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ABSTRACT: Chondrocytes express RANKL, but their role in osteoclastogenesis is not clear. We report that
hypertrophic chondrocytes induce osteoclast formation through RANKL production stimulated by BMP2 and
Runx2/Smad1 and thus they may regulate resorption of calcified matrix by osteoclasts at growth plates.

Introduction: Bone morphogenetic protein (BMP) signaling and Runx2 regulate chondrogenesis during bone
development and fracture repair and RANKL expression by osteoblast/stromal cells. Chondrocytes express
RANKL, and this expression is stimulated by vitamin D3, but it is not known if chondrocytes directly support
osteoclast formation or if BMPs or Runx2 is involved in this potential regulation of osteoclastogenesis.
Material and Methods: The chondrocyte cell line, ATDC5, primary mouse sternal chondrocytes, and chick
sternal chondrocytes were used. Cells were treated with BMP2, and expression of RANKL and chondrocyte
marker genes was determined by real-time RT-PCR and Western blot. Chondrocytes and spleen-derived
osteoclast precursors ± BMP2 were co-cultured to examine the effect of chondrocyte-produced RANKL on
osteoclast formation. A reporter assay was used to determine whether BMP2-induced RANKL production is
through transcriptional regulation of the RANKL promoter and whether it is mediated by Runx2.
Results: BMP2 significantly increased expression of RANKL mRNA and protein in all three types of chon-
drocytes, particularly by Col X-expressing and upper sternal chondrocytes. Chondrocytes constitutively in-
duced osteoclast formation. This effect was increased significantly by BMP2 and prevented by RANK:Fc.
BMP2 significantly increased luciferase activity of the RANKL-luc reporter, and Smad1 increased this effect.
Deletion or mutation of Runx2 binding sites within the RANKL promoter or overexpression of a dominant
negative Runx2 abolished BMP2- and Smad1-mediated activation of RANKL promoter activity.
Conclusions: Hypertrophic chondrocytes may regulate osteoclastogenesis at growth plates to remove calcified
matrix through BMP-induced RANKL expression.
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INTRODUCTION

DURING EMBRYONIC DEVELOPMENT, the long bones of the
skeleton are formed by endochondral ossification, a

process in which bones are first formed as cartilage tem-
plates, which are replaced subsequently by bone. The pro-
cess is initiated by aggregation of mesenchymal cells, which
differentiate into proliferating chondrocytes to form the
cartilaginous templates. In the centers of these elongating
templates, the proliferating chondrocytes express predomi-
nantly collagen type II and differentiate into type X colla-
gen-expressing hypertrophic chondrocytes. The cartilagi-
nous matrix expressed by hypertrophic chondrocytes in the
centers of these templates becomes mineralized and subse-
quently is invaded by blood vessels to form a medullary
cavity. The cartilage is partly replaced by bone, which is laid

down by osteoblasts and subsequently is resorbed by osteo-
clasts to maintain a cavity for bone marrow.(1)

Osteoclasts are multinucleated cells with the ability to
resorb mineralized matrix and are formed by fusion of he-
matopoietic precursor cells in the monocyte/macrophage
lineage.(2) Osteoclast formation requires the expression of
RANKL by supporting cells, such as marrow stromal cells,
osteoblasts, and T cells,(3) and of RANK, a member of the
TNF receptor family, by osteoclast precursors. Osteoclast
formation and activation are negatively regulated by osteo-
protegerin (OPG), a protein that also belongs to the TNF
receptor family. OPG is a soluble decoy receptor secreted
by osteoblasts and stromal cells that prevents RANKL/
RANK interaction by binding to RANKL.(4)

RANKL and OPG are also expressed by hypertrophic
chondrocytes in the growth plate during embryonic devel-
opment.(5) Recently, Masuyama et al.(6) showed, using
wildtype (WT) and chondrocyte-specific vitamin D recep-The authors state that they have no conflicts of interest.
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tor knockout mice, that vitamin D3 stimulates chondrocytes
to produce RANKL and thus promotes osteoclast forma-
tion. However, little is known about other factors that
might influence chondrocyte RANKL expression and its
potential role in hypertrophic chondrocyte regulation of os-
teoclastogenesis. This may be an important function of
chondrocytes because, during endochondral bone forma-
tion, osteoclast precursors are recruited to the junction be-
tween hypertrophic chondrocytes and newly formed bone.
There they remodel this bone to facilitate the formation of
the marrow cavity and prevent the development of osteo-
petrosis. Interestingly, osteoclasts are not required for the
removal of hypertrophic chondrocytes during vascular in-
vasion or for the resorption of calcified cartilage matrix at
the junction between the growth plate and newly formed
bone because these take place in mice and humans who do
not form osteoclasts.(7–9) These activities presumably are
carried out by chondroclasts, which remain poorly defined
cells that may be in the mononuclear/phagocyte lin-
eage.(10,11)

