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Members of the bone morphogenetic protein (BMP) and
T-box gene families play several critical roles in the early embry-
onic development and tissue homeostasis. Although BMP pro-
teins are the upstream regulators of T-box genes, few studies
have investigated the molecular mechanisms between these two
protein families. Here, we report that Tbx6 interacts directly
with Smad6, an inhibitory Smad that antagonizes the BMP sig-
nal. This interaction is mediated through the Mad homology 2
(MH2) domain of Smadé6 and residues 90-180 of Thx6. We
demonstrate that Smad6 facilitates the degradation of Tbx6
protein through recruitment of Smurfl, a ubiquitin E3 ligase.
Consequently, Smad6 reduces Tbx6-mediated Myf-5 gene acti-
vation. Furthermore, specific knockdown of endogenous Smad6
and Smurfl by small interfering RNA increases the protein lev-
els of Thx6 and enhance the expression of Tbx6 target genes.
Collectively, these findings reveal that Smad6 serves as a critical
mediator of BMP signal via a functional interaction with Thx6,
thus regulating the activation of Tbx6 downstream genes during
cell differentiation.

Members of the bone morphogenetic protein (BMP)? family
are multifunctional cytokines that play critical roles in embry-
ogenesis and other biological processes, including prolifera-
tion, differentiation, apoptosis, and cell fate determination (1,
2). BMPs trigger cell responses mainly via the Smad pathway,
which requires two types of receptor kinases and a family of
signal transducers called R-Smads (Smadl, -5, and -8) (3). Upon
phosphorylation, R-Smads form complexes with the common
partner Smad4 (co-Smad) and then translocate into the nucleus
to regulate the transcription of target genes. The third subclass
of Smads is composed of Smad6 and Smad7. Once induced by
BMP signal, Smadé functions as a potent antagonist in a nega-
tive feedback loop (4, 5).
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The T-box genes encode a phylogenetically conserved family
of transcription factors that share a common DNA-binding
motif known as the T-box domain. T-domain proteins are
essential for a variety of developmental events ranging from
mesoderm specification to limb and heart development (6, 7).
Mutations of T-box genes are implicated in human disorders
such as DiGeorge and Holt-Oram syndromes (8). Brachyury
(also known as T), the founding member of this gene family, was
originally identified in short-tailed mice. Thbx6 (T-box 6) is
expressed in the primitive streak, nascent mesoderm and later
in the tailbud region of the developing mouse embryo, largely
overlapping with the expression pattern of Brachyury (9). The
defect in mouse Thx6 leads to embryonic lethality with ectopic
neural tube-like structures instead of posterior somites, indi-
cating that Thx6 is necessary for the specification of mesoderm
precursor cells (10).

Accumulating evidence implies that the functions of BMPs
and T-box proteins are closely related (11-14). During some
stages of embryogenesis, both BMPs and T-box proteins par-
ticipate in common developmental processes. For instance,
Dorsocross, a Tbx6-related gene in Drosophila, exhibits an
expression pattern similar to that of pMad (the phosphorylated
form of the Mad protein) in the early blastoderm and the lateral
ectoderm after germband elongation, implying a functional
association between these two proteins (11). Several T-box
genes are downstream targets of BMP signal. BMP-2 can pro-
mote Thx2 and Thx3 expression in chick, whereas Thx2 expres-
sion is greatly reduced in homozygous Bmp-2 mouse mutants
(12). In particular, BMP-4 induces ectopic Thx6 expression in
Xenopus animal cap explants (13), and BMP signal regulates
zebrafish Thx6 expression through a novel BMP-response ele-
ment within the promoter (14). Beyond the upstream regula-
tion of T-box gene expression by BMP signal, specific protein
interactions with other factors in this signaling cascade are also
suggestive of their intrinsic links. However, few reports
describe interaction partners for T-domain proteins. Here, we
have identified Smad6 as a novel Tbx6-interacting protein. We
further demonstrate that Smad6 reduces Thx6-mediated tran-
scriptional activity by accelerating Tbx6 ubiquitination and
degradation, thus regulating the expression of Tbx6 target
genes during cell differentiation.

EXPERIMENTAL PROCEDURES

Plasmids—Full-length cDNAs encoding mouse Tbx6 and its
serial deletion mutants were amplified by a PCR-based
approach and verified by DNA sequencing. The sequences were
cloned into pcDNA3 vectors (Invitrogen) with a hemagglutinin
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Cell Culture and DNA Trans- * | -
fection—HEK 293T and COS-7 cells,
obtained from ATCC (Manassas, * '~ € GST

VA), were cultured in Dulbecco’s
modified Eagle’s medium supple-
mented with 10% fetal bovine serum
at 37 °C under 5% CO,, atmosphere. F Anti-Tbx6 Anti-Smadé

TT-D6 cells (a kind gift from Dr. M. v

Noda) were cultured in a-minimal -
essential medium supplemented »
with 10% fetal bovine serum (Bio- )
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atmosphere. Transient transfection
was carried out using Lipofectamine
Plus (Invitrogen) according to the
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cells. The beads were washed three times with GST lysis buffer.
The proteins were eluted with 2X SDS loading buffer and ana-
lyzed by Western blotting analysis using anti-GST and anti-His
monoclonal antibodies (Sigma).

