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Our previous study demonstrated that transforming growth
factor (TGF)-� activates �-catenin signaling through Smad3
interactionwith�-catenin in chondrocytes. In the present stud-
ies, we further investigated the detailed molecular mechanism
of the cross-talk between TGF-�/Smad3 and Wnt/�-catenin
signaling pathways. We found that C-terminal Smad3 inter-
acted with both the N-terminal region and the middle region of
�-catenin protein in a TGF-�-dependent manner. Both Smad3
and Smad4were required for the interactionwith�-catenin and
protected �-catenin from an ubiquitin-proteasome-dependent
degradation. In addition, the formation of the Smad3-Smad4-�-
catenin protein complex alsomediated�-catenin nuclear trans-
location. This Smad3-mediated regulatory mechanism of
�-catenin protein stability enhanced the activity of�-catenin to
activate downstream target genes during chondrogenesis. Our
findings demonstrate a novel mechanism between TGF-� and
Wnt/�-catenin signaling pathways during chondrocyte
development.

Endochondral bone formation is a tightly regulated process.
The process starts from mesenchymal cell condensation with
subsequent formation of chondrocytes and goes to chondro-
cyte proliferation and differentiation into hypertrophic chon-
drocytes. A number of growth factors and signaling molecules
are involved in the regulation of chondrogenesis, including
Sox9, Ihh, parathyroid hormone-related protein, bonemorpho-
genetic protein (BMP),2 TGF-�, andWnt signaling proteins (1).

�-Catenin is a centralmolecule in canonicalWnt pathway. In
the absence of Wnt ligands, cytoplasmic �-catenin is constitu-
tively phosphorylated by a multi-protein complex containing
kinases such as GSK-3�, CK1, and scaffolding proteins includ-
ing Axins, APC, and Dsh. The phosphorylated �-catenin is rec-
ognized and modified by ubiquitin-protein isopeptide ligase

complex, such as Skp1-�-TrCP (2, 3), and finally degraded by
the 26 S proteasome (4). During skeletal development, Wnt/�-
catenin signaling controls mesenchymal progenitor cells selec-
tively to differentiate into osteoblasts. In the absence of �-cate-
nin, the progenitor cells differentiate into chondrocytes instead
of osteoblasts (5), indicating that �-catenin is required to sup-
press earlymesenchymal cell differentiation into chondrocytes.
However, the canonicalWnt pathway has also been reported to
play a critical role in chondrocyte proliferation and hypertro-
phy. Chondrocyte-specific �-catenin deletion (targeted by
Col2a1-Cre) leads to decreased chondrocyte proliferation and
delayed hypertrophic chondrocyte differentiation (6, 7). In con-
trast, constitutive activation of �-catenin in chondrocytes
through deletion of exon 3 of the �-catenin gene leads to
severely compromised cartilage formation (6). Other signaling
molecules could interact with �-catenin and indirectly regulate
chondrocyte function (8, 9).
The TGF-� signaling is involved in multiple cellular pro-

cesses including cell proliferation, differentiation, and apopto-
sis. TGF-� ligand transduces its signal through binding with
type II and type I receptors leading to Smad2/3 phosphoryla-
tion. Phosphorylated Smad2/3 interact with Smad4 and then
translocate into nucleus where they act as transcription factor
and participate in transcriptional regulation of target genes.
Cumulative evidence demonstrates that TGF-� stimulates cell
proliferation during early chondrocyte formation. Specific
expression of the dominant-negative form of type II TGF-�
receptor in articular cartilage and synovium promotes chon-
drocyte differentiation leading to osteoarthritis (10). More
studies are required to further understand the detailed molec-
ular mechanism of TGF-� during chondrogenesis.
Recent studies suggest thatTGF-� interactswithWnt signal-

ing during chondrogenesis (11), but the detailed molecular
mechanism remains poorly understood. Our previous studies
demonstrated that TGF-� activates �-catenin signaling through
Smad3 (12). In the present studies,we further investigated the role
of Smad3 and Smad4 in the protection of �-catenin degradation
and �-catenin nuclear translocation in chondrocytes.

EXPERIMENTAL PROCEDURES

Cell Culture and Transfection—COS cells and 293T cells
were cultured in Dulbecco’s modified Eagle’s medium, and
RCJ3.1C5.18 cells were cultured in �-minimum essential me-
dium supplementedwith 10% fetal calf serumat 37 °C under 5%
CO2. DNA plasmids were transiently transfected into COS,
293T, or RCJ3.1C5.18 in 6-cm culture dishes using Lipo-

* This work was supported, in whole or in part, by National Institutes of Health
Grants R01 AR051189, R01 AR054465, K02 AR052411, and R01 AR055915
(to D. C.). This work was also supported by Grant N08G-070 (to D. C.) from
the New York State Department of Health and the Empire State Stem Cell
Board.

