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Chondrocyte-intrinsic Smad3 represses Runx2-inducible
MMP-13 expression to maintain articular cartilage and prevent
osteoarthritis

Carol G. Chen, PhD1,2, Daniel Thuillier, MD1, Emily N. Chin1, and Tamara Alliston, PhD1,2,3

1Department of Orthopaedic Surgery, University of California, San Francisco, San Francisco, CA,
USA
2Oral and Craniofacial Sciences Graduate Group, University of California, San Francisco, San
Francisco, CA, USA
3Department of Bioengineering and Therapeutic Sciences, Department of Otolaryngology Head
and Neck Surgery, Eli and Edythe Broad Center of Regeneration Medicine and Stem Cell
Research, University of California, San Francisco, San Francisco, CA, USA

Abstract
Objective—To identify mechanisms by which Smad3 maintains articular cartilage and prevents
osteoarthritis.

Methods—A combination of in vivo and in vitro approaches was used to test the hypothesis that
Smad3 represses Runx2-inducible gene expression to prevent articular cartilage degeneration.
Col2-Cre;Smad3fl/fl mice allowed study of the chondrocyte-intrinsic role of Smad3, independently
of its role in the perichondrium or other tissues. Primary Smad3fl/fl articular chondrocytes and
ATDC5 chondroprogenitors were employed to evaluate Smad3 and Runx2 regulation of matrix
metalloproteinase-13 (MMP-13) mRNA and protein expression.

Results—Chondrocyte-specific reduction of Smad3 causes progressive articular cartilage
degeneration due to imbalanced cartilage matrix synthesis and degradation. In addition to reduced
collagen II mRNA expression, Col2-Cre;Smad3fl/fl articular cartilage is severely deficient in
collagen II and aggrecan protein, due to excessive MMP-13-mediated proteolysis of these key
cartilage matrix constituents. Normally, TGF-β signals through Smad3 to confer a rapid and
dynamic repression of Runx2-inducible MMP-13 expression. However, in the absence of Smad3,
TGF-β signals through p38 and Runx2 to induce MMP-13 expression.

Conclusion—This work elucidates a mechanism by which Smad3 mutations in humans and
mice cause cartilage degeneration and osteoarthritis. Specifically, Smad3 maintains the balance
between cartilage matrix synthesis and degradation by inducing collagen II expression and
repressing Runx2-inducible MMP-13 expression. Selective activation of TGF-β signaling through
Smad3, rather than p38, may help to restore the balance between matrix synthesis and proteolysis
that is lost in osteoarthritis.

In osteoarthritis, the tightly controlled balance of matrix synthesis and degradation is
disrupted, resulting in progressive breakdown of articular cartilage. At the cellular level,
normal articular chondrocytes express collagen II and aggrecan, two major components of
healthy cartilage matrix (1). In osteoarthritic cartilage, chondrocyte function is deregulated,
such that expression of Col2 in the superficial layer is reduced (2) and expression of the
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matrix degrading protease MMP-13 is increased (3, 4). As of yet, the inciting molecular
events and pathways involved in this progressive loss of articular chondrocyte homeostasis
in osteoarthritis are not completely understood.

TGF-β plays a well-established role in the control of chondrocyte differentiation, matrix
synthesis, and homeostasis. Disruption of TGF-β signaling results in accelerated
chondrocyte terminal differentiation, both in vitro and in vivo (5). Not only is an
osteoarthritic phenotype observed in mice that express a dominant negative TGF-β type II
receptor, but also in mice with systemic ablation of Smad3 (6), a key effector of TGF-β
signaling. Other mouse models in which levels of functional Smad3 are reduced, such as
mice that overexpress a Smad-degrading protease, Smurf2 (7), also exhibit an arthritic
phenotype. Importantly, human polymorphisms in the Smad3 gene have been implicated in
hip and knee arthritis, providing further evidence of the involvement of TGF-β/Smad3 in
osteoarthritis (8).

The mechanism through which TGF-β/Smad3 regulates chondrocyte differentiation in the
growth plate has been extensively studied. Smad3 plays a well-established role in the
perichondrium, where it participates in a feedback loop that inhibits terminal differentiation
of growth plate chondrocytes (9–11). Specifically, chondrocyte-derived Indian hedgehog
(Ihh) stimulates TGF-β signaling through Smad2/3 in the perichondrium, which, in turn,
induces parathyroid hormone-related protein (PTHrP)-mediated repression of chondrocyte
hypertrophy. Though the progression of osteoarthritis recapitulates some aspects of growth
plate chondrocyte differentiation, these two processes are not identical. Unlike growth plate
chondrocytes, articular chondrocytes are not regulated by perichondrial signaling. A distinct,
chondrocyte-intrinsic role of Smad3 is supported by the articular cartilage defects in Smad3-
deficient mice. However, systemic loss of Smad3 affects multiple tissues and cell types (12–
15), complicating the interpretation of results. Several in vitro studies provide further
evidence for chondrocyte-intrinsic Smad3 signaling (11, 16), though mechanisms by which
Smad3 mediates the effects of TGF-β, such as its ability to maintain chondrocyte
homeostasis, remain unclear.