Co-immunoprecipitation and Western Blotting—HEK 293T
cells were transiently transfected with various expression plas-
mids as indicated and incubated for 24 h before analysis. For the
ubiquitination assay, cells were treated with MG132 (Sigma) at
a final concentration of 10 um for 4 h prior to harvesting. Cell
lysate preparation and immunoprecipitation were performed
as described previously (17, 18). Bound proteins were then
eluted and subjected to Western blotting analysis using anti-
ubiquitin antibody (Santa Cruz Biotechnology) to detect the
Tbx6-ubiquitin conjugation.

To detect the potential interaction between endogenous
Smad6 and Tbhx6, 1 X 107 TT-D6 cells were lysed in 1 ml of lysis
buffer containing 50 mm Tris-Cl (pH 7.5), 150 mm NaCl, 2 mm
EDTA (pH 8.0), 0.5% Nonidet P-40, 10% glycerol, and a mixture
protein inhibitors (Bio Basics). Immunoprecipitation was car-
ried out using anti-Smad6 polyclonal antibody (Santa Cruz Bio-
technology) or normal rabbit IgG. The proteins were then
eluted and analyzed by Western blotting using anti-Tbx6 poly-
clonal antibody (Aviva Systems Biology). Other primary anti-
bodies described in this article include anti-Myf-5 (Santa Cruz
Biotechnology), anti-p-Smad1/5/8 (Cell Signaling), anti-
Smurfl (Santa Cruz Biotechnology), anti-Smurf2 (Abcam), and
anti-B-actin (Sigma) antibodies.

Luciferase Assay—To evaluate the transcriptional activity of
Tbx6, we used the reporter construct Myf-5-pGL3, which con-
tains a 5.4-kb upstream region of the Myf-5 promoter driving
luciferase expression (15). The 4XTbx-TK reporter contains
four tandem repeats of T-box binding site upstream of the thy-
midine kinase (TK) basal promoter. The 4XmTbx-TK reporter
with four mutant T-box binding sites was used as a negative
control (16). TT-D6 cells (5 X 10* cells/well in a 24-well plate)
were transiently transfected with plasmids as indicated in Figs.
3—-5. Empty vector pCS2+ was used to keep the total amount of
transfected DNA constant (500 ng/well) in each well in all
experiments. Luciferase activity in the samples was measured
after 24 h of transfection using a dual luciferase reporter assay
system (Promega) and normalized to Renilla luciferase activity
in each sample. All assays were performed in triplicate, and the
data are shown as the mean * S.E. of at least two independent
experiments.

Histochemical Assessment for Osteoblastic Differentiation—
TT-D6 cells were seeded into 24-well plates and cultured with
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or without 500 ng/ml rhBMP-2 (R&D Systems) for 72 h. The
activity of alkaline phosphatase was evaluated using the alkaline
phosphatase substrate kit III (Vector Laboratories) in accord-
ance with the manufacturer’s instructions. For the mineraliza-
tion assay, the cell layers were fixed with 10% formaldehyde
solution for 15 min and stained with 1% Alizarin Red S (Sigma)
for 5 min. Cells were then washed with distilled water and air-
dried. The stained calcified nodules, which appeared bright red
in color, were identified by light microscopy.

Immunofluorescence Staining—As described previously
(17), TT-D6 cells grown on coverslips were fixed and then
stained with anti-Smad6 (1:100) and anti-Tbx6 polyclonal
antibodies (1:1000) followed by Cy2-conjugated anti-rabbit
IgG and Cy3-conjugated anti-goat IgG (Jackson Immuno-
Research Laboratories).

Semiquantitative RT-PCR—Total RNA isolation and reverse
transcription were performed as described previously (18). All
assays were performed in triplicate for each sample. The inten-
sity of each amplified band was measured and normalized to its
corresponding GAPDH content. The optimal primers for PCR
are as follows: ALP (fwd, 5'-TGCCTACTTGTGTGGCGT-
GAA-3'; rev, 5'-TCACCCGAGTGGTAGTCACAATG-3');
DIlI (fwd, 5'-ACTCCTTCAGCCTGCCTGA-3’, rev, 5'-TAT-
CGGATGCACTCATCGC-3'); GAPDH (fwd, 5'-CGGAGTC-
AACGGATTTGGTCGTAT-3,rev,5'-AGCCTTCTCCATG-
GTGGTGAAGAC-3"); Myf-5 (fwd, 5'-GGATGAGTTTGGG-
GACCAGTTTG-3/, rev, 5'-GTCCCGGCAGGCTGTAATA-
GTTC-3"); MyoD (fwd, 5'-AGGCTCTGCTGCGCGACC-3/,
rev, 5'-TGCAGTCGATCTCTCAAAGCACC-3"); Mesp2 (fwd,
5'"-TGGCTGTCCTGAACTTTGG-3',rev, 5'-GGAGTATGG-
AACGACCCTCT-3'); osteocalcin (fwd, 5'-CCAAGCAGGA-
GGGCAATA-3', rev, 5'-AGGGCAGCACAGGTCCTAA-3');
Runx2 (fwd, 5'-GGCAGCACGCTATTAAATCCAAA-3/, rev,
5"-TGACTGCCCCCACCCTCTTAG-3'); Smadé6 (fwd, 5'-
CCACTGGATCTGTCCGATTC-3',rev,5'-AAGTCGAACA-
CCTTGATGGAG-3');and Thx6 (fwd, 5'-TTCCCTGCTTGC-
CGAGTATCAG-3', rev, 5'-GGCATCCCGCTCCCTCTT-
ACAG-3').