1 To whom correspondence should be addressed: Dept. of Orthopaedics and
Rehabilitation, Center for Musculoskeletal Research, University of Roches-
ter Medical Center, Rochester, NY 14642. Fax: 585-275-1121; E-mail:
di_chen@urmc.rochester.edu.

2 The abbreviations used are: BMP, bone morphogenetic protein; TGF, trans-
forming growth factor; IP, immunoprecipitation; WT, wild type; �-TrCP,
�-transducin repeat-containing protein; E3, ubiquitin-protein isopeptide
ligase; siRNA, small interfering RNA; MAPK, mitogen-activated protein
kinase; HA, hemagglutinin; TCF, T cell factor.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 285, NO. 12, pp. 8703–8710, March 19, 2010
Printed in the U.S.A.

MARCH 19, 2010 • VOLUME 285 • NUMBER 12 JOURNAL OF BIOLOGICAL CHEMISTRY 8703



fectamine 2000 (Invitrogen). Empty vector was used to keep the
total amount of transfected DNA plasmid constant in each
group in all experiments. FLAG-EGFP plasmid was co-trans-
fected as an internal control to evaluate transfection efficiency.
Western blotting and immunoprecipitation (IP) assays were
performed 24 h after transfection.
Western Blotting, Immunoprecipitation, and Immunostain-

ing—Western blotting and IP were performed as described pre-
viously (12). The interaction between endogenous �-catenin
and Smad3/4 and the ubiquitination of endogenous �-catenin
protein was determined in chondrogenic RCJ3.1C5.18 cells.
Proteasome inhibitor MG132 (10 �M) was added to the cell
culture 4 h before the cells were harvested in �-catenin ubiq-
uitination assay. The rat anti-�-catenin monoclonal antibody
(clone 14) was purchased from BD Biosciences (San Jose, CA).
Rabbit anti-Smad3 polyclonal antibody (Zymed Laboratories
Inc.) was used to detect Smad3 expression. �-Catenin and
Smad3 immunostaining was performed as previously described
(12).
In Vivo Protein Decay Assay—RCJ3.1C5.18 cells were seeded

in 15-cm culture dishes, and 100 mM Smad3 siRNA or 10 �g of
pCMV5B-FLAG-Smad3 were used for transfection. 24 h after
transfection, the cells were trypsinized and split into five 10-cm
dishes. 12 h after recovery, the cells were cultured in regular
medium with 10 �g/ml cycloheximide (Calbiochem) for 0, 30,
60, 120, and 300 min before harvesting. Western blotting was
performed to detect the decay of endogenous �-catenin
proteins.
Luciferase and Real Time PCR Assays—The plasmids of re-

porter constructs were co-transfected with wild type (WT)
Smad3 or mutant forms of Smad3 expression plasmid into
RCJ3.1C5.18 cells. 24 h after transfection, the cells were
treated with Wnt3a (100 ng/ml) for 36 h or with TGF-� (2
ng/ml) for 4 h. The cell lysates were then collected, and lucif-
erase activity was measured using a Promega Dual Luciferase
reporter assay kit (Promega, Madison, WI). Real time PCR was
performed as described previously (12). The primers used in
this study were as follow: �-actin, 5�-TGT TAC CAA CTG
GGA CGA CA (upper primer) and 3�-CTG GGT CAT CTT
TTCACGGT (lower primer); Smad4, 5�-TCGATTCAAACC
ATC CAA CA (upper primer) and 3�-GCC CTG AAG CTA
TCT GCA AC (lower primer); Dkk1, 5�-AAT CGAGGAAGG
CAT CAT TG (upper primer) and 3�-GCT TGG TGC ATA
CCTGAC CT (lower primer); Axin2, 5�-CTC TAA CGC TAG
GCG GAA TG (upper primer) and 3�-CCA GAA GTC CAG
GGT ATC CA (lower primer); and cyclin D1, 5�-GCG TAC
CCT GAC ACC AAT CT (upper primer) and 3�-GGC TCC
AGAGACAAGAAACG (lower primer). The PCR conditions
included a denaturation step at 95 °C for 10min, followed by 40
cycles of denaturation at 95 °C for 10 s, annealing at 58 °C for
15 s, and extension at 72 °C for 10 s.Detection of the fluorescent
product was carried out at the end of the 72 °C extension
period. The PCR products were subjected to a melting curve
analysis, and the data were analyzed and quantified with the
Rotor-Gene analysis software. Dynamic tube normalization
and noise slope correction were used to remove background
fluorescence. Each sample was tested at least in triplicate and
repeated using three independent cell preparations.

Statistics—Statistical comparison between two groups was
performed using unpaired Student’s t test. p� 0.05 was consid-
ered significant and is denoted in the figures.