MMP-13, a matrix metalloproteinase (MMP), is expressed at high levels in osteoarthritic
cartilage (3, 4). Since MMP-13 cleaves key extracellular matrix constituents, including
collagen II and aggrecan, its expression and activity are tightly regulated. One of the
important regulatory regions of the MMP-13 promoter is the Runx2 binding site, which has
been implicated in the TGF-β-inducible expression of MMP-13 in breast cancer cells and
osteoblasts (17, 18). TGF-β has also been shown to repress MMP-13 expression, though the
mechanisms remain unclear (19). We previously showed that TGF-β activates Smad3 to
repress Runx2-inducible Runx2 and osteocalcin expression in osteoblasts (20). This led us to
hypothesize that Smad3 also represses Runx2-inducible gene expression in chondrocytes,
and that this regulatory mechanism is required to prevent MMP-13-mediated degeneration
of articular cartilage.

To test this hypothesis, we generated Col2-Cre;Smad3fl/fl mice, which are deficient in
Smad3 in chondrocytes, but not in perichondrial cells or other tissues. Molecular analysis of
articular cartilage phenotypes revealed an increase in MMP-13 levels in Smad3-deficient
cartilage. Therefore, we utilized primary articular chondrocytes and ATDC5
chondroprogenitor cells to investigate the chondrocyte-intrinsic mechanisms by which
Smad3 regulates the expression of MMP-13. Because MMP-13 is a driver of arthritic
cartilage degeneration, understanding its regulation by Smad3 elucidates mechanisms by
which Smad3 maintains chondrocyte homeostasis and prevents osteoarthritis.
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MATERIALS AND METHODS
Col2-Cre and Smad3fl/fl Mice

Col2-Cre mice express Cre recombinase under control of a 3 kb segment of the collagen II
promoter. Excision at floxed loci followed by recombination occurs specifically in
chondrocytes but not in perichondrial cells (21). Smad3fl/fl mice, generously provided by Dr.
Jonathan Graff, have been used to examine the role of Smad3 in ovarian tissues (22).
Procedures involving mice were performed in accordance with UCSF Institutional Animal
Care and Use Committee-approved protocols. To confirm specific recombination at the
floxed Smad3 locus, DNA was isolated from homogenized liver, lung, femur, and
articulating tail joints collected from 60 day old Col2-Cre;Smad3fl/fl mice. PCR was
performed using primers that specifically amplify the floxed and recombined Smad3 alleles
(22).

RNA isolation and analysis of gene expression
For analysis of gene expression, costal cartilage was isolated from post-natal day 60 (P60)
mice (n=5) and frozen in liquid nitrogen. Smad3fl/fl littermates were used as controls. Costal
cartilage was finely ground using a liquid nitrogen chilled mortar and pestle followed by
Trizol extraction. RNA was column purified, including an on-column DNAse digestion,
using the Purelink RNA Mini Kit (Invitrogen). RNA was purified from cultured cells using
the RNeasy Mini Kit (Qiagen) and on-column DNAse digestion according to the
manufacturer’s instructions. All in vitro data represent the average of experimental
duplicates (n=2) performed on biological triplicates (n=3). RNA concentration and purity
were determined using a Nanodrop spectrophotometer. cDNA was reverse transcribed using
the iScript cDNA synthesis kit (BioRad).

Transcripts were amplified using the CFX96 Real-Time PCR Detection System (BioRad)
with SYBR Green Master Mix (Applied Biosciences) and primer sets for Smad3, Agn, Col2,
MMP-13, and Runx2 (Supplementary Table 1). Gene expression was normalized to L19 and
fold expression analyzed using the Delta-Delta Ct method. Statistical analysis of gene
expression was compared using the two-tailed Student’s t-test with a significance threshold
of p < 0.05.