RESULTS

Tbx6 Interacts with Smad6—As a homologue of Brachyury,
Tbx6 shares a high degree of sequence similarity. The expres-
sion pattern of Thx6 and Brachyury mostly overlaps during
early embryo development (9), implying a functional redun-
dancy between these two proteins. Given that Xenopus
Brachyury is reported to interact with Smad1l (19), we won-

FIGURE 1. Tbx6 interacts with Smade. A, identification of Smad6 as a novel Tbx6-interacting protein. FLAG-tagged Smads 1-7 were individually co-trans-
fected with Myc-tagged Thx6 into HEK 293T cells as indicated. After transfection for 24 h, cells were lysed, immunoprecipitated (/P) with anti-FLAG antibody,
and analyzed by Western blotting (WB) with anti-Myc antibody (top panels). Whole cell lysates were immunoblotted directly with anti-Myc or anti-FLAG
antibodies to demonstrate the expression of Myc-Tbx6 and FLAG-Smads, respectively (bottom panels). B, reciprocal immunoprecipitation with anti-Myc was
carried out. Only Smad6 was co-precipitated with Tbx6. C, Tbx6 directly binds to Smadé in vitro. Bacterially expressed GST-Smad6 fusion protein was purified
using glutathione-agarose beads and incubated with His,-Tbx6 fusion protein. Associated His,-Tbx6 protein was readily detected by immunoblotting (top
panel). The asterisks denote degraded bands of GST-Smad6 fusion protein (bottom panel). An equimolar amount of GST was used as a negative control.
D, purified Hisg-Thx6 fusion protein was incubated with GST-Smad6 and precipitated with anti-His antibody. Associated GST-Smad6 protein was detected by
Western blot. E, interaction between endogenous Tbx6 and Smadé in TT-D6 cells. TT-D6 cell extracts were subjected to immunoprecipitation with anti-Smad6
polyclonal antibody. Normal rabbit IgG was used as a negative control. The immunocomplexes were analyzed by immunoblotting using anti-Tbx6 antibody.
F, Tbx6 is co-localized with Smadé in the nucleus. TT-D6 cells were fixed and stained with the indicated antibodies to determine the localization of Tbx6 (green)
and Smad6 (red). Nuclei were stained with 4,6-diamidino-2-phenylindole. The bar represents 50 um for each section. G, T-box proteins have distinct affinities
for different Smad proteins. Top, schematic diagrams depict Tbx6 homologues in mouse and Xenopus. Their interactions with Smad1 or Smadé from co-
immunoprecipitation experiments are shown in the bottom panels. HA, hemagglutinin.
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FIGURE 2. Determination of domains for mutual interaction between
Smad6 and Tbx6. A, schematic diagram of Smad6 and its deletion mutants.
Functional domains of Smad6 are characterized above the schematic dia-
gram. The interaction with Tbx6 from co-immunoprecipitation experiments
is summarized on the right. B, mapping of the domain in Smadé for interac-
tion with Thx6. HEK 293T cells were co-transfected with Myc-tagged Thx6 and
FLAG-tagged Smad6 deletion mutants. Cell lysates were immunoprecipi-
tated (/P) with anti-FLAG antibody and then immunoblotted (WB, Western
blot) with anti-Myc (top panel). The total level of Tbx6 protein expressed in
whole cell lysates is also shown (bottom panel). The MH2 domain of Smad6
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dered whether Tbx6 protein might also interact with Smad1 or
other Smad molecules. To address this possibility, we co-trans-
fected Myc-tagged Tbx6 with FLAG-tagged Smad expression
constructs into HEK 293T cells. The potential interaction
between Tbx6 and Smad proteins was analyzed by co-immuno-
precipitation using anti-FLAG antibody followed by Western
blotting using anti-Myc antibody. Interestingly, we found that,
instead of interacting with Smad1, Tbx6 interacted with Smad6
but not other Smads (Fig. 14). Reciprocal immunoprecipitation
with anti-Myc was subsequently performed to confirm the spe-
cific interaction between Tbx6 and Smadé (Fig. 1B). To further
explore whether the association between these two proteins is
direct, we carried out an in vitro GST pulldown assay using
bacterially expressed GST-Smad6 and Hiss-Tbx6 fusion pro-
teins. GST-Smadé6 fusion protein, but not GST alone, was able
to pull down His,-Tbx6, indicating that Tbx6 directly interacts
with Smadé (Fig. 1C). A reciprocal pulldown assay was applied
to confirm the direct binding of Tbx6 and Smad6 in vitro (Fig.
1D). We then evaluated the ability of endogenous Tbx6 to asso-
ciate with Smad6 in vivo. Because Tbx6 and Smad6 are both
expressed endogenously in TT-D6 mesenchymal stem cells, we
used this cell model for the following analyses. Total extracts
from TT-D6 cells were incubated with beads conjugated to
anti-Smad6 polyclonal antibody. As shown in Fig. 1E, Tbx6 was
readily detected in the immunoprecipitated complex of Smadé6,
demonstrating that Tbx6 indeed interacts with Smad6 in vivo.
Next, we focused on the subcellular localization of Tbx6 and
Smadé6 proteins. Tbx6 was detected in the nucleus, and Smad6
was distributed predominantly in the nucleus of TT-D6 cells
(Fig. 1F). We also found that the co-localization of Tbx6 and
Smadé6 in the nucleus was not affected by BMP-2 (data not
shown).