RESULTS

Interaction Domains of Smad3 and �-Catenin—Our previ-
ous study demonstrated that Smad3 interacts with�-catenin in
chondrocytes (12). In the present studies, we first mapped the
interaction domains of �-catenin and Smad3. COS cells were
overexpressed with Smad1 or Smad3 together with �-catenin,
cell lysates were immunoprecipitated with an anti-�-catenin
antibody, and expression of Smad1/3 proteins was detected by
Western blotting. Both Smad1 and Smad3 interacted with
�-catenin, and Smad3 exhibited much stronger interaction
with �-catenin than Smad1 (Fig. 1A). �-Catenin protein con-
tains an N-terminal domain (amino acids 1–149), a central
armadillo repeat domain (amino acids 150–665), and a C-ter-
minal p300 binding domain (amino acids 666–781) (13). In this
study, we generated three mutant �-catenin constructs that
encode different segments of �-catenin protein (BD1, amino
acids 1–260; BD2, amino acids 261–500; and BD3, amino acids
501–781) (Fig. 1B). These three truncated forms of �-catenin
expression constructs were co-transfected with Smad3 expres-
sion plasmid into COS cells. The BD1 and BD2 fragments of
�-catenin interacted with Smad3 (Fig. 1C), demonstrating that
Smad3 interacts with both the N-terminal and the mid-region
of �-catenin protein. We then investigated whether �-catenin
fragments interact with endogenous Smad3 in chondrocytes
and whether this interaction is TGF-�-dependent. The rat
chondrogenic progenitor cell line RCJ3.1C5.18 cells were trans-
fectedwith three truncated forms of�-catenin and treatedwith
or without TGF-�. Endogenous Smad3 protein was immuno-
precipitated, and expression of truncated forms of �-catenin
was detected by Western blotting. The results demonstrated
that Smad3 interacted with �-catenin BD1 and BD2 fragments
in a TGF-�-dependent manner in RCJ3.1C5.18 cells (Fig. 1D).
To clarify which domain of Smad3 interacts with �-catenin, we
generated three truncated forms of Smad3 expression con-
structs: N-Smad3 (amino acids 1–145), NL-Smad3 (amino
acids 1–211), and C-Smad3 (amino acids 200–425) (Fig. 1E).
These three truncated forms of Smad3 were co-transfected
with �-catenin in RCJ3.1C5.18 cells, and IP assay was per-
formed. C-terminal Smad3 but not N-Smad3 or NL-Smad3
interacted with �-catenin (Fig. 1F). Taken together, the results
demonstrate that the C-terminal domain of Smad3 interacts
with both the N-terminal and the mid-region of �-catenin, and
this interaction is TGF-�-dependent.
Smad3 Protects �-Catenin Degradation in Chondrocytes—

�-Transducin repeat-containing protein (�-TrCP) is an E3
ubiquitin ligase in the SCF�-TrCP protein complex, which
induces�-catenin degradation inmany cell types (4, 15–17). To
determine whether �-TrCP induces �-catenin degradation in
chondrocytes andwhether Smad3 plays a role in�-catenin deg-
radation, we transfected �-TrCP expression plasmid with or
without Smad3 into RCJ3.1C5.18 cells. Overexpression of
�-TrCP mediated �-catenin degradation; however, Smad3
blocked the effect of �-TrCP (Fig. 2A). To determine the effect
of Smad3 on�-catenin degradation, the RCJ3.1C5.18 cells were
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overexpressed with Smad3 or trans-
fected with Smad3 siRNA. 24 h after
the transfection, protein synthesis
was stopped by the addition of pro-
tein synthesis inhibitor cyclohexi-
mide. �-Catenin protein levels in
the control siRNA transfected group
began to decline 60 min after treat-
ment with cycloheximide, whereas
�-catenin protein levels declined
much faster at the very beginning of
cycloheximide treatment, and the
protein levels decreased dramati-
cally in the Smad3 siRNA trans-
fected group (Fig. 2B). In contrast,
overexpression of Smad3 protected
�-catenin degradation. �-Catenin
protein levels remained stable dur-
ing the entire period of cyclohexi-
mide treatment (Fig. 2B). The
silencing efficiency of Smad3 siRNA
was over 70% (Fig. 2C). To deter-
mine whether Smad3 inhibits �-
catenin phosphorylation, RCJ3.1C5.
18 cells were transiently transfected
with Smad3 expression plasmid,
and expression of phospho-�-cate-
nin was detected. Overexpression
of Smad3 significantly inhibited
�-catenin phosphorylation (Fig. 2D).
We also performed the ubiquitina-
tion assay using UbiQaptureTM-Q
kit. After 4 h of treatment with
MG-132, the cell lysates were
immunoprecipitated with the anti-
ubiquitin-conjugated beads, and
ubiquitinated �-catenin protein
levels were detected through West-
ern blotting. Overexpression with
�-TrCP induced the ubiquitina-
tion of �-catenin (Fig. 2E, second
lane), whereas transfection of
Smad3 reversed the effect of
�-TrCP on �-catenin degradation
(Fig. 2E, fourth lane).
Smad4 Is Involved in the Protection

of �-Catenin Degradation—In TGF-
� signaling pathway, Smad4 acts as
co-Smad to bind with Smad2/3 and
facilitates the nuclear translocation
of the heteromeric complex. To
determine whether Smad4 inter-
acts with �-catenin, immunopre-
cipitation was performed using the
anti-�-catenin antibody, Smad4
expressionwas detected byWestern
blotting. The interaction between
Smad4 and �-catenin was detected

