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Abstract Runx2 regulates the target genes characteristic of osteoblastic phenotypes, while exerting diverse and
sometimes controversial effects on osteoblastic cells depending on their differentiation stage. Receptor activator of
nuclear factor-kB (RANK) ligand (RANKL) is a membrane bound cytokine essential for osteo(chondro)clastogenesis.
During endochondral ossification, while Runx2-positive hypertrophic chondrocytes express RANKL, the steady-state
expression of the RANKL gene in osteoblastic cells is, at later stages, kept at a relatively low level to sustain the established
bone. The aim of this study was to elucidate the mechanism whereby Runx2 and the protein kinase A (PKA) pathway
modulate RANKL expression, especially from the viewpoint of their functions in RANKL basic promoter activity and in
chromatin structural changes in osteoblastic/stromal cells. Osteoblastic/stromal cell lines derived from normal and
Runx2-deficient mice were used to analyze endogenous RANKL gene expression by real-time reverse transcription (RT)-
PCR, the acetylation status of the H3 andH4 histone proteins associatedwith the 50-flanking region of the RANKL gene by
chromatin immunoprecipitation, and the exogenously transfected RANKL gene promoter activity both in the steady-state
and under PKA-activated conditions. Here, we demonstrate that Runx2 suppresses steady-state RANKL gene expression
by condensing chromatin, while showing a slightly positive effect on RANKL basic promoter activity. Besides acting
through the CRE-like region (�0.96 kb) of the RANKL gene promoter, forskolin (FK) treatment transactivates the RANKL
gene by antagonizing the function of Runx2, by reducing Runx2 mRNA expression and by opening the chromatin
conformation far upstream (more than 40 kb) of the RANKL gene. J. Cell. Biochem. 98: 1629–1644, 2006.
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Bone formation and resorption are main-
tained and regulated by two types of cells,
osteoblasts and osteoclasts [Ducy et al., 2000;
Teitelbaum, 2000]. Various bone-seeking inter-
and intra-cellular signals including hormones,
cytokines, enzymes, minerals, and transcrip-
tion factors are known to modulate bone mass

by controlling the proliferation, differentiation,
and function of these two types of cells.

Osteoclasts are multinucleated giant cells
involved in resorbing mineralized tissues
Suda et al., 1999; Boyle et al., 2003; Teitelbaum
and Ross, 2003]. The membrane-bound factor
expressed on osteoblastic/stromal cells has been
postulated to be an essential factor for the
differentiation and maintenance of osteoclasts
based on the observation that the direct contact
between cells of the monocyte/macrophage line-
age and osteoblastic/stromal cells is essential
for in vitro osteoclastogenesis in the mouse
co-culture system [Takahashi et al., 1988;
Udagawa et al., 1989]. This factor has been
isolated and identified as a membrane-bound
ligand for a cytokine receptor, receptor activator
of nuclear factor-kB ligand (RANKL) [Lacy
et al., 1998; Yasuda et al., 1998]. It is now
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widely accepted that, besides the suppression
of functionalRANKLbya soluble decoy receptor,
osteoprotegerin (OPG), the interaction between
RANKL and its cognate receptor, receptor
activator of nuclear factor-kB (RANK),
expressedon the surface of osteoclastprecursors,
triggers osteoclastic differentiation [Nakagawa
et al., 1998]. So far, at least four different
pathways are known to modulate osteoclasto-
genesis through RANKL expression in osteo-
blasts: 1a,25(OH)2D3 (VitD), cyclic AMP-protein
kinase A (PKA), interleukin 6 (IL-6)/IL-11-
glycoprotein 130 (gp130), and calcium ion-pro-
tein kinase C (PKC) [Takami et al., 2000].

On the other hand, osteoblasts are bone-
forming cells originating from undifferentiated
skeletal mesenchymal cells [Yamaguchi et al.,
2000]. A striking phenotype of the lack of
mineralized bone in Runt-related gene 2
(Runx2)-knockout animals clearly shows that
Runx2 is a master gene for the commitment,
proliferation, and differentiation of the osteo-
blastic cell lineage [Ducy et al., 1997; Komori
etal., 1997;Ottoetal., 1997].Runx2,amemberof
the transcription factors homologous to the
Drosophilla protein, runt [Kania et al., 1990],
acquires enhancedDNA-bindingactivitywhen it
heterodimerizeswith corebinding factorb (Cbfb)
[Yoshida et al., 2002]. At the initial stage of
osteoblast differentiation, this heterodimer,
together with the recently identified osterix, a
transcription factor downstream of Runx2, reg-
ulates the expression of target genes that define
osteoblastic phenotypic characterization such as
bone sialoprotein, type I collagen, and osteocal-
cin [Kernetal., 2001;Rocaetal., 2005;Xiaoetal.,
2005]. At a late stage, however, Runx2 also
suppresses the differentiation of osteoblastic
cells [Liu et al., 2001; Geoffroy et al., 2002].

Putative Runx2-binding sites are located
in the RANKL gene basic promoter region, sug-
gesting that Runx2 is involved in osteoblast-
specific RANKL gene expression [Kitazawa
et al., 1999]. Indeed, Runx2-deficient mice
completely lack osteoclasts, and RANKL exp-
ression is severely diminished in such mice
[Komori et al., 1997]. Conversely, O’Brien et al.
[2002] have reported that Runx2 is capable of
binding to the RANKL gene promoter without
affecting RANKL gene activity in osteoblastic/
stromal cells. It is recently reported that
Runx2 is not essential for VitD-modulated
RANKL gene expression in osteoblastic cells
because high-dose VitD treatment induces

osteoclast-like tartrate-resistant acid phospha-
tase (TRACP)-positive multinucleated cells in
the coculture of C6 cells, derived from the
calvaria of Runx2-deficient mice, with normal
mouse bone marrow macrophages (BMM)
[Notoya et al., 2004].

