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Smad6 and Smad7 are inhibitory Smads induced by transforming growth factor �-Smad signal transduction
pathways in a negative-feedback mechanism. Previously it has been thought that inhibitory Smads bind to the
type I receptor and block the phosphorylation of receptor-activated Smads, thereby inhibiting the initiation of
Smad signaling. Conversely, few studies have suggested the possible nuclear functions of inhibitory Smads.
Here, we present compelling evidence demonstrating that Smad6 repressed bone morphogenetic protein-
induced Id1 transcription through recruiting transcriptional corepressor C-terminal binding protein (CtBP).
A consensus CtBP-binding motif, PLDLS, was identified in the linker region of Smad6. Our findings show that
mutation in the motif abolished the Smad6 binding to CtBP and subsequently its repressor activity of
transcription. We conclude that the nuclear functions and physical interaction of Smad6 and CtBP provide a
novel mechanism for the transcriptional regulation by inhibitory Smads.

Members of the transforming growth factor � (TGF-�) pro-
teins are secreted multifunctional proteins that exhibit a di-
verse set of cellular responses. TGF-�s induce the expression
of a variety of genes involved in cell proliferation and differ-
entiation (8, 10, 25, 29, 31, 36). During development, TGF-�
and related factors regulate cell and tissue differentiation, mor-
phogenetic processes, and embryonic organization (33, 45).
TGF-� expression and responsiveness also regulate human
disease development (5, 9, 26, 35, 44).

TGF-�s activate type II and type I transmembrane serine/
threonine kinase receptors (for recent reviews, see references
25 and 36). Ligand-activated receptors, in turn, activate intra-
cellular effectors, Smads (for recent reviews, see references 8,
25, 29, 31, and 46). Smads form a family of proteins that have
been evolutionarily conserved from Drosophila and Caeno-
rhabditis elegans to vertebrates. Smad proteins are classified
into three groups: receptor-activated Smad (R-Smad), com-
mon Smad (co-Smad, i.e., Smad4) and inhibitory Smad (I-
Smad). Upon ligand stimulation, R-Smads are phosphorylated
by the activated type I receptor and then form complexes with
Smad4. The heteromeric complexes of R-Smads and Smad4
are then translocated into the nucleus, where they mediated
ligand-induced changes in the transcription of a variety of
genes (for reviews, see references 8, 11, 25, 29, 31, 46, and 47).
The heteromeric Smad complex activates transcription
through its ability to functionally cooperate with several pro-

moter-specific transcription factors and/or to bind specific
DNA sequences (11, 27).

I-Smads are induced by TGF-�/Smad signal transduction
pathways in a negative-feedback mechanism (1, 17, 18, 41).
Specifically, activin/TGF-� signaling induces Smad7 expression
and bone morphogenetic proteins (BMPs) induce Smad6 ex-
pression, thus providing a ligand-induced negative-feedback
loop for Smad signaling (1, 41). It is generally thought that
I-Smads competitively interfere with the binding of the R-
Smads to the type I receptor, thus preventing their phosphor-
ylation (1, 18), and that Smad6 also interferes with the BMP-
induced formation of the heteromeric Smad1–Smad4 complex
(17). However, recent studies indicate potential functions of
I-Smads in the nucleus. Smad6 physically links with Hoxc-8 and
histone deacetylases (HDACs) to repress BMP-induced os-
teopontin gene transcription (3, 4). However, the precise
mechanism of how Smad6 acts as a transcriptional (co)repres-
sor remains to be elucidated.

Transcriptional repression, like transcriptional activation,
has emerged as a common mechanism of transcriptional reg-
ulation (37). DNA sequence-specific repressors mediate their
effect by recruiting corepressors to the target promoter. Core-
pressors are non-DNA-binding proteins, including mSin3A,
SMRT/NCoR, Groucho, and C-terminal binding protein
(CtBP). One mechanism of transcriptional repression is the
recruitment of HDACs, which can enzymatically remove acetyl
group from histones as well as nonhistone proteins, which is
thought to cause a condensed, transcriptionally inactive chro-
matin. CtBP is a cellular protein that binds to the C-terminal
region of the human adenovirus E1A proteins via the highly
conserved PLDLS motif (6, 38). Two members of the CtBP
family have been identified in humans, CtBP1 (the original
E1A-interacting CtBP) and CtBP2 (7). CtBPs repress tran-
scription in both an HDAC-dependent and HDAC-indepen-
dent manner, depending on the promoter context. CtBP1 has
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been reported to be associated with HDAC1 and HDAC2 as
well as class II HDACs (e.g., HDAC5) for the potential histone
deacetylation on a target promoter (7).

In this study we provide compelling evidence for the asso-
ciation of CtBP1 with inhibitory Smad6. The physical interac-
tion between CtBP1 and Smad6 was both direct and physio-
logically relevant, as demonstrated by using glutathione
S-transferase (GST) in vitro binding assays and coimmunopre-
cipitation experiments. The CtBP binding was through the
PLDLS motif in the linker region of Smad6. Notably, muta-
tions in the PLDLS motif abolished the ability of Smad6 to
bind CtBP and consequently decreased its capacity for inhib-
iting BMP signaling. The potential nuclear repressor functions
of Smad6 are consistent with the presence of Smad6 protein in
the nucleus and are further supported by the observation that
Smad6 repressed transcription when tethered to Gal4-binding
DNA. Thus, recruitment of CtBP by Smad6 provides a unique
mechanism to directly inhibit BMP signaling in the nucleus.

