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Abstract
Smurf2 is an E3 ubiquitin ligase that targets TGF-β receptor activated Smad2 and Smad3 for the
proteasome in primary articular chondrocytes, thus stimulating their hypertrophic differentiation.
Comparatively, how Smurf2 functions in growth plate chondrocytes in a developing long bone is an
open question. In this study, we measured the mRNA levels of endogenous Smurf2 and type X
collagen in chick growth plate at different embryonic stages to monitor the correlation between the
level of Smurf2 expression and chondrocyte maturational stage. We found that high levels of Smurf2
were associated with the differentiative and proliferative stages, while Smurf2 levels were thereafter
decreased as the chondrocytes matured toward hypertrophy. In addition, we injected Smurf2-RCAS
into chick wing buds at HH stage 20–23 and examined how the ectopic overexpression of Smurf2 in
condensing chondrogenic mesenchymeaffects the subsequent process of chondrocyte maturation and
ossification during embryonic development. Histological analysis showed that overexpression of
Smurf2 in a developing wing bud accelerated chondrocyte maturation and endochondral ossification,
which may result from a decrease in TGF-β signaling in the infected chondrocytes with Smurf2-
RCAS.
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INTRODUCTION
The process of endochondral ossification consists of multiple stages. The first stage is the
condensation of mesenchymal cells, which subsequently differentiate into chondrocytes and
produce cartilage matrix proteins including type 2 collagen (Col2a1) and Aggrecan, and form
cartilage rudiments. In the second stage, chondrocytes undergo proliferation and maturation
into hypertrophy, and express hypertrophic chondrocyte specific marker, type X collagen
(ColX). Finally, calcification of matrix and invasion of blood vessels takes place, hypertrophic
chondrocytes undergo apoptosis, and cartilage is removed and replaced by bone.

During the long bone lengthening through endochondral ossification, chondrocyte
proliferation and maturation are tightly regulated by several growth factors such as Indian
hedgehog (Ihh), parathyroid hormone-related protein (PTHrP), and members of the TGF-β
superfamily. TGF-β exists in three isoforms, TGF-β1, -β2, and -β3, and has diverse functions
in the regulation of chondrocyte differentiation and maturation. TGF-β induces chondrogenesis
and Col2a1 expression in limb bud cartilage and mesenchymal stem cell culture.1–3 On the
other hand, TGF-β is a potent inhibitor of chondrocyte maturation, evidenced in part by
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accelerated maturational progression when TGF-β signaling is reduced.4,5 Ihh is expressed by
prehypertrophic chondrocytes and coordinates with PTHrP expressed by periarticular
chondrocytes to form a negative feedback loop regulating the growth and differentiation of
chondrocytes.6 TGF-β2, expressed in the perichondrium, mediates the effect of Ihh on the
expression or acts upstream of PTHrP in this feedback loop.7 In addition, PTHrP may also act
downstream of TGF-β, mediating its inhibitory effect on chondrocyte hypertrophic
differentiation.8

TGF-β signaling is regulated at various levels. The expression level of TGF-β in the
chondrocytes of the growth plate does not always correlate with the levels of its biologically
active polypeptide in the matrix environment due to post-transcriptional mechanisms including
regulation and activation of TGF-β latent forms by vitamin D3 and matrix metalloproteinases
(MMPs).9–11 In addition, TGF-β intracellular signaling is modulated by the expression levels
of TGF-β receptors (type II and type I)and TGF-β receptor regulated Smads (Smad2 and
Smad3). Furthermore, the TGF-β signaling cascade within the cells is regulated by intracellular
signals such as inhibitory Smads and Smurfs. For example, Smad7 exerts an inhibitory function
through binding to the TGF-β type I receptor and prevention of recruitment and
phosphorylation of Smad3.12 Smad7 also acts as an adaptor to promote Smurf2-mediated
ubiquitination and degradation of the TGF-β type I receptor.13 Although Smurf2 ubiquitinates
both BMP and TGF-β activated Smads for degradation in mammalian cells,14,15 we found
that Smurf2 specifically targets TGF-β receptor activated Smads for ubiquitination and
degradation in primary articular chondrocytes, and leads to advanced cell maturation due to
loss of TGF-β signaling.16 However, how Smurf2 affects chondrocyte maturation during
embryonic development is totally unknown. In this study, we monitored the expression levels
of endogenous Smurf2 in chondrocytes during embryonic development and overexpressed
Smurf2 in a developing chick wing bud, and found: (1) the expression levels of Smurf2 are
associated with chondrocyte stage during embryonic development, and (2) ectopic
overexpression of Smurf2 in chick wing buds accelerated cartilagematuration and
endochondral ossification.