Histological analysis
Safranin-O staining and modified Mankin scoring: To visualize proteoglycan content, knee
joints were isolated from P14, P60, P90, and P120 mice, fixed in 4% paraformaldehyde,
decalcified in 19% EDTA, and embedded in paraffin. Sagittal sections (7.5 µm) were stained
with safranin-O and counterstained with fast green. Representative images of stained
sections are shown. The modified Mankin scoring system (23) was used by a blinded
orthopaedic surgeon to assess the degree of cartilage degeneration on eight safranin-O-
stained sections representing four mice per genotype. Immunohistochemistry: To visualize
the localization of collagen II and aggrecan in mouse articular cartilage,
immunohistochemistry was carried out on paraffin embedded sections after antigen retrieval
with 2.5% hyaluronidase (Sigma) and as previously described (24), respectively. The
following antibodies were used: mouse anti-aggrecan 12/21/1-C-6 (Developmental Studies
Hybridoma Bank) and rabbit anti-collagen II (AbCam). The Mach4 universal detection
system (Biocare Medical) and DAB Substrate Kit for Peroxidase (Vector Laboratories) were
used to detect primary antibody binding. To visualize the localization of MMP-13, sections
were incubated with goat anti-mouse-MMP-13 (Millipore). A donkey anti-goat secondary
antibody (Santa Cruz) was used with the goat IgG Vectastain ABC Kit (Vector
Laboratories) to detect primary antibody binding. As a negative control, the primary
antibody was replaced with control IgG from the same species at the same concentration as
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the primary antibody. To visualize the localization of neoepitopes of collagen degradation
(GPQG) or aggrecan degradation (VDIPEN) by MMP-13, antigen retrieval with 2.5%
hyaluronidase was followed by incubation with the primary rabbit-derived antibodies, a gift
from Dr. John Mort, at room temperature overnight (25, 26). Preimmune serum was used as
a negative control. The rabbit IgG Vectastain ABC Kit (Vector Laboratories) was used to
detect primary antibody binding. Images are representative of 3 or more
immunohistochemistry experiments per condition.

Cell Culture
Primary Articular Chondrocytes—Femoral head, condyle, and tibial plateau articular
cartilage was isolated from P5 Smad3fl/fl mice. Cells were isolated as described and cultured
in DMEM with L-glutamine, penicillin/streptomycin, and 10% FBS (27). Spinfection was
performed at 70% confluency with replication-deficient adenovirus expressing Cre
recombinase to inactivate Smad3 in cultured Smad3fl/fl chondrocytes (28). As a negative
control, cells were infected with adenovirus expressing GFP. After infection, cells were
treated with 5 ng/ml TGF-β3 (Peprotech) for 8, 24 and 48 hours followed by isolation of
RNA and protein.

ATDC5 chondroprogenitor cells: ATDC5 cells (RIKEN), were cultured in monolayer in
DMEM high glucose with 5% FBS. In all experiments, TGF-β treatment of ATDC5s
commenced upon confluence.

Transient Transfection and Reporter Gene Analysis—ATDC5 cells were
transiently transfected using Fugene 6 (Roche) at 70% confluence with indicated expression
and reporter constructs including p6OSE2-Luc (29), 3TP-Luc (30), -370 MMP-13-Luc (31),
and pRK5-β-gal (32) in the presence or absence of pRK5-based expression plasmids for
Smad3 or Runx2 (20). Cells were incubated for 24 hours post-transfection prior to TGF-β
treatment for the indicated time. Lysates were harvested using Promega Lysis Buffer,
clarified, and assayed for luciferase and β-galactosidase activity as described (20) using a
plate reader luminometer (Molecular Devices). Luciferase activity was normalized to
activity of a cotransfected, constitutively expressed β-galactosidase reporter construct.
Figures are representative of three independent experiments, each of which was performed
in triplicate.

Viral infection to ablate Smad3 and Runx2—ATDC5 cells were infected with viral
vectors expressing siRNA against Runx2 (Sigma, nm004348) or shRNA against Smad3 (gift
from Dr. Rik Derynck and produced by the UCSF Lentiviral RNAi Core) using a spinfection
protocol. Briefly, viral particles, and siRNA oligonucleotides were added to cells at an MOI
of 5 in 1 ml Optimem (Gibco) with 1 µg of polybrene (Sigma-Aldrich). Six-well plates were
centrifuged at 1550 rpm for 45 minutes at 37°C. The virus-containing media was replaced
with fresh DMEM with 5% FBS and incubated for 24 hours prior to TGF-β treatment and
subsequent isolation of RNA or protein. Each viral infection and ablation culture was
performed in triplicate (n=3).

Western Blot—Because FBS contains a protein that interferes with Western detection of
secreted MMP-13, analyses were performed on whole cell lysates, a method that was
validated by ELISA analysis of MMP-13 in conditioned media. Protein lysates were
harvested using 1× RIPA Lysis Buffer (5mm Na3VO4, 10mM NaPPi, 100mM NaF, 500µM
PMSF, 1 MiniComplete tablet (Roche)). Lysates were sonicated on ice prior to freezing on
dry ice. Thawed lysates were clarified by centrifugation prior to Bradford quantification of
protein concentration. Equal concentrations of protein were resolved using an 8.5% SDS-
polyacrylamide gel with a 5% stacking gel prior to transfer to a nitrocellulose membrane.
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Western analysis was performed using a 1:1000 dilution of 200 µg/ml rabbit anti-mouse
MMP-13 (Santa Cruz) and 1:500 of 200 µg/ml mouse anti-rabbit GFP (Santa Cruz).
Secondary antibodies, IR tagged goat anti-rabbit and goat antimouse (Odyssey), were used
at a dilution of 1:20,000. The infrared signal of secondary antibodies was detected,
quantified, and normalized to beta-actin levels using the Odyssey Infrared Detection
Scanner (Li-Cor). The blots shown are representative of three or more experiments.