Bone morphogenetic proteins (BMPs) and their Smad
signaling molecules are important regulators of most as-
pects of endochondral bone formation during embryonic
development, including the appearance and shape of mes-
enchymal condensations, skeletal patterning, induction of
chondrocyte hypertrophy, and joint formation.(12) BMP2
induces expression of several markers of maturation in mul-
tiple models of chondrocyte differentiation.(13) It is ex-
pressed by osteoblast/stromal cells and directly enhances
RANKL expression by these cells. In this way, it induces
osteoclast formation and activity of osteoclasts, which ex-
press BMP receptors and Smads.(14,15) These reports sug-
gest that BMP2 signaling may influence osteoclastogenesis
through both direct and indirect mechanisms. However, it is
not known if BMP2 affects chondrocyte expression of
RANKL or OPG and thereby osteoclastogenesis.

In this study, we performed a series of in vitro experi-
ments that define chondrocytes as another cell type that
directly supports osteoclastogenesis in response to BMP2.
BMP2 and its downstream signaling molecule, Smad1, ac-
tivate the RANKL promoter predominantly in hypertro-
phic chondrocytes to induce osteoclast formation, an effect
that is mediated through Runx2 binding sites in the pro-
moter.

MATERIALS AND METHODS

Reagents

BMP2, human macrophage-colony stimulating factor
(M-CSF), and RANK-Fc were purchased from R&D sys-
tems (Minneapolis, MN, USA); 1�25-dihydroxyvitamin D3

(vitamin D) was from Roche (Indianapolis, IN, USA); and
rabbit anti- RANKL antibody was from Calbiochem (San
Diego, CA, USA).

Chondrocyte cultures

Three sources of chondrocytes were used, including
ATDC5 cells (cloned from a mouse teratocarcinoma) and
primary sternal chondrocytes from mice and chickens.

ATDC5 cells were cultured in a 1:1 mixture of DMEM
and Ham’s F-12 medium (DMEM/F-12; Invitrogen, Carls-
bad, CA, USA) containing 5% FBS (Invitrogen), 50 units/
ml penicillin, 50 �g/ml streptomycin, 10 �g/ml human trans-
ferrin (Roche Molecular Biochemicals, Indianapolis, IN,
USA), and 3 × 10−8 M sodium selenite (Sigma, St Louis,
MO, USA) according to published protocols.(16) Primary
mouse sternal chondrocytes were isolated from costal car-
tilage of newborn ICR mice through two enzymatic diges-
tions (3 mg/ml of collagenase D; Sigma). Cells were plated
at a density of 10,000 cells/cm2 and cultured for 5–6 days to
reach confluence and were treated with BMP2 or PBS for
various times in the presence of ascorbic acid (0.05 mg/ml)
and �-glycerophosphate (10 mM) according to a published
protocol.(16)

Primary chick chondrocytes were isolated from 15-day-
old chick embryonic upper and lower sterna by digestion
for 4 h at 37°C, with 5% CO2 in Hanks’ balanced salt so-
lution (HBSS) containing 0.05% collagenase D (Sigma) and
0.25% trypsin (Sigma) as described previously.(17) Chick
chondrocytes were plated in 100-mm plates at a density of
3 × 106 cells/plate. After primary culture for 7 days, cells
were harvested, and secondary cultures were placed in
6-well plates at a density of 5 × 105 cells/well for gene ex-
pression experiments.

Real-time RT-PCR

Cells were homogenized using 1 ml of TRIzol reagent
(Invitrogen), and total RNA was extracted according to the
manufacturer’s protocol. cDNA was synthesized using 20 �l
of reverse transcription reaction solution as we described
previously.(18) Quantitative real-time RT-PCR amplifica-
tions were performed in an iCycler real-time PCR machine
using iQ SYBR Green supermix (both from Bio-Rad Labo-
ratories) according to the manufacturer’s instructions. The
quantity of mRNA of each gene was normalized using the
CT (threshold cycle) value obtained for �-actin or GAPDH
mRNA amplifications as we described previously.(18) The
sequences for individual primers are shown in Table 1.