Subsequently, we investigated whether Tbx6 homologues
also share the ability to associate with Smad6. We found that
both mouse and Xenopus Tbx6 showed similar affinities for
mouse Smad6, whereas Xenopus Brachyury, the canonical
member of the T-box gene family, does not interact with mouse
Smad6 (Fig. 1G). Taking into account the recent finding that
Xenopus Brachyury specifically interacts with Smad1 (19), our
data suggest that T-box proteins have distinct affinities for dif-
ferent Smad proteins.

Determination of Mutual Interaction Regions in Smad6 and
Thx6—Smad proteins contain highly conserved N- and C-ter-
minal regions termed Mad homology 1 (MH1) and Mad homol-
ogy 2 (MH2) domains, respectively. The MH1 and MH2
domains are linked by a region of variable length and sequence.
Smadé has a conserved MH2 domain, whereas its N-terminal
region is divergent from that of other Smads (Fig. 24) (20). To
identify the region of Smad6 involved in the association with
Tbx6, we performed co-immunoprecipitation experiments

mediates its interaction with Thx6. C, schematic representation of wild-type
and deletion mutants of Tbx6. The T-box domain of Thx6 protein (residues
90-279) is illustrated above the schematic diagram, and relative positions of
the remaining fragment(s) in each deletion mutant are numbered on the left.
The interaction with Smad6 is summarized on the right. D, identification of
Smadé binding sites on Thx6. The region of residues 90-180 in Tbx6 contrib-
utes to its interaction with Smadé. *, bands consistent with protein-protein
interaction. HA, hemagglutinin.
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FIGURE 3. Smadé6 inhibits Tbx6-dependent transcriptional activity. A, schematic diagram depicts the Myf-5
promoter-reporter used in the luciferase assay. The upstream region of the Myf-5 promoter contains a con-
served T-box binding site that is activated by Tbx6 (16). B, Smadé6 significantly represses Tbx6-mediated Myf-5
gene activation in a dose-dependent manner. The Myf-5 promoter-reporter (50 ng) was co-transfected with
Thx6 (100 ng) and increasing doses of Smad6 construct (0, 100, 200, and 400 ng; represented by the black
triangles) into TT-D6 cells. pRL-SV40 plasmid (2.5 ng) expressing Renilla luciferase was co-transfected in each
well as an internal control. C, schematic representations of 4XTbx-TK and 4XmTbx-TK reporter constructs.
D, similar studies were carried out using the 4 X Tbx-TK or 4 XmTbx-TK reporter construct. The Smadé deletion
mutant Smad6NL, which lacks the Thx6-binding domain, failed to reduce Tbx6-mediated transcriptional activ-
ity, indicating that Smad6 reduces the transcriptional activity of Thx6 via its C terminus. Data for all panels are
reported as relative luciferase activity standardized to Renilla luciferase protein. All assays were performed in
triplicate, and the data are shown as the mean = S.E. of at least two independent experiments. Asterisks denote
significant differences (p < 0.05) within the experiments using Student's t test.

using truncated mutants of Smad6. Compared with full-length
Smad6, Smad6C protein (MH2 domain, residues 331-496)
exhibited a stronger interaction with Tbx6. In contrast, dele-
tion of the C-terminal domain (MH1 domain with the linker
region referred to as Smad6NL, residues 1-330) completely
abolished its ability to form a complex with Tbx6 (Fig. 2B),
indicating that the MH2 domain of Smad6 mediates its inter-
action with Tbx6.

To delineate the interaction interface of Tbx6, we then con-
structed a series of Tbx6 deletion mutants (Fig. 2C). The rationale
for designing these mutants was based on an existing under-
standing of important domains within Tbx6. Like the full-
length Tbx6, deletion mutants T, TC, NT1, NT2, and NT3
retained their binding affinities for Smad6. However, Tbx6
deletion mutants N, AT1, C, and AT2 failed to bind to Smad6
(Fig. 2D). These results demonstrate that the region encom-
passing residues 90180 in Tbx6 is responsible for its specific
interaction with Smad6.