Results
Chondrocyte-intrinsic Smad3 maintains normal articular cartilage

To evaluate the chondrocyte-intrinsic role of Smad3 in cartilage development and
maintenance, we first generated mice with inactivation of Smad3 in Col2-expressing cells,
targeting chondrocytes but not perichondrial cells (21). Mice with floxed Smad3 alleles (22)
were crossed with Col2-Cre transgenic mice (21). The recombined Smad3 allele was
detected in genomic DNA isolated from Col2-Cre;Smad3fl/fl articular cartilage but not from
liver, lung, femoral bone, or articular cartilage isolated from control mice lacking the Col2-
Cre allele, demonstrating the specificity of Smad3 ablation (Fig. 1A). The level of Smad3
mRNA expression in Col2-Cre;Smad3fl/fl mouse cartilage was reduced by 60% relative to
Cre-negative, Smad3fl/fl littermates (Fig. 1B). Immunohistochemistry showed less Smad3
protein in articular cartilage from these mice (Fig. 1C). Smad3 levels were also reduced in
the growth plate, which showed modest disorganization and a slight reduction in
proteoglycan content (Supplementary Fig. 1A–B).

The phenotype of Col2-Cre;Smad3fl/fl mice was more pronounced in articular cartilage.
Although differences in proteoglycan content were not detectable at post-natal day 14,
Smad3-dependent differences became apparent by post-natal day 60, when Col2-
Cre;Smad3fl/fl knee joints exhibited decreased overall safranin-O staining, which became
more pronounced with age (Fig. 1D). Other hallmarks of osteoarthritis were observed in
mutant joints by P60, including deterioration of the smooth articular cartilage surface and
fibrillation of the superficial layer (Fig. 1E). Modified Mankin scoring (23) confirmed that
chondrocyte-specific deficiency of Smad3 causes significant morphological changes that
parallel the progression of osteoarthritis (Fig. 1F).

Smad3 maintains normal cartilage matrix composition
To investigate the molecular basis of the Smad3-dependent differences in cartilage matrix
structure and composition, we evaluated the expression levels of key cartilage matrix
constituents, collagen II (Col2) and aggrecan (Agn). Though we did not observe a decrease
in Agn mRNA expression (Fig. 2A), immunohistochemical analysis showed a marked
decrease and heterogeneity of staining for Agn protein in P60 and older Col2-Cre;Smad3fl/fl

articular cartilage (Fig. 2C). This suggests that Agn protein levels may be regulated by a
post-transcriptional mechanism or have an increased turnover rate in Smad3-deficient mice.
Col2 mRNA expression was reduced by 50% in cartilage from p60 Col2-Cre;Smad3fl/fl

mice relative to Cre-negative controls (Fig. 2A). The reduction in collagen II was even more
apparent at the protein level, where immunohistochemistry revealed a progressive loss of
collagen II protein in Col2-Cre;Smad3fl/fl articular cartilage (Fig. 2D). Therefore,
chondrocyte intrinsic Smad3 is essential for the sustained expression of two key components
of cartilage matrix, aggrecan and collagen II.

Elevated MMP-13 expression in Col2-Cre;Smad3fl/fl cartilage
Degenerative changes in cartilage matrix may result from reduced matrix synthesis,
increased matrix degradation, or both. Thus, we investigated the expression level and
localization of MMP-13, a matrix metalloproteinase that degrades aggrecan (33) and
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collagen II (26) and is elevated in osteoarthritis. Unlike control Smad3fl/fl littermates,
MMP-13 expression in Col2-Cre;Smad3fl/fl cartilage was highly variable, though with no
statistically significant up or down-regulation at the mRNA level (data not shown).
However, intense expression of MMP-13 protein was consistently detected in the superficial
zone of Col2-Cre;Smad3fl/fl cartilage by P90 (Fig. 2E). Furthermore, antibodies that
specifically detect neoepitopes created by MMP-13 degradation of aggrecan (VDIPEN) and
collagen II (GPQG) showed more intense articular cartilage staining in Col2-Cre;Smad3fl/fl

mice (Fig. 2F–G). Notably, the loss of Agn staining is most evident at the articular surface
(Fig. 2C), coinciding with the most intense VDIPEN staining and least safranin-O staining
(Fig. 1D). While a striking increase in staining for MMP-13-cleaved proteins was observed
on the articular surface in Col2-Cre;Smad3fl/fl mice, no differences were seen in the growth
plate (Supplementary Fig. 1G–H). Therefore, chondrocyte-intrinsic Smad3 is required for
normal transactivation of collagen II and suppression of MMP-13 expression, as well as for
the MMP-13-mediated cleavage of aggrecan and collagen II that accompanies articular
cartilage degeneration.