MATERIALS AND METHODS

Plasmids. Mammalian expression plasmids for Flag-tagged Smad6 and its
HA-tagged Smad6 deletion mutants, the Smad6–Smad7 chimera (gift of Kohei
Miyazono), were previously described (16). HA-tagged full-length Smad6 and
Gal4-Smad6 were made by transferring the Smad6 coding region (EcoRI-XhoI)
from Flag-Smad6 into the EcoRI and SalI sites of the pXF3H vector and
pXF2Gal, respectively. A mutation in the CtBP-binding motif 290PLDLS294 in
Smad6 was generated by PCR, and the mutated motif was cloned into pXF3H
vector. HA-tagged Smad7 was similarly made in the pXF3H vector. NLS-Smad6
was made by transferring the Smad6 coding region (EcoRI-XhoI) into the EcoRI
and SalI sites of the pXF1N vector, which contains an in-frame nuclear local-
ization signal (NLS) sequence (PKKKRK) of simian virus 40 (SV40) large T
antigen before the EcoRI site (unpublished data). Flag-CtBP (a gift of Richard
Goodman) (50) and myc-CtBP (a gift of Eric Olson) (49) were previously
described.

Northern blot hybridization. Exponentially growing P19 cells were infected for
1 h with adenoviruses expressing Smad6 (104 PFU/�l; a gift of Jingsong Zhao
[51]). After 24 h, the cells were treated with 25 ng of BMP2 per ml for 4 h. Total
RNA was prepared using the TriZol kit (Invitrogen) as specified by the manu-
facturer. Equal amounts of RNA were then separated in an agarose gel and
stained with ethidium bromide for visualization of RNA. RNA was then trans-
ferred to a nitrocellulose membrane. Hybridization to a 32P-labelled Id1 gene

probe (human Id1 coding region [a gift of Xiao-Hong Sun]) was carried out at
65°C in a solution containing 6� SSC (1� SSC is 0.15 M NaCl plus 0.015 M
sodium citrate), 5� Denhardt’s reagent, and 0.1% sodium dodecyl sulfate (SDS).
Hybridized bands were then visualized by autoradiography.

Immunoprecipitation and Western blot analysis. Immunoprecipitations using
anti-Flag or anti-HA antibody were carried out essentially as described previ-
ously (14, 15). For detection of Smad6-bound CtBP as described in the legend to
Fig. 4A, 293T cells were transfected with expression plasmids for HA-tagged
Smad6 and Myc-tagged CtBP1. After 48 h, the cells were harvested in Flag lysis
buffer (0.01 M Tris � Cl [pH 8], 300 mM NaCl, 1% Triton X-100). HA-Smad6 was
immunoprecipitated using anti-HA antibody (12CA5 [Roche] and HA1.1
[Babco]) conjugated to protein A-agarose beads, and after extensive washing it
was eluted in SDS sample loading buffer (Bio-Rad). Eluted proteins were sep-
arated by SDS-polyacrylamide gel electrophoresis (PAGE), transferred to nitro-
cellulose, and detected in an immunoblot with anti-HA antibody for Smad6
protein and anti-Myc antibody (9E10 [Santa Cruz Biotech]) for Smad6-bound
CtBP protein. Antibody-bound proteins were visualized by horseradish peroxi-
dase-conjugated secondary antibody followed by chemiluminescence (Pierce).
Immunoprecipitation and Western blotting shown in Fig. 4B, 5B, and 6C were
similarly conducted with the antibodies specified in the figure legends.

For endogenous Smad6-CtBP interaction (Fig. 4C), 293T cells were lysed in
Flag buffer and immunoprecipitation was carried out using anti-Smad6, anti-
CtBP, or a control antibody. The immunocomplex was then blotted using anti-
CtBP antibody (Santa Cruz Biotech).

Transcription reporter assays. Plasmid Id1-Luc, which contains the luciferase
gene under control of the human Id1 promoter �1147/�88 (a gift of Tetsuya
Taga with permission from Robert Benezra [32]), was used to measure BMP-
induced transcription. Transfections and reporter assays were carried out as
described previously (12, 13). P19 cells were transfected by using Lipofectamine
(Invitrogen). Generally, exponentially grown cells at 25 to 30% confluency were
transfected with expression plasmids for Smad6 and/or reporter plasmids. The
amount of transfected DNA was always made the same by adding vector DNA
when needed. At 36 h after transfection, the cells were treated with 25 ng of
BMP2 (R&D System) per ml for 12 h. They were then harvested for measure-
ment of luciferase and �-galactosidase activities. All assays were performed in
triplicate, and all values were normalized for transfection efficiency against �-ga-
lactosidase activity.

For the Gal4 transrepression assay, a plasmid encoding Gal4-Smad6 (Smad6
fused to the Gal4 DNA-binding domain) was cotransfected with the Gal4-
luciferase reporter plasmid Gal4-TK-Luc into P19 cells. Transfected cells were
treated for 12 h with or 25 ng of BMP2 per ml or left untreated. The ability of
Gal4-Smad6 to repress the heterologous Gal4-binding promoter was quantitated
by measuring the luciferase expression from the Gal4-binding promoter.

