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Bone sialoprotein (BSP) is a bone matrix glycoprotein whose
expression coincides with terminal osteoblastic differentiation
and the onset of mineralization. In this study we show that BSP
expression is considerably increased in confluent Saos-2 human
osteosarcoma cells and in differentiating normal human osteo-
blasts, concomitantly with the decrease of Runx2, a key tran-
scription factor controlling bone formation. Therefore, we
investigated the role of Runx2 in the regulation of BSP expres-
sion in Saos-2 cells. Using a mobility shift assay, we demon-
strated that Runx2 binds to the BSP promoter only in precon-
fluent cells. Histone deacetylase 3 (HDAC3) has been recently
shown to act as a Runx2 co-repressor. Chromatin immunopre-
cipitation assays demonstrated that both Runx2 and HDAC3 are
detectable at the BSP promoter in preconfluent Saos-2 cells but
not when they are confluent and overexpress BSP. Consistently,
nuclear Runx2 protein level is down-regulated, whereas Saos-2
cells became increasingly confluent. Finally, the suppression of
HDAC3, Runx2, or both by RNA interference induced the
expression of BSP at both mRNA and protein levels in Saos-2
cells. Our data demonstrate that Runx2 and HDAC3 repress
BSP gene expression and that this repression is suspended upon
osteoblastic cell differentiation. Both the nuclear disappearance
of Runx2 and the non-recruitment of HDAC3 represent new
means to relieve Runx2-mediated suppression of BSP expres-
sion, thus allowing the acquisition of a fully differentiated and
mineralization-competent phenotype by osteoblast cells.

Bone sialoprotein (BSP)? is a glycoprotein that represents
one of the major noncollagenous, extracellular matrix proteins
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associated with mineralized tissues (1, 2). High BSP expression
coincides with de novo bone formation (3, 4). This bone matrix
protein plays a major role during the formation and remodeling
of bone, and it is considered as one of the primary markers of
terminally differentiated osteoblasts (for review, see Ref. 5). BSP
expression is induced by glucocorticoids (6 — 8), which promote
osteogenic differentiation. On the contrary, it is inhibited by
1,25 dihydroxyvitamin D3, which suppresses the differentiation
of osteoblasts and subsequent bone formation (9). We and oth-
ers have shown that BSP is also expressed in osteotropic cancers
and plays a role in the pathogenesis of bone metastasis (10 -13).
The study of the transcriptional regulation of the BSP gene is
important not only to fully understand the mechanisms
through which BSP is expressed in cells of osseous origin but
also to potentially identify the basis of its ectopic expression in
osteotropic cancer cells. Indeed, some transcriptional regula-
tors of osteoblastic genes turned out to be also involved in the
expression of these genes in breast and prostate cancer cells
(14-16). More recently, we brought large-scale transcriptomic
evidence of osteomimicry occurrence according to which the
expression of bone-related genes may confer features of an
osteoblast-like phenotype upon breast cancer cells (17).
Among several osteoblast-related transcription factors,
Runx2 represents a key regulator in bone cells. It is a member of
the runt/Cbfa family of transcription factors that is essential for
the generation and maturation of osteoblasts and is a regulator
of bone-specific gene expression (18, 19). Other Runx tran-
scription factors include Runx1 and Runx3, which also have
roles in skeletal development (20-22), although their regula-
tory functions are essentially exerted during hematopoiesis (23)
and neural and gastrointestinal cell differentiation (24), respec-
tively. Runx2 has been shown to regulate the expression of
genes that characterize the osteoblast phenotype, including
osteocalcin (OC), osteopontin, type I collagen, BSP, and colla-
genase 3 (18, 25—-28). Because it is well established that BSP is a
marker of osteoblastic differentiation and considering that
Runx?2 null mice do not express BSP (19, 29), one would expect
Runx2 to be a positive regulator of BSP expression. However,
Javed et al. (30), in their study of the gallus BSP gene promoter,
demonstrated that Runx2 acts rather as a strong inhibitor of
BSP expression in osseous and non-osseous cells. Far from the
concept that Runx2 is a positive transcriptional regulator nec-
essary to osseous gene expression, it now appears from several
studies that Runx2 acts as a dual positive/negative regulator of
gene expression depending on which cofactor is recruited. For
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example, when it is associated with histone deacetylase 3
(HDAC3) at the OC promoter, Runx2 is able to repress OC
expression in rat osteoblast cell lines (31). RNA-mediated inter-
ference-mediated suppression of HDAC3 in MC3T3-E1 osteo-
blasts accelerates mineralization and expression of OC,
osteopontin, and BSP (31). HDACS, is a class I member of the
HDAC family, which are enzymes recruited by transcription
factors to specific DNA regulatory sequences (32-34). Active
expression of osteoblastic genes in mature osteoblasts and con-
fluent ROS 17/2.8 osteosarcoma cells has been previously
shown to involve histone H3 and H4 acetylation (35). Accord-
ingly, HDAC:s inhibitors such as trichostatin A (TSA) and val-
proic acid promote osteoblast maturation (36, 37).