Smad6 Inhibits the Transcriptional Activity of Thx6—To
date, several downstream target genes of Thx6 have been suc-
cessfully identified. Myf-5, a myogenic regulatory factor, is one
of these target genes. The skeletal muscle was conspicuously
absent in teratomas derived from mouse 7bx6-null tailbud
cells, implying a potential requirement for Thx6 in myogenic
specification or differentiation (21). Previously, we cloned a
5.4-kb fragment of the 5’-flanking sequence of the Myf-5 pro-

AUGUST 28, 2009+VOLUME 284 -NUMBER 35

+ . - - +

Smadé6 Regulates Tbx6 Activation

moter (15) and identified a con-

served T-box binding site in this

fragment that mediated the activa-

* tion of Myf-5 expression (16). To
> ascertain the functional significance

of Tbx6/Smad6 complex formation,
we first tested whether Smad6 could
modulate Tbx6-mediated tran-
scriptional activation using the Myf-5
promoter-reporter (Fig. 3A). As
expected, overexpression of Tbx6
increased Myf-S luciferase activity
in a dose-dependent manner (sup-

plemental Fig. S1A), whereas
co-transfection with increasing
amounts of Smad6 constructs

resulted in a dramatic repression of
Tbx6-induced Myf-5 transcrip-
tional activity (p < 0.01; Fig. 3B).

The Myf-5 promoter contains a
- host of regulatory elements, includ-
ing a T-box binding site, two Smad
binding elements, and an interferon
regulatory factor-like binding ele-
ment (15, 16, 22). To verify that the
repression of Myf-5 transcription
by Smad6 was indeed mediated
through the T-box binding site in
the Myf-5 promoter, we used a
4XTbx-TK reporter that contains
four tandem repeats of the T-box
binding site inserted upstream of
the TK basal promoter (Fig. 3C) (16). As expected, overexpres-
sion of Tbx6 increased the 4XTbx-TK reporter activity in a
dose-dependent manner (supplemental Fig. S1B). When Tbx6
and Smad6 were both expressed, a dramatic decrease of the
reporter activity was observed (supplemental Fig. S1C). How-
ever, the Smadé deletion mutant Smad6NL, which lacks the
Tbx6-interacting domain, failed to reduce Tbx6-mediated
transcriptional activity (Fig. 3D). Similar experiments were
repeated in mouse C2C12 myoblast cells with essentially the
same results (data not shown), indicating that Smadé inhibits
the transcriptional activity of Tbx6 through its interaction with
Tbx6.

Smad6 Mediates Tbx6 Degradation—The above observa-
tions prompted us to further assess the protein levels of Thx6 in
Smad6-overexpressing cells. Tbx6 was co-transfected with dif-
ferent amounts of the Smad6 expression construct into
HEK 293T cells, a cell line that has been used extensively in
protein degradation studies of Smad2 and BMP receptors (23).
It is noteworthy that Tbx6 protein was down-regulated by
Smad6 in a dose-dependent manner (~60% decrease) (Fig. 4A).
Overexpression of Smadé did not have an obvious effect on the
transcriptional level of Tbx6 (Fig. 4B), and we thus speculated
that it might be the result of Tbx6 ubiquitination and proteaso-
mal degradation. To test our hypothesis, we examined the ubiq-
uitination of Tbx6 after co-expression of Smad6. We found that
Smad6 could induce Tbx6 polyubiquitination in a dose-
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FIGURE 4. Smad6 mediates Thx6 ubiquitination and proteasomal degradation. A, Smad6 induces Tbx6
degradation in a dose-dependent manner. Tbx6 expression construct (100 ng) was co-transfected with
increasing amounts of Smadé6 (0, 0.1, 0.2, and 0.4 n.g/well in a 12-well plate; represented by the black triangle)
expression plasmid into HEK 293T cells. In each transfection, an equal amount of green fluorescent protein
(GFP) expression plasmid (50 ng) was included as an internal control. The protein levels of Tox6 and Smadé in
whole cell lysates were detected by Western blotting (WB). B-Actin was used as a loading control. B, overex-
pression of Smadé has no obvious effect on the mRNA level of Tbx6. TT-D6 cells transfected with control or
Smadé expression plasmids were subjected to RT-PCR analysis for related gene expression. The relative value
for each target gene was normalized to the average intensity of the endogenous control gene, GAPDH. **,p <
0.01.C, Smad6 mediates Tbx6 ubiquitination and proteasomal degradation in a dose-dependent manner. 293T
cells were transfected with expression constructs in the indicated combinations. After 24 h of transfection, cells
were treated with 10 um MG132 for 4 h before harvesting. Immunoprecipitation (/P) was performed using
anti-Myc antibody and followed by Western blotting using anti-ubiquitin antibody. D, Tbx6 forms a ternary
complex with Smad6 and Smurf1. Protein extracts from 293T cells transfected with the indicated plasmids
were immunoprecipitated with anti-Myc or anti-FLAG antibodies and analyzed by Western blotting using the
indicated antibodies. £, Smurf1 promotes Smad6-mediated Tbx6 ubiquitination. Tbx6 ubiquitination was
assessed as described above. HA, hemagglutinin; Ub, ubiquitin. F, Smurf1 cooperates with Smadé to dramati-
cally reduce Thx6-dependent transcriptional activity. TT-D6 cells were co-transfected with 4XTbx-TK or
4XmTbx-TK reporter and additional expression constructs including Tbx6, Smad6, Smurf1, and its inactive
mutant, in different combinations as indicated. *, p < 0.05; **, p < 0.01 using Student’s t test.