Biotinylated DNA oligonucleotide precipitation. Biotinylated Id1 promoter
DNA oligonucleotide, corresponding to nt �919 to �889 (5�-Biotin-CAG GCC
TGG CGT CTA ACG GTC TGA GCC GCT G -3�) was synthesized. Immobi-

FIG. 1. Smad6 inhibits BMP-induced Id1 transcription. (A) Smad6 inhibits BMP2-induced Id1 mRNA accumulation. Exponentially growing
mouse embryonic P19 cells were infected with adenovirus Smad6, and then treated with 25 ng of BMP2 per ml, as indicated. Id1 mRNA was
detected by Northern hybridization. Equal levels of RNA were loaded per lane. GAPDH, glyceraldehyde 3-phosphate dehydrogenase. (B) Smad6
inhibits BMP-induced activation of the Id1 promoter in P19 cells. Cells were transfected with the Id1-luc reporter plasmid and, at 36 h after
transfection, treated with BMP for 12 h; luciferase values were measured. RLU, relative light units.
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lization of biotinylated DNA and adsorption of cellular proteins to the DNA
were carried out using Dynabeads (Dynal) as specified by the manufacturer.
Briefly, 400 �g of whole-cell lysates from 293T cells was incubated with 40 pmol
of biotinylated DNA at 4°C for 1 h in BW buffer containing 10 mM Tris � HCl
[pH 7.5], 1 mM EDTA, and 2 M NaCl, followed by extensive washing in S1 buffer
(10 mM Tris � HCl [pH 7.5], 10% glycerol, 150 mM NaCl, 0.5 mM EDTA, 0.5
mM dithiothreitol, 1 mM MgCl 2, 0.1% NP-40). DNA-bound protein was then
subjected to SDS-PAGE followed by Western blotting using antibodies (see Fig.
7A). The cell lysates were immunoblotted with different antibodies to demon-
strate the expression levels of transfected proteins.

Immunofluorescence. HeLa and P19 cells, untransfected or transfected as
specified in the text and figure legends (see Fig. 2A, 3B, and 4D), were grown on
coverslips, fixed with cold methanol, and blocked with 2% bovine serum albumin
in phosphate-buffered saline (pH 7). The cells were then stained with anti-Smad6
polyclonal or anti-CtBP monoclonal antibodies, followed by Texas Red-conju-
gated anti-rabbit or fluorescein isothiocyanate (FITC)-conjugated anti-mouse
antibody, and examined using a Zeiss Axioplan II microscope.

RESULTS

Smad6 inhibits BMP2-induced Id1 transcription. Smad6 is
an inhibitory Smad that is induced by TGF-� ligands (1, 17,

18). Several studies have shown that Smad6 forms nonregulat-
able associations with the BMP type I receptor and to a lesser
extent with the TGF-� receptor (18). The Smad6-receptor
interaction blocks the association of R-Smad to the receptor
and subsequent phosphorylation (18). Meanwhile, Smad6 in-
teracts with Smad1 to inhibit the receptor-mediated formation
of Smad1–Smad4 heteromeric complex (17). Recent studies
suggest that Smad6 has nuclear functions (3, 4).

Smad6 may function as a repressor in many pathways, since
its expression can be induced by different conditions such as
growth factors (1, 18, 42). We first attempted to investigate
whether Smad6 represses BMP-induced Id1 gene transcrip-
tion. Id1 is an immediately-early response gene to BMPs,
strongly induced in both human and mice (20, 21, 23, 30, 32,
43); it was therefore chosen for our analysis of the BMP re-
sponse. To recapitulate this BMP response in mouse embry-
onic carcinoma P19 cells, we first analyzed the mRNA accu-
mulation of Id1 in response to BMP2. As shown in Fig. 1A, Id1
mRNA was induced by BMP2 after a 4-h treatment (compare

FIG. 2. Smad6 has repressor activity. (A) Smad6 is localized in the nucleus and cytoplasm. Endogenous Smad6 was detected using anti-Smad6
staining followed by FITC-conjugated secondary antibody and visualized under a fluorescence microscope. DAPI indicates nuclear staining.
(B) Smad6 has transcriptional repressor activity. P19 cells were cotransfected with Gal4-Smad6 and the luciferase reporter plasmid pGal4-TK-luc.
The basal transactivation of the Gal4-TK-luc reporter is scored as 100 in the absence of Gal4-Smad6. Note that increasing levels of Gal4-Smad6
have an inhibitory activity on the Gal4-binding promoter. RLU, relative light units.
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FIG. 3. Nucleus-targeted Smad6 retains the ability to repress the BMP-induced Id1 response. (A) Schematic diagram of the structure of Smad6 and
mutant versions of it. NLS-Smad6 contains an N-terminally fused NLS from SV40 large T antigen. (B) NLS-Smad6 is localized exclusively in the nucleus.
NLS-Smad6 was transfected into P19 cells, and its expression was detected using anti-Smad6 staining followed by FITC-conjugated secondary antibody.

9084 LIN ET AL. MOL. CELL. BIOL.



lane 2 with lane 1). Notably, overexpression of Smad6 inhibited
BMP2-induced Id1 transcription. Adenovirus infection-medi-
ated expression of Smad6 significantly inhibited BMP2-in-
duced Id1 mRNA accumulation (compare lane 4 with lane 2).