METHODS
Chondrocyte Isolation and Cell Culture

Chondrocytes were isolated from chick tibia growth plates and sterna at Hamburger-Hamilton
(HH) stage 43 (17th day of incubation) as described previously.17–20 Briefly, tibiotarsi were
dissected. The bone shell and the tarsus region were separated from the cartilaginous growth
plate and discarded. Proliferating chondrocytes were isolated from the proliferative zone of
the growth plate and caudal and cephalic chondrocytes were isolated from the caudal part and
cephalic part of the sterna, respectively. Cells were cultured with Ham’s F-12 medium
(GIBCO) containing 10% FBS and 50 U penicillin/streptomycin.

Real-Time RT-PCR
Total RNA was isolated from tibial growth plates, sterna, and from the cultured cells with the
RNeasy mini kit (Qiagen). Real-time RT-PCR was performed as previously described.21 Data
from each sample were normalized to GAPDH expression. The primers used for real-time
RTPCR were: (1) GAPDH: 5′-ACCACAGTCCAT GCCA TCAC-3′ (forward) and 5′-
TCCACCACCCTGTTGCT GTA-3′ (reverse)22; (2) ColX: 5′-ATTGCCAG
GGATGAAGGGACATAG-3′ (forward) and 5′-AGG TATTCCTGAAGGTCCTCTTGG-3′
(reverse); and (3) Smurf2: 5′-AAAGCAGGGAGCTGGTTTTCTG G-3′ (forward) and 5′-
GACTGC CCACATGTGGCACCGTT-3′ (reverse).
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Infection of Chondrocytes and Immunocytochemistry
A Smurf2-expressing construct (Smurf2-RCAS [replication competent avian sarcoma
retrovirus]) was generated by cloning a flag-tagged human Smurf2 cDNA, supplied by Dr.
Jeffrey Wrana, into an RCAS via ClaI enzyme sites. The method used for transfection of chick
fibroblasts with retrovirus and harvest of retrovirus-containing medium was described
previously.23,24 Sternal chondrocytes were then infected with a thin layer of medium
containing Smurf2-RCAS, and the expression of Smurf2 in the infected cells was examined
by immunocytochemistry as described previously.20 Briefly, chondrocytes were incubated
with the first monoclonal antibodies antiflag (M2; Sigma) overnight at 4°C. The secondary
antibody used was rhodamine-conjugated donkey antimouse IgG (H + L) (Jackson
ImmunoResearch Laboratories). Slides were mounted in 95% glycerol in PBS.

Luciferase Assay
Sternal chondrocytes were infected with Smurf2-RCAS and transfected with the TGF-β -
responsive promoter construct p3TP-lux (contains multiple TGF-β responsive elements) using
Superfect (Qiagen). The SV40 renilla-luc plasmid was cotransfected to serve as an internal
control as previously described.25 Three hours after transfection, cultures were treated with 5
ng/mL TGF-β1 (Bachem). Forty hours later, cells were lysed and extracts were prepared using
the Dual Luciferase Assay System (Promega) as directed by the manufacturer.

Morphological Analysis of Wing Buds
An established method using infected chick embryo fibroblasts with RCAS virus was used to
infect the developing wing buds.24,26 Briefly, fibroblasts were infected with Smurf2-RCAS-
containing medium. Cells were passed three times, and then pelleted, stained with 0.01% nile
blue sulfate, and approximately 1,000 cells (0.1 µL) were injected into the right wing buds at
stage 20–23.24,27 Wing buds were harvested at stage 30–34, and stainedwith Alcian blue (stain
cartilage in blue) and alizarin red (stain mineralized matrix in red). More than 50 wing buds
were injected with Smurf2-RCAS, and 40 wing buds were injected with RCAS. Approximately
30 wing buds infected with Smurf2-RCAS and 25 wing buds infected with RCAS were
processed for morphological analysis.

RESULTS
Smurf2 Is Differentially Regulated during Chondrocyte Differentiation and Proliferation in
Developing Embryos

