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Background: BMP signaling promotes chondrocyte maturation and, subsequently, endochondral ossification, whereas
TGF-� signaling is inhibitory.
Results: TGF-� induced SnoN to suppress BMP signaling and chondrocyte hypertrophy.
Conclusion: SnoN mediates a signal cross-talk between TGF-� and BMP to regulate chondrocyte maturation.
Significance: Our data revealed an effector of TGF-� signaling as a putative therapeutic molecular target for cartilage/bone
regeneration or osteoarthritis.

Hypertrophic maturation of chondrocytes is a crucial step
in endochondral ossification, whereas abnormally acceler-
ated differentiation of hypertrophic chondrocytes in articu-
lar cartilage is linked to pathogenesis of osteoarthritis. This
cellular process is promoted or inhibited by bone morphoge-
netic protein (BMP) or transforming growth factor-�
(TGF-�) signaling, respectively, suggesting that these signal-
ing pathways cross-talk during chondrocyte maturation.
Here, we demonstrated that expression of Tgfb1 was
increased, followed by phosphorylation of Smad2, during
BMP-2-induced hypertrophic maturation of ATDC5 chon-
drocytes. Application of a TGF-� type I receptor inhibitor
compound, SB431542, increased the expression of Id1, with-
out affecting the phosphorylation status of Smad1/5/8, indi-
cating that the activated endogenous TGF-� pathway inhib-
ited BMP signaling downstream of the Smad activation step.
We searched for TGF-�-inducible effectors that are able to
inhibit BMP signaling in ATDC5 cells and identified SnoN.
Overexpression of SnoN suppressed the activity of a BMP-
responsive luciferase reporter in COS-7 cells as well as
expression of Id1 in ATDC5 cells and, subsequently, the
expression of Col10a1, a hallmark of hypertrophic chondro-
cyte maturation. siRNA-mediated loss of SnoN showed oppo-
site effects in BMP-treated ATDC5 cells. In adult mice, we
found the highest level of SnoN expression in articular carti-
lage. Importantly, SnoN was expressed, in combination with
phosphorylated Smad2/3, in prehypertrophic chondrocytes
in the growth plate of mouse embryo bones and in chondro-
cytes around the ectopically existing hypertrophic chondro-
cytes of human osteoarthritis cartilage. Our results indicate
that SnoN mediates a negative feedback mechanism evoked

by TGF-� to inhibit BMP signaling and, subsequently, hyper-
trophic maturation of chondrocytes.

Bone formation is achieved by either intramembranous or
endochondral ossification. The former process is characterized
by differentiation of mesenchymal cells directly into bone-
forming osteoblasts. Endochondral ossification is initiated by
condensation of mesenchymal cells expressing a chondrogenic
master regulator, Sox9, after which cells further differentiate
into chondrocytes that are able to express a specific marker
Col2a1, encoding type II collagen (1). Then the committed
chondrocytes proliferate and convert into hypertrophic chon-
drocytes to eventually mineralize the surrounding cartilage
matrix to be replaced by bone (2). Hypertrophic chondrocytes
are characterized by a round large cell body and the ability to
express Col10a1, encoding type X collagen. This hypertrophic
conversion process is, at least in part, governed by Runx2 pro-
tein (i.e. Runx2 directly activates the promoter of Col10a1 to
promote chondrocyte hypertrophy) (3, 4). Mouse models in
which dominant-negative Runx2 was overexpressed in chon-
drocytes showed suppressed chondrocyte hypertrophy, com-
bined with complete loss of endochondral ossification (5).
Conversely, forced expression of wild-type Runx2 in mouse
chondrocytes resulted in accelerated differentiation of hyper-
trophic chondrocytes and bone formation (5, 6). Given that in
permanent cartilage (e.g. normal articular cartilage on the joint
space), chondrocytes do not undergo the late phase hyper-
trophic maturation, hypertrophic conversion of chondrocytes
must be restricted to maintain a normal cartilage phenotype.
In addition to its indispensable role in physiological bone

formation, the endochondral ossification process is a promising
cellular event in the application of bone/cartilage regenerative
medicine, which can be artificially engineered from human
mesenchymal stem/stroma cells (7). Interestingly, these mes-
enchymal stem/stroma cells form bone trabeculae in vivo only
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when they have developed hypertrophic structures in vitro
before implantation (7), indicating that the efficiency of bone
regeneration could be improved by promoting hypertrophic
maturation of chondrocytes in vitro. In the case of cartilage
regenerative medicine for treatment of cartilage defects, the
maturation processes in engineered chondrocytes must be
arrested because abnormally matured hypertrophic chondro-
cytes, expressing typeX collagen, cause pathological conditions
(e.g. osteoarthritis (OA)2) (8–10). In vitro, mesenchymal
stem/stroma cells rapidly express COL10A1 in monolayer or
pellet culture before the cells demonstrate morphology of
hypertrophic chondrocytes, a phenomenon that is a major
problem of cartilage tissue engineering (11, 12), suggesting
that the mechanism by which mesenchymal stem/stroma
cells induce type X collagen is different from that in growth
plate chondrocytes. Importantly, it is largely unknown how
the expression of type X collagen is induced in degenerating
articular chondrocytes.
Both BMP and TGF-� signaling promote early chondrogen-

esis. Members of the TGF-� family, including BMPs, transduce
signals through type II and type I receptors to activate receptor-
regulated Smads (R-Smads). Upon ligand binding, TGF-� type
I receptors activate Smad2/3, whereas BMP type I receptors
phosphorylate Smad1/5/8 in the cytoplasm. After forming a
trimeric complex with Smad4 (co-Smad), R-Smads translocate
into the nucleus to directly or indirectly regulate the transcrip-
tion of target genes (13). Forced expression of an extracellular
BMP-antagonist,Noggin (Nog), in chondrocytes in vivo showed
no cartilage formation in transgenic mice (14). Similarly, carti-
lage-specific combined loss of BMP type I receptors (Bmpr1a
and Bmpr1b) or double deletions of BMP-type R-Smads
(Smad1 and Smad5) showed severely impaired chondrogenesis
in mice (15, 16). These mouse models clearly demonstrated the
critical roles of the BMP-Smad pathway in early chondrogene-
sis. TGF-� signaling promotes the early stage of chondrogene-
sis by enabling Smad3 to form an active transcriptional com-
plex with CEBP/p300 and Sox9 (17). However, at the late
maturation stage, BMP and TGF-� signaling show mutually
opposite roles in chondrocyte hypertrophy. BMP signaling
directly accelerates the expression of Col10a1 in concert with
Runx2 (18–20), whereas the chondrocyte-specific expression
of constitutively active Bmpr1a promoted the maturation and
hypertrophy of chondrocytes in transgenic mice (21). An intra-
articular injection of BMP-2 inmice accelerated cartilage chon-
drocyte hypertrophy and endochondral ossification to form
osteophytes, a phenotype ofOA (22). In contrast, loss of TGF-�
signaling in the cartilage of mice, achieved by targeted ablation
of the Smad3 gene or forced expression of the dominant nega-
tive TGF-� type II receptor, resulted in accelerated differentia-
tion of chondrocytes into hypertrophy coupledwith anOA-like
destruction of cartilage (23, 24). Similarly, chondrocyte-specific
transgenic mice of Smurf2, an E3 ubiquitin ligase of the nega-
tive regulator for TGF-� signaling, also showed an OA-like
change in articular cartilage with ectopic hypertrophic chon-
drocytes (25). These mouse models indicated an indispensable