We next examined the BMP2-dependent Id1 induction by
using a BMP-responsive reporter gene Id1-luc, which contains
the �1147/�88 upstream regulatory sequence of the Id1 gene
linked to the luciferase reporter gene (32). Corresponding to
the induction of Id1 mRNA (Fig. 1A), the promoter activity of
Id1 was highly responsive to BMP treatment, with a 15-fold
increase in the Id1 promoter activity in P19 cells (Fig. 1B).
Transfection of cytomegalovirus-driven Smad6 significantly in-
hibited the Id1 promoter activity in response to BMP2 (Fig.
1B). Inhibitory function could be attributed to two separate
functions of Smad6, i.e., its inhibition of R-Smad activation
and/or its repressor activity in the nucleus.

Smad6 had transcription repressor activity. To define the
inhibitory role of Smad6 in BMP signaling in the nucleus ver-
sus the cytoplasm, we first examined the subcellular localiza-
tion of endogenous Smad6. For this goal, we used human P19
and HeLa cells. As shown in Fig. 2A, Smad6 was localized in
both the cytoplasm and nucleus of P19 cells, while it was
located predominantly in the nucleus of HeLa cells.

The nuclear localization of Smad6 suggests that it may pos-
sess nuclear functions. Using the Gal4 transcription assay, we
tested whether Smad6 had intrinsic repressor activity. Smad6
was fused to the GAL4 DNA-binding domain (Gal4-Smad6).
The ability of Gal4-Smad6 to activate or repress the basal
activity from a heterologous Gal4-TK promoter was assessed
in P19 cells. We normalized the basal Gal4-TK promoter ac-
tivity without Smad6 as 100%. As shown in Fig. 2B, Gal4-
Smad6 decreased the Gal4-TK-luc promoter activity in a dose-
dependent manner, with Gal4-Smad6 at high doses inhibiting
the Gal4-TK-luc reporter to 15% (Fig. 2B). While studies have
shown that BMP can induce transcription of the Smad6 gene
(1, 18), it has no effects in regulating directly the repressing
activity of Smad6 protein (data not shown). Thus, our findings
suggest that Smad6 possesses intrinsic repressor activity and
may be directly involved in the repression of gene transcription
in the nucleus.

Smad6 inhibits BMP signaling independent of its binding to
receptor. To elucidate the nuclear function of Smad6, it was
necessary to exclude the inhibitory effects of Smad6 at the
BMP receptor level. To distinguish the inhibitory effect of
Smad6 at the receptor level or the nuclear level, we engineered
a Smad6 variant that contained the NLS sequence (PKKKRK)
of SV40 large T antigen at the N terminus of Smad6, desig-
nated NLS-Smad6 (Fig. 3A). To test whether NLS-Smad6 was
truly localized in the nucleus, we transfected this variant into
P19 cells. Immunofluorescence examination of NLS-Smad6

showed its localization exclusively in the nucleus (Fig. 3B). In
addition, in transfected cells, NLS-Smad6 did not coimmuno-
precipitate with the BMP type I receptor ALK3, while wild-
type Smad6 physically interacted with ALK3, strongly suggest-
ing the exclusion of NLS-Smad6 outside of the nucleus (Fig.
3C). We next determined whether NLS-Smad6 could still in-
hibit BMP2-induced Id1 promoter activity. As shown in Fig.
3D, we observed that the ability of Smad6 to inhibit Id1-luc
expression was maintained in NLS-Smad6. These findings sug-
gest that the nucleus-localized NLS-Smad6 may directly re-
press the Id1 transcription without interfering BMP receptors.

The Smad-receptor association is determined primarily by
the contact between the L3 loop in the MH2 domain of R-
Smads and the L45 loop in the type I receptor. It is reasonable
to speculate that the MH2 domain of Smad6 similarly contacts
BMP type I receptors. To distinguish further between the di-
rect nuclear function of Smad6 from its functions at the recep-
tor level, we compared the inhibitory effects of the NL domain
(i.e., the MH1-linker) and C domain (MH2) of Smad6 on Id1
promoter activity. As shown in Fig. 3E, the NL and C domains
could inhibit BMP2-induced Id1 promoter activity in an addi-
tive manner. While Smad6NL and Smad6C exhibited moder-
ate inhibitory effects on Id1 promoter activity, the combination
of the two resulted in an inhibition as effectively as the full-
length Smad6 on the Id1 promoter. These data further support
the notion that in addition to the interference with the type I
receptor (through MH2 domain), Smad6 inhibits BMP signal-
ing through the MH1-linker region.

