described
in Materials and Methods. The purified Smad4
complexes were visualized by silver staining. The
97-kD protein indicated by an arrow was identified
by microsequencing as the human c-Ski protein
and the 80-kD protein as the human c-SnoN. (B)
Flag-tagged full-length or truncated Smad proteins
were cotransfected into 293T cells together with
HA-Ski as indicated and isolated by immunopre-
cipitation with an anti-Flag M2 mAb. The Smad-
bound Ski was visualized by Western blotting with
an anti-HA mAb as indicated. Cell lysates were
blotted directly with an anti-HA mAb as a control
for HA–Ski expression (bottom).
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tion of p3TP–lux induced by Smad heteromeric com-
plexes, in particular the Smad3/Smad4 complex (Fig. 3B).
Therefore, Ski inhibited TGFb signaling by blocking the
ability of the Smad3/Smad4 complex and, to a lesser
extent, the Smad2/Smad4 complex to activate transcrip-
tion of TGFb-responsive genes (Fig. 3B).

Ski recruits N-CoR to the Smads

Recently, Ski was found to complex with HDAC
through binding to N-CoR and mSin3A and to mediate
transcriptional repression by thyroid hormone receptor,
Mad (Nomura et al. 1999) and pRb (Tokitou et al. 1999).
A similar mechanism may be employed for repression of
Smad transactivation by Ski. To examine whether Ski
can recruit a nuclear corepressor to the Smads, anti-Flag
immunoprecipitates were prepared from cells cotrans-
fected with various Flag–Smads and HA–Ski and exam-
ined for the presence of endogenous N-CoR (Fig. 4) by
Western blotting. Indeed, Smad2, Smad3, and Smad4 all
complexed with N-CoR, but only when Ski was also co-
expressed (Fig. 4, lanes 4–6). Expression of Smad proteins
alone (lanes 1–3) or coexpression of a mutant Ski protein
(Ski 241–323) defective in binding to the Smads (Fig. 5C)
and N-CoR (Fig. 4, lane 8) did not result in copurification
of N-CoR with the Smads. Consistent with this obser-
vation, this mutant Ski(241–323) was defective in repres-
sion of TGFb-induced transactivation of p3TP–lux (Fig.
5D). Because N-CoR has been shown to interact directly

with mSin3A and HDAC1, repression of Smad-mediated
transcriptional activation by Ski may involve an HDAC
complex. Because of technical difficulties, we were not
able to detect specific interactions between the Smads
and endogenous mSin3A or HDAC (data not shown).

c-ski interacts with the Smads through the Ski
homology domain

The amino-terminal portion of c-Ski (residues 24–441) is
conserved in v-Ski (Ski homologous region, Fig. 5A).
Within this homologous region, a segment containing
amino acid residues 76–304 in c-Ski has been shown to
be sufficient for the transforming activity (Zheng et al.
1997), and a segment containing residues 99–274 is re-
sponsible for binding to the corepressor N-CoR (Nomura
et al. 1999). To determine whether this region can me-
diate Smad binding and transcriptional repression, Ski
deletion mutants were tested in both binding and tran-
scription assays. As shown in Figure 5B, a Ski fragment
between residues 197 and 441 within the highly con-
served ski homologous region was sufficient for interac-
tion with Smad4 (Fig. 5B, right panels), Smad3 (left pan-
els), and Smad2 (data not shown) and for transcriptional
repression (Fig. 5D). Within this fragment, residues 203–
239 appeared to be important for binding to Smad4, but
not to Smad3 (Fig. 5B) or Smad2 (data not shown), as an
internal deletion of Ski lacking residues 203–239 failed
to interact with Smad4, but still associated with Smad3
(Fig. 5B) and Smad2 (data not shown). Binding to Smad3
and Smad2 required the region between residues 241 and
441. Because Smad3 (Smad2) and Smad4 bind to adja-
cent, but distinct, regions in Ski, Ski could contact two
Smad molecules in a Smad hetero-oligomer simulta-
neously. A short fragment containing residues 241–323
did not interact with the Smads (Fig. 5C), was unable to
recruit N-CoR complex to the Smads (Fig. 4), and failed
to repress TGFb-induced transactivation of p3TP–lux
(Fig. 5D). Therefore, the domain in Ski that confers trans-
forming activity also contains Smad-interacting regions.
Interaction with Smads could have an important role in
the transforming activity of Ski.