Our previous study has shown that overexpression of Smurf2 in primary chondrocytes
stimulated chondrocyte maturation by inhibition of TGF-β signaling.16 To understand whether
the expression levels of endogenous Smurf2 are associated with chondrocyte maturational
stage in vivo, we examined the mRNA levels of Smurf2 and ColX in growth plate and sterna
during embryonic development. Embryonic tibial growth plate and sternae were isolated from
chick embryos at 11.5, 15.5, and 17.5 days, representing HH stages 37, 40, and 43, respectively.
18 Hematoxylin and eosin staining of limb buds at stages 37 and 43 revealed several remarkable
differences between them (Fig. 1A,B). Firstly, the end region of the growth plate of stage 37
limbs was condensed mesen-chyme in which the cells were undergoing chondrocyte
differentiation (Fig. 1A, asterisk in a′), while in a similar region at stage 43, the condensed
tissue was only in the margin of the growth plate (Fig. 1B, e′). This suggests that more
differentiating chondrocytes were in the growth plate of stage 37 than stage 43 embryos.
Second, the differentiated chondrocytes in the growth plate of stage 37 embryos were
proliferating (Fig. 1A, b and b′), and only a small number of cells were maturing into
hypertrophic chondrocytes (Fig. 1A, c and c′). However, in the growth plate of stage 43, the
majority of chondrocytes were proliferating and maturing into hypertrophic chondrocytes (Fig.

Wu et al. Page 3

J Orthop Res. Author manuscript; available in PMC 2009 February 6.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



1B, f, f′, g, g′). This suggests that more differentiating and proliferating chondrocytes were in
the growth plate of stage 37 than stage 43 embryos and more maturing chondrocytes were in
the growth plate of stage 43 than stage 37 embryos. Finally, chondrocytes in the hypertrophic
zone of the growth plate at stage 43 were round and enlarged (hypertrophic), while
chondrocytes in similar regions at stage 37 were maturing toward the hypertrophic stage (Fig.
1A,B, compare g′ to c′). Consistent with the histological analysis of the growth plate at stages
37 and 43, the transcription levels of ColX were relatively lower in the growth plate at stage
37 than at stage 43 (Fig. 1C, right panel). In contrast to the expression pattern of ColX in the
growth plate, the mRNA levels of Smurf2 were much higher in the growth plate at stage 37
than at stage 43 (Fig. 1C, left panel). The expression pattern of ColX and Smurf2 in the
embryonic sternae was similar to that the growth plate (Fig. 1D). The gene expression data,
along with the histological evidence, suggest that high levels of Smurf2 are associated with
chondrocyte differentiation and proliferation during embryonic development. In addition, the
expression pattern of ColX and Smurf2 in the primary chondrocyte cultures was similar to that
in the embryonic chondrocytes. Specifically, chondrocytes, released from the caudal portion
of the sternae and from the proliferative zone of growth plate, reversed to an earlier
differentiation stage (retro-differentiation) for reinitiation of chondrocyte proliferation and
reestablishment of a matrix environment at the first week of culture.11,19 While the
chondrocytes were undergoing differentiation and proliferation, the mRNA levels of ColX were
decreased, however Smurf2 was increased (Fig. 2), suggesting that Smurf2 is required for
chondrocyte proliferation and differentiation in vitro.

TGF-β Activates Smurf2 Transcription in Chondrocytes
As mentioned, TGF-β signaling promotes chondrocyte differentiation and proliferation during
chondrogenesis, and inhibits chondrocyte maturation.1,2,28,29 The up-regulation of Smurf2
gene expression in the differentiating and proliferating chondrocytes occurred coincidentally
with the repression of the ColX gene. Therefore, TGF-β signaling could have been responsible
for the upregulation of Smurf2 in the chondrocytes. To test this hypothesis, we treated caudal
and cephalic chondrocytes from sternae and proliferating chondrocytes from growth plate with
TGF-β, and examined the mRNA levels of Smurf2 and ColX. As expected, Smurf2 mRNA
levels were dramatically up-regulated in the TGF-β-treated cells (Fig. 3A,B, left panel) in
which ColX gene expression was repressed coincidentally (Fig. 3A,B, right panel). These data
suggest that the activation of Smurf2 and repression of ColX by TGF-β occurred at the same
time in the primary chondrocytes. Previous studies showed that TGF-β inhibition of
chondrocyte maturation might be through PTHrP.7,8 Therefore, we examined whether the
effect of TGF-β on Smurf2 expression was PTHrP-dependent. PTHrP dramatically inhibited
ColX gene expression in chondrocytes (Fig. 3C, right panel); however, no significant difference
in the mRNA levels of Smurf2 could be detected between the cells treated with and without
PTHrP (Fig. 3C, left panel), indicating that TGFβ-mediated up-regulation of Smurf2 expression
is PTHrP independent.