These observations prompted us to investigate the mecha-
nism(s) through which BSP gene expression is considerably
induced at the onset of mineralization and whether Runx2 and
HDACS3 might intervene in this regulation. To answer these
questions we used a Saos-2 human osteosarcoma cell culture
model because it has been previously shown that these cells are
able to undergo osteogenic differentiation and express BSP
when forming mineralized tissue nodules in response to pro-
longed confluent culture (38). Indeed, these cells have been
largely used as an osteoblast-like model on the basis of their (i)
alkaline phosphatase and osteonectin production (39, 40), (ii)
vitamin D receptor expression (41) and, (iii) bone matrix dep-
osition ability (38, 42). Another advantage of the Saos-2 model
is the fact that neither Runx1 nor Runx3 was detected in Saos-2
cells (25, 29, 43), and as such, this cell line represents one of the
best cell lines available to specifically study gene regulation by
Runx2.

In this study, we first demonstrated that endogenous BSP
expression is significantly increased at both mRNA and pro-
tein levels along with confluence in the Saos-2 osteoblastic
maturation model but also in normal human osteoblasts cul-
tured in a differentiation medium. Taking advantage of the
important induction of BSP expression in confluent versus
pre-confluent Saos-2 cells, we next used mobility shift assay
and chromatin immunoprecipitation techniques to compare
the status of Runx2 and HDAC3 binding at the BSP pro-
moter under both states of confluence. We found that at
least one of the two putative Runx2 binding sites present in
human BSP proximal promoter effectively binds Runx2 in
pre-confluent Saos-2 cells and, to a far lower extent, in con-
fluent cells. Consistently, when active expression of BSP is
turned on in postconfluent cells, Runx2 is not detectable
anymore in the nucleus using both Western blot and immu-
nofluorescence techniques.

In vivo, immunoprecipitated Runx2 and HDAC3 are not
present at the BSP promoter when Saos-2 cells become post-
confluent. Finally, the suppression of Runx2, HDAC3, or both
by RNA interference in preconfluent Saos-2 cells induces an
increase in BSP expression. Our data demonstrate for the first
time that Runx2 and HDAC3 exert a suppressive activity on
BSP gene expression in human osteoblast cells that must be
suspended in a specific and timely manner during osteoblast
maturation to allow high BSP expression.