Overexpression of Ski attenuates TGFb-induced
growth inhibition and JunB expression

A critical function of TGFb is the inhibition of growth of
many cell types including epithelial, endothelial, and
lymphoid cells. Because Ski repressed TGFb-induced
transcriptional activation, we speculated that overex-
pression of Ski may abolish the ability of these cells to
undergo growth arrest in response to TGFb, and this
could be the molecular basis for the transforming activ-
ity of Ski. To test this hypothesis, stable Ba/F3 pro-B cell
lines expressing different levels of Flag-tagged Ski were
generated (Fig. 6A) and tested first for the ability of Flag–
Ski to interact with endogenous Smad proteins on SBE
DNA (Fig. 6B,C). Association of Flag–Ski with Smad2 or
Smad3 was induced by TGFb1, whereas its interaction

Figure 2. Ski binds to the SBE through interaction with Smad4.
32P-labeled SBE oligonucleotide (2 × 104 cpm) was incubated
with HA–Smad4, GST-Ski, Flag–Ski (F-Ski), or purified Ski/
Smad4 complex in EMSA reactions. DNA-protein complexes
were resolved by nondenaturing PAGE. Proteins used in the
EMSA reactions: (Lane 1) 0.5 µg HA–Smad4; (lane 2) 0.8 µg
GST–Ski; (lane 3) 0.8 µg Flag-Ski purified from 293T cells trans-
fected with Flag–Ski alone; (lanes 4–7) Flag–Ski/HA–Smad4
complex purified using anti-Flag agarose from cotransfected
293T cells. Antibodies used in supershift reactions: (lane 5) NR
(nonrelevant antibody); (lane 6) F (anti-Flag); (lane 7) S4 (anti-
Smad4).
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with Smad4 occurred in both the presence and the ab-
sence of TGFb1 (Fig. 6B). Nuclear extracts prepared from
the B/ski-8 cells that had been stimulated with TGFb1
contained a specific DNA-binding activity that can be
supershifted by anti-Flag, anti-Smad2/3, and anti-Smad4
antibodies (Fig. 6C), confirming that Ski interacted with
the endogenous Smad proteins on the SBE.

We next examined the abilities of B/ski-8 and B/ski-12
cells to undergo growth arrest in response to TGFb.
Overexpression of Ski rendered these cells resistant to
TGFb-induced growth arrest, and the degree of resis-
tance correlated with the level of Ski expression (Fig.
6D). Furthermore, TGFb-induced activation of JunB ex-

pression was also attenuated in these cells (Fig. 6E). Un-
like the control Ba/F3 cells in which JunB expression
was activated markedly 1 hr after TGFb1 stimulation
(Fig. 6E, lane 2), the level of JunB mRNA in Ski-overex-
pressing B/ski-8 cells did not change significantly in re-
sponse to TGFb1 (Fig. 6E, lanes 6–8). The lack of re-
sponse to TGFb in the B/ski-8 cells was not caused by
the decreased expression of cell surface TGFb receptors,
as an affinity labeling experiment using 125I-labeled
TGFb1 showed that B/ski-8 cells expressed the same
amounts of TbRI and TbRII on the cell surface as the
uninfected Ba/F3 cells (data not shown). Thus, overex-
pression of Ski can directly block the ability of TGFb to
inhibit cell growth, and this could be an important
mechanism by which high levels of Ski result in trans-
formation of mammalian cells (Colmenares and Stavn-
ezer 1989; Colmenares et al. 1991; Nomura et al. 1989;
Fumagalli et al. 1993).

Discussion

Ski induces morphogenic transformation and anchorage-
independent growth when overexpressed in chicken and
quail embryo fibroblasts (Colmenares and Stavnezer
1989; Colmenares et al. 1991). Overexpression of Ski pro-
tein has also been detected in human tumor cells derived
from neuroblastoma, melanoma, and prostate cancer
(Nomura et al. 1989; Fumagalli et al. 1993). However, the
mechanism by which high levels of Ski proteins regulate
cell proliferation and oncogenic transformation is not
fully understood. We have shown here that Ski can in-
teract with Smad2, Smad3, and Smad4 and repress
TGFb-induced transactivation by recruitment of N-CoR
and possibly its associated HDAC complex to the TGFb-
responsive promoter DNA. The domain in Ski that me-
diates interaction with the Smads overlaps with the do-
main responsible for the transforming activity of Ski
(Zheng et al. 1997) as well as that mediating transcrip-
tional repression (Fig. 5D; Nomura et al. 1999). Further-
more, we showed that overexpression of Ski in the Ba/F3
pro-B cell line rendered these cells resistant to TGFb-
induced growth arrest. Thus, Ski can modulate the TGFb
signaling pathway by directly blocking the transactiva-