FIGURE 1. Interaction domains of Smad3 and�-catenin. A,�-catenin expression plasmid was co-transfected with
Myc-Smad1 or Myc-Smad3 into COS cells. 24 h after transfection, the cell lysates were collected. IP was performed
using the anti-�-catenin antibody followed by Western blotting (WB) using an anti-Myc antibody (top panel).
Although both Smad1 and Smad3 interact with�-catenin, Smad3 had stronger interaction with�-catenin. B,�-cate-
nin protein structure and truncated �-catenin constructs. C, COS cells were transfected with truncated �-catenin
constructs: FLAG-BD1 (amino acids 1–260), FLAG-BD2 (amino acids 261–500), and FLAG-BD3 (amino acids 501–781)
with Myc-Smad3. 24 h after transfection, the cell lysates were collected. IP was performed using the anti-Myc anti-
body followed by Western blotting using the anti-FLAG antibody (top panel). The N-terminal domain and mid-
region of �-catenin interacted with Smad3. D, RCJ3.1C5.18 cells were transfected with three truncated �-catenin
constructs FLAG-BD1, -BD2, and -BD3. 24 h after transfection, the cells were treated with TGF-� (2 ng/ml) for 4 h. IP
was performed using the anti-Smad3 antibody followed by Western blotting using the anti-FLAG antibody (top
panel). The N-terminal domain and mid-region of�-catenin interacted with Smad3 in a TGF-�-dependent manner in
RCJ3.1C5.18 cells. E, a diagram shows Smad3 structure and truncated Smad3 constructs. F, WT and truncated Smad3
constructs: FLAG-N-Smad3 (amino acids 1–145), FLAG-NL-Smad3 (amino acids 1–211), and FLAG-C-Smad3 (amino
acids 200–425) were transfected into 293T cells. 24 h after transfection, the cell lysates were collected. IP was
performed using the anti-FLAG or anti-Myc antibody followed by Western blotting using the anti-�-catenin anti-
body (top panel). The C-terminal domain of Smad3 interacted with �-catenin. IP, immunoprecipitation.
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in a Smad3-dependentmanner.Overexpression of Smad3 facil-
itated the interaction between Smad4 and �-catenin, whereas
silencing of Smad3 blocked this interaction (Fig. 3A). To deter-
mine whether this interaction is TGF-�-dependent,
RCJ3.1C5.18 cells were treated with TGF-�, and the IP assay
was performed. Under TGF-� induction, the interaction
between Smad4 and �-catenin was enhanced (Fig. 3B). To
determine whether silencing of Smad4 accelerates �-catenin
degradation, the �-catenin protein levels were detected after
Smad4 siRNA was transfected. Transfection of Smad4 siRNA
effectively inhibited Smad4mRNA expression (Fig. 3C). Silenc-
ing of Smad4 attenuated the�-catenin protein level, even in the
presence of Smad3. Transfection of Smad3 completely reversed
�-TrCP-induced �-catenin degradation. However, Smad3
failed to reverse �-TrCP-induced �-catenin degradation when
Smad4 siRNA was transfected into these cells (Fig. 3D). These
results suggest that Smad4, together with Smad3, forms a com-
plexwith�-catenin and protects�-catenin degradation. Smad2
is another R-Smad protein that is phosphorylated by TGF-�
receptors and then interacts with Smad4. The interaction
between Smad2 and �-catenin has been demonstrated (18). In
this study, we determined whether Smad2 protects �-catenin
degradation by Western blotting. Smad2 partially reversed the
effect of �-TrCP-induced �-catenin degradation. When the
Smad3 expression was knocked down, Smad2 showedminimal
effect on protection of �-catenin degradation (Fig. 3E). These

results demonstrate that Smad3
plays dominant role in the protec-
tion of �-catenin degradation.
Smad3 Promotes �-Catenin Nu-

clear Translocation—In previous
studies, we found that TGF-�
promotes nuclear translocation of
Smad3 as well as �-catenin in
chondrocytes (12). To determine
whether Wnt3a-induced �-catenin
nuclear translocation is impaired
when Smad3 is inhibited in chon-
drocytes, Smad3 siRNA were trans-
fected into RCJ3.1C5.18 cells. 24 h
after transfection of Smad3 siRNA,
the cells were treated with Wnt3a,
and immunostaining was per-
formed 4h later. Comparedwith the
control group, in which Wnt3a
facilitated �-catenin nuclear trans-
location, silencing of Smad3 inhib-
ited�-catenin nuclear translocation
(Fig. 4A). To further determine
whether Smad3 promotes �-cate-
nin nuclear translocation, we have
generated two Smad3 NLS mutant
constructs: �K40K41 and K43N/
K44Q mutants based on previous
report (19). Expression of the dele-
tion mutant �K40K41 of Smad3 is
evenly distributed throughout the
cells. The K43N/K44Q mutant of