DECEMBER 14, 2007 < VOLUME 282 +NUMBER 50

Runx2 and HDAC3 Repress BSP Expression

EXPERIMENTAL PROCEDURES

Cell Culture—Human osteosarcoma Saos-2 cells were rou-
tinely grown at 37 °C in a 5% CO, humidified atmosphere in
Dulbecco’s modified Eagle’s medium containing 10% fetal
bovine serum. Cells were cultured to different confluences: pre-
confluent (~50% confluence), confluent (~100% confluence),
and postconfluent (confluent + 10 days of culture) and (con-
fluent + 20 days of culture) when mentioned. Normal human
osteoblasts were isolated from trabecular bone specimens
obtained from patients undergoing knee replacement surgery.
Bones were cut into small fragments, washed with Dulbecco’s
modified Eagle’s medium, and then submitted to enzymatic
digestions as previously described (44). Briefly, small pieces of
bone (2 mm®) were sequentially incubated with 0.5 mg/ml hya-
luronidase type IV S (Sigma Aldrich) for 20 min at 37 °C and 0.6
mg/ml clostridial collagenase IA (Sigma-Aldrich) for 30 and
240 min successively at 37 °C (2 g of bone in 20 ml of enzymatic
solution). The digested bone pieces were plated in T75 flasks
and cultured in Dulbecco’s modified Eagle’s medium supple-
mented with 15% fetal calf serum, 10 mm HEPES, 100 units/ml
penicillin, and 100 pg/ml streptomycin until osteoblasts
migrated out of bone explants. At this point the medium was
replaced with fresh medium containing 10% fetal calf serum, 10
mwm HEPES, 100 units/ml penicillin, and 100 pg/ml streptomy-
cin. When confluent, cells were collected and seeded in T75
flasks. Twenty-four hours after plating, the osteogenic differen-
tiation medium (Dulbecco’s modified Eagle’s medium contain-
ing 10% fetal bovine serum, 10 mm 3-glycerophosphate, and 50
ng/ml ascorbic acid) was added, and that point was designated
day 0. At the end of this differentiation period, cells showed an
osteoblastic phenotype characterized by the production of
osteocalcin and alkaline phosphatase.

Antibodies—The monoclonal antibody which recognizes
human BSP (LF-Mb24) (45) was kindly provided by Dr. L. W.
Fisher (NIDCR, National Institutes of Health, Bethesda, MD).
Polyclonal anti-p27 and anti-acetylhistone H3 were purchased
from BD Biosciences and from Upstate Biotechnology (Wal-
tham, MA) respectively. The polyclonal anti-HDAC3 was from
Cell Signaling Technology (Danvers, MA). Polyclonal anti-
Runx2 used for the mobility shift assay, immunoprecipitation,
and the Western blot was from Abcam (Cambridge, MA). Anti-
bodies directed against B-actin and tubulin were obtained from
Sigma, and rabbit IgG was from Serotech (Burlington, ON,
Canada).

Western Blot Analysis—Proteins were separated on SDS-
polyacrylamide gels and transferred to polyvinylidene-difluo-
ride Western blotting membrane (Roche Diagnostics). Mem-
branes were blocked with 5% nonfat dry milk and 0.1% Tween
20 solution for 1 h at room temperature and incubated with the
indicated primary antibodies. After washing, blots were incu-
bated with a peroxidase-conjugated secondary antibody (Dako,
Glostrup, Denmark) for 30 min. Blots were washed again and
incubated in an ECL detection reagent (Amersham Bio-
sciences). Tubulin was used as a cytoplasmic marker and B-ac-
tin as a control for equivalent protein loading.