Smad6 interacts with the corepressor CtBP in vivo. Tran-
scription repression is controlled by HDAC and corepressors
such as mSin3 and CtBP. HDACs associate with the TGF-�
corepressors TGIF (46), c-Ski (2, 24, 40, 48), inhibitory Smads
(3), and even directly with Smad3 (22), suggesting an impor-
tant role of chromatin modulation in TGF-�-mediated gene
transcription. In a search for candidate proteins that mediate
the nuclear functions of Smad6, we found that Smad6 physi-
cally interacted with the corepressor CtBP1. CtBP1 is a tran-
scriptional corepressor that was identified as an E1A-interact-
ing protein (6, 38). Many transcriptional repressors are
associated with CtBP proteins (7). To examine the Smad6-
CtBP interaction in vivo, we performed a coimmunoprecipita-
tion experiment. HA-tagged Smad6 and myc-tagged CtBP1
were transfected into 293T cells, and the Smad6-CtBP1 inter-
action was analyzed by anti-HA immunoprecipitation followed
by anti-Myc Western blotting. Figure 4A shows that Smad6
and CtBP1 were present in the same anti-HA immunoprecipi-
tated complex (lanes 3 and 6). The Smad6-CtBP interaction
was not observed in cells expressing only HA-Smad6 or Myc-
CtBP1. Immunoprecipitation using two different anti-HA an-
tibodies gave similar results (Fig. 4A).

DAPI indicates nuclear staining. (C) NLS-Smad6 does not bind to ALK3. 293T cells were transfected with HA-tagged ALK3 and Smad6
constructs. Cell lysates were immunoprecipitated (IP) with anti-HA antibodies (12CA5) and then immunoblotted (IB) with an anti-Smad6
polyclonal antibody to detect receptor-bound Smad6 (upper panel). Whole-cell lysates (WCL) were also directly immunoblotted with anti-HA or
anti-Smad6 antibodies to demonstrate the expression of ALK3 and Smad6 (bottom panels). (D) NLS-Smad6 is capable of repressing the Id1
promoter. NLS-Smad6 was transfected into P19 cells together with Id1-luciferase reporter. BMP treatment and luciferase measurement were
carried out as described in the legend to Fig. 1B. (E) Smad6NL and Smad6C synergize to repress the Id1 promoter. Various Smad6 constructs were
transfected into P19 cells together with Id1-luciferase reporter. BMP treatment and luciferase measurement were carried out as described in the
legend to Fig. 1B. Note that Smad6NL alone retains ability to repress the Id1 promoter. RLU, relative light units.
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FIG. 4. Smad6 interacts with the transcription corepressor CtBP in vivo. (A) Smad6 coimmunoprecipitates with CtBP. 293T cells were
transfected with HA-tagged Smad6 and myc-tagged CtBP. Cell lysates were immunoprecipitated (IP) with anti-HA antibodies (12CA5 or HA1.1)
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To determine whether CtBP1 binding to Smad6 is specific,
we included Smad1 (R-Smad) and Smad4 (co-Smad) as con-
trols. Significantly, neither Smad1 nor Smad4 could interact
with CtBP1 in a coimmunoprecipitation experiment (Fig. 4B).
Furthermore, another inhibitory Smad, Smad7, also failed to
interact with CtBP1 (Fig. 5B). These results demonstrate the
specific association between Smad6 and CtBP1.

Since Smad6 was specifically associated with CtBP1, we next
evaluated the ability of Smad6 to interact with CtBP1 at en-
dogenous levels. Interaction of endogenous Smad6 with CtBP1
was determined using coimmunoprecipitation analysis. As
shown in Fig. 4C, endogenous CtBP1 was present in the Smad6
immunoprecipitated complex. As a control, unrelated antibody
immunoglobulin G did not pull down CtBP1 (Fig. 4C). We also
examined whether Smad6 and CtBP are similarly subcellularly
localized. As shown in Fig. 4D, in both P19 and HeLa cells,
endogenous Smad6 showed similar colocalization with CtBP in
the nucleus. In HeLa cells the colocalization was more appar-
ent since Smad6 is more strongly distributed in the nucleus
(Fig. 4D and 2A). The localization of Smad6 and CtBP was not
regulated by BMP2 in P19 cells (Fig. 4D), in agreement with
the lack of BMP regulation of Smad6-CtBP coimmunoprecipi-
tation (data not shown). Therefore, Smad6 interacts with
CtBP1 at physiological levels.

Direct Smad6-CtBP association is mediated by the PLDLS
motif of Smad6. To map the Smad6 domain that interacts with
CtBP1, we performed a transfection experiment using deletion
mutants of Smad6 and Smad6-Smad7 chimera (Fig. 5A). The
interaction of these mutants with CtBP1 is shown in Fig. 5B.
While Smad6NL bound to CtBP1 (Fig. 5B, lane 5), deletion of
NL domains (as in Smad6C) abolished the ability to interact
with CtBP1 (lane 6). Similarly, the Smad6/7 chimera that con-
tained the Smad6 NL domains interacted with CtBP1 (lane 7).
In contrast to Smad6, inhibitory Smad7 could not interact with
CtBP1 (lane 7), and likewise, the reverse Smad7/6 chimera
failed to bind to CtBP1 (lane 9). Therefore, Smad6 interacted
directly and specifically through its MH1-linker region with
CtBP1.

CtBP binds to E1A or most repressors through a conserved
PLDLS motif (7). Examination of the Smad6 sequence iden-
tified a consensus PLDLS motif in the linker region of Smad6,
located at amino acids 290 to 294 (Fig. 6A). To determine
whether this motif is essential for Smad6-CtBP interaction, we
generated a Smad6 mutant that contained point mutations in
the motif by changing PLDLS into LLAVS, named the
Smad6(LAV) mutant (Fig. 6A). The GST in vitro binding
assay was used to assess the binding of radiolabeled Smad6
(wild type or LAV mutant) to GST-CtBP (Fig. 6B). Results of
this analysis showed that wild-type Smad6 directly interacted
with CtBP but that this interaction was lost in the mutant (Fig.
6B). The failure of Smad6(LAV) to bind to CtBP was also
confirmed by a coimmunoprecipitation experiment (Fig. 6C).