In this study, to clarify the precise role of
Runx2 and the PKA pathway in RANKL
expression, especially from the viewpoint of
the function of Runx2 in the basic promoter
region of the RANKL gene and of chromatin
structural changes in osteoblastic/stromal cells,
we investigated the role of Runx2 on RANKL
gene expression both in the steady-state and
under PKA-activated conditions using osteo-
blastic/stromal cell lines derived from normal
and Runx2-deficient mice. Here, we demon-
strate that Runx2 suppresses steady-state
RANKL gene expression by condensing chro-
matin, while showing a slightly positive effect
on the basic promoter activity of the RANKL
gene. FK treatment antagonizes the function of
Runx2 by reducing Runx2 mRNA expression
and by opening the chromatin conformation far
upstream (more than40kb) of theRANKL gene.

MATERIALS AND METHODS

Cell Lines, Cell Culture, and In Vitro
Osteoclast-Like Cell Formation

Mouse bonemarrow stromal cell line ST2 and
Runx2�/�mouse-derivedmesenchymal cell line
C6 were cultured in a-MEM (Sigma, St. Louis,
MO)supplementedwith10%FBS(Sigma), 100mg/
ml penicillin/streptomycin (ICN Biomedicals,
Inc., Aurora, OH) and 125 mM L-glutamine
(ICN Biomedicals, Inc.), and maintained at
378C in a humidified atmosphere with 5% CO2.
ST2 or C6 cells were co-cultured with mouse
BMM isolated from the femora and tibiae of
8-week-oldmalemice [Kitazawa et al., 1995] for
7 days with or without 10�8 M or 10�7 M of
1a(OH)2D3 (VitD) (Chugai Pharmaceutical Co.,
Ltd., Tokyo, Japan) and/or 10�8 M of dexa-
methasone (Dex) (Sigma), or 10�5M of forskolin
(FK) (Wako Pure Chemical Industries, Ltd.,
Osaka, Japan). TRACP staining was conducted
with a commercial kit (Sigma) and the number
of osteoclast-like TRACP-positive multinu-
cleated (>3 nuclei) cells was counted.

Plasmid Construction

The 50-flanking region of the mouse RANKL
gene was cloned as described previously
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[Kitazawa et al., 1999], and the 2 kb upstream
from the transcription start site was ligated into
a pGL3 Basic vector (Promega, Madison, WI)
resulting in a pGL3-2k vector. Nested deletion
mutants were ligated into the pGL3 vector, then
pGL3-1005 and pGL3-723 were generated, as
previously described [Kitazawa and Kitazawa,
2002]. Constructs with mutated Runx2-binding
site(s) (Runx2-1: AACCTCA (�368/�362) to
AACCTTG, Runx2-2: AACCACT (�207/�201)
to AACCTTG and Runx2-3: AACCCACA (�194/
�187) to AACCCTTG) or mutated CRE
(mutCRE: TGAGGTCA (�969/�962) to TGAG-
GAGG) were generated by recombinant PCR
strategy as previously described [Kitazawa and
Kitazawa, 2002]. Mutated PCR products
were ligated into the pGL3-Basic vector, result-
ing in pGL3-mutRunx2-2, pGL3-mutRunx2-2,3,
pGL3-mutRunx2-1,2,3, and pGL3-mutCRE.
These constructs were transfected into ST2 or
C6 cells using LipofectAMINE (Invitrogen,
Carlsbad, CA). The phRG-TK vector (Promega)
was co-transfected to standardize transfection
efficiency. The cultured transfected cells were
treated with 10 mM of FK and/or 3 mM of H89
(Seikagaku Corp., Tokyo, Japan) or the vehicle
for 6 h, at which point they were lysed and
subjected to dual luciferase assay (Promega)
with an ATP-3010 luminometer (Advantech,
Tokyo, Japan).

Generation of Runx2-Expressing Vector and
Stable Tet-On C6 Cell Line

Mouse Runx2 cDNA derived from pKSaA1
kindly gifted by Dr. Yoshiaki Ito (Institute of
Molecular Cell Biology, Singapore) [Ogawa
et al., 1993] were cloned into the XhoI/BamHI
site of the pTRE2hyg vector (Clontech, Palo
Alto, CA) to generate doxycycline (Dox)-respon-
sible Runx2 expressing vector pTRE2hyg-
Runx2. The pTet-On-puro vector containing
the puromycin resistance gene was generated
(the puromycin resistance gene was ligated into
the XhoI site of the pTet-On vector (Clontech)),
as a regulatory vector.
C6 cells at 70% confluence were transfected

with 6 mg of the pTet-On-puro vector using
LipofectAMINE and plated in 6-cm culture
dishes (Becton Dickinson Labware, Franklin
Lakes,NJ) at adensity of 2.0� 105/plate.Clones
selected with 2 mg/ml puromycin (Clontech)
treatment were isolated by cloning cylinders
(IWAKI, Tokyo, Japan) and subcloned. Dox-
responsive C6 cell lines were selected by

transient transfection with the pTRE2hyg-Luc
vector (Clontech) and luciferase assay.

Stable pTet-On-puro transfectedC6 cells (C6-
12IA7F) at 70% confluence in 10-cm culture
dishes (Becton Dickinson Labware) were tran-
siently transfected with the pTRE2hyg-Runx2
vector usingLipofectAMINE (Invitrogen). After
a 6-h interval, the cells were treated with 1 mg/
ml of Dox (Sigma). Runx2 mRNA and protein
expressionwere confirmedby reverse transcrip-
tion (RT)-PCR and immunoblotting, respec-
tively. Transfected cells cultured in DMEM
supplemented with 10% FBS were treated with
10 mMof FK for 24 h, andRNAwas extracted for
quantitative real-time RT-PCR.