Figure 3. Ski represses TGF-b-induced and Smad-
dependent transcriptional activation. (A). Ski re-
presses TGF-b-induced transcriptional activation.
Hep3B cells were transfected with 0.5 µg p3TP–lux
and increasing amounts of ski as indicated. Lucif-
erase activity was measured 16 hr after stimula-
tion with 50 pM TGFb1. (B) Hep3B cells were co-
transfected with the Smad proteins and Ski as in-
dicated. Smad-mediated transcriptional activation
of the p3TP–lux in the absence − or presence + of
Ski was analyzed.

Figure 4. Smad2, Smad3, and Smad4 complex with N-CoR
through Ski. 293T cells were transfected with Flag–Smad2,
Flag–Smad3, or Flag–Smad4 either alone (lanes 1–3) or together
with HA–Ski (lanes 4–6). Endogenous N-CoR complexed with
the Smads was isolated by immunoprecipitation with an anti-
Flag mAb and detected by Western blotting with an anti-N-CoR
antibody. Cell lysates were also blotted directly with anti-Flag
and anti-HA antibodies for control of Smads and Ski expression.
As a positive control, N-CoR associated with HA–Ski was iso-
lated by immunoprecipitation with an anti-HA mAb and blot-
ted with an anti-N-CoR antibody (lane 7). (Lane 8) HA-tagged
mutant Ski(241–323) isolated from transfected 293T cells by
immunoprecipitation with an anti-HA antibody. (Lane 9) Anti-
Flag immunoprecipitate prepared from cells cotransfected with
Flag–Smad3 and HA–Ski(241–323).
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tion activity of Smad proteins. Because Smad proteins
are essential tumor suppressors, repression of their ac-
tivity may be an important mechanism in oncogenic
transformation by Ski.

Inactivation of Smad function may play an important
role in epithelial carcinogenesis, as evidenced by a large
number of loss-of-function Smad mutations in human
cancers (Massagué 1998). However, in many cancer cells,
despite the fact that the growth inhibitory pathway of
TGFb is intact and the Smads are fully functional when
assayed in vitro, these tumor cells do not undergo
growth arrest in response to TGFb in vivo. Alternative
mechanisms to disable TGFb signaling must be em-

ployed by these transformed cells. Various oncoproteins
have been shown to directly block key steps in Smad
signaling. For example, phosphorylation of Smad3 in the
linker region by MAP kinase in Ras-transformed cells
prevents its nuclear translocation (Kretzschmar et al.
1999), whereas the Evi-1 oncoprotein inhibits the DNA-
binding activity of Smad3 (Kurokawa et al. 1998). Here
we showed that the Ski oncoprotein represses TGFb
signaling by recruitment of a transcriptional repressor
complex to the TGFb-responsive promoters through in-
teraction with the Smads, and thus revealed a novel
mechanism for inactivation of Smad signaling during
mammalian carcinogenesis.

Figure 5. Smad proteins interact with the amino-terminal re-
gion of Ski. (A) Schematic drawings of Ski truncation mutants.
The domain in c-Ski that is conserved with v-Ski (residues 24–
441) is shaded. This domain contains transforming activity and
also mediates binding to N-CoR. (B) Binding of the Ski mutants to
Smad3 and Smad4. Flag–Smad3 or Flag–Smad4 were cotrans-
fected with HA-tagged c-Ski and mutants. Association of Smads
with various Ski proteins was analyzed by blotting of the Flag
immunoprecipitates with an anti-HA antiserum. Cell lysates
were blotted directly with an anti-HA antibody as a control for
the expression of various Ski mutants. (*) A nonspecific back-
ground band. (C) Interaction of Smad3 and Smad4 with Ski(241–
323). To detect the smallest Ski truncation mutant, 293T cells
transfected with Flag–Smads and HA–Ski(214–323) were labeled
with 35S-Express, and Smad-bound Ski(241–323) was isolated by
immunoprecipitation with anti-Flag agarose and visualized by au-
toradiography. Parallel immunoprecipitation with an anti-HA an-
tiserum was carried out to control for the expression of the Ski