role of TGF-� signaling in preventing chondrocyte hypertro-
phy in articular cartilage, although the underlying molecular
mechanisms are unclear. Interestingly, Smad3-deficient chon-
drocytes showed enhanced BMP signaling and accelerated
hypertrophic differentiation in vitro, suggesting a role of endog-
enous TGF-� signaling in suppressing BMP signaling during
chondrocyte maturation (26). Taken together, promoting
TGF-� signaling in maturing chondrocytes is a promising can-
didate approach to manipulate the differentiation to fine tune
chondrocyte hypertrophy. However, because TGF-� signaling
regulates a wide range of pivotal biological functions (e.g. cell
growth, differentiation, motility, extracellular matrix produc-
tion, and apoptosis) in various target cells, blocking of the entire
TGF-� signaling pathway might result in undesirable side
effects. Therefore, to eliminate these problems, the directmedi-
ator(s) induced by TGF-� signaling to inhibit BMP signaling in
maturing chondrocytes should be an appropriate molecular
target. Here, we show that SnoN is as a spatial and temporal
effector of TGF-� signaling to inhibit the BMP-Smad pathway
and, subsequently, chondrocyte hypertrophy.

EXPERIMENTAL PROCEDURES

Cell Culture—The chondrogenic cell line ATDC5 was
obtained from RIKEN BioResource Center. The cells were
maintained in Dulbecco’s modified Eagle’s medium (DMEM)/
Ham’s F-12 (1:1) (Invitrogen) containing 5% fetal bovine serum
(FBS) and 100 units/ml penicillin G and 100 �g/ml streptomy-
cin. Differentiation of ATDC5 cells was induced in serum-free
medium containing insulin/transferrin/selenium supplement
(Sigma) on collagen type I-coated culture plates (Iwaki). For
expression analysis of differentiation markers in ATDC5 cells,
micromass culture was performed as previously described (27),
to accelerate maturation of chondrocyte differentiation. A
monolayer culture system was employed for analysis of phos-
phorylation of Smads by immunoblotting because the cell lysis
of micromass culture for cytoplasmic/nuclear protein was less
efficient, and in addition, these experiments were not intended
to evaluate the chondrogenic differentiation of early time
points but rather the intracellular signaling. Monolayer culture
was also performed for immunocytochemistry because of the
difficulty in identifying individual cells in the micromass cul-
ture. Primary chondrocytes were harvested from 4-day-old
mice of C57BL/6J background as described (28). Primary chon-
drocytes were induced to differentiate in a monolayer culture.
COS-7 cellswere purchased from theRIKENBioResourceCen-
ter andmaintained in DMEM supplemented with 10% FBS and
antibiotics.
Ligands and Inhibitors—BMP-2 (Peprotech) was applied at a

concentration of 300 ng/ml, whereas TGF-�1 (Peprotech) was
used at 5 ng/ml. The day of the first ligand application was
referred to as day 0. SB431542 (Sigma) was applied at 1 �M for
30 min prior to ligand stimulation, and DMSO was used as a
mock control. When indicated, cells were treated with a pro-
teasome inhibitor, MG132 (Merck), at 10 �M 12 h prior to cell
lysis.
Bone Organ Culture—Metatarsal bone rudiments were har-

vested fromC57BL/6J embryos at 17.5 days postcoitum (E17.5)
and cultured in DMEM supplemented with 10% FBS, 100

2 The abbreviations used are: OA, osteoarthritis; BMP, bone morphogenetic
protein; qPCR, quantitative PCR; E17.5, embryonic day 17.5.
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units/ml penicillin G, and 100 �g/ml streptomycin, as
described (29). Cultured bones were stained with Alcian blue
and alizarin red dyes according to a standard protocol for skel-
etal preparation. Briefly, bones fixed in 96% ethanol were
stainedwith 0.015%Alcian blue 8GX (Sigma) in amixture solu-
tion of 96% ethanol, acetic acid (4:1) for 1 day, followed by a
dehydration step in 100% ethanol. Dehydrated bones were
immersed briefly in 1% potassium hydroxide (KOH), followed
by staining in 0.001% alizarin red S (Sigma) in 1% KOH for 1
day. Images were analyzed using ImageJ software (National
Institutes ofHealth). Animal experimentswere approved by the
Institutional Animal Care and Use Committee of Kagoshima
University (MD11019).
RNA Interference—Dharmacon siRNA ON-TARGETplus

SMARTpool, a mixture of four independent siRNAs of mouse
SnoN (Skil), and the control reagent were purchased from
Thermo Scientific. siRNAwas transfected into cells using Lipo-
fectamine RNAiMax (Invitrogen). Ligands and SB431542 were
added to the culture simultaneously after an overnight trans-
fection of siRNA.
Plasmids—9xCAGA luc, BRE luc, ALK5TD, ALK3QD, and

FLAG-tagged human SnoN in pcDEF3 were kind gifts fromDr.
Kohei Miyazono (University of Tokyo). pGL4.75hRlucCMV
was purchased from Promega. cDNA of mouse SnoN was
cloned from ATDC5 by employing a reverse transcription-po-
lymerase chain reaction (RT-PCR)-based technique, subcloned
into the entry vector, pENTR, and further transferred into pEF-
DEST51 by attL-attR (LR) recombination (Invitrogen).
Lentivirus—pENTR-SnoN and pENTR-5�EF1�P were sub-

jected to LR recombination with pLenti6.4/R4R2/V5-DEST
(Invitrogen) to generate a lentiviral vector, which expresses
C-terminal V5-tagged SnoN from the EF1� promoter. The len-
tiviral expression vector or pLenti6/V5/GW-lacZ control vec-
tor was transfected into 293FT cells to generate lentivirus. The
conditioned medium containing lentivirus was incubated with
mouse metatarsal bones for 16 h for infection. The infection
efficiency was monitored by immunohistochemistry on the
coronal section of infected bones using anti-V5-FITC antibody.
Immunoblotting—Cells were lysed in either M-PER lysis