Smad3 is significantly less enriched in the nucleus compared
with the WT Smad3 and acts as a dominant-negative inhibitor
of TGF-�-mediated transcriptional activation (20). To confirm
that mutant Smad3 does serve as a dominant-negative mutant,
RCJ3.1C5.18 cells were co-transfected with WT Smad3 or two
mutant forms of Smad3 andp3TP-Lux reporterwith orwithout
TGF-� treatment. The results from the luciferase assay demon-
strated that TGF-� stimulated p3TP-Lux reporter activity, and
overexpression of Smad3 further increased the reporter activ-
ity. In contrast, two mutant forms of Smad3 (�K40K41 and
K43N/K44Q) partially inhibited TGF-�-mediated reporter
activity (Fig. 4B). To determine whether Smad3 promotes
�-catenin nuclear translocation, WT and two mutant Smad3
constructs were transfected into RCJ3.1C5.18 cells. 24 h after
transfection, the cells were treated with or without TGF-� (2
ng/ml) for 4 h, and the nuclear translocation of Smad3 and
�-catenin were examined by the immunostaining assay. TGF-�
induced the nuclear translocation of Smad3 aswell as�-catenin
inWT Smad3-transfected cells but failed to induce Smad3 and
�-catenin localization in mutant Smad3 (K43N/K44Q and
Smad3�K40K41) transfected cells (Fig. 4C). These findings are
consistent with the previous report (19). To further confirm the
nuclear translocation patterns of Smad3 and �-catenin,
RCJ3.1C5.18 cells were transfected with WT Smad3 or two
mutant forms of Smad3 with or without TGF-� treatment.
Nuclear and cytoplasmic proteins were collected separately,

FIGURE 2. Smad3 protects �-catenin degradation in chondrocytes. A, Smad3 expression plasmid was co-
transfected with �-TrCP into RCJ3.1C5.18 cells. 24 h after transfection, the cell lysates were collected, and
Western blotting (WB) was performed using the anti-�-catenin antibody. Transfection of Smad3 prevented
�-catenin degradation. B, RCJ3.1C5.18 cells were transfected with control or Smad3 siRNA or Smad3 expression
plasmid. The cell lysates were collected 0, 30, 60, 120, or 300 min after cycloheximide treatment (10 �g/ml), and
the �-catenin protein levels were detected by Western blotting. Silencing of Smad3 accelerated �-catenin
degradation and transfection of Smad3 prevented �-catenin degradation. C, the silencing efficiency of Smad3
siRNA was determined by Western blotting. The efficiency is over 70%. D, RCJ3.1C5.18 cells were transiently
transfected with Smad3 expression plasmid. 24 h after transfection, the cell lysates were collected, and West-
ern blotting was performed using the anti-p-�-catenin antibody. Smad3 significantly inhibited �-catenin phos-
phorylation. E, Smad3 and HA-ubiquitin expression plasmids were co-transfected with �-TrCP expression
plasmid into RCJ3.1C5.18 cells in the presence of proteasome inhibitor MG132 (10 �M, 4 h of incubation). 24 h
after transfection, the cell lysates were collected, and ubiquitinated proteins were pulled down using an
UbiQaptureTM-Q kit, and ubiquitinated �-catenin was detected using the anti-�-catenin antibody. Transfec-
tion of �-TrCP induced �-catenin ubiquitination (second lane) and co-transfection of Smad3 prevented �-cate-
nin ubiquitination (fourth lane). Ub, ubiquitin; IP, immunoprecipitation.
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and Western blotting was performed. TGF-� induced nuclear
Smad3 and �-catenin protein levels in WT Smad3 transfected
cells (Fig. 4D). Overexpression of the mutant forms of Smad3
inhibited the stimulatory effect of TGF-� on �-catenin nuclear
translocation (Fig. 4D). RCJ3.1C5.18 cells were also transfected
with Smad3 siRNA. 24 h after transfection, the cells were
treated with TGF-� for 4 h, and �-catenin localization was
determined by immunostaining. Silencing of Smad3 inhibited
the stimulatory effect of TGF-� on �-catenin nuclear translo-
cation (Fig. 4E). These results suggest that in addition to the
protection of�-catenin degradation, Smad3 also assists�-cate-
nin nuclear translocation.
Smad3 Enhances �-Catenin Activity in Chondrocytes—To