RNA Extraction, Reverse Transcription (RT), and
Quantitative Real-Time RT-PCR

OnemicrogramofRNA isolated fromeach cell
was reverse transcribed to produce cDNA,
which was then amplified and quantified by
the ABI PRISM 7300 Real Time PCR system
(Applied Biosystems, Foster City, CA) using a
set of primers and probes (Assay ID; Runx2,
Mm00501578_m1, RANKL, Mm00441908_m1,
OPG, Mm00435452_m1, activating transcrip-
tion factor-4 (ATF-4), Mm00515324_m1, his-
tonedeacetylase 3 (HDAC3),Mm00515916_m1)
(Applied Biosystems). For standardization of
relative mRNA expression, rodent GAPDH pri-
mers and a probe (Assay ID; Mm99999915 g1)
(Applied Biosystems) were used. Conventional
RT-PCR was also conducted using 1 mg of total
RNA and the following set of Runx2 and
GAPDH primers: Runx2 (sense): 50-ATGCGT-
ATTCCTGTAGATCCG-30, Runx2 (antisense):
50-TTGGGGAGGATTTGTGAAGAC-30, GAPDH
(sense): 50-TGCACCACCAACTGCTTAG-30,
GAPDH (antisense): 50-GGATGCAGGGATGA-
TGTTC-30.

The results of cycle threshold values (Ct
values) were calculated by the DDCt method to
obtain the fold differences.

Electrophoretic Gel Motility Shift Assay (EMSA)

Nuclear extracts were prepared from
ST2 cells as previously described [Kondo
et al., 2004]. For EMSA, the following double-
stranded oligonucleotides spanning the
putative Runx2 binding sites (�378/�354,
�214/�194, �200/�180) were used: Runx2-1
(�378/�354): 50-CTGAGGCTAAACCTCACGA-
TTCTTG-30, Runx2-2 (�214/�194): 50-AGAA
ACCAACCACTGGACCC-30, Runx2-3 (�200/
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�180): 50-GGACCCAACCCACAGCCTCCA-30.
Oligonucleotides were annealed and 50-end-
labeled with g32P-ATP (3,000 Ci/mmol) by T4
polynucleotide kinase (Promega, Madison,
WI). The binding reaction was carried out by
preincubating labeled oligonucleotides with
nuclear extracts and a specific antibody against
Runx2 (Santa Cruz Biotechnology, Inc., Santa
Cruz, CA) at room temperature for 30 min.
For the competition assay, 5-, 25-, and 125-
fold molar excess amounts of unlabeled oligo-
nucleotide containing two consensus Runx2-
binding elements [Ducy et al., 1997], 50-
CAGAAACCAACCACAGGACCCAAACCACA-
GCCTCCAC-30, were added to the binding
reaction. The reaction products were analyzed
on a 5% polyacrylamide gel, electrophoresed at
room temperature in 0.5� TBE buffer at 100 V
for 3 h, then the gelwas dried and analyzedwith
image analyzer BAS-EWS 4075 (FUJIX, Tokyo,
Japan).

Immunoblotting

After transfection with pTRE2hyg-Runx2,
C6-12IA7F cells were treated with Dox (1 mg/
ml) for 24 h in 10-cm culture dishes, lysed by
incubation at 48C for 30 min in 2 ml of lysis
buffer (20 mM sodium phosphate [pH7.0],
250 mM NaCl, 30 mM sodium pyrophosphate,
0.1% NP-40, 5 mM EDTA, 10 mMNaF, 0.1 mM
Na3VO4) with 1 mM phenylmethyl sulfonyl
fluoride (PMSF) and complete, Mini proteinase
inhibitor cocktail tablet (Roche Diagnostics,
Mannheim, Germany). The cell lysates were
sonicated twice for 20 s at 40 kHz on ice,
centrifuged at 12,500g for 30 min at 48C, and
the supernatants were stored at �808C. Equal
amounts of protein were separated by SDS–
PAGE, electrotransferred to nitrocellulose
membrane (Trans-Blot) from Bio-Rad labora-
tories (Hercules, CA), and immunoblotted with
a primary antibody against Runx2 (Alpha
Diagnostic International). Immunocomplexes
were detected with the enhanced chemilu-
minescence (ECL) kit and Hyperfilm ECL
(Amersham Biosciences, Piscataway, NJ).

RNA Interference Experiment

The RNA molecule (small interfering RNA
(siRNA)) against Runx2 was synthesized by
Ambion (Austin, TX), with the target mRNA
sequences of sense: 50-CGAUCUGAGAUUU-
GUGGGCTT-30, antisense: 50-GCCCACAAAU-
CUCAGAUCGTT-30. ST2 cells were transfected

with the siRNA using SilencerTM siRNA Trans-
fection Kit II (Ambion). As a control, non-
specific siRNA (contained in the commercial
kit) was transfected. After 48 h, total RNA was
extracted for quantitative real-time RT-PCR.