Chromatin Immunoprecipitation (ChIP)—Saos-2 cells grown to
the indicated density were transfected with the indicated small
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interfering RNAs (siRNAs) or treated with 500 nm of TSA for
3 h. Formaldehyde was then added to the cell medium to a final
concentration of 1%, and the cells were incubated for 10 min at
room temperature with gentle shaking; glycine was added to a
final concentration of 0.125 M, and cells were shaken for
another 5 min. After removal of the medium, cells were washed
twice in 5 ml of ice-cold phosphate-buffered saline containing a
mixture of protease inhibitors (Roche Diagnostics). Cells were
spun for 4 min at 2000 rpm at 4 °C, and pellets were resus-
pended in a cell lysis buffer (5 mm PIPES, (pH 8), 85 mm KCl,
0.5% Nonidet P-40, and protease inhibitors) and incubated for
10 min on ice. The lysates were spun for 5 min at 4000 rpm at
4. °C. The pellets were resuspended in a nuclei lysis buffer (50
mM Tris (pH 8), 10 mM EDTA, 1% SDS, and protease inhibitors)
and incubated for 10 min on ice. The lysates were sonicated,
and cellular debris was removed by centrifugation for 15 min at
4000 rpm at 4 °C in a microcentrifuge. Supernatant fractions
were diluted 5-fold in a ChIP dilution buffer (0.01% SDS, 1.1%
Triton X-100, 1.2 mm EDTA, 16.7 mm Tris (pH 8.1), 167 mm
NaCl, and protease inhibitors). Each sample corresponded
approximately to 2 X 10° cells. To reduce nonspecific back-
ground, each chromatin solution was precleared with 80 ul of
salmon sperm DNA-protein A-agarose for 2 h at 4 °C with agi-
tation. After the addition of antibodies, samples were incubated
overnight at 4 °C with rotation. Inmunocomplexes were col-
lected with 60 ul of salmon sperm DNA-protein A-agarose for
2 h at 4 °C with rotation. Washes were done sequentially with
the following; 0.1% SDS, 1% Triton X-100, 2 mm EDTA, 20 mm
Tris-HCI (pH 8.1), and 150 mm NaCl; the same buffer contain-
ing 500 mm NaCl; 500 mum LiCl, 1% Nonidet P-40, 1% sodium
deoxycholate, 1 mm EDTA, and 10 mm Tris-HCI (pH 8.1); Tris-
EDTA, pH 8.0 (twice). Immunocomplexes were collected by
repeated elutions with 250 ul of 1% SDS in 0.1 M NaHCO,. NaCl
was added to the combined eluates to a final concentration of
0.3 M, and protein-DNA was reverse cross-linked at 65 °C ON.
RNase A (final concentration of 1 mg/ml) was added at 37 °C for
30 min. EDTA, Tris-HCl (pH 6.5), and proteinase K were added
at a final concentration of 10 mm, 40 mm, and 40 ug/ml respec-
tively, and samples were incubated for 1 h at 45 °C. DNA was
recovered by phenol-chloroform extraction and ethanol pre-
cipitation. Fractions of the purified ChIP DNA (20%) or input
(2%) were used for PCR analysis. Primers for PCR amplification
of the BSP proximal promoter region DNA were 5'-
ACATATTCGGAGCCCAAACTATTCA and 5-GAACGT-
GGATTCTCACCAGAAAAC. PCRs were carried out for 27
cycles or 35 cycles when mentioned (94 °C for 30 s, 55 °C for
30s,and 72 °C for 30 s), and final products were resolved on 6%
polyacrylamide gels and visualized under ultraviolet light.
Nuclear Protein Extracts—Nuclear protein extracts were
prepared according to the Dignam method (46). Briefly, Saos-2
cells were washed twice with 5 ml of ice-cold phosphate-buff-
ered saline and collected by centrifugation at 1000 rpm for 5
min. The pellet was resuspended in washing buffer (10 mm
Hepes pH 7.9, 20 mm KCI, 2 mm MgCl,, 0.1 mm EDTA, 1 mm
dithiothreitol, and protease inhibitors) by gentle pipetting. The
pellet was collected by centrifugation during 2 min and resus-
pended in an Nonidet P-40 lysis buffer containing 10 mm Hepes
(pH 7.9), 10 mm KCl, 2 mm MgCl,, 0.1 mM EDTA, 0.2% Nonidet
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P-40, 1 mm dithiothreitol, and protease inhibitors and incu-
bated on ice for 30 s. The nuclei pellet was collected by centrif-
ugation at 6000 rpm for 5 min and resuspended in washing
buffer. The pellet was again collected by centrifugation at 1,000
rpm for 2 min, resuspended in an extraction buffer (20 mm
Hepes (pH 7.9), 1.5 mm MgCl,, 0.2 mm EDTA, 630 mm NaCl,
25% glycerol, 0.5 mm dithiothreitol and protease inhibitors),
and rocked in the cold room for 45 min followed by centrifuga-
tion at 14,000 rpm for 30 min. Aliquots of the supernatant con-
taining nuclear proteins were stored at —80 °C. Protein concen-
trations were determined using a protein assay reagent (Micro
BCA protein assay kit, Pierce).