buffer (Thermo Scientific) supplemented with aprotinin,
sodium orthovanadate, and phenylmethylsulfonyl fluoride
(PMSF) or directly with 1� SDS sample buffer. SDS-PAGE,
membrane transfer, and chemiluminescence were performed
by using a standard protocol. Blots were incubated with anti-
SnoN (1:200, H-317, sc-9142, Santa Cruz Biotechnology, Inc.
(Santa Cruz, CA)), anti-phospho-Smad1/5/8 (1:1000, catalog
no. 9511), anti-phospho-Smad2 (1:1000, catalog no. 3108),
anti-Smad1 (1:1000, catalog no. 9743), horseradish peroxidase
(HRP)-conjugated anti-rabbit secondary antibody and anti-
mouse secondary antibody (1:10,000) (Cell Signaling), anti-
Smad2/3 (1:1000, catalog no. 610842, BD Biosciences),
anti-tubulin (1:1000, DM1A, T9026, Sigma), and anti-Mmp13
(1:1000, ab58836, Abcam). Signals were detected using the LAS
4000 mini image analyzer (Fujifilm).
Immunocytochemistry and Immunohistochemistry—For

immunocytochemistry, cells were fixed with 4% paraformalde-
hyde in PBS for 30min and treated with 0.2%Triton X-100. For
antigen retrieval of type X collagen, cells were digested with 5

units/ml hyaluronidase (Calbiochem) for 30 min at 37 °C, fol-
lowed by pepsin (Quartett) digestion for 15 min at 37 °C. CAS
block (Zymed Laboratories Inc.) was used for blocking. Cells
were incubated with anti-type X collagen (1:50, LB-0092, LSL),
anti-SnoN (1:50, H-317, sc-9142, Santa Cruz Biotechnology,
Inc.), anti-phospho-Smad2 (1:100, catalog no. 3108, Cell Sig-
naling), and anti-Smad2/3 (1:100, catalog no. 610842, BD Bio-
sciences). Anti-rabbit Alexa Fluor 488 (1:200, A11008), or anti-
mouse Alexa Fluor 546 (1:200, A11060) (Invitrogen) was used
to detect signals. Normal rabbit or mouse serum was used as
negative control. For immunohistochemistry, we obtained
human samples from individuals undergoing total hip arthro-
plasty after obtaining written informed consent as approved by
the Ethics Committee of Kagoshima University (number
22-85). Formalin-fixed human femoral heads, mouse E17.5
embryo humeri, or bone organ culture were embedded in par-
affin blocks, which were sliced at 4-�m thickness. The antigen
was retrieved by using L.A.B. (Liberate Antibody Binding) solu-
tion (Polysciences), except in the case of typeX collagen antigen
retrieval with hyaluronidase digestion. CAS block was used for
blocking except for the cultured bones, which were blocked by
using 5% bovine serum albumin in PBS. Blocked sections were
incubated with anti-type X collagen (1:50, LB-0092, LSL), anti-
TGF-�1 (1:50, sc146, Santa Cruz Biotechnology, Inc.), anti-
phospho-Smad2 (1:100, catalog no. 3103, Cell Signaling),
anti-phospho-Smad3 (1:500, catalog no. 600-401-919, Rock-
land), anti-Smad2/3 (1:100, catalog no. 610842, BD Biosci-
ences), anti-SnoN (1:50, H-317, sc-9142, Santa Cruz Biotech-
nology, Inc.), and anti-V5-FITC (1:50, R963-25, Invitrogen).
Signals were detected using the REAL EnVision detecting sys-
tem with DAB chromogen (Dako), anti-rabbit Alexa Fluor 488
(1:200, A11008), or anti-mouse Alexa Fluor 546 (1:200,
A11060) (Invitrogen).
Real-time Quantitative PCR Assay—Cells were lysed with

theTRIzol reagent (Invitrogen) to purify RNA, and 1�g of RNA
was reverse transcribed into cDNA by using the Verso cDNA
Kit (Thermo Scientific). The relative amount of gene tran-
scriptswas determined by real-timePCRusing theTHUNDER-
BIRD quantitative PCR (qPCR) mix (Toyobo) on the Thermal
Cycler Dice TP850 (Takara). PCRs were performed in dupli-
cate, and the measured expression level of each gene was nor-
malized to that ofHprt1. Sequence information of primers used
is listed in supplemental Table 1.
Luciferase Assay—COS-7 cells were seeded in triplicate in

24-well plates and transiently transfected with firefly reporter
constructs, pGL4.75hRlucCMV Renilla vector, constitutively
active type I receptor constructs, and the SnoN vector. Dual
luciferase assays were performed as described (30) using the
GloMax 96 microplate luminometer (Promega).
Statistical Analysis—Data in this study are expressed as the

mean � S.D. of at least three independent experiments. A p
value of �0.05, which was determined by Student’s t test, was
accepted as statistically significant.

RESULTS

Endogenous TGF-� Signaling Suppresses Terminal Chondro-
cyte Maturation in Bone—To identify physiologically active
target genes of TGF-� signaling in chondrocytes, we employed
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a TGF-� type I receptor kinase inhibitor, SB431542, to block
endogenous TGF-� signaling. First, we evaluated if SB431542
could accelerate chondrocyte hypertrophy and, subsequently,
matrix calcification inmouse embryonicmetatarsal bone organ
cultures, which is a system that allows for the study of complex
chondrogenic processes in a three-dimensional structure in the
context of native cell-cell and cell-extracellular matrix interac-
tions and cellular signaling (29). The cartilage matrix was
stained by Alcian blue, whereas the matrix calcified by mature
hypertrophic chondrocytes was stained by alizarin red; the
clear zone represented uncalcified hypertrophic chondrocytes
(Fig. 1A). Upon treatmentwith BMP-2,matrix calcificationwas
induced, whereas coapplication of TGF-�1 prevented the
chondrocyte maturation. Blocking of endogenous TGF-� sig-
naling by SB431542 in BMP-treated bone significantly
enhanced the length of the clear zone as well as both length and
area of the calcified matrix of cartilage; this effect was dimin-
ished by exogenous TGF-�1 application (Fig. 1, A and B). The
longitudinal bone growth was slightly promoted by BMP-2,
whereas SB431542 or TGF-�1 showed no effect. These results
confirmed the inhibitory action of endogenous TGF-� signal-

ing in chondrocyte hypertrophy and maturation in bone
rudiments.
Next, to investigate cell-autonomous actions of endogenous