Dynamic regulation of MMP-13 expression by TGF-β
Understanding the role of Smad3 in suppressing MMP-13-mediated cartilage matrix
degradation may elucidate the mechanisms by which TGF-β prevents loss of chondrocyte
homeostasis as well as the mechanisms by which MMP-13 expression is deregulated in
osteoarthritis. To that end, we employed in vitro models to more precisely examine the cell-
intrinsic effects of TGF-β and Smad3 on MMP-13 expression. In primary articular
chondrocytes, TGF-β repressed the expression of MMP-13 mRNA and protein within 8h,
followed by a later induction at 24 and 48h (Fig. 3A–B). ATDC5 cells showed the same
pattern of MMP-13 mRNA and protein regulation, with repression detectable as early as 2h
after TGF-β treatment (Fig. 3C, 4F–G, 5C–D). Both the early repression and later induction
of MMP-13 mRNA by TGF-β were lost upon treatment with the TGFβRI inhibitor
SB431542 (Fig. 3D–E). Consistent with prior reports (18), TGF-β inducible MMP-13
expression at 48h was sensitive to p38 inhibition with SB203580 (Fig. 3E). However, the
rapid repression of MMP-13 by TGF-β was maintained even following p38 inhibition (Fig.
3D). Unlike the well-documented induction of MMP-13 by TGF-β, the mechanism
responsible for the rapid repression of MMP-13 by TGF-β was unknown.

TGF-β-activated Smad3 represses Runx2 function in chondrocytes
In osteoblasts, Smad3 is required for TGF-β-mediated repression of Runx2-inducible genes
(20). Since MMP-13 is also a Runx2-inducible gene (34), we hypothesized that this
mechanism may confer rapid TGF-β-mediated repression of MMP-13 in chondrocytes. As
expected, the synthetic TGF-β-inducible reporter construct 3TP-Luc was induced by TGF-β
in ATDC5 cells (Fig. 4A). However, the Runx2-mediated activation of p6OSE2-Luc, a
synthetic Runx2-inducible reporter construct, was repressed by TGF-β (Fig. 4B).
Overexpression of Smad3 further repressed Runx-2-inducible transactivation in
chondrocytes (Fig. 4B). Therefore, TGF-β can repress Runx2-mediated transactivation in
chondrocytes as it does in osteoblasts.

To determine if this mechanism was sufficient to confer TGF-β-mediated repression of
MMP-13 transcription, ATDC5 cells were transfected with -370-MMP-13-Luc (31), an
MMP-13 promoter-reporter construct that retains Runx2-inducibility (Fig. 4C). Basal and
Runx2-inducible -370-MMP-13-Luc activity was repressed by TGF-β or by overexpression
of a constitutively active version of the TGF-β type I receptor. This repression was even
greater upon co-transfection with Smad3 (Fig. 4C). These results demonstrate that in
chondrocytes, TGF-β-activated Smad3 is sufficient to repress Runx2-inducible
transactivation, specifically of an MMP-13 promoter-reporter construct.
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TGF-β-mediated repression and induction of MMP-13 is Runx2-dependent
To determine if Runx2 is necessary for the dynamic regulation of endogenous MMP-13 by
TGF-β, Runx2 siRNA was used to reduce Runx2 mRNA in ATDC5 cells to 60% of that in
cells infected with a scrambled control siRNA (data not shown). The rapid repression of
MMP-13 mRNA and protein expression following 8h of TGF-β was still apparent in control
cells, but not in cells infected with siRNA against Runx2 (Fig. 4D, F). Reduction of Runx2
levels was also sufficient to diminish the TGF-β-inducible expression of MMP-13 at 24h
(Fig. 4E, G). These results suggest that Runx2 is required for both the rapid repressive and
delayed inductive effects of TGF-β on MMP-13 in ATDC5 cells.

Smad3 is essential for TGF-β-mediated repression of MMP-13
To examine the role of Smad3 in the regulation of endogenous MMP-13, ATDC5 cells were
infected with lentiviral vectors expressing a Smad3-specific shRNA, which resulted in a
57% reduction in Smad3 mRNA levels relative to cells infected with virus expressing a
control shRNA (data not shown). The rapid TGF-β-mediated repression of MMP-13 mRNA
and protein expression, apparent in control shRNA expressing cells, was completely lost in
cells expressing Smad3 shRNA (Fig. 5A, C). Interestingly, Smad3 shRNA expression did
not significantly affect the TGF-β-inducible expression of MMP-13 at later time points (Fig.
5B, D).