Chromatin Immunoprecipitation (ChIP) Assay

Soluble chromatin was, according to the
manufacturer’s instructions (Upstate Biotech-
nology,Lakeplacid,NY),prepared from1.0� 106

cells fixed with formaldehyde, precleared
with salmon sperm DNA/protein A agarose-50%
slurry (Upstate), then 2 ml of the supernatant
solution was incubated with anti-acetyl-Histone
H3antibody,anti-acetyl-HistoneH4antibody, or
anti-phosphorylated Histone H3 (Ser 10) anti-
body overnight at 48C with rotation. Immuno-
precipitates were collected after salmon sperm
DNA/protein A agarose-50% slurry treatment
for 1 h at 48C with rotation, and then washed
according to the manufacturer’s instructions.
From eluted immunoprecipitates, DNA was
recovered by phenol/chloroform extraction and
ethanolprecipitationandresuspendedwith30ml
of 1� TE. Two microliters of DNA solution was
used as a template for PCR. Four sets of primers
for post-immunoprecipitated DNA amplification
were designed. One set of primers was set as
far as �40 kb upstream of the RANKL gene
transcription start site (�40.3 kb), and three
(�26.6, �12.7, and �0.95/�0.68 kb) were set to
cover the region within 1 kb downstream of the
CRE site (�26.7 kb) or the CRE-like regions
(�12.8 and�0.96 kb). These siteswere predicted
according to the registered 50-flanking sequence
of the RANKL in the bacterial artificial chromo-
some (BAC) clone (No. PR23-189K24). For PCR
amplification, the following sets of primers were
used: RANKL-40.3K-S (sense): 50-CTCCAG-
GCCTTGAGTTGAC-30; RANKL-40.3K-A (anti-
sense): 50-AGGTGATTTGATTCTGGGAAC-30;
RANKL-26.6K-S (sense): 50-TGGAACTGGAG-
TTACAGCTG-30; RANKL-26.6-A (antisense):
50-AAACTGATGTAGTCGGAATC-30; RANKL-
12.7K-S (sense): 50-ATGATCAGGTTGAGTA-
AGGATGC-3; RANKL-12.7K-A (antisense): 50-
GGACATATATGGAAACTCCAGC-30; RANKL-
0.95K-S (sense): 50-GTTTGAGGTCAGCCTGG-
TTCATATAG-30; RANKL-0.68K-A (antisense):
50-GCCTCACTGCTTAAGAAATCCTTATGC-30.

Statistical Analysis

Data are expressed as means�SEM. Sta-
tistical analyses were performed by Student’s
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t-test. The level of significance was taken to
be P< 0.05.

RESULTS

Effect of FK on RANKL, OPG, and Runx2
Expression and on Osteoclastogenesis

The effect of FK on RANKL, OPG, and Runx2
mRNA expression was assessed by quantitative
real-time RT-PCR using total RNA extracted
from ST2 and C6 cells. In ST2 cells, while the
level of RANKL expression in the steady state
remained low, FK treatment (10�5 M) for 12 h
resulted in an 86.6-fold increase in RANKL
mRNA expression. Surprisingly, Runx2-defi-
cient C6 cells expressed a high level (a 149-fold
of the steady-stateRANKLmRNAexpression in
ST2 cells) of RANKLmRNA in the steady-state
condition, which resulted in a further 14-fold
increase by FK treatment (Fig. 1A, left). On the
other hand, OPG expression in C6 cells was
threefold higher than in ST2 cells in the steady
state, and FK treatment decreased its expres-
sion in both ST2 and C6 cells by 79.1% and
76.6%, respectively (Fig. 1A, middle). In ST2
cells, FK decreased Runx2 expression to 59% of
the basal expression, while C6 cells did not
express Runx2. To address the issue of whether
reciprocal regulation of RANKL and OPG
expression in ST2 and C6 cells by FK was
functional, we assessed the capability of these
cells for supporting osteoclastogenesis in a co-
culture with mouse BMM. The Seven-day co-
culture with BMM supported the formation of
TRACP-positive multinucleated cells in both
ST2 and C6 cells by FK (10�5 M) treatment;
reflecting the high level of RANKL expressed in
C6 cells by FK, the number of multinucleated
cells supported by C6 cells was twice as high as
that supported by ST2 cells (Fig. 1B left panel).
By combinedVitD andDex treatment, however,
C6 cells supported the formation of a nominal
number of TRACP-positivemultinucleated cells
at a lowdose (10�8M) ofVitD treatment; evenat
a high dose (10�7 M), formation of TRACP-
positive multinucleated cells supported by C6
cells remained one fourth of that by ST2 cells
(Fig. 1B middle panel). In C6 cells, the mRNA
level of ATF-4, a major intracellular signaling
machinery conveying FK treatment on the
RANKL gene promoter through the CRE-like
region at almost �0.96 kb [Elefteriou et al.,
2005], was 42% higher than that of ST2 cells at
steady state (Fig. 1B right panel). Photographs

from the co-culture experiments are shown in
Figure 1C.

Electrophoretic Motility Shift Assay (EMSA)
and Site-Directed Mutagenesis Studies

Next, because mouse RANKL gene basic
promoter has three putative Runx2-binding
sites, we assessed the in vitro binding of nuclear
protein from FK-treated ST2 cells to three
putative Runx2-binding sites (Runx2-1: �378/
�354, Runx2-2: �214/�194, Runx2-3: �200/
�180) by EMSA. In each oligonucleotide, pro-
tein-DNAbinding (arrowheads) at the putative-
binding sites was observed and inhibited by
the addition of excess amounts of cold competi-
tors containing two consensus Runx2-binding
sites (50-CAGAACCAACCACAGGACCCAAAC-
CACAGCCTCCAC-30), which was supershifted
with an anti-Runx2 antibody (Fig. 2A, arrows).
Site-directed mutagenesis studies were then
carried out to confirm that the obliteration of
these putative Runx2-binding sites (Fig. 2B top
panel illustrates three mutation constructs,
mutRunx2-2, mutRunx2-2, 3, and mutRunx2-
1, 2, 3) affected RANKL gene promoter activity.
In ST2 cells, the basal activity of the 2 kb
RANKL promoter decreased in all three muta-
tion constructs, especially when the Runx2-2
and 3 sites were mutated (Fig. 2B, bottom left).
Furthermore, mutation of all three Runx2-
binding sites (pGL3-mutRunx2-1,2,3) nullified
the inducible effect of FK on the exogenously
transfected RANKL promoter. On the other
hand,when transfected intoRunx2-deficientC6
cells, these mutation constructs demonstrated
no significant difference either with or without
FK treatment. Moreover, the inducible effect
of FK on RANKL promoter seen in ST2
cells remained nominal in C6 cells (Fig. 2B,
bottom right).