Western blot analysis

Cells were washed with cold PBS, and whole cell lysates
were prepared by the addition of M-PER mammalian pro-
tein extraction reagent (Pierce, Rockford, IL, USA) con-
taining a protease inhibitor mixture (Roche Applied Sci-
ence). Twenty micrograms of protein was loaded per lane
and separated on a 10% polyacrylamide gel, followed by
transfer to a nitrocellulose membrane (Bio-Rad, Hercules,
CA, USA) by electroblotting. Membranes were blocked for
nonspecific binding in 3% nonfat dry milk and followed by
incubation with an antibody at 4°C. After membranes were
washed, the blots were probed with a horseradish peroxi-
dase–conjugated secondary antibody (Bio-Rad) and visual-
ized by an enhanced chemiluminescence system (Amer-
sham Biosciences, Buckinghamshire, UK) according to the
manufacturer’s instructions. The intensity of bands in the
film was determined by densitometric analysis using NIH
Image software.
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In vitro osteoclastogenesis assay

ATDC5 or primary mouse sternal chondrocytes (5000
cells/well) were plated in 48-well plates for 12 h and treated
with or without BMP2 (100 ng/ml). Spleen cells were
isolated from 2-mo-old C57BL/6 mice and cultured with
M-CSF (10 ng/ml) for 3 days to generate osteoclast precur-
sors as we described previously.(19) These osteoclast pre-
cursors (50,000 cells/well) were removed and placed on top
of the BMP2-treated chondrocytes. Cells were co-cultured
for an additional 10 days in the presence of M-CSF with or
without BMP2. In some experiments, RANK-Fc (50 ng/ml)
was added to block RANKL signaling. Cells were fixed
with formalin and stained for TRACP activity. Multinucle-
ated TRACP+ cells were counted as osteoclasts. For resorp-
tion pit formation assays, chondrocytes and splenocytes
were co-cultured on slices of bovine cortical bone in 96-well
plates. After 14 days of culture, bone slices were washed
with PBS and stained with 0.1% toluidine blue. Pit numbers
and area were quantified under a light microscope using an
eyepiece reticule and standard stereometry methods.

Plasmid construction and luciferase assay

The following plasmid constructs were used in transient
transfection assays. We used Smad1, Smad6, Smurf1, and
dominant negative Runx2 expression vectors, as described
previously.(18,20) The RANKL-luciferase reporter con-
structs and constructs with mutated Runx2 binding sites in
RANKL promoter plasmids were obtained from Dr
Charles O’Brien.(21) The nested deletion constructs of
RANKL-luciferase plasmids were generated by PCR am-

plification of the cloned DNA fragments according to the
sequence of the mouse rankl promoter (accession number
BC125603). The following oligonucleotides were used to
make deletion mutants: −649/−630 to +111, 5�-
TTAGCTCTGCTAACAGCTC-3�; −227/−208 to +111, 5�-
AAAGGATAGGGGCCAGCCT-3�; −144/−125 to +111,
5�-AAGGAAAGGAAGGAGGGCA-3�. All mutated
constructs were verified by DNA sequence analysis.
ATDC5 cells were co-transfected with 0.5 �g RANKL-
luciferase reporter, 0.05 �g pRL-Renilla vector as an inter-
nal control, and 0.45 �g expression vector using FuGENE6
(Roche). Cells were treated with PBS or BMP2 (100 ng/ml)
for 48 h. Luciferase activities were assayed using a Dual-
Luciferase Reporter Assay System (Promega, Madison,
WI, USA) according to the manufacturer’s instructions.

Statistical evaluations

The data are presented as mean ± SE of three experi-
ments, and all experiments were performed at least twice.
Statistical analysis was performed using Mann-Whitney’s
U-test with Statview software; p < 0.05 was considered sta-
tistically significant.

RESULTS

BMP2 stimulates RANKL expression
in chondrocytes

To determine whether BMP2 stimulates chondrocytes to
produce RANKL, ATDC5 cells were treated with or with-
out BMP2 (100 ng/ml) for various times. RANKL mRNA
levels assessed using real-time RT-PCR increased progres-

TABLE 1. SEQUENCES OF PRIMERS USED IN THE REAL-TIME PCR

Genes Sequences of primers GenBank accession number
Target sites

on genes
Product

sizes (bp)