Furthermore, Smad7 has no PLDLS motif, which may explain
the absence of Smad7 binding to CtBP (Fig. 5B). These results
suggest that Smad6-CtBP interaction is mediated by the
PLDLS motif in Smad6.

Smad6 and CtBP coexist on the Id-1 promoter and cooper-
ate to repress Id1 transcription. Having established the inter-
action between Smad6 and CtBP, we carried out oligonucleo-
tide DNA precipitation experiments to test whether Smad6
and CtBP were in the same nucleoprotein complex on the
promoter of the Id1 gene. A 31-bp biotinylated oligonucleotide
probe containing the GC-rich region and two GTCT elements
in the human Id1 promoter (nucleotides nt �919 to �889
relative to the transcription initiation site) was used to retrieve
the nucleoprotein complex from cell lysates. In transfected
BMP-responsive 293T cells, Smad6 bound to the DNA only in
the presence of Smad1 (Fig. 7A, lanes 4 and 8) and BMP
treatment increased the association of Smad6 with the Id1
promoter DNA. This suggests that Smad6 binding to DNA
may be through Smad1. CtBP was also present in this nucleo-
protein complex, which seemed to be independent of BMP
treatment. Interestingly, the presence of Smad6 (lane 7) or the
combination of Smad6 and Smad1 (lanes 4 and 8) enhanced
the binding of CtBP to DNA.

Having established the interaction between Smad6 and
CtBP on DNA, we next explored the functional role of this
interaction in the BMP-induced Id1 transcription. While trans-
fection of the expression plasmid for Smad6 could repress the
Id1 promoter by 50% in P19 cells, CtBP1 alone had a minimal
effect in repressing the Id1 promoter activity. Coexpression of
CtBP1 with Smad6 significantly repressed the transcriptional
activation from the Id1 promoter (Fig. 7B), suggesting that
cooperation of Smad6 and CtBP1 is required for maximal
repressing activity towards the Id1 promoter. As a control, we
tested whether overexpression of CtBP also repressed the
TGF-�-induced promoter activity. We used both the synthetic
Smad-binding element promoter and the natural 800-bp plas-
minogen activator inhibitor 1 promoter, both of which are
inducible by TGF-�. As shown in Fig. 7C, overexpression of
CtBP had little effect on the TGF-�-induced activity of these
promoters; in contrast, we often observed a slight increase in
the TGF-�-induced promoter activity.

Both Smad6 and CtBP are associated with HDACs. We
therefore examined whether HDACs were involved in the
Smad6-mediated repression of Id1 promoter by using the
HDAC inhibitor trichostatin A (TSA). As shown in Fig. 7D,
TSA at 10 ng/ml significantly enhanced the promoter activity of
Id1 in the absence of Smad6. Notably, while Smad6 expression
completely shut down the activity of the Id1 promoter, TSA
treatment could partly relieve the repressing activity of Smad6,
and thus BMP2-induced Id1 promoter activity was observed.
These data suggest that Smad6 repressed BMP signaling partly
in a HDAC-dependent manner.

and then immunoblotted (IB) with an anti-Myc polyclonal antibody to detect Smad6-bound CtBP (upper panel) and anti-HA to determine the level
of immunoprecipitated Smad6 (bottom). Whole-cell lysates (WCL) were also directly immunoblotted with anti-Myc or anti-HA antibodies to
demonstrate the expression of transfected CtBP and Smad6 (lanes 7 and 8). (B) Smad6 interaction with CtBP is specific. Immunoprecipitation-
Western analysis was conducted as for panel A, except that anti-Flag and anti-HA antibodies were used for IP and IB, respectively. (C) Endog-
enous interaction between Smad6 and CtBP. The IP-Western blot procedure was carried out similarly to that in panel A, with the antibodies
indicated. (D) Smad6 is colocalized with CtBP. Immunofluorescence was performed as in Fig. 2A.
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FIG. 5. The Smad6 NL domain mediates its interaction with CtBP. (A) Schematic diagram of Smad6 constructs. Deletion mutants of Smad6 and
Smad6-Smad7 chimera were shown by different shadings: dark gray, MH1; light gray, linker; medium gray, MH2. Their interaction with CtBP from
immunoprecipitation experiments (B; see also Fig. 6C) is summarized. (B) Mapping of the CtBP-interacting domain on Smad6. 293T cells were
transfected with HA-tagged Smad constructs and myc-tagged CtBP. Smad-bound CtBP was detected by anti-HA immunoprecipitation (IP) coupled with
anti-Myc immunoblotting (IB) (upper panel). The levels of transfected protein in whole-cell lysates (WCL) are shown (bottom panels).
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CtBP is required for the repressing activity of Smad6. Since
Smad6 physically interacted and functionally cooperated with
CtBP, we sought to determine whether CtBP is essential in the
Smad6-mediated repression of BMP signaling. We first tested

the effect of loss of CtBP expression on the Smad6-mediated
repression of the Id1 promoter. An expression vector carrying
small interfering RNA (siRNA) for CtBP, called siCtBP (39),
was transfected into HeLa cells and could reduce the expres-
sion of CtBP by 90% (Fig. 8A, bottom). We found that siCtBP
could partly restore the BMP-induced Id1 promoter activity
(Fig. 8A, bar graph). In sharp contrast, siGFP, an irrelevant
siRNA vector, had little effects on the BMP response (Fig. 8A,
bar graph).