mutants. Ski(197–441) was used as a positive control for this experiment. (D) Hep3B cells were transfected with p3TP–lux and various
Ski mutants. After transfection (30 hr), cells were stimulated with 50 pM TGFb1 for 16 hr and luciferase activity was measured.
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It is not clear what causes elevated expression of Ski in
human tumor cells. We have not detected any regulation
of the Ski protein expression by either TGFb or other
activated type I receptors of the TGFb superfamily
(Alk2–Alk4) (data not shown). It is also important to note
that in normal mammalian cells, the endogenous level of
Ski proteins is low and the expression level is tightly
controlled during development or cell differentiation.
The cellular level of Ski was reported to be induced dur-
ing early stages of differentiation of myoblasts (Leferov-
ich et al. 1995) and hematopoietic cells (Namciu et al.
1994). Up-regulation of Ski by these differentiation sig-
naling pathways may modulate the activity of TGFb sig-
naling pathway. Indeed, injection of Ski in Xenopus em-
bryos results in the cell-autonomous induction of neural
axis formation and neural-specific gene expression, a
phenotype similar to that induced by antagonizing bone
morphogenetic protein (BMP) and activin signaling
(Amaravadi et al. 1997). Thus, Ski may play a role in

mediating cross-talk between the differentiation signal-
ing pathways and the TGFb pathway. Because TGFb also
regulates these processes, antagonizing interactions be-
tween Ski and the Smads could result in a precise control
of the differentiation program. Because Smad4 is a com-
mon mediator that also functions downstream of BMP
and activin receptors, Ski may also be involved in regu-
lation of BMP or activin signaling. Future experiments
will determine whether Ski interacts with other path-
way-restricted Smads, such as Smad1 or Smad5, and re-
presses the function of these proteins.

Smad3 and Smad4 as DNA-binding partners of Ski

Ski has been shown to bind DNA, but only in conjunc-
tion with other cellular proteins (Nagase et al. 1990;
Nicol and Stavnezer 1998). Using a nuclear extract from
c-ski-transformed cells, a specific DNA-binding site for

Figure 6. Overexpression of Ski greatly attenuates TGFb-induced growth inhibition and activation of JunB expression. (A) Ba/F3 cell
lines stably expressing Flag–Ski were generated by retroviral infection. Flag–Ski was isolated by immunoprecipitation with anti-Flag
agarose from uninfected Ba/F3 cells or from two stable pools (B/ski-8 and B/ski-12) and analyzed by Western blotting with an anti-Flag
mAb. (B) B/ski-8 cells (2 × 108) were stimulated with 200 pM TGFb1 for 15 or 30 min as indicated. Endogenous Smad proteins
associated with Flag–Ski were isolated by immunoprecipitation with anti-Flag agarose and detected by Western blotting with anti-
Smad2, anti-Smad3, or anti-Smad4 antibodies. (C) Nuclear extracts were prepared from B/ski-8 cells that had been stimulated with 200
pM TGFb for 30 min and incubated with 32P-labeled SBE in an EMSA assay. Antibodies used in the supershift assay: (S2/3) anti-
Smad2/3; (S4) anti-Smad4; (F) anti-Flag; (NR) nonrelevant control antibody. (*) Non-specific background bands. (D) Growth inhibition
assay. Uninfected Ba/F3 cells, B/ski-8 or B/ski-12 cells were incubated for 5 days with various concentrations of TGFb1 as indicated.
The growth of cells was quantified by cell counting and compared to unstimulated cells. The growth rate of B/ski-8 or B/ski-12 cells
in the absence of TGFb1 is similar to that of uninfected Ba/F3 cells. (E) Activation of JunB expression in uninfected Ba/F3 or B/ski-8
cells by Northern blotting. Cells were serum starved for 16 hr and stimulated with 100 pM TGFb1 for various periods of time as
indicated. An analysis of the JunB and human CAC1 RNA is shown. CAC1 was used as a control for equal loading. A quantification
of the Northern blot was carried out using the Bio-Rad Molecular Imager FX system and folds of induction of JunB expression are
shown in the graph.
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Ski and its associated proteins was identified (GTC-
TAGAC) by cyclic amplification and selection of targets
(CASTing) and was found to mediate transcriptional re-
pression by Ski (Nicol and Stavnezer 1998). This se-
quence is identical to SBE (Zawel et al. 1998), suggesting
that Ski may bind to DNA through interaction with the
Smads. We showed here that Ski/Smad3 and Ski/Smad4
complexes can bind to SBE and repress Smad-mediated
transcriptional activation. Thus, Smad3 and Smad4 are
the DNA-binding partners of Ski in these c-ski-trans-
formed cells. In addition to SBE, Ski was also found to
interact with the nuclear factor I (NFI) binding site
through interaction with the NFI protein (Tarapore et al.
1997). However, in this context, Ski functions to poten-
tiate, not repress, NFI-stimulated transcriptional activa-
tion. Thus, Ski may interact with different DNA-binding
factors and regulate transcription both positively and
negatively depending on the proper cellular context or
interacting partners.