dependent manner (Fig. 4C). More-
over, when cells were treated with
proteasome inhibitor (MG132), the
interaction of Tbx6 with Smad6 was
enhanced (supplemental Fig. S2A4).
It is reported that Smurfl can be
recruited by Smad6 to BMP recep-
tors to trigger the degradation of
these receptors (24). Therefore, we
checked whether Smadé6 could also
recruit Smurfl to facilitate Tbhx6
ubiquitination. First we examined
the involvement of Smurfl in the
Tbx6-Smad6 interaction. Because
Smurfl is a ubiquitin E3 ligase,
the catalytically inactive mutant
SmurflC699A was utilized to avoid
protein degradation in the follow-
ing assays. As shown in Fig. 4D,
Tbx6 cannot directly interact with
Smurf1 protein alone. When Smadé6
was co-transfected with Tbx6 and
Smurfl, both Smadé6 and Smurfl
were present in the Tbx6-immuno-
precipitated complex. Similarly, im-
munoprecipitation of Smad6 also
led to detection of Smurfl and Tbx6
in the same complexes. These data
together indicate that Tbx6 forms a
ternary complex with Smadé6 and
Smurfl. Because Tbx6 protein lev-
els were significantly reduced in the
presence of exogenous Smadé and
Smurfl (supplemental Fig. S2B), we
then explored the role of Smurfl in
regulating Smad6-mediated ubig-
uitination of Tbx6. As shown in Fig.
4E, Smad6 induced Tbx6 ubiquiti-
nation, presumably because of the
basal expression of Smurfl. Wild-
type Smurfl elicited a significant
increase in Smad6-induced Tbx6
ubiquitination, and the catalytically
inactive mutant of Smurfl largely
blocked the ubiquitination of Tbx®6,
suggesting the requirement of
Smurfl in Smad6-mediated Tbx6
ubiquitination. Subsequently, we
tested the effect of Smurfl on Tbx6-
induced transcriptional activity. As
expected, Smad6 on its own showed
only a partial inhibitory effect on
Tbx6 activity, whereas Smad6 in
cooperation with Smurfl dramati-
cally suppressed the transcriptional
activity of Tbx6 (p < 0.01) (Fig. 4F).
Collectively, these data indicate that
Smad6 reduces Tbx6-induced tran-
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FIGURE 5. Knockdown of Smad6 and Smurf1 enhance Tbx6-mediated transcriptional activity. A, knock-

down of Smadé6 increases the levels of endogenous Thx6 protein. TT-D6 cells

Smadé siRNA and then assayed by Western blotting (WB) using anti-Smad6 and anti-Tbx6 antibodies. B, siRNA

against Smadé partially relieved the Smad6-mediated suppression of Myf-5

siRNA was co-transfected with Myf-5 promoter-reporter in the absence or presence of Tbx6 expression plas-
mid. An asterisk denotes significant differences (p < 0.05) within the experiments using Student’s t test. C, sim-

ilar studies were carried out using the 4XTbhx-TK or 4XmTbx-TK reporter
significant differences (p < 0.05) within the experiments using Student’s

enhances the expression of Tbx6 downstream genes. TT-D6 cells transfected with control or Smad6 siRNA were
subjected to RT-PCR analysis for related gene expression. The relative value for each target gene was normal-

ized to the average intensity of an endogenous control, GAPDH. **, p < 0.05.

to regulate Thx6 protein levels. TT-D6 cells were transfected with Smad6 siRNA and/or Smurf1 siRNA. After 48 h of
culture, cell lysates were assayed by Western blotting using anti-Smadé, anti-Smurf1, and anti-Tbx6 antibodies.
F, inhibition of Smad6 and Smurf1 expression enhance the transcriptional activity of Tbx6. 4XTbx-TK reporter

construct was co-transfected with Smadé and/or Smurf1 siRNA. *, p < 0.05; **, p

scriptional activity through functional interaction with Tbx6
and mediates Tbhx6 protein degradation through the recruit-
ment of Smurfl E3 ligase.

Knockdown of Smad6 and Smurfl Enhances Thx6-mediated
Transcriptional Activity—To further investigate the role of
endogenous Smadé6 in the regulation of Tbx6 protein stability
and Tbx6-dependent gene expression, we applied RNA inter-
ference techniques to TT-D6 cells, a cell line that endogenously
expresses both Tbx6 and Smad6. The siRNA against Smad6 was
highly effective in blocking endogenous Smad6 expression
(~75% suppression), whereas the endogenous levels of Tbx6
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(2.8—4.2-fold increases) (Fig. 5D).
Moreover, Smad6 suppression had
subtle effects on Thx6 mRNA tran-
scription, providing new evidence
that Tbx6 is regulated by an inter-
action with Smad6 at the level of post-
translational modification rather than
transcriptional regulation.