investigate the effect of Smad3 on the activity of �-catenin as a
transcription factor, RCJ3.1C5.18 cells were transfected with
Smad3 siRNA and treated with Wnt3a. mRNA expression and
promoter activity of cyclin D1 and Axin2, downstream target
genes of�-catenin, were detected. Silencing of Smad3 inhibited
the stimulatory effect of Wnt3a on both cyclin D1 and Axin2
expression (Fig. 5, A and B). In addition, knocking down of
Smad3 also inhibited Wnt3a-induced cyclin D1 promoter

activity (Fig. 5C). To determine
whether �-catenin signaling is af-
fected by NLS mutants of Smad3,
RCJ3.1C5.18 cells were co-trans-
fected with WT and two mutant
constructs of Smad3 together with
TOP-flash reporter and treated
with or without Wnt3a. The effect
of mutant Smad3 on �-catenin sig-
naling was examined by luciferase
assay. Smad3 alone significantly
increased TOP-flash reporter ac-
tivity, which is consistent with our
previous results (12). Wnt3a-in-
duced �-catenin reporter activity
was enhanced by overexpression of
Smad3, suggesting that Smad3 pro-
tects �-catenin degradation and
activates the transcriptional activ-
ity of �-catenin. However, the
effect of Wnt3a on TOP-flash re-
porter activity was significantly
inhibited by transfection of NLS
mutant forms of Smad3 (Fig. 5D).
WT and two NLS mutant forms
of Smad3 were then co-transfected
withcyclinD1promoter,�962CD1-
Luc, into RCJ3.1C5.18 cells with or
without �-catenin co-transfection.
Compared with the control group,
WTSmad3 increased cyclinD1pro-
moter activity (�2.5-fold increase).
Overexpression of �-catenin signif-
icantly enhanced the effect of
Smad3 on cyclinD1 promoter activ-
ity (6-fold increase). In contrast, two
mutant forms of Smad3 inhibited

the stimulatory effect of�-catenin on cyclinD1 promoter activ-
ity (Fig. 5E). These results suggest that Smad3 nuclear translo-
cation is required for �-catenin to activate downstream target
genes. To determine whether TGF-� stimulates cyclin D1 pro-
moter activity in a �-catenin-dependent manner, WT
(�962CD1) and mutant (�962CD1) (with the deletion of four
TCF binding sites) (21) cyclin D1 promoter constructs were
transfected into RCJ3.1C5.18 cells. 24 h after transfection, the
cells were treated with different concentrations of TGF-� (0,
0.2, 1, and 5 ng/ml). Treatment with TGF-� significantly
increased WT cyclin D1 promoter activity (6-fold increase, 1
ng/ml of TGF-�), and deletion of TCF binding sites inhibited
the stimulatory effect of TGF-� on cyclin D1 promoter activity
(Fig. 5E). These results suggest that TGF-� may regulate target
genes indirectly through activation of the �-catenin activity.

DISCUSSION

Chondrogenesis is a tightly regulated event involving multi-
ple steps from condensation of the precartilagineous mesen-
chyme to chondrogenic lineage determination toward chon-
droblasts and eventually differentiation into hypertrophic