To determine if this chondrocyte-intrinsic response corresponded to the increased MMP-13
expression in Col2-Cre;Smad3fl/fl cartilage (Fig. 2E), we examined the regulation of
MMP-13 in primary articular chondrocytes from Smad3fl/fl mice. After in vitro infection
with adenoviral Cre recombinase (Ad-Cre), Smad3fl/fl primary chondrocytes showed a 90%
reduction of Smad3 mRNA relative to cells infected with a GFP-expressing adenovirus (Ad-
GFP) (data not shown). As in ATDC5 cells, TGF-β repressed MMP-13 expression within 8h
in GFP-infected chondrocytes. Inactivation of Smad3 completely blocked this TGF-β-
mediated repression of MMP-13 mRNA and protein (Fig. 5E, G). In Cre-expressing
Smad3fl/fl chondrocytes, the TGF-β-inducible expression of MMP-13 at 24h was diminished
but intact (Fig. 5F, H). Therefore, TGF-β-activated Smad3 represses Runx2 function to
rapidly inhibit MMP-13 expression. At later times, TGF-β induces MMP-13 through Runx2-
dependent mechanisms that are more sensitive to the activity of p38 than Smad3 (Fig. 3E,
4E). This differential utilization of Smad and non-Smad pathways by TGF-β is essential for
the dynamic regulation of MMP-13 expression and articular cartilage integrity.

Discussion
Here we elucidate critical mechanisms by which Smad3 maintains articular cartilage and
prevents osteoarthritis. Using Col2-Cre;Smad3fl/fl mice in which chondrocyte, but not
perichondrial, levels of Smad3 are reduced, we show that chondrocyte-intrinsic Smad3 is
required to induce collagen II expression and to limit MMP-13-mediated articular cartilage
matrix degradation. Further, we find that the response of articular chondrocytes to TGF-β is
dynamic and can shift from one dominated by Smad3-mediated repression to one dominated
by p38-mediated activation of MMP-13 expression (Fig. 6). Accordingly, Smad3-deficiency
drives increased expression of MMP-13 protein both in vitro and in vivo, where MMP-13-
mediated proteolysis of collagen II and aggrecan advances osteoarthritic cartilage
degeneration. By identifying a transcriptional mechanism through which Smad3 represses
chondrocyte expression of MMP-13, this study complements and extends the recent finding
that human mutations in Smad3 are associated with osteoarthritis (35). Shifting the balance
from TGF-β-activation of p38 to Smad3 may enhance the anabolic effects and reduce the
catabolic effects of this growth factor, a finding that may have implications for the
development of osteoarthritis therapies.
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These studies of Col2-Cre;Smad3fl/fl mice are consistent with the previously described role
of Smad3 in the perichondrium, while elucidating the chondrocyte-intrinsic role of Smad3.
Chondrocyte-derived Ihh induces perichondrial TGF-β, which signals locally through
Smad2 and Smad3 to induce PTHrP, an inhibitor of hypertrophic differentiation (9–11).
Accordingly, the growth plate phenotype of Col2-Cre;Smad3fl/fl mice (Supplementary Fig.
1) in which perichondrial Smad3 is intact, is less severe than that in mice with systemic loss
of Smad3 (6). However, the articular cartilage phenotypes of Col2-Cre;Smad3fl/fl and
Smad3ex8/ex8 mice are similar in severity and timing. Although the 60% inhibition of Smad3
in the mice is likely insufficient to ablate canonical TGF-β signaling through Smad3, the
pathway is crucial since even a partial loss of function disrupts chondrocyte homeostasis.
We find that the degeneration of Smad3-deficient articular cartilage results from impaired
anabolic activity and increased cartilage degradation. Col2-Cre;Smad3fl/fl chondrocytes
synthesize less collagen II and express more of the collagen- and aggrecan-degrading
enzyme MMP-13. Though MMP-13 protein expression was consistently increased in the
superficial zone of articular cartilage, MMP-13 mRNA regulation was not statistically
affected by Smad3 deficiency in vivo as it was in vitro. The highly variable expression of
MMP-13 in Col2-Cre;Smad3fl/fl cartilage does suggest that Smad3 is required to maintain
stable MMP-13 expression, a result that is consistent with the reported variability in
MMP-13 expression in arthritic human articular cartilage (36). Therefore, our results
demonstrate a key chondrocyte-intrinsic role for Smad3 that is independent of its
perichondrial role, particularly in the maintenance of post-natal articular cartilage.