Electrophoretic Mobility Shift Assay (EMSA)—Double-
stranded oligonucleotidic probes were end-labeled by filling
with Klenow enzyme (Invitrogen). The labeled probes were
purified using a quick spin G25 Sephadex column (Roche
Diagnostics) according to the manufacturer’s instructions.
EMSA reaction mixtures were prepared using 100 fmol of
probe, 50 mm KCI, 12 mm Hepes, 1 mm EDTA, 1 mum dithiothre-
itol, 12% glycerol, 2 pg of poly(dI-dC), poly(dI-dC), and 5 ug of
nuclear protein. After 30 min of incubation at room tempera-
ture, aliquots were loaded onto 6% polyacrylamide gel. The gel
was electrophoresed for 2 h at 180V, dried, and exposed to film
for autoradiography. Probes used for the gel shift analysis
included human BSP Runx2 sites (in bold); R1 Runx2 probe, 5’-
TCTGGTGAGAATCCACGTTCTGACA; R2 Runx2 probe,
5'-TCAATTAAATTCCACAATGCAAACCT. The probe
comprising the consensus Runx2 site of the osteocalcin promo-
ter, 5'-GCTGCAGTCACCAACCACAGCATCCTTTGG, was
used as a positive control (14). For supershift experiments,
nuclear extracts and probes were subsequently incubated with
anti-Runx2 antibody for 20 min.

SiRNA Transfection—Saos-2 cells were transfected with siRNAs
at a concentration of 25 nm for 48 h using the previously
described calcium phosphate precipitation method (45).
siRNAs specific to HDAC2 (5'-GCC UCA UAG AAU CCG
CAU C), HDAC3 (5'-AAU CAG AAC UCA CGC CAG UAU),
and Runx2 (5’-CUC UGC ACC AAG UCC UUU U (47), were
used to silence the corresponding target genes. GL3 luciferase
siRNA was used as an unrelated control (5'-CUU ACG CUG
AGU ACU UCG A). All siRNAs and negative control siRNA
(EGT) were purchased from Eurogentec.

RNA Extraction and Quantitative Real-time Reverse Tran-
scription (RT)-PCR Analysis—Total RNA was isolated from
Saos-2 cells using RNeasy columns (Qiagen) according to the
manufacturer’s instructions. First strand cDNA was synthe-
sized using 2 pg of total RNA in 20 ul of RT reaction mixture
containing 0.2 pg of pd(N)6 random hexamers (Amersham
Biosciences), 2 mm each deoxynucleotide triphosphate (Euro-
gentec), 1 X first strand buffer (50 mm Tris/HCI (pH 8.3), 75 mm
KCl, 3 mm MgCl,), 10 mm dithiothreitol, and 100 units of
SuperScriptTM II RNase H RT (Invitrogen). The reverse tran-
scriptase reaction was performed at 42 °C for 50 min before a
15-min inactivation step at 70 °C. Quantitative real-time PCR
was performed in triplicate using the ABI Prism 7700 Sequence
Detection System (Applied Biosystems, Foster City, CA)
according to the manufacturer’s instructions. BSP primers
and a TagMan probe were designed using the primer design
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software Primer Express (Applied Biosystems) as previously
described (45); BSP forward (5'-TGCCTTGAGCCTGCTT-
CCT), BSP reverse (5'-CTGAGCAAAATTAAAGCAGTC-
TTCA), BSP probe (6-carboxyfluorescein-5'-CCAGGACTGCC-
AGAGGAAGCAATCA-3'-6-carboxytetramethylrhodamine).
The TaqMan glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) control reagent kit (Applied Biosystems) was used
for GAPDH detection. cDNA samples (100 ng each) were
mixed with 100 nm each of primer and TaqgMan Universal
PCR Master Mix containing 1X PCR buffer, 5.5 mm MgCl,,
0.8 mm dNTPs mix, 100 nm probe, and 1 unit of AmpliTaq
Gold® thermostable DNA polymerase (Applied Biosystems)
in a total volume of 25 ul. Real-time PCR was conducted
using the following parameters; 94 °C for 10 min, 45 cycles at
94 °C for 45 s, 57 °C for 45 s, and 72 °C for 45 s, and 72 °C for
2 min after the last cycle. Quantitative real-time PCR was
performed for BSP and normalized to the amount of glycer-
aldehyde-3-phosphate dehydrogenase mRNA from the same
sample. The acquired data were analyzed by Sequence
Detector software, Version 1.9 (Applied Biosystems).