Mouse
RANKL F: 5� CCAAGATCTCTAACATGACG 3� BC125603 635–774 140

R: 5� CACCATCAGCTGAAGATAGT 3�

OPG F: 5� CAGAGCGAAACACAGTTTG 3� U94331 697–497 201
R: 5� CACACAGGGTGACATCTATTC 3�

Col2 F: 5� GATGACATTATCTGTGAAG 3� NM_031163 345–494 150
R: 5� ATCTCTGATATCTCCAGG 3�

ColX F: 5� CTTTGTGTGCCTTTCAATCG 3� NM_009925 3540–3677 138
R: 5� GTGAGGTACAGCCTACCAGTT 3�

OC F: 5� CTTGGTGCACACCTAGCAGA 3� L24429 25–176 152
R: 5� ACCTTATTGCCCTCCTGCTT 3�

�-actin F: 5� ACCCAGATCATGTTTGAGAC 3� X03765 280–503 224
R: 5� GTCAGGATCTTCATGAGGTAGT 3�

Chicken
RANKL F: 5� ACACGCCCTTTGAAAATCAG 3� XM425625 305–500 196

R: 5� GCAAAAGGTTGCTTCTCTGG 3�

Runx2 F: 5� ACTTTGACAATAACTGTCCT 3� AF445419 511–702 192
R: 5� GACCCCTACTCTCATACTGG 3�

Col2 F: 5� AGAAAGGAATCCAGCCCAAT 3� NM_204426 4384–4621 238
R: 5� ACACCTGCCAGATTGATTCC 3�

ColX F: 5� ACATGCATTTACAAATATCGTTAC 3� J04194 1340–1500 161
R: 5� AAAATAGTAGACGTTACCTTGACTC 3�

GAPDH F: 5� TATGATGATATCAAGAGGGTAGT 3� K01458 813–1011 199
R: 5� TGTATCCAAACTCATTGTCATAC 3�

F, forward primer; R, reverse primer.
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sively with time in control groups, and BMP2 treatment
enhanced RANKL expression levels at each time-point
(Fig. 1A). OPG mRNA expression levels also increased in
control groups with time, and this effect was enhanced by
BMP2 (Fig. 1B). Because BMP2 increased expression of
both RANKL and OPG, we calculated the RANKL/OPG
ratio in these cells, because this ratio is known to be a major
determinant of osteoblast-regulated osteoclastogenesis,(22)

and found that it was increased significantly. Furthermore,
BMP2 treatment increased RANKL protein levels in both
ATDC5 cells and primary mouse sternal chondrocytes
(Figs. 2A and 2B).

Chondrocytes support osteoclastogenesis through
RANKL production

To determine whether chondrocytes can directly pro-
mote differentiation of osteoclast precursors to mature os-

teoclasts, we co-cultured ADTC5 cells or primary mouse
sternal chondrocytes with spleen-derived WT murine os-
teoclast precursors (Fig. 3A). Spleen cells cultured alone or
with BMP2 failed to form osteoclasts, as expected. How-
ever, osteoclasts formed spontaneously in co-cultures of
chondrocytes and spleen cells in the absence of RANKL or
BMP2 (Fig. 3A). Addition of BMP2 significantly increased
osteoclast numbers in these co-cultures, although the num-
bers formed were lower than those treated with vitamin D
or RANKL, which were used as positive controls in the
ADTC5 (Fig. 3B) or primary mouse sternal chondrocyte
cultures (Fig. 3C). Furthermore, RANK-Fc significantly in-
hibited osteoclast formation in all groups including chon-
drocyte/spleen co-cultures alone and co-cultures with
BMP2, vitamin D3, or RANKL (Fig. 3D), indicating that
RANKL is essential for chondrocyte-induced osteoclast
formation. The osteoclasts formed in these co-cultures also
formed resorption pits after 15 days, and BMP-2 treatment
significantly increased the area of pits formed as did

FIG. 1. BMP2 increases RANKL mRNA production in chon-
drocytes. ATDC5 cells were treated with BMP2 (100 ng/ml) for
various times. The expression of (A) RANKL, (B) OPG, and
�-actin mRNA was determined by real-time RT-PCR. The rela-
tive expression levels of RANKL and OPG were normalized by
�-actin in the same samples. The fold induction of RANKL
mRNA was calculated as follows: relative RANKL level in a given
time/relative RANKL level in day 0. The RANKL/OPG ratio in
each time-point was calculated by dividing relative RANKL level
with the relative OPG level in the same sample (C). The cells
treated with BMP2 at the various times indicated came from the
same pool of cells as the control cultures. This is indicated by the
broken line from 0 to 2 h. ap < 0.05 vs. control value at same
time-point.

FIG. 2. BMP2 increases RANKL protein expression in chondro-
cytes. (A) ATDC5 cells or (B) primary mouse sternal chondro-
cytes were treated with or without BMP2 (100 ng/ml) for various
times. RANKL and �-actin protein levels were examined by
Western blot analysis. A representative Western blot from
ATDC5 cells is shown (top panels, A). Quantitation of protein
bands was performed by densitometry using NIH image. The rela-
tive expression levels of RANKL protein were normalized by
�-actin protein levels. The fold induction was measured by the
following: the intensity of relative RANKL protein expression at
each time-point/the intensity of relative RANKL protein expres-
sion in the day 0 sample. ap < 0.05 vs. control value at same
time-point.
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RANKL and vitamin D3, consistent with their effects on
osteoclast numbers (Fig. 3E).