To further determine the role of
Smad6 and Smurfl in the regulation
of Tbx6 protein stability, we trans-
fected TT-D6 cells with Smad6 and
Smurfl siRNAs. As shown in Fig.
5E, knockdown of endogenous Smad6 and Smurfl increase
Tbx6 protein levels. Similarly, inhibition of Smad6 and Smurf1l
expression enhanced the transcriptional activity of Tbx6 (Fig.
5F). Unlike Smurfl, Smurf2 had no obvious effect on Tbx6 pro-
tein expression and transcriptional activity (supplemental Fig.
S4). These results demonstrate that Smad6 and Smurfl coop-
erate to regulate Tbx6 protein levels in TT-D6 cells.

Smad6 Is Required for BMP2-mediated Inhibition of Myo-
genic Genes—Because BMP signal induces a switch in the dif-
ferentiation of myogenic cells to the osteogenic lineage (27, 28),
we examined the effects of BMP-2 on the osteoblastic differen-

were transfected with control or

transcription. Control or Smadé

constructs. An asterisk denotes
t test. D, knockdown of Smad6

E, Smad6 and Smurf1 cooperate

< 0.01 using Student’s t test.
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and protein levels of Smad6 were
enhanced after BMP-2 treatment
(Fig. 6, A and B). In Smad6-knock-
down cells, the Tbx6 protein levels
were apparently not affected by
BMP-2 treatment (Fig. 6C). Like-
wise, BMP failed to inhibit the
expression of Myf-5 and MyoD
when the expression of Smad6 was
knock downed (Fig. 6D). These
results indicate that BMP-induced
Smad6 expression is required for
both Tbx6 protein degradation and
* the inhibition of myogenic gene
expression during cell differentia-
tion. In conclusion, our data collec-
tively show that Smad6 interacts
with Tbx6 and acts as a negative reg-
ulator of Thx6-mediated transcrip-
tional activity by facilitating Tbx6
protein degradation.

0
BMP-2
Control siRNA +
Smad6 siRNA -

FIGURE 6. BMP-induced Smad6 expression is required for the inhibition of myogenic genes. A, TT-D6 cells
were cultured in the absence or presence of 500 ng/ml rhBMP-2 for 72 h. RT-PCR was performed to detect the
effects of BMP-2 on gene expression levels related to osteoblast and myoblast markers in the TT-D6 cells. The
quantitative ratios are shown as relative optical densities that are normalized to GAPDH expression. B, protein
extracts from TT-D6 cells pretreated with or without BMP-2 were immunoblotted (WB, Western blot) with
antibodies against the indicated targets, including B-actin as a loading control. C, Smadé is required for the
BMP-induced degradation of Tbx6 protein during osteoblastic differentiation. TT-D6 cells were transfected
with control or Smad6 siRNA and treated with or without BMP-2 for 48 h. Cell lysates were immunoblotted
using anti-Smad6 and anti-Tbx6 antibodies. D, knockdown of endogenous Smad6 partially relieves the inhib-
itory effect of BMP signal on the expression of myogenic genes. Data are represented as means = S.E. of three

independent experiments. *, p < 0.05; and **, p < 0.01 versus control.

tiation of TT-D6 cells, a pluripotent mesenchymal stem cell line
with multiple differentiation capabilities (29). Compared with
the control culture, BMP-2 successfully induced the differenti-
ation of TT-D6 cells into osteoblast phenotypes, resulting in a
prominent increase of alkaline phosphatase activity, a typical
index of osteoblastic differentiation (supplemental Fig. S5A).
BMP-2 also promoted calcified nodule formation, as observed
following Alizarin Red staining (supplemental Fig. S5B). BMP-2
stimulation increased the expression of osteoblastic marker
genes such as ALP (alkaline phosphatase), osteocalcin (OC),
and Runx2 (3—8-fold increases). At the same time, BMP-2
treatment reciprocally blocked the expression of Myf-5 (~75%
decrease) and MyoD (~68% decrease), two master control
genes that are critical for myogenic differentiation during early
embryogenesis (Fig. 64). When BMP-2 induced the differenti-
ation of TT-D6 mesenchymal stem cells into the osteogenic
lineage, the endogenous levels of Tbx6 and Myf-5 proteins were
reduced (Fig. 6B).