RESULTS

BSP Expression Is Increased with Saos-2 Cell Confluence—
The Saos-2 human cell line represents an interesting model for
studying mechanisms that control osteoblast-specific gene
expression. It has been previously suggested that the conflu-
ence status of Saos-2 cells may influence the expression of
bone-related genes such as BSP (38). Saos-2 cells were grown
during increasing lengths of time corresponding to different
confluence states: preconfluent (50%), confluent (100%), and
postconfluent (confluent + 10 days and confluent + 20 days of
culture). For each condition we quantified BSP expression at
mRNA and protein levels using real-time RT-PCR and Western
blotting techniques, respectively. BSP transcript expression
was significantly increased in a confluence-dependent manner
(Fig. 1A) with confluent + 20 days cells reaching about a 70-fold
induction of BSP mRNA when compared with preconfluent
cells. The expression of BSP was then examined by Western blot
analysis using a monoclonal antibody directed against human BSP.
Consistent with the induction observed at the mRNA level, con-
fluent cells showed a significant increase in the BSP protein level
when compared with less confluent cells (Fig. 1B).

The cyclin-dependent kinase inhibitors are key regulators of
cell cycle progression. p27 is member of the Cip/Kip family of
cyclin-dependent kinase (cdk) inhibitors and regulates cell
growth by inactivating cell cycle stage-specific cdk-cyclin com-
plexes. In osteoblastic cells, it has been previously shown that
p27 levels are maximal postproliferatively (48). To assess
whether Saos-2 osteosarcoma cells switched from a proliferat-
ing to a differentiating state in culture, we investigated the
expression of p27 in pre- and postconfluent cells. p27 expres-
sion effectively increased in postconfluent cells and coincided
with BSP overexpression (Fig. 1C).

Runx2 Binds to One of the Runx2 Binding Elements of the
Human Proximal BSP Promoter, and Runx2 Complex Is More Im-
portant in Preconfluent Saos-2 Cells than in Confluent Cells—
Runx2 is known to be a key regulator of osteogenic differentiation
(19, 49), and as such, it controls the expression of several osteo-
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FIGURE 1. BSP and p27 expression is increased with the confluence of
Saos-2 human osteosarcoma cells. A, Saos-2 cells were cultured to
increasing confluence: preconfluent, confluent, confluent + 10 days, and
confluent + 20 days (d) of culture. Total RNA extracts were analyzed by
real-time quantitative RT-PCR, and histograms show the -fold induction of
BSP mRNA as compared with the preconfluent condition arbitrarily set to 1.
Mean values are expressed =S.D. B, BSP protein expression was detected by
Western blotting using a specific monoclonal antibody on total protein
extracts from parallel cultures of Saos-2 cells as described above. C, Western
blot for p27 on total proteins extracted from Saos-2 cells cultured to the same
confluences as in A. Equal protein loading was assessed by anti-actin immu-
noblotting. Experiments were performed at least twice, and representative
data from one experiment are shown.

blast-related genes (50). It has been recently shown that the
BSP proximal promoter region in mice contains two Runx2
binding sites, and similar sequences have been located in
human and rat promoters (51). However, the functional
characterization of these putative Runx2 binding elements
has never been reported for the human BSP proximal pro-
moter. Although the inspection of the human BSP promoter
sequence in the proximal region did not reveal perfect
matches with the general Runt domain transcription factor
consensus binding sequence (RCCRC(A/T)), two related
sequences were identified at —83 bp (R1-ATCCACG) and
—184 bp (R2-TTCCACA) (Fig. 2A). These sites are located
within a highly conserved 343-bp region that shares 75%
homology between mouse, rat, and human BSP gene pro-
moters (52).