Both the anabolic and catabolic defects in Col2-Cre;Smad3fl/fl cartilage may be attributed to
the role of Smad3 in modulating the activity of lineage-specific transcription factors in
chondrocytes. The chondrogenic transcription factor Sox9 recruits Smad3 to the Col2
promoter where they cooperatively induce CBP/p300-mediated transactivation (37). In vitro,
we show that a functional interaction of Smad3 with another lineage-specific transcription
factor, Runx2, is required for repression of MMP-13 in chondrocytes. In osteoblasts,
Smad3-mediated repression of Runx2 was sufficient to repress both Runx2 expression and
function by recruiting class II histone deacetylases, HDAC4 and HDAC5, to repress Runx2-
mediated transactivation (20, 38). HDAC4 can repress MMP-13 expression in osteoblasts
(39) and likely plays the same role in articular chondrocytes. HDAC4-deficient mice exhibit
increased Runx2 expression and activity in the growth plate and premature growth plate
chondrocyte hypertrophy (40). Premature hypertrophy was also observed in Smad3-deficient
mice and mice that overexpress Runx2 in chondrocytes (6, 41). Although these studies
focused on the growth plate, articular cartilage degeneration was observed in mice that
overexpress Smurf2 in chondrocytes, a defect that was attributed to lower levels of
functional Smad3 in these cells (7). Smad3-mediated repression of Runx2 in chondrocytes is
also likely responsible for the regulation of collagen X, another Runx2-inducible gene
expressed in hypertrophic chondrocytes that is inhibited by TGF-β in a Smad3-dependent
manner (16, 42–45). Together with our findings, these studies collectively suggest that
baseline TGF-β signaling maintains articular cartilage by preventing the inappropriate
expression of Runx2-inducible genes in articular chondrocytes through an HDAC4- and
Smad3-dependent mechanism.

TGF-β both represses and induces MMP-13 expression in osteoblasts (18, 19) and in
chondrocytes as shown here. In osteoblasts, Smad3 and p38 cooperate to induce MMP-13
expression. Though Smad3 may also contribute to the TGF-β-mediated induction of
MMP-13 at 24 h, this induction is much less sensitive to the level of Smad3 than the TGF-β-
mediated repression (Fig. 6). The mechanisms by which the MMP-13 response to TGF-β
shifts from Smad3-mediated repression to p38-mediated activation remain unknown. A
number of mechanisms have the potential to switch TGF-β from a Smad3-mediated
repressing signal to an activating one. Interestingly, several of these possible mechanisms
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have also been implicated in chondrocyte differentiation or osteoarthritis. For example,
TGF-β signals through two type I receptors, Alk1 and Alk5. Alk5 activates Smad2/3
whereas Alk1 signals through Smads 1, 5, and 8, which induce MMP-13 expression. In
osteoarthritis, the balance shifts to Alk1/Smad1/5/8-mediated signaling because arthritic
chondrocytes express higher relative levels of Alk1 (46), as well as of endoglin, a protein
that enhances TGF-β mediated signaling through Alk1 (47). We hypothesized that Gadd45β,
another protein that is overexpressed in arthritic chondrocytes, may act as a switch since it
was rapidly induced by TGF-β in ATDC5 cells (data not shown) and is known to activate
MMP-13 expression (48). However, siRNA ablation of Gadd45β did not prevent the shift
from TGF-β-mediated repression to activation of MMP-13 at 48h (data not shown). Another
attractive candidate is Zfp521, a PTHrP-inducible transcriptional coregulator that, like
Smad3, associates with HDAC4 and Runx2 to repress hypertrophic gene expression (49).
Given the important role of MMP-13 in cartilage degeneration, there is great motivation to
better understand and control the mechanisms responsible for shifting cellular sensitivity to
TGF-β signaling through Smad3 and non-Smad3 pathways.

Understanding mechanisms of TGF-β activity in chondrocytes may provide new targets for
therapeutic strategies to treat osteoarthritis and other skeletal diseases. TGF-β has multiple
effects on several joint tissues that can both promote and deter osteoarthritis progression (5).
Selective manipulation of one arm of the TGF-β pathway may allow optimization of these
effects to promote chondrocyte stability and matrix deposition. In addition to controlling cell
differentiation and matrix synthesis, TGF-β may also affect the physical properties of
cartilage matrix. In bone, TGF-β regulates ECM stiffness through a Smad3- and Runx2-
dependent pathway (15, 50). Since this pathway also operates in chondrocytes, TGF-β may
regulate cartilage ECM stiffness, which changes in osteoarthritis. Further dissection of
mechanisms responsible for the beneficial and deleterious effects of TGF-β may enhance
control of the biological and physical changes that accompany arthritic cartilage
degeneration.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Chondrocyte-intrinsic Smad3 is required to maintain articular cartilage
(A) PCR analysis of genomic DNA reveals that Cre-mediated recombination only occurs in
Col2-expressing cartilage. (B) Real-time RT-PCR shows reduction of Smad3 mRNA
expression in postnatal day 60 (P60) Col2-Cre;Smad3fl/fl mouse cartilage (*p-value < 0.02).
(C) Immunohistochemistry for Smad3 confirms a reduction of Smad3 protein in articular
cartilage of P60 Col2-Cre;Smad3fl/fl mice relative to Cre-negative Smad3fl/fl littermates. (D)
Safranin-O staining shows no changes in articular cartilage until P60 and later. (E)
Magnified safranin-O stained sections of the articular surface of P60 Col2-Cre;Smad3fl/fl