Smadé6 is transiently induced by BMP signal in a negative
feedback mechanism (30, 31). Because Tbx6 associates with
Smadé in vivo (Fig. 1E), we hypothesized that Smad6 functions
as a mediator of the BMP-induced degradation of Tbx6 protein
during osteoblastic differentiation. TT-D6 cells were trans-
fected with control or Smad6 siRNA and treated with or with-
out BMP-2 for 48 h. We confirmed that both the mRNA
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BMPs are known as multifunc-
tional regulators of vertebrate de-
velopment (1, 2). Although the
BMP/Smad signaling cascade is well
characterized, it remains largely
unknown how BMPs exert such
diverse functions. The answer lies in
the cross-talk between BMPs and
other signaling pathways, as well as
in the distinct transcription factors
that are recruited by BMP signal. Our current results add to the
short list of Smad6-interacting transcriptional factors and dis-
close a novel cross-talk between BMP signal and T-box pro-
teins. Much evidence suggests that the MH2 domain of Smad6
is an effector domain, whereas the N-terminal region inhibits
the biological activities of the MH2 domain through the inter-
action between these two distal sites (32—34). Our data in Fig. 2
indicate that the interaction of Tbx6 with the C terminus of
Smad6 is much stronger than that with full-length Smadé, sug-
gesting that the N terminus of Smad6 can negatively regulate
the interaction between these two proteins. Likewise, an intact
C-terminal domain in Smad7 is necessary and sufficient for
association with TGEF-f3 family receptors. Recent studies have
shown that an intact C terminus of Smad?7 is required for inter-
action with STRAP (serine-threonine kinase receptor-associ-
ated protein), a protein that stabilizes the interaction of Smad7
with the intracellular domain of TGF-B receptors and thus
potentiates its inhibitory effects (35, 36). These data together
support the idea that the C-terminal domain of inhibitory
Smads is primarily responsible for protein interactions and bio-
logical activities.

The present study also provides novel evidence for the func-
tional association between Smad6 and Tbx6. The unique role of
Tbx6 as a transcriptional activator in the specification of mes-
oderm precursor cells is gradually becoming clear based on
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studies of vertebrate embryo development (10, 37, 38). Our
finding that Tbx6 interacts with an inhibitory Smad may reflect
an important instance of cross-talk between BMP signal and
key developmental determinants such as T-box proteins. Fur-
thermore, our results elucidate a physiological role for the
Tbx6-Smad6 interaction in cell differentiation. Mesenchymal
cells differentiate into distinct cell types such as adipocytes,
osteoblasts, and myoblasts. Commitment to a specific lineage
depends on mutually exclusive factors. Thus, external signals
that induce a particular cell lineage must repress other differ-
entiation potentials. Abundant reports have shown that BMP-2
inhibits the expression of myogenic genes during osteoblastic
differentiation (27, 28) and that high concentrations of BMP-4
completely block the expression of myotomal markers, includ-
ing Myf-5 in chick embryos (39). However, the actual mecha-
nism has not been fully defined. Smadé6 is a downstream target
gene of BMP signal (30, 31). Therefore, it can be presumed that
the BMP signal induces the expression of Smad6, which subse-
quently interacts with Tbx6 and accelerates Smad6-mediated
Tbx6 protein degradation through the recruitment of Smurfl
E3 ligase, thus leading to the inhibition of myogenic genes dur-
ing osteoblastic differentiation. In fact, when TT-D6 mesen-
chymal stem cells were induced to differentiate into osteoblasts
by BMP-2 treatment, the levels of Tbx6 protein together with
the expression of Myf-5 and MyoD were reduced to an extent
consistent with the increase in Smad6 expression (Fig. 6). Based
on our hypothesis, BMP-induced Smad6 expression is more
than just a negative feedback loop of BMP signal. Increased
BMP-dependent Smad6 expression may also lead to important
modulation of Tbx6 protein stability and Tbx6-induced gene
expression. Taking into account the eventual development of
paraxial mesoderm into bones (sclerotome), muscles (myo-
tome), and dermis (dermatome), we thus have highlighted the
biological function of the physiological interaction between
Tbx6 and Smad6. Overall, this study provides new insight into
the potential mechanisms involved in the regulation of meso-
derm cell fate determination and cell differentiation.

In this study, we have uncovered a novel aspect of T-box
protein modification. Protein post-translational modification
by ubiquitination is the primary mechanism that modulates the
activity of specific proteins and mediates the selective degrada-
tion of master regulatory proteins by the proteasome. The ubig-
uitin-proteasome pathway functions in numerous cellular pro-
cesses including proliferation, differentiation, apoptosis, and
pathogenesis (40, 41). However, the role of this pathway in the
regulation of T-box proteins remains unclear. To our knowl-
edge, this is the first demonstration that T-box proteins could
be modified by ubiquitination. Because Smad6 was co-localized
in the nucleus with Tbx®, it is possible that Smad6-mediated
Tbx6 degradation takes place in the 26S proteasome, which is
also located in the nucleus.

Finally, the current study sheds light on the functional spec-
ificity and diversity of T-box proteins, which are crucial for a
variety of developmental processes. The functional differences
between T-box proteins are in part due to the variable affinities
for their binding sites but also to their distinct interactions with
other regulators. For instance, the T-box family member Tbx5
interacts with the cardiac lineage marker Nkx2.5 and zinc fin-
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ger protein GATA4, synergistically promoting cardiomyocyte
differentiation (42, 43). In this report, we point out that Tbx6
interacts with an inhibitory Smad at residues 90 —180, whereas
Xenopus Brachyury shares low protein sequence similarity
within this region and thereby loses its ability to bind Smadé.
Additionally, Tbx6 fails to associate with Smad1l, presumably
because of the absence of a HLL(S/N)AV(E/Q) motif at its N
terminus, which is required for the specific interaction of Xeno-
pus Brachyury with Smad1 (19). Hence, these findings suggest
that the distinct roles of T-box proteins are conferred by their
variable affinities for different cofactors. However, further
investigation is still necessary.
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