Double-stranded oligonucleotides containing the two puta-
tive Runx2 binding sites (R1 and R2) were labeled and used as
probes in EMSA. A probe containing the consensus Runx2
binding site of the OC promoter was used as a positive con-
trol. Protein-DNA complexes co-migrating with the com-
plex obtained using the consensus probe were observed for
both R1 and R2 probes (Fig. 2B). These complexes were effi-
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Increase of BSP Expression Coin-
cides with Runx2 Decrease in Normal
Human Osteoblast Cells—Next, we
wanted to find out whether our
observation of nuclear Runx2 de-
crease associated with BSP increase
could be generalized to normal
human osteoblast cells undergoing
differentiation. We cultured normal
osteoblasts in a defined differentia-
tion medium containing 10 mm
B-glycerophosphate and 50 ng/ml
acid ascorbic and extracted total
proteins and RNA from cells after
3, 7, and 14 days of culture. A

-
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FIGURE 2. Runx2 specifically interacts with the R1 Runx2 binding site of the BSP gene promoter in
preconfluent Saos-2 cells. A, schematic representation of Runx2 binding sites in the human BSP proximal
promoter region. Putative Runx2 binding sites R1 and R2 are shown along with their position relative to the
transcription start site. P17 and P2 indicate the localization of the PCR primers used in chromatin immunopre-
cipitation experiments. The position of these primers and the size of the expected fragment are indicated at
the bottom of the figure. B, oligonucleotides containing R1 Runx2 binding (probe R1), R2 Runx2 binding site
(probe R2) of the BSP promoter, and a probe containing the consensus Runx2 binding site of the osteocalcin
promoter (Cons) used as a positive control were incubated with 5 ug of nuclear extracts from preconfluent
Saos-2 cells. The open arrowhead represents the specific DNA-protein complex observed with all three probes.
Competition assays performed with excess amounts of cold R1 and R2 probes demonstrate the specificity of
the complex. C, preconfluent and confluent + 10 days Saos-2 cell nuclear extracts and probes were subse-
quently incubated with a specific anti-Runx2 polyclonal antibody or rabbit IgG. A supershifted complex was
observed for the R1 probe, and not the R2, in the presence of anti-Runx2 antibody (filled arrowhead). Runx2
demonstrates a DNA binding activity at the R1 BSP promoter site when Saos-2 are preconfluent, which is no
longer visible when the cells are in a postconfluent state. A representative experiment is shown (n = 3). Ab,

Western blot analysis (Fig. 4A4)
using a specific anti-BSP antibody
and real-time RT-PCR (Fig. 4B)
demonstrated that at day 7 of
osteoblastic differentiation BSP
expression showed an increase at
both protein and RNA levels that
was concomitant to a significant
decrease of Runx2 expression as
revealed using a specific anti-

antibody.

ciently competed using an excess of the corresponding cold
probes, thus demonstrating the specificity of the binding
(Fig. 2B). To assess the ability of the Runx2 transcription
factor to bind to R1 and R2 sites in vitro, we performed
supershift experiments using nuclear protein extracts from
both preconfluent and confluent + 10 days Saos-2 cells and
specific anti-Runx2 or rabbit IgG antibodies. The addition of
the anti-Runx2 antibody led to the formation of a super-
shifted protein-DNA complex with the R1 but not R2 probe
(Fig. 2C), whereas control IgGs had no effect on the migra-
tion of R1 and R2 complexes (Fig. 2C).

The Runx2 Nuclear Protein Level Is Decreased in Confluent
Saos-2 Cells That Express High BSP Levels—EMSA analysis
using specific anti-Runx2 antibodies demonstrated that the
Runx2-supershifted complex was significantly increased in
preconfluent Saos-2 cells when compared with confluent +
10 days cells (Fig. 2C). The nuclear Runx2 level is a critical
determinant for its transcriptional activity during osteo-
genic differentiation. Therefore, we examined the level of
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Runx?2 antibody (Fig. 4A4).