BMP2 is known to stimulate RANKL production by os-
teoblasts.(23) To eliminate the possibility that ATDC5 cells
contain osteoblast precursors, we examined expression of
cell lineage markers using cells that have been cultured with
BMP2 for 8 days, the same length of time as the co-cultures
on plastic. Type II and type X collagens were used as mark-
ers for proliferating and hypertrophic chondrocytes, respec-
tively. Type 1 collagen and osteocalcin were used as mark-
ers for osteoblasts. We found that the expression of type II
collagen increased until day 6 and decreased in the presence
and absence of BMP2, whereas type X collagen expression

increased later than that of type II and remained elevated
at 8 days. However, we found no change in type 1 colla-
gen or osteocalcin expression in response to BMP2, con-
firming the chondrocytic nature of ATDC5 cells (Fig. 4).
We also examined expression of bone sialoprotein (BSP)
expression in primary chick upper and lower chondrocytes
in response to BMP2. We found no response to BMP2 in
the lower sternal chondrocytes, but we did observe a sig-
nificant increase in BSP expression in response to BMP2
after 2 days of treatment of upper sternal chondrocytes.
This effect was not sustained after 4 days when BSP expres-
sion was also increased in the control cultures, consistent
with published data that hypertrophic chondrocytes express

FIG. 3. BMP2-stimulated chondrocytes induce osteoclast formation in vitro. ATDC5 cells were plated in subconfluent condition and
were treated with or without BMP2 for 12 h. Spleen cells were cultured with conditioned medium containing M-CSF (1:20) for 3 days
to generate osteoclast precursors. Osteoclast precursors were seeded on top of the chondrocytes. Co-cultures were maintained for an
additional 10 days in the presence of BMP2, vitamin D3, or RANKL. Osteoclasts were detected by TRACP staining. Representative
pictures from the co-cultures (A). The number of osteoclasts in BMP2-, vitamin D3– or RANKL-treated groups (B) and in RANK:Fc-
treated groups (C). Co-cultures of chondrocytes and splenocytes were performed on bone slices for 14 days. After cells were brushed
off, dentine slices were stained with 0.1% toluidine blue, and the total area of the pits per slice was measured (D). The same experiments
were repeated twice with similar results. ap < 0.05 where indicated in B and C and vs. the control value in D.
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BSP and that BSP is a maturation marker for chondro-
cytes.(24,25)

BMP2 signaling–induced RANKL expression is
mediated through the Runx2-binding sites in the
RANKL promoter

To explore the molecular mechanism by which BMP2
induces RANKL expression, we transiently transfected a

RANKL-luciferase reporter construct,(21) which contains
the −704 to +111 region of the promoter (−704-luc) into
ADTC5 cells and found that BMP2 significantly increased
luciferase activity in the cells (Fig. 5A), We used this −704-
luc reporter construct in subsequent studies.

Smad1 is the major transcription factor that is positively
regulated by BMP signaling,(26) Overexpression of Smad1
alone had no effect on luciferase activity of the −740-luc
construct, but Smad1 plus BMP2 enhanced BMP2-induced
activation of this reporter synergistically (Fig. 5B), which
was confirmed at the mRNA level (Fig. 5C). Smad1 is phos-
phorylated after it is recruited to the type I BMP receptor
and translocates to the nucleus where it interacts with other
transcription factors, particularly Runx2, to regulate tran-
scription of target genes.(27) Smurf1, an E3 ubiquitin ligase,
negatively regulates BMP signaling by promoting degrada-
tion of Smad1 and Runx2 proteins and Smurf1-mediated
Runx2 degradation can be enhanced by Smad6 overexpres-
sion.(20) Overexpression of Smurf1 or Smad6 alone signifi-
cantly reduced the effect of BMP2 and of BMP2/Smad1 on
−704-luc activation (Fig. 5D). However, Smurf1 plus Smad6
overexpression completely abolished RANKL activation
by BMP2 or BMP2/Smad1 (Fig. 5D). There are two adja-
cent Runx2 binding sequences within the −704 to +110 re-
gion of the RANKL promoter. However, overexpression of
Runx2 alone does not affect the basal level of RANKL
expression in osteoblast/stromal cells, suggesting that other
factors must interact with Runx2 to affect RANKL gene
transcription.(21) Smad1 enhances BMP2-induced RANKL
expression and may be one of these factors. To test this, we
assessed putative binding sites for transcription factors
within the −704 to +110 region of the RANKL promoter
and identified a GC rich region located in the −276 to −255
region, which could be a Smad binding site (Fig. 6A). We
also confirmed the presence of NFAT, vitamin D receptor,
and two Runx2-binding sites, which have been character-
ized previously.(21) We generated three deletion mutants of
these constructs and tested the effect of BMP2/Smad1 on
their activation (Fig. 6A). Deletion of the region containing
the NFAT binding sequence and the GC-rich region did not
change RANKL promoter activity. However, deletion of
the region containing the NFAT, GC-rich regions, and the
Runx2-binding sites abolished BMP2 or BMP2/Smad1-
induced RANKL promoter activity altogether (Fig. 6A),
suggesting that the BMP/Smad response is through the
Runx2 regions and not through the GC-rich region of the
proximal RANKL promoter.