The Involvement of CRE-Like Region in
Conducting FK-Induced RANKL Promoter Activity

Thebasic promoter region of theRANKL gene
contains a CRE-like region (�969/�962) partly
shared with the vitamin D responsive element
(VDRE) (Fig. 3A, top panel). To investigate
whether the inducible effect of FK on the
RANKL gene involves this CRE-like region,
we examined the effect of deletion or site-
directed mutagenesis on RANKL promoter
activity by transient transfection studies. In
both ST2 and C6 cells, FK (10�5 M) increased
the activity of pGL3-1005 (containing 1 kb
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upstream from transcription start site of the
RANKL gene) to 200% of its basal level, and
additional administration of H89, a specific
inhibitor of PKA, decreased the activity to the
basal level (Fig. 3B). On the other hand, FK
did not affect the activity of pGL3-723, which

lacksaCRE-like region inbothST2andC6 cells.
Additionally, in C6 cells, FK increased pGL3-
2k activity by 40%, while it did not affect pGL3-
mutCRE containing the mutated CRE-
like sequence (TGAGGTCA to TGAGGAGG)
(Fig. 3C). These data indicate that the positive

Fig. 1.
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effect of FK on RANKL gene expression is
conveyed through the CRE-like region of the
basic promoter of RANKL. The inducible effect
of FK on the exogenously transfected RANKL
gene promoter, however, represented only
part of the machinery compared with the
enormous endogenous RANKL mRNA induc-
tion showingan87 times increase inST2cells by
FK treatment (Fig. 1A).

The Effect of Runx2 Knock-Down in ST2 Cells
and of Forced Runx2 Expression in C6 Cells

on RANKL Expression

The function of Runx2 in RANKL expression
was confirmed through reducing the endogen-
ous Runx2 mRNA expression in ST2 cells by
small interfering RNA (siRNA). Runx2 knock-
down by siRNA resulted in a significant
decrease of Runx2 mRNA expression in ST2
cells to less than 30% of the control level
(Fig. 4A, left panel). At the same time, mirror-
ing the decrease of Runx2 expression, the
steady-state expression of RANKL mRNA
increased 1.54-fold by Runx2 knock-down.
Moreover, the inducible effect of FK treatment
in Runx2 knock-down ST2 cells diminished
56.8-fold, while control ST2 cells showed a
100.8-fold increase by FK treatment (Fig. 4A,
right panel). Conversely, forced Runx2 expres-
sion in C6 cells using the Tet-On system
showed restoration of the Runx2 protein in C6
cells by immunoblotting (Fig. 4B, top panel).
Without FK stimulation, forced Runx2 expres-
sion in C6 cells decreased RANKL expression
to 59% of the control level, while FK treatment
increased RANKL expression in both Runx2
non-restored and restored C6 cells to 9.8- and
13.4-fold of the control level, respectively
(Fig. 4B).

Histone H3 and H4 Acetylation/Phosphorylation
Status in ST2 and C6 Cells

Next, since the inducible effect of FK on the
exogenously transfected RANKL gene promo-
ter accounted for only a part of the whole
transcriptional machinery of the RANKL gene
by FK, and since the exogenously transfected
RANKL promoter construct did not show
obvious differences in the luciferase activity
between ST2 and C6 cells (Fig. 3B), the
chromatin structure of the 50-flanking region
of the RANKL gene, especially histone mod-
ification, was assessed by the chromatin immu-
noprecipitation (ChIP) assay. Four sets of
primers for post-immunoprecipitated DNA
amplification were designed (Fig. 5A): one set
of primers was set as far as�40 kb upstream of
the RANKL gene transcription start site (a;
�40.3 kb), and three (b; �26.6 kb, c; �12.7 kb,
and d; �0.95/�0.68 kb) were set to cover the
region within 1 kb downstream of the CRE site
(�26.7 kb) or the CRE-like regions (�12.8 kb
and�0.96 kb). In ST2 cells, histone acetylation
was undetectable except for weak histone H3
acetylation in regions a and c without FK
treatment. Upon FK treatment, histone H4
acetylation was observed in regions a and d
(Fig. 5B). On the other hand, in C6 cells,
histonesH3 andH4were acetylated regardless
of FK treatment, indicating that the histone
was constitutively acetylated over awide range
of the 50-flanking region of theRANKL gene, in
other words, in an open structure, in the
steady-state (Fig. 5B). Phosphorylation of
histone H3, however, showed no difference
between control and FK-treated ST2 cells
(Fig. 5C). Moreover, the level of the steady-
state expression of HDAC3 in C6 cells was
about half of that in ST2 cells, and it was

Fig. 1. RANKL, OPG, and Runx2 mRNA expression and
osteoclastogenesis in ST2 and C6 cells. A: ST2 and C6 cells were
treatedwith10�5MFK for 12h, and then total RNAwasextracted
for quantitative real-time RT-PCR for RANKL, OPG, and Runx2.
Administration of FK resulted in 87- and 14-fold increases of
RANKL mRNA expression in ST2 and C6 cells, respectively. FK
treatment decreasedOPGexpression to 20.9%and 24.2%of that
in steady-state ST2 and C6 cells, respectively. In ST2 cells, FK
decreased Runx2 expression to 59% of the basal expression,
whileC6 cells did not expressRunx2. Results are expressed as the
means� SEM of the relative mRNA amount standardized by
GAPDH from four cultures. (*P< 0.05 vs. vehicle, **P<0.001
vs. vehicle.) (B left, middle, and C) ST2 or C6 cells were co-
cultured with mouse bone marrow macrophages (BMM) for
7 days in the presence of 10�5 M FK, 10�8 M Dex, and 10�8 M