Ski as trancriptional corepressor of the Smads

Because Ski interacts with the MH2 domains of the
Smads, it may repress Smad-mediated transcriptional ac-
tivation either by blocking the ability of the Smads to
homo- and hetero-oligomerize or by recruitment of a
transcriptional repressor complex to the Smads. We
found that the ability of Smad3 to homo- and hetero-
oligomerize with Smad4 was not affected by coexpres-
sion of Ski (data not shown). On the other hand, we
showed that Ski recruited the nuclear repressor N-CoR
to the Smads. Thus, Ski functions as a corepressor of the
Smad proteins by recruitment of a transcriptional repres-
sor complex. In addition to the Smad proteins, Ski was
recently reported to bind directly to Rb (Tokitou et al.
1999) and retinoic acid receptor (Dahl et al. 1998) and to
repress transactivation induced by these proteins, prob-
ably through similar mechanisms. N-CoR was originally
identified as a corepressor that mediates transcriptional
repression by the thyroid hormone receptor and Mad
(Horlein et al. 1995). It is a protein of 270 kD and con-
tains three repressor domains in its amino-terminal re-
gion (Horlein et al. 1995). It shows a striking homology
to another corepressor, SMRT, and represses transcrip-
tion by forming complexes with mSin3 and HDAC (Al-
land et al. 1997; Heinzel et al. 1997). Although we were
not able to detect specific interactions between the
Smads and endogenous mSin3A or HDAC because of
technical difficulties, the recruitment of a N-CoR com-
plex to the Smads suggests that repression of Smad-me-
diated transcription by Ski may involve deacetylation of
nucleosomal histones. Recently, Smad2 has been shown
to interact with TGIF, another transcriptional corepres-
sor that recruits HDAC to the Smads (Wotton et al.
1999). Thus, repression of Smad-mediated transactiva-
tion may involve multiple corepressors. Future studies
will allow us to determine whether Ski, Smads, N-CoR,
and TGIF are in the same complex or whether Smads
interact with different corepressors depending on the ex-

pression level of these corepressors in different cell types
or at different developmental stages.

Materials and methods

Cells, antisera, and constructs

293T and Bing cells were maintained in Dulbecco’s modified
Eagle medium (DMEM) supplemented with 10% fetal bovine
serum (FBS). Hep3B, a human hepatoma cell line (ATCC), was
maintained in minimum essential medium (MEM) supple-
mented with 10% FBS. Ba/F3, a pro-B cell line, was grown in
RPMI supplemented with 10% FBS and 10% WEHI cell-condi-
tioned medium as a source of interleukin-3 (Luo and Lodish
1996). TGFb1 was purchased from R&D Systems. Antisera
against Smad4 (C-20), Smad2/3 (N-19), and N-CoR were pur-
chased from Santa Cruz Biotechnology. An anti-Smad3-specific
antibody was raised against a peptide (amino acid residues 193–
212) located in the linker region of the human Smad3 protein.
Anti-Ski antibody was raised against a glutathione S-transferase
(GST)-fusion protein containing amino acid residues 1–605 of
human c-Ski.

Full-length and truncated Smad2, Smad3, and Smad4 were
generated as described previously (Stroschein et al. 1999). Flag-
or HA-tagged full-length or truncated ski were generated by
PCR, cloned into pCMV5B, and used for transient transfection
experiments.