To confirm that Runx2 binding sites are critical for BMP
signaling–induced RANKL expression, we used three re-
porter plasmids where the two Runx2 binding sites were
mutated alone or together. Mutation of either Runx2-
binding site alone did not affect BMP-induced RANKL
promoter activity (Fig. 6B), whereas mutations in both
Runx2 binding sites inhibited this activity completely (Fig.
6B). Furthermore, overexpression of a dominant negative
version of Runx2 completely blocked BMP2 and Smad1-
induced RANKL promoter activity (Fig. 6C). Thus, Runx2
is responsible for BMP-induced RANKL activation.

FIG. 4. ATDC5 cells have characteristics of hypertrophic chon-
drocytes and not osteoblasts. ATDC5 cells were treated with
BMP2 (100 ng/ml) for various times. The expression levels of Col
II, Col X, Col 1, osteocalcin, and �-actin mRNA were determined
by real-time RT-PCR. The relative expression levels of Col II, Col
X, Col I, and osteocalcin were normalized by �-actin levels in the
same sample. The fold induction level of individual genes was
calculated as described in Fig. 1. ap < 0.05 vs. control value at same
time-point.
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Hypertrophic chondrocytes respond to BMP2 to
produce RANKL

In growth plates, chondrocytes are organized from pro-
liferating chondrocytes to hypertrophic chondrocytes, and
expression of RANKL protein is detected predominantly in
hypertrophic chondrocytes.(5) Thus, we treated primary
chondrocytes from chick sterna with BMP2 because cells
isolated from the upper sternum are undergoing hypertro-
phic differentiation, whereas those in the lower sternum are
immature, proliferating chondrocytes.(28) As expected,
lower sternal proliferating chondrocytes express high levels
of type II collagen and low levels of type X collagen (Fig.
7A), whereas upper sternal hypertrophic chondrocytes
have high type X and low type II collagen expression (Fig.
7B). BMP2 or BMP2/Smad1 overexpression stimulated up-
per sternal chondrocytes to produce RANKL, and this was
associated with higher basal and BMP2-stimulated Runx2
expression (Fig. 7B). In contrast, BMP2 did not affect
RANKL expression in lower sternal chondrocytes, which
have lower Runx2 mRNA (Fig. 7A).

DISCUSSION

In this study, we provided the first evidence that chon-
drocytes express RANKL constitutively in vitro in amounts
sufficient for them to support osteoclastogenesis directly
from splenic precursors when both cell types are cultured
together in the presence of M-CSF but no other cytokines.
BMP2 increased this osteoclastogenic action of chondro-
cytes by significantly increasing RANKL expression by the
chondrocyte cell line, ATDC5, and by primary chondro-
cytes isolated from neonatal mice. Published immunohisto-
chemical and in situ hybridization data have shown that
BMP2 is expressed by proliferating chondrocytes and that
RANKL is expressed by hypertrophic chondrocytes in mu-
rine growth plates.(29,30) We confirmed this RANKL pro-
tein expression by hypertrophic chondrocytes using immu-
nohistochemistry (data not shown). We found that chicken
sternal hypertrophic chondrocytes express higher levels of
RANKL both in control and BMP2-treated cultures than
proliferating chondrocytes, supporting these observations.

FIG. 5. RANKL activation is regulated by
BMP signaling. A schematic presentation of
RANKL promoter reporters. The top panel is
the long promoter reporter (−7000 to +111
bp) and the bottom panel is the short pro-
moter reporter (−704 to +111 bp) (A).
ATDC5 cells were transfected with RANKL
promoter plasmids (−704 to +111 and −7000
to +111) and treated with BMP2 (100 ng/ml)
for 48 h. A luciferase assay was conducted
(B). ATDC5 cells were co-transfected with
short-form RANKL promoter plasmids
(−704 to +111) and a Smad1 expression vec-
tor in the presence or absence of BMP2 (100
ng/ml) for 48 h. A luciferase assay was per-
formed (C), and RANKL mRNA expression
was determined by real-time RT-PCR (D).
ATDC5 cells were co-transfected with
RANKL-Luc, Smurf1, Smad6, and Smad1
and were treated with BMP2. A luciferase as-
say was performed (E). ap < 0.05.
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Thus, our studies suggest a new role for BMP2 to regulate
osteoclast formation at the growth plate during endochon-
dral ossification.