TGF-� signaling in BMP-inducedmaturation of chondrocytes,
we applied SB431542 in a chondrocyte micromass culture,
which is a systemwidely employed to study themultiple steps of
cartilage differentiation (31). Upon treatment with BMP-2 in
the presence of insulin/transferrin/selenium supplements,
expression ofCol2a1 andCol10a1was induced inATDC5 cells,
as reported previously (32), whereas combined application of
SB431542 mildly suppressed the level of Col2a1 mRNA, sug-
gesting the promotive role ofTGF-� signaling in early chondro-
genesis (Fig. 2A). In contrast, BMP-induced expression of
Col10a1 was further enhanced by SB431542 in ATDC5 cells as
well as dramatically enhanced in mouse primary chondrocytes
(Fig. 2A). Whereas treatment with BMP-2 accelerated the pro-
duction of the type X collagen protein (encoded by Col10a1) in
ATDC5 cells, SB431542 further strengthened the signal (Fig.
2B). The fluorescent signal of immunocytochemistry against
type X collagen was significantly increased by SB431542 treat-

FIGURE 1. Endogenous TGF-� signaling prevents maturation of chondro-
cytes in bone organ culture. Metatarsal bones from E17.5 mouse embryo
were cultured with BMP-2 (B2; 300 ng/ml) or TGF-�1 (T�1; 5 ng/ml) in combi-
nation with SB431542 (SB; 1 �M) for 4 days. A, cartilage matrix was stained
with Alcian blue, whereas chondrocyte matrix calcified by mature hyper-
trophic chondrocytes was stained by alizarin red. The clear zone represented
hypertrophic chondrocytes. B, total bone length, clear zone length, calcified
zone length, and calcified area, were analyzed on images using ImageJ soft-
ware (n � 4). *, p � 0.05; **, p � 0.01; n.s., not significant. Error bars, S.D.

FIGURE 2. Loss of TGF-� signaling promotes hypertrophic conversion of
chondrocytes. A, expression of Col2a1 and Col10a1 in ATDC5 chondrocytes
and mouse primary chondrocytes was analyzed by qPCR. Cells were treated
with or without BMP-2 (B2; 300 ng/ml) in combination with SB431542 (SB; 1
�M). ATDC5 cells were harvested at day 5, whereas primary chondrocytes
were harvested at day 14. B and C, immunocytochemistry for type X collagen
(COL-X) was performed on micromass cultures of ATDC5 cells at day 10. Scale
bars, 200 �m. The fluorescent signal of immunocytochemistry was quantified
by ImageJ software for four independent fields per group (C). D, expression of
Mmp13 mRNA was evaluated by qPCR. E, expression of Mmp13 protein in
ATDC5 cells at day 18 was assessed by immunoblotting. Tubulin served as a
loading control. *, p � 0.05; **, p � 0.01. Error bars, S.D.
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ment (Fig. 2C). Moreover, the expression ofMmp13, encoding
the collagenase matrix metallopeptidase 13 specifically ex-
pressed by the terminal hypertrophic chondrocytes, was dra-
matically up-regulated by blockade of the TGF-� signaling
pathway at both mRNA and protein levels (Fig. 2, D and E).
These data demonstrate the cell-autonomous inhibitory action
of endogenous TGF-� signaling in the late stage of chondrocyte
differentiation.
Endogenous TGF-� Signaling Is Up-regulated during Matu-

ration of Chondrocytes—Because SB431542 affected the late
stage of chondrocyte differentiation, we assessed if the expres-

sion of any of the three TGF-� ligands was increased during
BMP-induced maturation of ATDC5 chondrocytes. Although
the mRNA levels of Tgfb2 and Tgfb3 were marginally changed
by application of BMP-2 or SB431542, Tgfb1 (encoding TGF-
�1) was dramatically increased from day 4 and further
remained up-regulated byBMP-2 treatment, whereas it was not
affected by SB431542 (Fig. 3A). Because TGF-� ligands trans-
duce the signal through TGF-� type I receptor ALK5, encoded
by Tgfbr1, we asked if expression of Tgfbr1 was accelerated in
maturing ATDC5 cells. However, the expression level ofTgfbr1
was unchanged by BMP-2 application (Fig. 3A). Therefore, we

FIGURE 3. Endogenous TGF-� signaling is activated in maturing chondrocytes to suppress the expression of Id1, a direct target gene of BMP-Smad
pathway. A, ATDC5 chondrocytes were cultured with BMP-2 (B2; 300 ng/ml) in combination with SB431542 (SB; 1 �M) for the indicated times. Expression of
Tgfb1, Tgfb2, Tgfb3, and Tgfbr1 were examined by qPCR. B, status of TGF-� signaling activity was evaluated by immunoblotting for phosphorylated Smad2
(p-Smad2). ATDC5 cells were stimulated with BMP-2 for 7 days or TGF-�1 (T�1; 5 ng/ml) for 1 h, with or without SB431542. Immunoblot for tubulin served as
loading control. C, status of TGF-� signaling activity was evaluated by immunocytochemistry for phosphorylated Smad2. ATDC5 cells were stimulated with
BMP-2 for 4 days with or without SB431542. D, expression of TGF-�1 and status of intracellular TGF-� signaling activity (p-Smad2) in mouse E17.5 humerus
cartilage were evaluated by immunohistochemistry. E, status of BMP signaling activity was evaluated by immunoblotting for phosphorylated Smad1/5/8
(p-Smad1/5/8). ATDC5 cells were stimulated with BMP-2 for 4 days, with or without SB431542. Immunoblot for tubulin served as loading control. F, expression
of Id1 in ATDC5 cells at day 5 of stimulation was evaluated by qPCR. Scale bar, 100 �m. *, p � 0.05; **, p � 0.01; n.s., not significant. Error bars, S.D.
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evaluated if increased Tgfb1 expression reflected intracellular
signal transduction (Fig. 3B). As a positive control, exogenously
applied TGF-�1 potently induced the C-terminal phosphory-
lation of Smad2, which was weakened by SB431542. Impor-
tantly, in BMP-2-treated ATDC5 chondrocytes, Smad2 was
phosphorylated at a comparatively weak but detectable level,
which was suppressed by SB431542 (Fig. 3B). In addition, an
immunocytochemistry for phosphorylated Smad2 in ATDC5
cells showed that endogenous TGF-� signaling was activated in
BMP-2-treated chondrocytes, which was blocked by SB431542
(Fig. 3C). These data indicated that the activation of Smad2 by
BMP-2 was achieved through the TGF-� type I receptor, prob-
ably by the up-regulated production ofTGF-�1 inATDC5cells.
In developing humerus growth plate of E17.5 mouse embryo,
moderate expression of TGF-�1 was detected in proliferative
chondrocytes, suggesting its role in promoting early chondro-
genesis (Fig. 3D). Importantly, the expression of TGF-�1 was
further accentuated in the prehypertrophic zone and thematrix
around the hypertrophic chondrocytes (Fig. 3D). Similarly,
Smad2 was phosphorylated in some of the proliferative chon-
drocytes, whereas phospho-Smad2 was detected in most of the
prehypertrophic chondrocytes (Fig. 3D). Interestingly, Smad2
was not phosphorylated in hypertrophic chondrocytes. These
results from immunohistochemistry suggested that expression
of TGF-�1 was elevated to up-regulate TGF-� signaling in pre-
hypertrophic chondrocytes, whereas the signaling was inhib-
ited with in hypertrophic chondrocytes, in the endochondral
ossification process.
Because Smad3 signaling had been suggested to suppress