Overexpression of Smurf2 Accelerates Chondrocyte Maturation and Endochondral
Ossification

To understand how Smurf2 regulates endochondral ossification during embryonic
development, we cloned the human flag-Smurf2 cDNA into RCAS, and injected the Smurf2-
RCAS into developing chick wing buds at stage 20–23. Before performing the injection, we
first examined the expression and function of Smurf2 in the caudal sternal chondrocytes
infected with Smurf2-RCAS. Immunostaining of the infected cells with an antiflag antibody
revealed that Smurf2 protein was detected mainly in the nucleus (Fig. 4A, arrows) but not in
the cytoplasm (Fig. 4A, arrowheads) of chondrocytes. This signal is specific, because only
background was detected in the chondrocytes infected with the empty RCAS (Fig. 4A, RCAS,
arrowheads). To examine whether overexpression of Smurf2 in growth plate chondrocytes
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blocked TGF-β signaling as was seen in articular chondrocytes,16 we performed the p3TPLux
assay. We found that the reporter activity in the chondrocytes infected with Smurf2-RCAS was
decreased 70% compared to cells infected with the empty RCAS or the mock group (Fig. 4B).
These results indicated: (1) growth plate chondrocytes infected with Smurf2-RCAS expressed
high levels of Smurf2 protein in the nucleus, and (2) the overexpressed Smurf2 in the
chondrocytes blocked TGF-β signaling, consistent with the previous finding in the articular
chondrocytes.16

Finally, we examined the effect of Smurf2 on cartilage maturation and ossification in
developing wing buds by Alcian blue and alizarin red staining. Alcian blue and alizarin red
staining revealed that overexpression of Smurf2 stimulated chondrocyte maturation and
ossification. Specifically, by stage 30–34, extensive mineralization had occurred in the center
of infected right humeri with Smurf2-RCAS (Fig. 4C, right, arrow), whereas only a very small
patch of mineralization was observed in the uninfected left control limbs (Fig. 4C, left, arrow)
or in limbs infected with empty RCAS (Fig. 4D, right, arrow). These data indicated that ectopic
over-expression of Smurf2 in developing wing buds stimulated endochondral ossification. In
addition, the distance between the hypertrophic domain (Fig. 4C, bright region indicated by
an arrowhead) and the ends of humerus was reduced about 18% in size in the limbs infected
with Smurf2-RCAS compared to that of uninfected ones and the ones infected with RCAS (Fig.
4C–E), indicating that ectopic overexpression of Smurf2 in developing wing buds accelerates
chondrocyte maturation.30 No overall difference could be observed between the limbs infected
with RCAS and uninfected limbs (Fig. 4D), suggesting that the morphological changes in the
limbs infected with Smurf2-RCAS are not artifactual.