Because bone growth during embryonic development
and in the first 2 wk after birth occurs at a very high rate, it
is essential that osteoclasts are induced to form at the

growth plate and rapidly remove calcified matrix to main-
tain the development of a medullary cavity and prevent
osteopetrosis. Hypertrophic chondrocytes are the cells in
embryonic bones and in growth plates that are closest to the
blood vessels that bring osteoclast precursors from the cir-
culation into developing bones. They secrete vascular en-

FIG. 6. Runx2 is required for BMP2 and
Smad1-induced RANKL activation. ATDC5
cells were transiently co-transfected with
Smad1 expression vector and RANKL re-
porter deletion mutants (A), RANKL re-
porter with point mutations in the Runx2-
binding sequence (B), or dominant negative
Runx2 ± Smad1 expression vector and
RANKL reporter (C). Cells were treated
with BMP2 (100 ng/ml) for 48 h, and a lucif-
erase assay was performed. ap < 0.05 where
indicated in A and B and against control
value in C.
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dothelial growth factor (VEGF) and other factors that di-
rect vascular ingrowth. In addition to promoting osteoclast
formation, chondrocytes could also promote osteoclast pre-
cursor egression from these newly formed blood vessels
through RANKL expression. For example, RANKL has
been shown to have a chemo-attractant effect on peripheral
blood monocytes.(31,32) Thus, local release of RANKL by
chondrocytes and induction of its expression by BMP2
could serve this essential function. Endothelial cells also
express RANKL,(33) and these are present close by hyper-
trophic chondrocytes and osteoclasts at the growth plate.
Thus, they too could be closely involved in the recruitment
of osteoclasts to this site during endochondral ossification.
However, further studies will be required to determine
whether the endothelial cells next to the growth plate ex-
press higher levels of RANKL than those distant from this
site within the marrow cavity to account for the accumula-
tion of osteoclasts close by hypertrophic chondrocytes as we
propose here.

Osteoblastic cells in bone marrow also express RANKL.
Thus, one potential concern about our findings is that our

chondrocyte cultures could be contaminated by osteoblastic
cells to account for the effects we observed. We found no
change in osteocalcin expression in ATDC5 cells in re-
sponse to BMP during the first 8 days of culture when type
X collagen expression was already increased, suggesting
that these cells are not contaminated by osteoblastic cells.
However, we and others have reported that some chondro-
cytes can increase their expression of osteocalcin as they
mature.(34,35) We also examined expression of BSP, another
putative osteoblast marker by primary chick chondrocytes,
and found that BMP2 transiently increased its expression in
upper sternal chondrocytes after 2 days and before it had
any effect on type X collagen expression. However, BSP
expression also increased in the control and BMP2-treated
cultures of these cells 2 days later to similar degrees. In-
terestingly, although BSP has been used as a marker of
osteoblastic differentiation by many investigators, as prolif-
erating chondrocytes differentiate to hypertrophic chon-
drocytes, their BSP levels also go up, and in some studies,
BSP has been used as a maturation marker for chondro-
cytes.(24,25) Thus, although it could be concluded that the

FIG. 7. BMP2 stimulates chicken upper
sternal chondrocytes to express RANKL.
Lower sternal chondrocytes (A) and upper
chondrocytes (B) from 15-day-old chick em-
bryos were isolated and plated in 6-well
plates for 7 days. The cells were treated with
BMP2 (100 ng/ml) for various times. The ex-
pression levels of RANKL, Col II, Col X,
Runx2, and GAPDH mRNA were deter-
mined by real-time RT-PCR. The fold induc-
tion of levels of individual genes was calcu-
lated as described in Fig. 1. ap < 0.05 vs.
control value at the same time-point.
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changes we observed in expression levels of osteocalcin or
BSP do not entirely exclude the possibility of some osteo-
blastic cells being in our cultures, overall, our findings sup-
port our contention that hypertrophic chondrocytes in-
crease their expression of RANKL in response to BMP2
and that the cells we studied are chondrocytic rather than
osteoblastic.