FIGURE 3. Smad4 is involved in the protection of �-catenin degradation. A, Smad3 expression plasmid or
Smad3 siRNA were co-transfected with HA-Smad4 expression plasmid into RCJ3.1C5.18 cells. Immunoprecipi-
tation was performed using the anti-�-catenin antibody followed by Western blotting (WB) using the anti-HA
antibody (top panel). As a control, IP was performed using the anti-Smad3 antibody followed by Western
blotting using the anti-HA antibody (middle panel). Smad4 interacted with �-catenin in a Smad3-dependent
manner. B, cell lysates were collected from RCJ3.1C5.18 cells treated with or without TGF-� (2 ng/ml) for 4 h. IP
was performed using the anti-�-catenin antibody followed by Western blotting using the anti-HA antibody
(top panel). As a control, IP was also performed using the anti-Smad3 antibody followed by Western blotting
using the anti-HA antibody (middle panel). Smad4 interacted with �-catenin in a TGF-�-dependent manner in
RCJ3.1C5.18 cells. C, Smad4 siRNA significantly inhibited Smad4 mRNA expression (�70% inhibition).
D, RCJ3.1C5.18 cells were transfected with Smad3 and �-TrCP expression plasmids in the presence or absence
of Smad4 siRNA. 24 h after transfection, the cell lysates were collected, and Western blotting was performed
using the anti-�-catenin antibody. Smad4 siRNA inhibited the protective effect of Smad3 on �-catenin degra-
dation. E, RCJ3.1C5.18 cells were co-transfected with Smad2 and �-TrCP expression plasmids with or without
Smad3 siRNA. 24 h after transfection, the cell lysates were collected, and Western blotting was performed using
the anti-�-catenin antibody. Smad2 showed a limited effect on protection of �-catenin degradation when
Smad3 gene was silenced. IP, immunoprecipitation.
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chondrocytes. This process is regulated by several key growth
factors and signaling molecules, such as BMP, Hedgehog,Wnt,
and TGF-�, which play important roles at various stages of
chondrogenesis (22, 23). At sites of endochondral bone forma-
tion, TGF-�1 and TGF-�3 are detected in the chondrocytes of
proliferative and hypertrophic zones, and TGF-�2 is detected
in cells of all zones of the cartilage (24). Overexpression of
Smad2/3 in upper sternal chondrocytes inhibits colX expres-
sion and alkaline phosphatase activ-
ity, indicating that the TGF-� path-
way inhibits chondrocytematuration
(25, 26). The importance of Smad3
in chondrogenesis has been sup-
ported by several lines of evidence
(12, 26–29). However, it seems that
Smad2 does not play an essential
role in chondrogenesis (29, 30). Our
recent studies demonstrated that
chondrocyte proliferation was in-
hibited, the chondrocyte differenti-
ation process was promoted, and
BMP signaling was up-regulated in
chondrocytes derived from Smad3
knock-out mice (12, 26). Compared
with TGF-�, canonical Wnt path-
way inhibits early chondrogenesis in
the developing skeleton but is nec-
essary for the chondrocyte matura-
tion and the lineage determination
of osteo-chondrogenic progenitor
cells (5, 7). Cross-talk between
TGF-� and Wnt/�-catenin signal-
ing pathways during chondrogene-
sis of mesenchymal cells has been
previously reported. It has been
demonstrated that TGF-� stimu-
lates Wnt2, 4, 5a, 7a, 10a, and Lrp5
expression. TGF-� also dramati-
cally increases the protein level,
protein stability, and nuclear accu-
mulation of �-catenin in human
mesenchymal progenitor cells and
human bone marrow stromal cells
(11, 32), and this pathway is re-
quired for the stimulation of bone
marrow stromal cell proliferation
(33). In the present studies, we
further investigated the detailed
molecular mechanism on Wnt/�-
catenin signaling activation by
TGF-�. We found that both Smad3
and Smad4 interact with �-catenin
and form a protein complex. This
complex not only stabilizes �-cate-
nin to prevent it from proteasome
degradation but also assists �-cate-
nin in nuclear translocation and
eventually facilitates �-catenin tran-

scriptional activity. This regulatory pattern also indicates that
Wnt/�-catenin may act synergistically with the TGF-� path-
way or work as a downstream target of TGF-� during a specific
stage of chondrogenesis.
Cross-talk among TGF-�, BMP, Wnt, and other pathways is

crucial for stem cell maintenance, body patterning, organogen-
esis, and homeostasis in adult animals. The cooperation among
multiple signaling pathwaysmay contribute to the specification
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of cell fates (34, 35). It has been reported that BMP-2 cross-talk
with Wnt pathway through Smad1/4 interacting with �-cate-
nin/TCF to synergistically activate late osteoblastic differentia-

tion marker genes. Overexpression
of Wnt3a suppresses the inhibitory
effect of BMP-2 onmyogenic differ-
entiation (36). Our present results
indicate that in addition to Smad3,
Smad4 also interacts with �-catenin
in chondrocytes, which is consistent
with the previous report that Smad4
forms a complex with Lef1/TCF
and �-catenin to activate target
gene transcription (37). Our data
also showed that in chondrocytes,
silencing of Smad4 reversed the
effect of Smad3 on �-catenin, sug-
gesting that the interaction of
Smad4 with �-catenin also protects
�-catenin degradation. Similar ob-
servations were found in pancreatic
carcinoma cells (38), suggesting that
regulation of Smad3/4 on �-catenin
may exist in multiple cell types.
Many studies have reported that

the cooperation between TGF-�
and Wnt/�-catenin pathways per-
mits tight control of critical devel-
opmental processes. It has been
reported that TGF-� and Wnt
pathways synergistically regulate
downstream target gene transcrip-
tion through transcription factors
TCF/Lef1 and Smad3 (39). In hu-
man bone marrow stromal cells,
myostain induces Smad3/�-catenin
interaction to activate Wnt/�-cate-
nin pathway, which results in inhi-
bition of adipogenesis (40). It has
been demonstrated that TGF-�3
stimulates chondrogenic differenti-
ation partially through Wnt5a-me-
diated signaling. Up-regulation of
Wnt5a promotes expression of cell
adhesion molecules through the
p38 MAPK pathway in early stage

chondrogenesis (41). Smad7 directly interacts with �-catenin
and mediates �-catenin degradation by recruiting E3 ligase