BMP pathway in maturing chondrocytes (26), we examined
immunoblotting for the phosphorylated Smad1/5/8 to investi-
gate the role of endogenous TGF-� signaling against the BMP-
Smad signaling system in chondrocytes. BMP-2 induced potent
C-terminal phosphorylation of Smad1/5/8 in ATDC5 cells,
even at day 4 of induction, whereas combined treatment with
SB431542 showed no effect (Fig. 3E). However, interestingly,
the expression of Id1, a specific direct target of the canonical
BMP-Smad pathway (33), was significantly elevated by
SB431542 treatment,whereas itwas suppressed by exogenously
applied TGF-�1 (Fig. 3F). These data suggest that BMP-in-
duced activation of endogenous TGF-� signaling inhibited
BMP signaling downstream of R-Smad activation as a negative
feedbackmechanism.These data also confirmed that SB431542
is an appropriate tool to screen for putative molecular media-
tor(s) downstream of endogenous TGF-� signaling to inhibit
BMP signaling in chondrocytes.
SnoN Is Induced by EndogenousTGF-� Signaling inMaturing

Chondrocytes—The BMP signaling system is negatively regu-
lated at multiple steps (e.g. by extracellular antagonists (e.g.
Noggin, Chordin, Dan, and Cerberus), inhibitory Smads
(I-Smads; Smad6 and Smad7), E3 ubiquitin ligases (e.g. Smurf1
and Smurf2), and the Ski/SnoN family of transcriptional core-
pressors) (34, 35).We asked if any of these BMP signaling inhib-
itors were induced downstream of endogenous TGF-� signal-
ing in maturing chondrocytes. In micromass cultures of
ATDC5 chondrocytes, treatment with TGF-�1, as positive
control, significantly elevated only the expression of Smad7 and
SnoN, both of which are the direct target genes of the TGF-�-

Smad pathway (supplemental Fig. 1). In BMP-2-induced
maturing cells, Smad6, Smad7, and SnoN were up-regulated,
whereas combined treatment with SB431542 completely inhib-
ited only the elevation of SnoN (supplemental Fig. 1). In mouse
primary chondrocytes at day 14 of BMP treatment, SnoN was
also significantly elevated; this effect was not observed by com-
bined application with SB431542 (Fig. 4A). These data indicate
that, among the examined BMP inhibitors, SnoN was exclu-
sively induced by the enhanced endogenous TGF-� signaling in
maturing chondrocytes. During the maturation phase of
ATDC5 chondrocytes, the level of SnoNmRNA was increased
from days 4 to 10 of BMP application and mildly decreased
thereafter, whereas this effect was completely prevented by
SB431542 (Fig. 4B). Because SnoN is an unstable protein, which
has a half-life of 30 min in the presence of TGF-� signaling (36,
37), we asked if the protein level of SnoN reflects the pattern of
its mRNA expression and performed an immunoblot for SnoN
protein (Fig. 4C). As control to identify specific bands for
endogenous SnoN protein, we performed a knockdown assay
against SnoN in monolayer cultures of ATDC5 cells (Fig. 4C,
lanes 5–7). At day 3, the signals of twomajor bands of around 80
kDa were increased in BMP-2-treated cells, both of which were
efficiently abolished by siSnoN, indicating that these bands rep-
resented the two isoforms, SnoNand SnoN2 (38). Inmicromass
cultures of ATDC5 chondrocytes at day 7 of BMP-2 applica-
tion, SnoN protein expression was also induced and further
weakened by SB431542 (Fig. 4C, lanes 1–4), indicating that the
expression of the SnoN protein was indeed induced by endog-
enous TGF-� signaling in maturing chondrocytes. We also
confirmed the induction of SnoN protein by immunocyto-
chemistry. Treatment with TGF-�1 for 16 h potently increased
the signal of SnoN protein, which was only faintly detected in
cells transfected with SnoN siRNA (Fig. 4D). At day 4 of BMP-2
stimulation, the level of SnoN protein was up-regulated, which
was weakened by siSnoN, inmaturing ATDC5 chondrocytes of
monolayer cultures (Fig. 4E). The knockdown efficiency of
SnoN in BMP-2-treated cells was relatively weak, probably
because 5 days had passed since the transfection of siRNA.
Next, to confirm that the inhibitory effect of SB431542 against
the expression level of SnoN was exclusive for the late matura-
tion phase, we stimulated ATDC5 cells with BMP-2 in combi-
nation with SB431542 and harvested the cells at the early time
points within 36 h of induction (Fig. 4F). To our surprise, SnoN
was rapidly induced by BMP-2 after 1 h and was decreased to
reach the basal level thereafter, an expression pattern that was
similar to that of Id1 (Fig. 4F). However, this transient induc-
tion of SnoN by BMP-2 was not affected by SB431542, suggest-
ing that endogenous TGF-� signaling was not responsible for
this up-regulation of SnoN.
To investigate the possibility that SnoN plays a role in chon-

drogenesis in vivo, its expression in cartilage tissue was exam-
ined. We extracted RNA from various tissues of 3-month-old
adult mice to prepare tissue panels of cDNA to analyze the
tissue distribution. Consistent with the report that heterozy-
gous SnoN knock-out mice developed T lymphomas in the
spleen, which indicates an important role of SnoN in the spleen
(39), we detected the highest level of SnoN expression in the
spleen (Fig. 4G). Interestingly, the comparatively highest level
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of SnoN expression was found in articular cartilage (Fig. 4G).
Immunohistochemistry for the growth plate of developing
bone of mouse embryos at E17.5, in which endochondral ossi-
fication was in progress, detected the signal of type X collagen
protein from the lower half of prehypertrophic chondrocytes to
the entire area of hypertrophic chondrocytes (Fig. 4H). Impor-

tantly, although SnoN protein was detected weakly in prolifer-
ating chondrocytes, its potent signal was present in prehy-
pertrophic chondrocytes, whereas it was weakened in
hypertrophic chondrocytes (Fig. 4H). These data suggest that
SnoN is highly expressed in premature chondrocytes before
hypertrophic conversion, in vitro and in vivo.