We found that induction of RANKL by BMP-2 is medi-
ated by Runx2, and this effect was augmented synergisti-
cally in chondrocytes by overexpression of Smad1. We used
the −704 to +111 region of the RANKL promoter to show
BMP2 induction of RANKL. It has a number of binding
domains, including two Runx2-binding sites, a vitamin D
receptor binding site, and a single NFAT and putative
Smad binding domains. Using deletion constructs of this
promoter, we showed that the Runx2-binding domains, but
none of the other domains, were required for BMP2 induc-
tion of RANKL. Interestingly, overexpression of a WT or a
dominant negative form of Runx2 had no effect on basal
promoter activity, suggesting that Runx2 must work with
other transcription factors to activate the RANKL pro-
moter. We also found that, like Runx2, Smad1 overexpres-
sion alone does not affect RANKL promoter activity, but
Smad1 and Runx2 together significantly increase RANKL
activation to a degree similar to that of BMP2 (Fig. 5C).
Furthermore, Smad1 acted synergistically with BMP2 to
increase RANKL expression. These findings suggest that
Runx2 interacts with Smad1 and that Smad1 does not need
to interact directly with DNA to induce RANKL expres-
sion.

Runx2 and Smad1 have been found to act cooperatively
to mediate the effect of BMP2 on promoters of target genes
through different mechanisms.(36–38) For example, elimina-
tion of either Runx2 or Smad1 binding sites from the type
X collagen promoter abolishes responsiveness to BMP2,(36)

whereas only the Runx2 binding site is needed in the Smad6
promoter.(37) Our findings suggest that BMP2-regulated
RANKL promoter activity may work similarly to this latter
mechanism. Expression of Runx2 is required for the inva-
sion of hypertrophic chondrocytes by blood vessels and os-
teoclasts in developing bones during endochondral ossifi-
cation because this process fails to initiate in Runx2−/−

mice(39–41) Consequently Runx2−/− mice do not form bone
or a marrow cavity. Thus, an essential role for Runx2 sig-
naling in chondrocytes seems to be induction of cartilage
invasion by endothelial cells. Our findings suggest that it
also promotes resorption of calcified hypertrophic cartilage
by osteoclasts.

Although osteoblast/stromal cells are considered to be
the major regulators of osteoclast formation during bone
development through their expression of M-CSF and
RANKL, a role for chondrocytes to directly induce osteo-
clast formation through vitamin D3 induction of RANKL
expression has been reported recently.(6) We also found
that vitamin D3 increases RANKL expression in ATDC5
clonal chondrocytes and in primary sternal chondrocytes
and that BMP2 increased this RANKL induction and os-
teoclast formation (Fig. 5B). However, unlike us, these in-
vestigators did not find that chondrocytes supported osteo-
clast formation constitutively. This may represent

differences in the experimental conditions. Smads have
been shown to interact with the vitamin D receptor.(42,43)

Thus, BMP 2 and vitamin D could act cooperatively by this
mechanism to induce RANKL expression during endo-
chondral ossification.

BMP2 has been reported to directly enhance osteoclast
activity(44) and to stimulate formation of osteoclasts derived
from bone marrow macrophages by enhancing the effect of
RANKL.(14,15) However, there are no published data that
BMP2 induces osteoclast formation directly. We confirmed
that BMP2 does not induce osteoclast formation directly
using spleen cells. We also found that BMP2 does not in-
duce M-CSF expression in ATDC5 cells, although it did
upregulate its expression in pre-osteoblastic C2C12 cells.
The role of BMPs in endochondral ossification has been
studied extensively using a variety of genetic manipulations,
and these have shown a variety of functions for BMP sig-
naling.(12) For example, Smad6 transgenic and Smurf1/
Smad6 double transgenic mice generated recently using the
type II collagen promoter to inhibit BMP signaling in chon-
drocytes have delayed chondrocyte hypertrophy and min-
eralization and dwarfism.(45) They also have osteopenia 3
wk after birth, associated with reduced bone formation
rates and increased osteoclast numbers in their metaphyses,
suggesting that reduced BMP signaling in chondrocytes
might stimulate rather than reduce osteoclast formation.
However, osteoclast formation from bone marrow cells
from these mice was normal, and this study did not report
osteoclast numbers at the growth plates of the mice during
embryonic development when chondrocyte hypertrophy
and mineralization were delayed. Thus, the mechanism
whereby inhibition of BMP signaling in chondrocytes in-
creased osteoclast numbers in metaphyseal bone and re-
duced bone formation in these Smad6 transgenic mice re-
mains unexplained.

In conclusion, our findings showed that BMP2 induces
RANKL expression in hypertrophic chondrocytes and
regulates osteoclast formation and bone remodeling during
long bone growth. This novel finding further supports the
integration of signals that control chondrocyte maturation
and bone remodeling in the developing limb.
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