(for ST2) or 10�7 M (for C6) VitD. B, left: TRACP-positive
multinucleated cells (nucleus >3) were counted. FK caused a
23.5- and a 50-fold increase in the number of osteoclasts in ST2
and C6 cells, respectively. (*P< 0.05 vs. vehicle, **P<0.05 vs.
ST2 cells.) B, right: Steady-state expression of ATF-4 mRNA in
both cell lineswasmeasuredbyquantitative real-timeRT-PCR. In
C6 cells, the mRNA level of ATF-4 was 42% higher than that of
ST2 cells at steady state (B, right panel). Results are expressed as
the means� SEM of the relative mRNA amount standardized by
GAPDH from four cultures. (*P<0.05 vs. ST2 cells.). C: Co-
cultured cells were stained with TRACP. FK, as well as the
combination of VitD and Dex, induced TRACP-positive mono-
nucleated (arrowheads) and multinucleated (arrows) osteoclast-
like cells in both ST2 and C6 cells.
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Fig. 2. EMSA and transient transfection studies using the
mutations of Runx2-binding sites. A: In vitro binding of nuclear
protein fromFK-treated ST2cells to threeputativeRunx2-binding
sites (Runx2-1: �378/�354, Runx2-2: �214/�194, Runx2-3:
�200/�180) was tested by EMSA. In each oligonucleotide,
protein-DNA binding (arrowheads) at the putative-binding sites
was observed and inhibited by the addition of excess amounts of
cold competitors containing two consensus Runx2-binding sites
(50-CAGAACCAACCACAGGACCCAAACCACAGCCTCCAC-30),
which was supershifted with an anti-Runx2 antibody (anti-Rx2
Ab) (arrows). B: ST2 cells were transiently transfected with

RANKL promoter-luciferase reporter gene construct pGL3-2k,
and its mutated constructs (pGL3-mutRunx2-2, pGL3-
mutRunx2-2,3, pGL3-mutRunx2-1,2,3). In ST2 cells, the muta-
tion of Runx2-binding sites decreased the basal activity of the
2 kb RANKL promoter. Mutation of all three Runx2-binding sites
(pGL3-mutRunx2-1,2,3) nullified the inducible effect of FK. On
the other hand, in C6 cells, these mutations did not affect either
basal or FK-induced promoter activity. Results are expressed as
the means� SEM of the relative luciferase activity standardized
by phRG-TK promoter activity obtained from four cultures.
(*P<0.05 vs. vehicle, **P< 0.05 vs. pGL3-2k.)
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repressed to 40%–50%byFK treatment in both
cells (Fig. 5D).

DISCUSSION

This study demonstrated that Runx2 sup-
pressed steady-state RANKL gene expression

by condensing the chromatin in osteoblastic
cells and that FK transactivated the RANKL
gene through the CRE-like site (�969/�962 bp)
located in the RANKL gene promoter region
and through the opening of the chromatin
conformation by competing with Runx2 located

Fig. 3. Transient transfection studies using the mutants of the
CRE-like site. A: The cyclic AMP responsive element (CRE)-like
region is located at �969/�962 in the basic RANKL promoter.
The promoter-reporter gene constructs with deletion ormutation
(TGAGGTCA–TGAGGAGG) of the CRE-like site were gener-
ated.B: ST2 and C6 cells were transiently transfectedwith pGL3-
1005 and pGL3-723, and then treated with FK alone or in
combination with H89 for 12 h prior to the luciferase assay. In

both ST2 and C6 cells, FK increased the activity of pGL3-1005 to
200% but did not affect that of pGL3-723. (*P<0.05 vs. vehicle,
**P<0.05 vs. pGL3-1005.)C: FK increased the promoter activity
of pGL3-2k to 140% in both ST2 and C6 cells, but did not affect
that of pGL3-mutCRE. Results are expressed as the means� SEM
of the relative luciferase activity standardized by phRG-TK
promoter activity obtained from four cultures. (*P<0.05 vs.
pGL3-2k.)

Modulation of RANKL Expression by Runx2 1637



Fig. 4. The effect on RANKL expression of Runx2 knock-down
in ST2 cells and of Runx2 restoration inC6 cells.A: Runx2mRNA
expression in ST2 cells was suppressed by siRNA (left). Runx2
knock-down increased RANKLmRNA expression at steady state
by 1.5-fold, and decreased responsiveness to FK in RANKL
expression from 100.8-fold to 56.8-fold (right). B: The top panel
(immunoblotting) shows theRunx2protein restoration inC6cells
by Tet-On system, and the bottom panel (RT-PCR) shows

Runx2 mRNA. In C6 cells, Runx2 restoration decreased RANKL
expression in the absence of FK treatment to 59% of its steady-
state expression, and increased responsiveness to FK from 9.8-
fold to 13.4-fold. Results are expressed as themeans� SEMof the
relative mRNA amount standardized by GAPDH from four
cultures. (*P<0.05 vs. siRNA (�) and vehicle, **P<0.05 vs.
vehicle, and ***P< 0.05 vs. siRNA(�)).
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far upstream (more than �40 kb from the
transcription start site) of the RANKL gene in
osteoprogenitor cells.
Bone formation by endochondral ossification

requires condensation of undifferentiated
mesenchymal cells, followed by differentiation
into hypertrophic chondrocytes, and by the
mineralization of the surrounding cartilaginous
matriceswhichare then resorbedby osteo(chon-
dro)clasts, where extensive RANKL expression
by hypertrophic chondrocytes is involved in the
formation and activation of osteo(chondro)-

clasts [Kawana and Sasaki, 2003; Takamoto
et al., 2003; Kishimoto et al., 2005]. This
endochondral ossification process is controlled
by a member of the runt-homology gene family,
Runx2 or Cbfa1. Because Runx2- and RANKL-
expressing cells overlap in hypertrophic chon-
drocytes during endochondral ossification,
Runx2 expression is speculated to be positively
related to RANKL expression [Kishimoto et al.,
2005]. While Runx2 positively induces the
expression of the genes related to osteoblast-
specific phenotypes such as type I collagen,