FIGURE 4. SnoN is induced in maturing chondrocytes by endogenous TGF-� signaling in vitro, whereas it is highly expressed in cartilage tissue in mice.
A, expression of SnoN in primary chondrocytes at day 14 of stimulation was evaluated by real-time RT-PCR. Cells were stimulated with BMP-2 (B2; 300 ng/ml)
with or without SB431542 (SB; 1 �M). B, ATDC5 chondrocytes were cultured with BMP-2 with or without SB431542 for the indicated times, after which the
samples were subjected to qPCR analysis for SnoN. C, expression of SnoN protein in ATDC5 cells was assessed by immunoblotting. Differentiation of ATDC5 cells
was induced by incubation with BMP-2 for 7 days (lanes 1– 4). As a control, cells were transfected with siSnoN for 16 h and further cultured in the presence of
BMP-2 for 3 days (lanes 5–7). Tubulin served as a loading control. D and E, immunocytochemistry for SnoN was performed on a monolayer culture of ATDC5
cells. Cells were transfected with siRNA for 16 h and further incubated with or without TGF-�1 (5 ng/ml) for 16 h (D) or with or without BMP-2 for 4 days (E).
MG132 (10 �M) was applied 16 h prior to cell fixation. Nuclei were visualized with propidium iodide (PI). Scale bars, 100 �m. F, ATDC5 chondrocytes were
stimulated with BMP-2 in combination with SB431542 for the indicated time points. cDNA samples were subjected to qPCR analysis for SnoN and Id1. G, tissue
cDNA panel of 3-month-old mice was subjected to real-time PCR for SnoN. H, protein expression of type X collagen (Col X) and SnoN in E17.5 humerus cartilage
was determined by immunohistochemistry. Zones of positive signal were indicated. Proteoglycans in cartilage matrix were stained by Safranin O. Scale bar, 100
�m. **, p � 0.01. Error bars, S.D.
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SnoN Suppresses the BMP-Smad Signaling Pathway to
Inhibit Hypertrophic Maturation of Chondrocytes—SnoN
interacts with Smad2, Smad3, and Smad4 in the cytoplasm to
prevent their nuclear translocation (40, 41). In the nucleus, it
represses their transcriptional activity by disrupting the active
trimeric Smad complex and recruiting transcriptional core-
pressors (36), thereby negatively regulating TGF-� signaling. It
is not known whether SnoN suppresses canonical BMP-Smad
signaling in the same manner as the related family molecule

c-Ski (42); however, SnoN may inhibit the pathway because of
its ability to bind Smad4, although it cannot bind Smad1/5/8
(43). To test this hypothesis, SnoNwas investigated using a BRE
luciferase reporter specifically responding to the BMP-Smad
pathway (33) in COS-7 cells. As a positive control for the SnoN
function, SnoN was applied to the 9xCAGA TGF-� signal
reporter (44), activated by constitutively active TGF-� type I
receptor ALK5, to show a dose-dependent potent inhibition
(Fig. 5A, left). Interestingly, SnoN did suppress the activity of

FIGURE 5. SnoN suppresses BMP signaling and subsequent chondrocyte maturation. A, SnoN expression vector was transfected with plasmids of consti-
tutively active type I receptors and a luciferase reporter of 9xCAGA luc (for TGF-� signaling) or BRE luc (for BMP signaling) into COS-7 cells. Expression of
transfected SnoN was confirmed by anti-SnoN immunoblot. Tubulin served as loading control. B, FLAG-tagged SnoN expression vector was stably transfected
into ATDC5 chondrocytes, and its expression was confirmed by anti-SnoN immunoblotting. C, SnoN suppressed expression of Id1 as well as Col10a1 at day 7
of BMP-2 (300 ng/ml) treatment in a stable transfectant of ATDC5 chondrocytes. D and E, metatarsal bones of E17.5 mouse embryo were infected with indicated
lentivirus (LV) for 16 h. Immunostaining using FITC-linked anti-V5 antibody on bone coronal sections was performed at day 2 of culture to evaluate the
efficiency of lentiviral infection. Nuclei were stained with Hoechst dye. Merged images are presented. LV-LacZ-V5 served as a lentiviral infection control (D).
Scale bars, 200 �m. Alcian blue/alizarin red staining was performed at day 2 of BMP-2 treatment (E). The arrowheads indicate the calcified cartilage matrix in
bone rudiments of triplicate culture. *, p � 0.05. Error bars, S.D.
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the BRE reporter induced by the constitutively active type I
BMP receptor ALK3 (encoded by Bmpr1a) (Fig. 5A, right) in a
dose-dependent manner, although more than 3 times the
amount of SnoN plasmid DNA was required for the inhibition
compared with the reporter assay using 9xCAGA. Next, we
stably transfected a FLAG-tagged SnoN expression vector into
ATDC5 cells and confirmed the transgene expression by anti-
SnoN immunoblotting (Fig. 5B). In ATDC5 chondrocytes, gain
of SnoN suppressed the elevated expression of Id1 at day 7 of
BMP-2 induction (Fig. 5C, left). The increased expression of the
hypertrophic marker Col10a1 was also down-regulated by
SnoN in BMP-treated ATDC5 cells (Fig. 5C, right). Thus,
forced expression of SnoN in ATDC5 chondrocytes inhibited
BMP signaling and, subsequently, chondrocyte maturation. To
investigate the role of SnoN in cartilagematuration, we infected
lentivirus carrying V5-tagged SnoN expression cassette into
E17.5 metatarsal bone rudiments. We confirmed the infection
efficiency of the lentivirus by performing immunohistochemis-
try on the coronal sections of the bones, using anti-V5-FITC
antibody to detect the transgene product (Fig. 5D). In lentivi-
rus-infected bones, we found the certain expression of
V5-tagged transgenes in the cells of perichondrium and the
chondrocytes in zones of reserve, proliferative, and prehyper-
trophic but not hypertrophic chondrocytes. Treatment of
BMP-2 induced calcification of the hypertrophic zone of bone
rudiments (Fig. 5E, arrowheads), whereas overexpression of
SnoN by lentivirus completely prevented the cartilage mineral-
ization (Fig. 5E). These data demonstrate that gain of SnoN
inhibits the maturation of the hypertrophic chondrocytes.
Next, we investigated the physiological role of endogenous