Transfection and retroviral infection

293T, Bing, and Hep3B cells were transiently transfected using
the Lipofectamin-Plus protocol (GIBCO BRL). To generate a
stable Ba/F3 cell line overexpressing ski, Flag-ski was cloned
into the retroviral vector, pBabe-puro, that also expresses a pu-
romycin-resistance gene. The construct was used to transfect
Bing cells to generate retroviruses expressing Flag–Ski. Forty-
eight hr after transfection, 1 × 106 Ba/F3 cells were cocultivated
with the transfected Bing cells for 24 hr, and the infected cells
were selected in medium containing puromycin.

Purification of Smad4-associated proteins

Stable 293T cell lines expressing Flag–Smad4NL (amino acid
residues 1–318) or Flag–Smad4C (319–551) were generated by
transfection. For large-scale purification of Smad4-associated
proteins, cells from 96 tissue culture dishes (150 mm) were
lysed in buffer containing 50 mM HEPES at pH 7.8, 500 mM

NaCl, 5 mM EDTA, 1% NP-40, 3 mM dithiothreitol (DTT) and
0.5 mM phenylmethylsulfonyl fluoride. Clarified cell lysates
were then incubated with anti-Flag M2 agarose (Sigma), and
bound proteins were eluted with 0.4 mg/ml Flag peptide (Sigma)
(Zhou et al. 1998a; Stroschein et al. 1999). Approximately 2 µg
of the 97-kD protein was resolved on an SDS–polyacrylamide
gel, transferred to nitrocellulose, and microsequenced. Amino
acid sequence derived from two of the peptides showed a perfect
match to human c-Ski: Peptide 1 (RLSAFRPWSPAV) was
mapped to amino acid residues 375–386 and peptide 2
(KELQEQLWP) was mapped to residues 703–711.

Immunoprecipitation and Western blotting

Flag- and/or HA-tagged Smads and Ski were isolated from trans-
fected 293T cells by immunoprecipitation with anti-Flag aga-
rose, followed by elution with the Flag peptide, and analyzed by
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Western blotting as described previously (Zhou et al. 1998a;
Stroschein et al. 1999).

Growth inhibition and transcriptional reporter assays

For growth inhibition assay, 3 × 104 Ba/F3 cells were incubated
with various concentrations of TGFb1 for 5 days. The growth of
cells was determined by cell counting and compared with un-
stimulated cells (Luo and Lodish 1996).

For transcriptional reporter assay, 2.5 µg DNA (0.5 µg p3TP–
lux, 1 µg of Smad, and 0.5–1 µg of ski) was used to transfect
Hep3B cells in a six-well cluster plate. Twenty-four hr after
transfection, Hep3B cells were starved in serum-free media for 8
hr and stimulated with 50 pM TGFb1 for 16 hr as described
(Stroschein et al. 1999).

EMSA

The Ski/Smad4 complex isolated by affinity purification or
nuclear extracts prepared from TGFb-stimulated Ba/F3 cells
(Lee et al. 1987) was incubated with the 32P-labeled SBE probe
(58-CTCTATCAATTGGTCTAGACTTAACCGGA-38) in bind-
ing buffer (25 mM Tris-Cl at pH 7.5, 80 mM NaCl, 35 mM KCl,
5 mM MgCl2, 10% glycerol, 1 mM DTT, 15 µg/ml poly[d(I-C)],
300 µg/ml bovine serum albumin, 2% NP-40), and the protein–
DNA complexes were resolved on a 4% nondenaturing poly-
acrylamide gel (Stroschein et al. 1999). For antibody supershift
assays, the Ski/Smad4 complex was preincubated with 4 µg of
specific antibodies for 1 hr at 4°C.

Northern blotting

Ba/F3 cells were serum starved for 16 hr and then stimulated
with 200 pM TGFb1 for the indicated period of time. Total RNA
was prepared from these cells using RNeasy kit (Qiagen), and 20
µg RNA was resolved on a 1% formaldehyde gel, transferred to
a Nylon membrane, and analyzed by Northern blotting. The
probes (JunB and CAC1) were labeled by random priming
(Stratagene) and hybridized with the RNA samples in QuikHyb
(Stratagene). Human chromatin assembly factor-1 (CAC1) was
used as a loading control.
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