Fig. 5. Histone H3 and H4 acetylation/phosphorylation in
response to FK. ST2 andC6 cells culturedwith orwithout 10�5M
FK were subjected to chromatin immunoprecipitation (ChIP).
Input and immunoprecipitated DNA with either anti-acetylated
histone H3 or H4 antibodies (B) or anti-phosphorylated histone
H3 (Ser 10) antibody (C) were assessed by PCR using four sets of
primers (arrowheads) to amplify the regions described in panel
(A). B: In ST2 cells, within and downstream of �26.6 kb, FK
treatment induced H3 (b) and H4 (c, d) acetylation, while in C6
cells, regardless of FK treatment, H3 and H4 histone acetylation

of all four regionswas observed.C: In ST2 cells, FK treatment did
not affect the phosphorylation of H3. D: HDAC3 mRNA
expression in ST2 and C6 cells measured by quantitative real-
time RT-PCR. The steady-state expression level in C6 cells was
42.8% of that in ST2 cells, and FK treatment repressed the
expression level to 40%–50% in both cell lines. Results are
expressed as the means� SEM of the relative mRNA amount
standardized by GAPDH from four cultures. (*P< 0.05 vs.
vehicle, **P<0.05 vs. ST2 cells.)
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osteocalcin, and bone sialoprotein in osteoblast
progenitors, it inhibits the terminal differentia-
tion of osteoblasts at a later stage, indicating
that the Runx2 transcription factor exerts
diverse and controversial effects on osteoblastic
cells, depending on their differentiation stage
[Enomoto et al., 2003]. Indeed, after the estab-
lishment of mature trabecular bone, while
mature osteoblastic cells continuously express
Runx2 [Ducy et al., 1999], the steady-state
expression of the RANKL gene is suppressed
to a very low level [Komori, 2003]. Also, the
ability of osteoprogenitor cells to support osteo-
clast formation decreaseswith theirmaturation
stage [Manolagas, 2000]. We therefore specu-
late that Runx2 exerts an apparently opposite
effect on RANKL gene expression depending on
the stage of bone formation; in hypertrophic
chondrocytes during endochondral ossification,
Runx2 would positively control RANKL gene
expression to recruit osteo(chondro)clasts for
facilitating the endochondral ossification pro-
cess by removing mineralized cartilaginous
matrix, while after the establishment of mature
trabecular bone, it would negatively regulate
RANKL expression to sustain the established
trabecular bonemass.We conducted our studies
with the use of two artificial cell lines, ST2 and
C6, both of which can be categorized as
immature mesenchymal cell lines capable of
differentiating into osteoblastic cells [Notoya
et al., 2004].

By real-time RT-PCR, Runx2-deficient C6
cells showed a higher level of steady-state
RANKL gene expression than did ST2 cells
(Fig. 1A). Both cell lines responded to FK
treatment and supported osteoclastogenesis in
the coculture with BMM (Fig. 1B,C). In spite of
the 23 times higher level of RANKL expression
in C6 cells than in ST2 cells, the number of
TRACP positive osteoclast-like cells supported
by C6 cells was much smaller than that
supported by FK-treated ST2 cells. A relatively
high level of OPG, a decoy receptor for RANKL,
in C6 cells even after FK treatment probably
accounts for this low efficiency of osteoclasto-
genesis by C6 cells, as in the case of the low dose
of VitD [Notoya et al., 2004], while the differ-
ence of the efficiency of osteoclastogenesis
between C6 and ST2 cells may be partly
attributable to the difference in the expression
status of their macrophage-colony stimulating
factor (M-CSF). We therefore speculated that
Runx2 exerted a negative effect on steady-state

RANKL gene expression in osteoblast/stromal
cell lines, simulating the late stage of endochon-
dral ossification where steady-state RANKL
gene expression is kept at a low level after the
removal of cartilaginous tissue by osteo(chon-
dro)clasts.

In general, Runx2 modulates bone-related
genes through two major mechanisms. First,
Runx2 directly affects target genes containing
Runx2-binding elements in their promoters [Ji
et al., 1998; Drissi et al., 2000]. Alternatively, by
recruiting histone-modifying enzymes such as
histone deacetylase (HDAC) 3, 4, and 6, Runx2
modulates gene expression by changing the
chromatin structure [Westendorf et al., 2002;
Schroeder et al., 2004; Vega et al., 2004; Liu
et al., 2005]. The mouse RANKL gene basic
promoter region contains three putativeRunx2-
binding sites, suggesting the involvement of
Runx2 in bone-specific RANKL expression
[Kitazawa et al., 1999]. EMSA using nuclear
extracts from ST2 cells, interfering with com-
petitors including two consensus Runx2-bind-
ing sites, showed specific bindings between a
nuclear protein and these three putative-bind-
ing sites, indicating that the Runx2 protein can
bind to these three putative Runx2-binding
sites in vitro (Fig. 2A). Moreover, site-directed
mutagenesis studies demonstrated that the
deprivation of the Runx2-binding sites slightly
downregulated RANKL gene promoter activity.
The effect was most prominent and reduced to
40% from its original activity when all three
Runx2-binding sites weremutated. Such reduc-
tion of the promoter activitywas not observed in
Runx2-nullC6 cells (Fig. 2B).Althoughwemust
admit that the impact of directRunx2 binding to
the exogenously transfected RANKL gene pro-
moter region remained minimal [as has been
reported by O’Brien et al., 2002] through these
three Runx2-binding sites in the RANKL gene
promoter, Runx2 exerts a modest but positi-
ve effect on promoter activity. FK treatment,
on the other hand, positively regulated RANKL
gene promoter activity, which was not affected
much by the deprivation of the Runx2-binding
sites. These data indicate that FK treatment,
besides downregulating the Runx2 expression
level in ST2 cells to 60% (Fig. 1A, right panel),
affects the exogenously transfected RANKL
gene promoter activity mostly through a
Runx2-independent mechanism.