DISCUSSION
Regulation of TGFβ Signaling

TGF-β signaling is regulated at multiple levels. TGF-β molecules are synthesized and secreted
as latent forms, and need either vitamin D3 or MMPs to activate the latent forms to become
biologically active peptides.9,10,31,32 During embryonic development, the latent form of
TGF-β is normally expressed in chondrocytes with abundant expression of Col210; however,
the chondrocytes producing vitamin D3 and MMPs, which are used to activate the latent forms,
are not exactly the same cells as that for secreting latent TGF-β.10,31,32 It appears that the
expression levels of TGF-β are not consistent with the levels of biologically active TGF-β
peptides in some chondrocyte populations in certain biological situations.9,10 More
importantly, once TGF-β binds to its receptors, the phosphorylated receptor activates not only
the Smad pathway but also MAPK pathway.33 Thus, it is a major over-simplification to
evaluate TGF-β signaling solely according to the expression levels of TGF-β or Smads. Given
the fact that TGF-β signaling stimulates chondrogenesis and inhibits chondrocyte maturation,
and although we do not have direct evidence showing that up-regulation of Smurf2 in the early
stage of embryonic chondrocytes is due to relatively higher levels of TGF-β signaling, the up-
regulation of Smurf2 in these immature chondrocytes occurred coincidentally with the
inhibition of ColX gene expression. This suggests that the expression levels of Smurf2 in
chondrocytes are correlated with TGF-β signaling. This hypothesis is further confirmed by a
dramatic stimulation of Smurf2 expression in chondrocytes treated with TGF-β. Although one
study suggested that TGF-β-mediated up-regulation of Smurf2 expression in human sarcoma
cells was through a Smad-independent PI3 kinase pathway,34 we continue to study the
molecular mechanisms underlying regulation of Smurf2 expression by TGF-β in chondrocytes.
Based on the previous study that said that Smurf2 specifically targets TGF-β receptor activated
Smads in chondrocytes and inhibits TGF-β signaling, the up-regulation of Smurf2 by TGF-β
in the embryonic chondrocytes may represent an auto-inhibitory feed back mechanism for
TGF-β signaling in vivo.
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Smurf2 Accelerates Chondrocyte Maturation and Ossification
During embryonic development, Smurf2 expression levels are high in the immature
chondrocytes and associated with chondrocyte differentiation and proliferation; however,
Smurf2 levels are down-regulated as chondrocytes mature. To understand how Smurf2
regulates chondrocyte maturation, we infected developing wing buds with Smurf2-RCAS at
HH stage 20–23, and examined the morphological changes after 1 week incubation. Because
Smurf2-RCAS is propagated in avian proliferating cells, the proliferating chondrocytes and
subsequent maturing chondrocytes in the infected wing buds theoretically have relatively
higher levels of Smurf2 than chondrocytes from other zones. This pattern of Smurf2
overexpression in the infected wing buds with Smurf2-RCAS allowed us to study the
pathological effect of Smurf2 on the fate of proliferating and maturing chondrocytes. Alcian
blue and alizarin red staining showed that chondrocyte maturation and ossification are
advanced in the wing buds infected with Smurf2-RCAS, which may be due to loss of TGF-β
signaling in the infected cells. The inhibitory effect of TGF-β signaling on chondrocyte
maturation is essential for proper bone development.5,7,8 Thus, the Smurf2-TGF-β feedback
loop may be critical to ensure fine control of TGF-β signaling output, so that the rate of
chondrocyte maturation is carefully regulated during embryonic endochondral development.
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Figure 1. Up-regulation of Smurf2 in chondrocytes at early stage of embryonic development
(A,B) Morphology of ulna growth plate at HH stage 36–37 (A) and stage 43 (B) stained with
hematoxylin and eosin (H&E). a′, b′, and c′ are the enlarged regions of a, b, and c in (A). e′, f
′, and g′ are the enlarged regions of e, f, and g in (B). (C,D) Relative expression levels of
Smurf2 and ColX in growth plate (C) and sterna (D). Total RNA was extracted from the growth
plate and sternum at HH stages 37, 40, and 43. The mRNA levels were determined by real time
RT-PCR. Error bars represent the standard deviation of the mean of the results (n = 4). *p <
0.05, **p < 0.01.
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Figure 2.
(A,B) Relative expression levels of Smurf2 and ColX in growth plate (GP) chondrocytes (A)
and sternal chondrocytes (B). Growth plate chondrocytes and sternal chondrocytes were
cultured at 37°C for 2, 4, 6, and 8 days. Total RNA was extracted from the cells and the mRNA
levels of Smurf2 and ColX were determined by real time RT-PCR. Error bars represent the
standard deviation of the mean of the results (n = 3).
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Figure 3. Stimulation of Smurf2 expression by TGF-β in chondrocytes is PTHrP-independent
(A,B) TGF-β stimulates Smurf2 and inhibits ColX expression in chondrocytes from growth
plates (A) and sterna (B). (C) PTHrP inhibits ColX but not Smurf2 expression in growth plate
chondrocytes. Chondrocytes were cultured in the presence or absence of PTHrP for 2 days,
and the mRNA levels of Smurf2 and ColX were determined by real time RT-PCR. Error bars
represent the standard deviation of the mean of the results (n = 4).
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Figure 4. Smurf2 accelerates endochondral ossification
(A) Smurf2 is overexpressed in chondrocytes infected with Smurf2-RCAS. Arrows indicate
the accumulation of flag-tagged Smurf2 protein in the nucleus of the chondrocytes stained with
a rhodamine-coupled antiflag antibody (left). Arrowheads indicate the background in the
chondrocytes infected with Smurf2-RCAS (left), or empty RCAS (right). (B) Overexpression
of Smurf2 in chondrocytes inhibits TGF-β signaling. Chondrocytes infected with Smurf2-
RCAS (Smurf2-RCAS), RCAS (RCAS), and vehicle without any of the virus (Mock) were
transfected with p3TP-Lux. Luciferase activity was determined after 40 h. (C,D) Injection of
chick wing buds with Smurf2-RCAS accelerated cartilage maturation and endochondral
ossification. Smurf2-RCAS (C) or RCAS(D) was injected into the right wing bud at HH stage
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20–23, and the left wing buds were uninfected controls. Wing buds were harvested at HH stage
30–34, and stained with Alcian blue and Alizarin red. Red arrow indicates an expanded
ossification domain in the humerus infected with Smurf2-RCAS; black arrows indicate small
patches of ossification in the control humerus. Double arrowhead lines indicate the distance
between the hypertrophic domain and the articular surface. An arrowhead indicates the
hypertrophic zone. H, humerus; R, radius; U, ulna. (E) Quantitative analysis of the distance
between the hypertrophic (hy) zone and the ends of long bones. Error bars represent the
standard deviation of the mean of the results (n = 4). *p < 0.05.
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