mice show fibrillation and decreased staining compared to Smad3fl/fl littermates. (F) Col2-
Cre;Smad3fl/fl cartilage displays an increased modified Mankin score for P60 Col2-
Cre;Smad3fl/fl joints, indicative of osteoarthritis-like joint degeneration (* p-value < 0.002).
(Bars = 50µm)
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Figure 2. Molecular composition of articular cartilage is disrupted in Col2-Cre;Smad3fl/fl mice
(A) To examine Col2 and Agn expression in costal cartilage of P60 mice, mRNA expression
was quantified and normalized to L19 (n=5; *p-value < 0.02). (B) Immunohistochemistry
(IHC) negative controls. Primary antibodies were replaced with either IgG (controls for C,
D) or preimmune serum (controls for F, G) to confirm specificity of IHC staining. IHC in
P60, P90, and P120 Col2-Cre;Smad3fl/fl mice revealed a progressive reduction in aggrecan
(C) and collagen II (D), but an increase in MMP-13 (E) protein expression in articular
cartilage of P90 Col2-Cre;Smad3fl/fl mice. IHC with antibodies to neoepitopes VDIPEN (F)
and GPQG (G), MMP-13 cleavage products of Agn and Col2, respectively, shows increased
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MMP-13 cleavage of cartilage matrix in P90 Col2-Cre;Smad3fl/fl mice, particularly at the
articular surface. (Bars = 100 µm.)
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Figure 3. TGF-β regulation of MMP-13 expression in chondrocytes is dynamic
TGF-β (5 ng/ml) rapidly represses and later induces MMP-13 mRNA (A) and protein (B)
expression in primary articular chondrocytes harvested from P5 wild type mice. (C) ATDC5
cells display the same trend. The repression of MMP-13 in ATDC5 cells treated for 8 h with
TGF-β is sensitive to an inhibitor of the TGF-β type I receptor (TβRI-I, SB431542, 1 µM)
but not to an inhibitor of p38 (p38-I, SB203580, 1 µM). (D). However, the TGF-β-mediated
induction of MMP-13 at 48 h is sensitive to both the TβRI-I and the p38-I (E). Vehicle
treated cells received an equivalent volume of DMSO. (*p < 0.05, **p < 0.001 relative to
the vehicle treated controls at each time point.)
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Figure 4. TGF-β-mediated repression and induction of MMP-13 is Runx2-dependent
(A) Though TGF-β induces activity of the synthetic Smad3 reporter gene 3TP-Luc
transiently transfected with pRK5 in ATDC5 cells, it represses Runx2-inducible p6OSE2-
Luc activity, even more with cotransfected pRK5-Smad3 (B). The activity of -370-
MMP-13-Luc is increased by co-transfection of Runx2, but decreased with TGF-β addition
or with cotransfected Smad3 or constitutively active TβRI (C). Runx2-knockdown was
sufficient to nearly abolish both the rapid 8 h repression (D, F) and delayed 24 h induction
(E, G) of MMP-13 mRNA (D, E) and protein (F, G) by TGF-β (5 ng/ml). (*p < 0.05, **p <
0.001 relative to the vehicle-treated controls in A, C, E, and F, and relative to the scramble
siRNA in D.)
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Figure 5. TGF-β-mediated repression of MMP-13 requires Smad3
Smad3-deficient ATDC5 cells (A, C) and primary chondrocytes (E, G) do not show TGF-β
mediated repression of MMP-13 mRNA (A, E) or protein (C, G) at 8 h. However, the
induction of MMP-13 by TGF-β at 24 h is maintained in Smad3-deficient ATDC5 cells (B,
D) and is reduced but present in primary articular chondrocytes (F, H). (*p < 0.05, **p <
0.001 relative to the vehicle-treated controls in A, B, E, and F.)
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Figure 6. Proposed schematic of TGF-β signaling in articular cartilage
TGF-β regulation of MMP-13 in articular chondrocytes is dynamic. In vitro, the early
response is dominated by Smad3-repression of MMP-13 while the response at later time
points is dominated by p38-mediated induction of MMP-13. The mechanisms may involve
modulation of lineage-specific transcription factors Sox9 and Runx2, which form
transcriptional complexes with CBP and HDACs, as previously reported in chondrocytes
(37) and osteoblasts (38). Thus, loss of Smad3 in vivo results in cartilage degradation due to
a reduction in Col2 synthesis and an increase in MMP-13-mediated degradation.
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