FIGURE 4. Smad3 promotes �-catenin nuclear translocation. A, RCJ3.1C5.18 cells were treated with Wnt3a (100 ng/ml) for 24 h. The cells were then fixed and
incubated with the anti-�-catenin antibody (Ab) followed by the incubation with a fluorescein isothiocyanate-conjugated secondary antibody. Treatment with
Wnt3a induced �-catenin nuclear translocation and silencing of Smad3 inhibited �-catenin nuclear translocation. B, p3TP-Lux reporter construct was co-
transfected with WT or mutant forms of Smad3 into RCJ3.1C5.18 cells. 24 h after transfection, the cells were treated with TGF-� (2 ng/ml) for 4 h. The cell lysates
were collected, and luciferase assay was performed. Transfection of mutant Smad3 constructs significantly inhibited TGF-� reporter activity. C, WT or mutant
forms of Smad3 were transfected into RCJ3.1C5.18 cells. 24 h after transfection, the cells were treated with TGF-� (2 ng/ml) for 4 h. The cells were then fixed and
incubated with the anti-�-catenin or anti-Smad3 antibody followed by the incubation with fluorescein isothiocyanate-conjugated secondary antibody.
Transfection of mutant Smad3 constructs inhibited TGF-�-induced Smad3 and �-catenin nuclear translocation. D, RCJ3.1C5.18 cells were transfected with WT
or mutant Smad3 (K43N/K44Q and �K40K41) expression plasmids. 24 h after transfection, the cells were treated with TGF-� (2 ng/ml) for 4 h. Nuclear and
cytoplasmic proteins were collected using NE-PER nuclear and cytoplasmic extraction reagents (Pierce). Western blotting was performed using the anti-�-
catenin antibody and anti-FLAG antibody to detect changes in �-catenin and Smad3 protein levels. Transfection of Smad3 increased nuclear Smad3 as well as
�-catenin protein levels. In contrast, transfection of mutant Smad3 constructs inhibited Smad3 as well as �-catenin protein levels even in the presence of
TGF-�. E, RCJ3.1C5.18 cells were treated with TGF-� (2 ng/ml) for 4 h. The cells were then fixed and incubated with the anti-�-catenin antibody followed by the
incubation with a fluorescein isothiocyanate-conjugated secondary antibody. Treatment with TGF-� induced �-catenin nuclear translocation and silencing of
Smad3 inhibited �-catenin nuclear translocation.

FIGURE 5. Smad3 enhances �-catenin activity in chondrocytes. A and B, RCJ3.1C5.18 cells were transfected
with control (Cont) or Smad3 siRNA and treated with Wnt3a. Expression of cyclin D1 and Axin2 was examined by
real time PCR. Treatment with Wnt3a significantly increased cyclin D1 and Axin2 expression. Silencing of Smad3
inhibited Wnt3a-induced expression of cyclin D1 and Axin2. C, RCJ3.1C5.18 cells were transfected with control
or Smad3 siRNA and cyclin D1 promoter construct (�962CD1) and treated with Wnt3a. Wnt3a stimulated
cyclin D1 promoter activity, and Smad3 siRNA significantly inhibited Wnt3a-induced cyclin D1 promoter activ-
ity. D, WT or NLS mutant forms of Smad3 (K43NK44Q or �K40K41) were co-transfected with the TOP-flash
reporter construct into RCJ3.1C5.18 cells. 24 h after transfection, the cells were treated with Wnt3a (100 ng/ml).
The cell lysates were collected 24 h later for luciferase assay. Wnt3a-stimulated TOP-flash reporter activity was
enhanced by transfection of Smad3 and inhibited by transfection of mutant Smad3. E, WT or NLS mutant forms
of Smad3 were co-transfected with �-catenin expression plasmid and the �962CD1 reporter construct into
RCJ3.1C5.18 cells. Cell lysates were collected 24 h later for luciferase assay. �-Catenin-induced cyclin D1 pro-
moter activity was enhanced by Smad3 and inhibited by mutant Smad3. F, WT (�962wtCD1) and mutant cyclin
D1 (�962mCD1) (TCF binding site deletion) promoter constructs were transfected into RCJ3.1C5.18 cells. 24 h
after transfection, the cells were treated with different concentrations of TGF-� (0, 0.2, 1, and 5 ng/ml). The cell
lysates were collected 24 h later for luciferase assay. TGF-� stimulated cyclin D1 promoter activity in a dose-
dependent manner. The effect of TGF-� was significantly reduced in cells transfected with mutant cyclin D1
promoter in which four TCF binding sites were deleted.
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Smurf2, thereby reducing Wnt activity (42). Axin1, as a neg-
ative regulator of Wnt signaling pathway, binds with Smad7,
leading to Smad7 ubiquitination and degradation, and sub-
sequently facilitates TGF-� signaling (14). In addition to its
indirect effect, Axin1 also directly interacts with Smad3 and
facilitates Smad3 phosphorylation and enhances TGF-�
transcriptional activity (31).
In summary, our results reveal the novel molecular mecha-

nism that TGF-� activates Wnt/�-catenin pathway through
interaction of Smad3/4 with �-catenin. This interaction per-
mits tight regulation of chondrocyte development and leads to
a stage-specific effect of TGF-� during chondrogenesis.
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