We then tested whether loss of CtBP1 binding impaired the
ability of Smad6 to repress Id1 promoter activity. To address
this issue, we compared Smad6 and its CtBP-binding-defective
LAV mutant for their effects on BMP2-induced Id1-lucifease
activity. The results are shown in Fig. 8B. In comparing the
absolute induction peak by BMP2, it appears that the
Smad6(LAV) mutant only partially inhibited the BMP2-in-
duced response whereas wild-type Smad6 strongly inhibited
BMP2-induced Id1 reporter activity. Significantly, when we
compared their effects on the fold induction of Id1 promoter
activity by BMP, we found that the mutant completely lost its
repressing function on Id1-luciferase response.

To further confirm that the mutation in PLDLS motif affects
the repressor function of Smad6, we analyzed the repressor
activity of Smad6 in a Gal4-based transcription assay. We
found that unlike wild-type Smad6, this mutant Smad6 could
not repress the heterologous Gal4 promoter (Fig. 8C). On the
contrary, Gal4-Smad6(LAV) exhibited transactivation activity.
We also excluded the possibility that the mutant may have lost
its inhibition on receptor signaling. As shown in Fig. 8D,
Smad6(LAV) retained the ability to block the phosphorylation
of Smad1 as potently as wild-type Smad6 did. Taken together,
these data in Fig. 8 clearly suggest that the CtBP binding is
essential for the nuclear repressor activity of Smad6.

DISCUSSION

TGF-� signaling is tightly regulated through both positive
and negative mechanisms. One of the negative-feedback mech-
anisms during TGF-� signaling is the production of Inhibitory
Smads, which are generally thought to inhibit TGF-� signaling
at the level of Smad activation in the cytoplasm (1, 17, 18, 41).
In this study, we demonstrated for the first time that Smad6
binds to the nuclear corepressor CtBP to repress BMP-induced
transcription, representing a novel mechanism for how Smad6
inhibits BMP signaling (Fig. 9).

Several lines of evidence support the transcriptional repres-
sor role of Smad6. First, Smad6 has intrinsic repressor activity,
as demonstrated by the Gal4-based transcription assay. The
Gal4-Smad6 fusion protein, when tethered to the Gal4-binding
promoter elements, inhibits the activation of the heterologous
promoter containing Gal4-binding sites. This is in contrast to
the activity of Smad7, the other I-Smad in vertebrates, which
has transactivation capacity (34). These observations are con-
sistent with the observation of their differential ability to bind
to corepressor CtBP. Unlike Smad6, Smad7 does not have the
PLDLS motif and is clearly unable to bind to CtBP. Most
notably, a point mutation in the PLDLS motif switched Smad6
from a repressor to a transcription activator.

Second, CtBP1 physically interacts and functionally cooper-
ates with Smad6 in the regulation of BMP-induced Id1 tran-

FIG. 6. The PLDLS motif is essential for Smad6 interaction with
CtBP. (A) Alignment of PLDLS motifs. The PLDLS motif of Smad6
and the mutated version are shown together with other CtBP-binding
proteins. (B) The PLDLS3LLAVS mutation abrogates the binding of
Smad6 to CtBP. Equal amounts (1 �g) of GST-CtBP fusion protein on
glutathione-Sepharose beads were incubated with 35S-labeled Smad6
in vitro. After extensive washing, CtBP-Smad6 complex was resolved
by SDS-PAGE and CtBP-bound Smad6 was visualized by autoradiog-
raphy. WT, wild-type Smad6; LAV, Smad6(LAV) mutant. (C) The
PLDLS mutant of Smad6 fails to interact with CtBP in vivo. 293T cells
were transfected with HA-tagged Smad6 and myc-tagged CtBP.
Smad6-bound CtBP was detected by anti-HA IP coupled with anti-
Myc IB (upper panel). The levels of transfected protein in whole-cell
lysates are shown. WT, wild-type Smad6; LAV, Smad6(LAV) mutant.
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scription. This not only identifies CtBP1 as a new physiological
partner for Smad6 but also assigns a new function to Smad6 in
directly controlling transcription, since the majority of the pre-
viously identified CtBP-interacting proteins are transcription
repressors (7). For example, oncogenic Evi-1 represses Smad-
induced transcription of TGF-� responsive genes through its
CtBP-binding motifs (19). Similarly, mutations in the CtBP-
binding motif of TGIF abolish its function in repressing TGF-�
target genes and may be linked to holoprosencephaly disease

(28). In this study, Smad6-CtBP interaction occurs under phys-
iological conditions, and the interaction depends on the integ-
rity of the CtBP-binding PLDLS motif in Smad6. Most impor-
tantly, mutation in the PLDLS motif markedly decreases the
inhibitory function of Smad6 in BMP-induced Id1 promoter
activity. Therefore, our findings directly connect the inhibitory
role of Smad6 in BMP signaling with transcription corepressor
CtBP. This may also provide a logical explanation of how
Smad6, when recruited to the BMP-responsive promoter