SnoN in ATDC5 chondrocytes by performing an siRNA-
mediated knockdown assay. We confirmed that SnoN protein
expression was induced upon BMP-2 induction, even at the
early time points, and that the two bands (representing SnoN
and SnoN2) could be efficiently eliminated by siSnoN (Fig. 6A).
BMP-2 induced a potent phosphorylation of Smad1/5/8,
whereas siSnoN showed no effect on the phosphorylation level,
even after the phosphorylation declined at 8 h (Fig. 6A). How-
ever, knockdown of SnoN mildly, but significantly, enhanced
the BMP-2-induced increase of the Id1 gene at day 4 in ATDC5
cells (Fig. 6B). siSnoN further significantly enhanced the BMP-
induced up-regulation of Col10a1 as well as alkaline phospha-

tase (Alp), another marker of matured hypertrophic chondro-
cytes (Fig. 6C). These data for the SB431542-mimicking effects
of siSnoN (Figs. 2 and 3) indicated that SnoNmediated a major
part of the roles of endogenous TGF-� signaling in chondro-
cytes to physiologically suppress BMP signaling and subse-
quent chondrocyte hypertrophic maturation without affecting
the activating step of Smad1/5/8.
TGF-� Signaling and Expression of SnoN Are Accentuated

in “Prehypertrophic” Chondrocytes Adjacent to Pathologically
Hypertrophic Chondrocyte inModerately AffectedOACartilage—
Given the role of SnoN in the prevention of hypertrophic con-
version of chondrocytes, SnoN protein may be present before
pathologic chondrocytes gainedhypertrophic phenotype inOA
cartilages (8, 9). We performed immunohistochemistry assays
for SnoN in human OA cartilages of various severities. In nor-
mal adult human femoral head cartilage, expression of type X
collagen was entirely absent, whereas SnoN protein was weakly
detected in the superficial zone (Fig. 7A). In moderate OA car-
tilage, in which the severity was graded as 6 according to the
modified Mankin score (45, 46), type X collagen-positive
pathologically hypertrophic chondrocytes were located in the
upper layer of degenerated cartilage, which was poorly stained
by Safranin O. Strikingly, we detected potent signals for SnoN
protein in chondrocytes in which the cell body was mildly
enlarged, resembling “prehypertrophic” chondrocytes in the
developing bone. These SnoN-positive cells formed colonies
located in close proximity of the colonies of hypertrophic chon-
drocytes (Fig. 7A). In severe OA cartilage of a grading score of
10, the cartilage surface of which was entirely destroyed, a few
colonies of pathologically hypertrophic chondrocytes express-
ing type X collagen were present; however, we could no longer
detect SnoN-positive cells (Fig. 7A). These data are consistent
with our hypothesis that SnoN prevents the progression of
hypertrophic conversion of articular chondrocytes. Finally, we
asked if this enhanced expression of SnoN protein was associ-
ated with TGF-� signaling in human OA cartilage, similarly as
observed in the growth plate of mouse embryo (Figs. 3D and
4H). In moderate OA cartilage, an immunofluorescence assay
revealed the abundant accumulation ofTGF-�1 protein around
the “prehypertrophic” chondrocytes (Fig. 7B). Moreover, phos-
phorylated active Smad3 was detected in these pathologic
chondrocytes. Again, SnoNproteinwas also expressed in chon-

FIGURE 6. Loss of SnoN in ATDC5 chondrocytes mimics the effect of SB431542, which accelerates the expression of Id1 and hypertrophic marker
genes. A, ATDC5 cells were stimulated by BMP-2 (300 ng/ml) 16 h after transfection with siRNA. Cells harvested at the indicated time points were subjected to
immunoblotting. B and C, ATDC5 chondrocytes were transfected with siRNA for 16 h, followed by induction of differentiation with BMP-2 for 3 days. Expression
of Id1, Col10a1, and Alp was analyzed by real-time RT-PCR. *, p � 0.05; **, p � 0.01. Error bars, S.D.
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drocytes in this region. These data demonstrated an association
of TGF-� signaling and expression of SnoN in the degenerating
cartilage.

DISCUSSION

Endogenous TGF-� Signaling Is Activated inMaturing Chon-
drocytes to Induce SnoN—Although the importance of TGF-�
signaling in preventing hypertrophic conversion of chondro-
cytes has been demonstrated (23, 24, 47), the mode of TGF-�
signaling during chondrocyte maturation and its direct target
gene(s) responsible for inhibiting the differentiation remain
largely unknown. While exogenously applied TGF-� has been
reported to have a positive role in early chondrogenesis in vitro,
SB431542 showedno effect on bone growth, whereas it dramat-
ically enhanced the matrix calcification by the mature hyper-
trophic chondrocytes in a bone organ culture system (Fig. 1).
This result suggested that endogenous TGF-� signaling was
more active in the late stage of maturing chondrocytes than in
the early stage of chondrocyte differentiation. Indeed, expres-
sion of Tgfb1 was up-regulated in the late phase of differentia-
tion of ATDC5 chondrocytes (Fig. 3A), coupled with an
increase in phosphorylation of Smad2, which was inhibited by
SB431542 (Fig. 3, B and C). This was completely linked to the
expression pattern of SnoN (Fig. 4,A–C). SnoN expression was
probably directly induced by endogenous TGF-� signaling
because SnoN had been shown to be directly induced by TGF-
�-activated Smad2 through its binding to the Smad-binding
element in the promoter of the SnoN gene (48). Interestingly, in
Smad3-deficient chondrocytes, the expression of TGF-�1,
TGF-� type I receptor ALK5 (Tgfbr1), and SnoN was sup-
pressed, whereas the expression of Smad1, Smad5, Smad6,
BMP-2, and BMP-6 was elevated (26), suggesting SnoN to be
one of the downstream targets of TGF-� signaling in chondro-

cytes. For the first time, we demonstrated the rapid and tran-
sient induction of SnoN by exogenously applied BMP ligand,
whereas it was not suppressed by SB431542 (Fig. 4F). The SnoN
expression pattern in the early phase, which resembled that of
Id1 (Fig. 4F), led us to hypothesize that the BMP-Smad path-
way, in addition to TGF-�-Smad signaling, can directly induce
SnoN in a context-dependentmanner. Indeed, the sequences of
GGCACC or GGCGCG, both of which contain a 1-base mis-
match with the BMP-Smad-responsive motif GGCGCC (33),
can be found adjacent to three TGF-�-responsive CAGA
Smad-binding elements in the SnoN promoter (48). Further
experiments are required to resolve this hypothesis and to eval-
uate the roles of BMP-Smad-induced SnoN.
SnoN Interferes with BMPSignaling to Suppress Hypertrophic