Next, to investigate the Runx2-independent
mechanism by which FK treatment affected

1640 Mori et al.



the exogenously transfected RANKL gene pro-
moter activity, we carried out deletion or site-
directed mutagenesis studies focused on the
CRE-like region (�969/�962 bp) partly shared
by VDRE (�968/�962 bp) (Fig. 3A). Because
addition of a PKA inhibitor, H89, and deletion
(Fig. 3B) andmutation (Fig. 3C) of the CRE-like
region almost completely nullified the inducible
effect of FK on exogenously transfected RANKL
gene promoter activity, we reasoned that acti-
vation of the promoter by FK treatment is
mediated mainly through this CRE-like region.
The FK-induced activation of the luciferase
construct was not of great influence, but it
partly explains the prominent fold induction of
endogenous RANKL mRNA in ST2 cells.

To confirm that Runx2 negatively regulates
the steady-state expression of the endogenous
RANKL gene,we inhibitedRunx2 expression by
siRNA (Fig. 4A) in ST2 cells, and conversely,
forced the induction of Runx2 by the Tet-On
vector system (Fig. 4B) in C6 cells. In both
systems, a reciprocal pattern between Runx2
and RANKL gene expression was observed, and
FK upregulated RANKL gene expression irre-
spective of the Runx2 level. Nonetheless, a
discrepancy was observed between the level of
endogenous RANKL gene expression and exo-
genous transfectedRANKLpromoter activity in
response to FK treatment. We therefore
explored the chromatin remodeling mechanism
by which Runx2 and FK treatment regulate

Fig. 6. A model by which Runx2 and the CRE-binding protein
(CREB) regulate RANKL expression. In ST2 cells, first, Runx2 and
FK treatment regulate RANKL gene expression in a reciprocal
manner through chromatin remodeling. Induction of ATF-4 and
reduction of HDAC3 promote acetylation of histone H3 or H4
and trigger chromatin relaxation, while Runx2 induces chroma-

tin condensation. By FK treatment, because of chromatin
relaxation, transcription factors can approach the basic promoter
region of the RANKL gene. Runx2 plays a role in condensing
chromatin to suppress the gene; at the same time, however,
Runx2 is potentially capable of promoting gene expression
through these Runx2-binding sites at the basic promoter region.
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RANKL gene expression. By searching the
database with the GENETYX-MAC software
package (ver. 10) (GENETYX, Tokyo, Japan),
we identified three putative CRE sites at 31.8,
26.8, and 13.2 kb upstream of the RANKL gene
(Fig. 5A) and examined the acetylation status of
these areas by ChIP assay (Fig. 5B). Runx2-
deficient C6 cells showed H3 and H4 histone
acetylation, and thereby the opening of the
chromatin structure at least as far as 40.3 kb
upstream of the RANKL gene in the steady
state. Additionally, FK treatment increased the
acetylated H4 histone at �0.96 kb in both ST2
and C6 cells and slightly at �40.3 and�12.7 kb
in ST2 cells. These data suggest that Runx2
plays a role in condensing chromatin to sup-
press the RANKL gene, and that FK treatment
antagonizes the function of Runx2 on RANKL
gene expression by reducing the level of Runx2
mRNA expression and by opening the chroma-
tin structure far upstream (more than 40 kb)
from the RANKL gene. Indeed, solitary Runx2
is incapable of chromatin remodeling [Young
et al., 2005]. Runx2 can recruit factors that are
capable of chromatin remodeling activity [Wes-
tendorf et al., 2002; Schroeder et al., 2004], to
the specific Runx2-target gene in osseous cells.
Most important, Runx2 interacts with HDAC3
and represses osteocalcin gene expression in
osteoblastic cells [Schroeder et al., 2004]. Since
the RANKL gene promoter shares structural
similarities with osteocalcin and bone sialopro-
tein [Kitazawa et al., 1999], we hypothesized
that Runx2 plays a similar role in RANKL gene
expression. We found that Runx2 deficiency per
se and FK treatment reduced HDAC3 mRNA
level in ST2 and C6 cells (Fig. 5D). Conse-
quently, Runx2 deficiency and FK treatment
accelerate histone acetylation by competing
with Runx2, and by reducing HDAC3 itself.

Furthermore, FK, per se, transactivates the
RANKL gene through the CRE-like region at
�0.96 kb. Recently, Fu et al. [2004] have
reported the presence of the conserved DNA
structure where Runx2 and CRE are closely
located 74 kb upstream of the RANKL gene
(Fig. 6). We therefore propose a model by
which Runx2 and FK regulate RANKL expres-
sion (Fig. 6). The expression profile of Runx2-
associating co-activators and co-repressors
[Lian et al., 2003; Schroeder et al., 2004],
especially histone-modifying enzymes, during
the endochondral ossification process or during
osteoblast differentiation may explain the

apparent controversial effects of Runx2 on
RANKL gene expression.
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