FIG. 7. Smad6 and CtBP are recruited to the Id1 promoter, and they cooperate to repress the BMP-induced Id1 transcription. (A) Smad6 and
CtBP coexist on the Id1 promoter. 293T cells were transfected with expression plasmids for Smad1 and Smad6 and treated with BMP2 for 4 h as
indicated. (B) Smad6 cooperates with CtBP to inhibit BMP-dependent Id1 induction. P19 cells were transfected with the indicated expression
plasmids. BMP2 treatment and the Id1-luciferase assay were done as in Fig. 1B. (C) Overexpression of CtBP has no effects on TGF-�-induced
promoter activity. TGF-�-responsive HaCaT cells were transfected with SBE-luc or PAI1-luc, with or without CtBP, and treated with 5 ng of
TGF-� per ml for 24 h. The y-axis value represents the induction by TGF-�, i.e., the ratio of Id1 promoter activity in the presence of TGF-� to
that in the absence of TGF-�. (D) TSA inhibits the ability of Smad6 to repress BMP-induced Id1 induction. HeLa cells were transfected with the
indicated Smad6 expression plasmids and treated with 10 ng of TSA per ml for 18 h. BMP2 treatment and the Id1-luciferase assay were done as
in Fig. 1B. RLU, relative light units.
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through interaction with Hoxc-8, repressed OPN transcription
(4). Further studies are needed to determine whether CtBP
participate in the repression of the OPN gene and other BMP-
dependent target genes.

Finally, the subcellular localization profile of Smad6 also
supports the nuclear function of Smad6. Although its localiza-
tion varies among cell types, Smad6 can be found in the nu-
cleus or even predominantly located in the nucleus. It appears

FIG. 8. CtBP binding is required for maximal inhibitory function of Smad6 in BMP-induced Id1 transcription. (A) siRNA of CtBP blocks
Smad6-mediatd repression on the BMP-dependent Id1 promoter activity. HeLa cells were transfected with the indicated siRNA expression
plasmids. BMP2 treatment and the Id1-luciferase assay were done as in Fig. 1B. The bottom panel shows the expression levels of CtBP knocked
down by siCtBP but not by siGFP. (B) Smad6 mutant defective in CtBP binding has reduced activity to inhibit Id1 induction. P19 cells were
transfected with the indicated expression plasmids. BMP2 treatment and the Id1-luciferase assay were done as in Fig. 1B. In the top panel, the y
axis indicates relative light units (RLU) with or without BMP2; in bottom panel, the y axis represents BMP-mediated induction, i.e., the ratio of
Id1 promoter activity in the presence of BMP2 to that in the absence of BMP2. (C) The Smad6 mutant defective in CtBP binding has lost its
repressor activity. P19 cells were transfected and the Gal4-TK-luc reporter was scored as described in the legend to Fig. 2B. Smad6(LAV), the
PLDLS mutant of Smad6 in Gal4 vector. Note that Gal4-Smad6(LAV) was converted from a repressor to an activator. (D) Loss of CtBP binding
has no effect on the ability of Smad6 to inhibit receptor-mediated Smad1 phosphorylation. P19 cells were transfected with indicated expression
plasmids, and after 48 h the cell lysates were subjected to Western blot analysis using the indicated antibodies. �PS1, antibody against
phospho-Smad1.
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that the inhibitory function of Smad6 in the nucleus, where it
colocalizes with CtBP, is responsible for its repressor activity.
We carried out experiments using NLS-Smad6 and the
Smad6NL variant to further distinguish the nuclear function of
Smad6 from its antireceptor mechanism. NLS-Smad6 is an
engineered Smad6 variant that failed to bind to the type I
receptor ALK3 and was exclusively nucleus-localized in BMP-
responsive P19 cells. We found that nucleus-localized NLS-
Smad6 potently repressed the BMP2-induced Id1 transcrip-
tional activation, suggesting that nuclear Smad6 suffices to
confer the repression to the Id1 promoter. Consistent with our
model, the Smad6NL (containing the DNA-binding MH1 do-
main and the CtBP-binding linker region, but lacking the MH2
domain) could also repress transcription from the Id1 pro-
moter, although this variant lacks the ability to bind to the type
I receptor.

Our finding expands our understanding of the molecular
mechanisms involved in the negative regulation of BMP sig-
naling by Smad6 and highlights its physiological function as a
transcription repressor in the nucleus. To date, the precise
timing for how Smad6 represses BMP target genes is not
known. Considering that Smad6 is induced by BMPs, Smad6
may serve as a mechanism to effectively shut off the BMP-
induced transcription through both inhibiting R-Smad activa-
tion in the cytoplasm and repressing (deactivating) the BMP
target genes. It is possible that Smad6 selectively inhibits a
subset of BMP-regulated genes. The nuclear function of
Smad6 may depend on its DNA-binding activity (4) or its
interaction with other DNA-binding transcription factors, in-

cluding Hoxc-8 (4) and Smad1 (17). Ligand-inducible Smad1-
Smad6 interaction may occur in the nucleus and may recruit
CtBP to a Smad1-responsive promoter. Further investigations
to determine the existence and regulation of Smad1-Smad6-
CtBP assembly will provide insights into the precise mecha-
nism underlying the repressor functions of Smad6.
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