Differentiation of Chondrocytes—The Sno gene (whose name
derived from “Ski-related novel gene”) was initially discovered
on the basis of its close homology to v-Ski and c-Ski. Ski pro-
teins can suppress TGF-� signaling, as well as BMP signaling,
by binding to R-Smads and Smad4. Interestingly, although
c-Ski can interact weakly with Smad1/5, the strong interaction
with Smad4 is indispensable for suppression of BMP signaling
by c-Ski (42). Although SnoN interacts with Smad4, the role of
SnoN in the context of BMP signaling has not been well inves-
tigated. We showed here that SnoN suppressed BMP signaling
in a comparative but slightly weaker manner compared with
TGF-� signaling (Fig. 5A). This weaker suppression of BMP
signaling is probably due to the difference in the accessibility to
Smads (i.e. SnoN could bind to Smad2/3 and Smad4 but not to
Smad1/5, unlike c-Ski) (43). Loss of SnoNmildly enhanced the
expression of Id1, whereas it did not affect the phosphorylation
level of Smad1/5/8 (Fig. 6, A and B), supporting the notion that
the functional molecular target of SnoNwas not the phosphor-

FIGURE 7. TGF-� signaling and expression of SnoN are up-regulated in mildly hypertrophic chondrocytes located adjacent to colonies of pathologi-
cally hypertrophic chondrocytes in human OA cartilage. A, human OA cartilage samples were subjected to immunohistochemistry for type X collagen (COL
X) and SnoN. The severity of OA was graded according to the modified Mankin score on the basis of the histology of cartilage specimens stained with Safranin
O. Bottom panel, magnified images of a moderate OA sample in the top panel. B, the human OA cartilage specimen of moderate severity was subjected to
hematoxylin and eosin (HE) staining and immunohistochemistry for TGF-�1, phosphorylated Smad3 (p-Smad3), total Smad2/3, and SnoN. Scale bars, 200 �m.
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ylation step of Smad1/5/8 but rather Smad4. Because siSnoN
and SB431542 showed an essentially similar effect with regard
to phospho-Smad1/5/8 and Id1 expression (compare Fig. 3, E
and F, and Fig. 6, A and B), SnoN seems to be one of the major
mediators of TGF-� signaling to inhibit BMP signaling in chon-
drocytes. This is interesting because we previously reported a
similar negative feedbackmechanism regulated by signal cross-
talk between TGF-� and BMP signaling in osteoblast differen-
tiation, in which I-Smads were induced by endogenous TGF-�
signaling to inhibit BMP signaling in thematuration phase (49).
However, the expression of I-Smads was not dramatically
affected by SB431542 in ATDC5 chondrocytes (supplemental
Fig. 1), suggesting context-dependentmechanisms in the selec-
tion of TGF-� target genes in these mesenchymal cells. The
effect of forced expression, or knockdown, of SnoN showed
more dramatic changes in the Col10a1 expression than in that
of Id1 (Figs. 5C and 6C). The persistently mild suppression of
BMP signaling by SnoN during the maturing phase may
account for the major inhibition of hypertrophic maturation of
chondrocytes.
Expression of SnoN Is Associated with the Enhanced TGF-�

Signaling in Prehypertrophic Chondrocytes in Mouse Develop-
ing Bone and Human OA Cartilage—Maintenance of the artic-
ular cartilage depends on the function of articular chondro-
cytes, which produce cartilagematrix and are constrained from
undergoing thematuration program seen in growth plate chon-
drocytes of developing bone. Genetic association of single
nucleotide polymorphisms (SNPs) in the SMAD3 orASPN gene
(encoding asporin) with human OA has been reported (50, 51).
Asporinwas shown to bindTGF-� ligands on the cell surface to
block their signal transduction (52). In articular cartilage of old
mice, decreased expression of TGF-� ligands and receptors,
coupled with strongly dropped phosphorylation of Smad2, was
observed (53). Moreover, as mentioned in the Introduction,
mouse models of loss of TGF-� signaling showed an OA phe-
notype with accelerated hypertrophic conversion of chondro-
cytes. These lines of evidence clearly demonstrate the impor-
tance of TGF-� signaling in preventing OA change of articular
chondrocytes. To date, themechanism bywhich TGF-� signal-
ing regulates this process is largely unknown.One candidate for
targeting TGF-� signaling is Smurf2, a protein whose expres-
sion was up-regulated in human OA cartilage, whereas forced
expression of Smurf2 in chondrocytes developed OA change in
joints of the transgenic mice (25). Because Smurf2 is a TGF-�-
inducible molecule to inhibit TGF-� signaling, it may mediate
the effect of TGF-� signaling in chondrocyte hypertrophy.
However, in Smad3-deficient chondrocytes, which showed
enhanced BMP signaling and accelerated maturation, expres-
sion of Smurf2 was not affected (26). Similarly, in our ATDC5
micromass culture system, Smurf2 was not elevated in matur-
ing ATDC5 chondrocytes stimulated by BMP-2 (supplemental
Fig. 1). In contrast, we detected an increase of SnoN expression,
not only in both maturing ATDC5 cells and primary chondro-
cytes in vitro but also in prehypertrophic chondrocytes in
mouse developing bone and in humanOA cartilage (Figs. 4 and
7). Although we demonstrated the inhibitory role of SnoN in
chondrocyte hypertrophy in vitro (Figs. 5 and 6), hypertrophy
of chondrocytes was present in both developing normal mouse

cartilage and degenerating human OA cartilage, despite the
accentuated expression of SnoN in contiguous prehypertrophic
chondrocytes (Figs. 4H and 7). Inmouse E17.5 bone, phosphor-
ylation of Smad2 and expression of SnoN were diminished in
hypertrophic chondrocytes despite the abundant accumulation
of TGF-�1 protein in the extracellularmatrix (Figs. 3D and 4H),
suggesting a disorder of the signal transduction by unknown
mechanisms to be resolved. Similarly, in human OA cartilage,
expression of SnoN was weakened in colonies of COL X-posi-
tive hypertrophic cells (Fig. 7A). Taken together, it is likely that
the hypertrophic conversion was induced after the decline of
SnoN expression in these chondrocytes. In this regard, further
investigation is required to understand why the transduction of
TGF-� signaling and subsequent expression of SnoN are
diminished in hypertrophic chondrocytes. Although our
results do not establish an etiologic role for SnoN in the pro-
gression of OA, they at least establish a strong association that
explains a possible causal relationship between SnoN regula-
tion and hypertrophic conversion of chondrocytes in OA carti-
lage. Loss of SnoN inmice in vivo should reveal its putative roles
in cartilage hypertrophy or endochondral ossification; how-
ever, SnoN knock-out mice showed embryonic lethality at E3.5
(39). Therefore, a conditional knock-out mouse line of chon-
drocyte-specific ablation of the SnoN gene would be suitable to
address these questions. In conclusion, our data revealed a
novel role of SnoN in regulating BMP signaling and subsequent
chondrocyte maturation as a downstream mediator of TGF-�
signaling. SnoN may be targeted in chondrocytes to inhibit its
function in order to accelerate endochondral ossification or to
enhance its activity in the case of treatingOAor cartilage regen-
eration for repair.
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