Runx2 in Vivo Occupancy of
Human BSP Proximal Promoters—
We next used a ChIP technique to examine the presence of
Runx2 at BSP proximal promoter region in both preconflu-
ent and confluent + 10 days Saos-2 cells. Cross-linked and
fragmented DNA-protein complexes were immunoprecipi-
tated with either anti-Runx2, control IgG, or no antibody.
PCR analysis on purified DNA was performed with primers
that span Runx2 binding sites in the BSP promoter. The
sequences and the positions of the primers selected for PCR
analysis of ChIP DNAs are given under “Experimental Pro-
cedures” and in Fig. 24, respectively. As shown in Fig. 5, BSP
promoter DNA was amplified in samples from preconfluent
cells but not from confluent + 10 days cells after immuno-
precipitation with Runx2 antibody. These data indicate that
Runx2 specifically interacts with the chromatin fragment
containing Runx2 binding sites within the BSP promoter
region and this only when the cells are in a preconfluent
state. Input chromatin DNA-amplified products are shown
as positive controls and attest for equivalent starting mate-
rial. There was no significant amplification in samples col-
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FIGURE 3. Saos-2 cell confluence affects nuclear Runx2 expression.
Nuclear and cytoplasmic protein extracts were prepared from preconfluent
and confluent + 10 days (d) Saos-2 cells and analyzed by Western blot. Cyto-
plasmic and nuclear fractions were also probed against a tubulin cytoplasmic
marker, whereas actin was used as a loading control.

lected with beads alone (no antibody) or with anti-rabbit IgG
antibody (Fig. 5).

Acetylated Histone H3 Proteins Are Detectable in the BSP
Promoter in Saos-2 Cells Treated with Trichostatin A—The
remodeling of chromatin is required to allow interactions of
transcription factors and coregulators with their corresponding
elements. The histone acetyltransferase inhibitor TSA has been
reported to favor the overall acetylation status of histones, thus
increasing the accessibility of specific chromatin regions to
transcription factors (53). Acetylation level of histones H3 and
H4 has been shown to be functionally coupled to the chromatin
remodeling events that mediate OC gene transcription during
osteogenesis (35). Therefore, we were interested to see whether
TSA treatment has an influence on the histone acetylation sta-
tus of the BSP proximal promoter in Saos-2 cells. To answer this
question, ChIP experiments were performed on preconfluent
Saos-2 cells treated with 500 nm TSA for 3 h. After cross-link-
ing, chromatin was coprecipitated with an antibody to acety-
lated histone H3. PCR was performed using the same primers
targeting the proximal BSP promoter as described above. The
results of the ChIP showed that TSA induced the appearance of
acetylated histone H3 at the BSP promoter compared with
untreated cells (Fig. 64). No amplification was observed in neg-
ative control samples of the ChIP procedure collected with no
antibody and with anti-rabbit IgG antibody (Fig. 6A).

HDAC3 Associates with the Human BSP Promoter and
Deacetylates Histone H3—HDAC3 has been shown to interact
with Runx2 and to be associated with the rat OC promoter (31).
Considering these data and our demonstration of the presence
of Runx2 in the BSP promoter in Saos-2 cells, we next examined

DECEMBER 14, 2007 < VOLUME 282 +NUMBER 50

Runx2 and HDAC3 Repress BSP Expression
A

Days of treatment () 3 7 14

— s | Runx2
T — — — et

BSP mRNA fold induction 0

4
3
2
| I
L
0 3 7 14

Days of treatment

FIGURE 4. Induction of BSP expression during normal human osteoblast
differentiation is associated with a decrease of Runx2. Normal osteoblasts
were induced to differentiate by treatment with 10 mm B-glycerophosphate
and 50 ng/ml ascorbic acid for 3, 7, and 14 days. A, whole cell lysates were
prepared at these different time points and immunoblotted with anti-Runx2
and anti-BSP antibodies as described under “Experimental Procedures.”
Equal protein loading was assessed by anti-actin immunoblotting. B, total
RNA extracts from parallel cultures of Saos-2 differentiating cells were ana-
lyzed by real-time quantitative RT-PCR. Histograms show the -fold induction
of BSP mRNA as compared with day 0 condition arbitrarily set to 1. Mean
values are expressed =S.D. Each experiment was performed at least twice.
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FIGURE 5. Runx2 associates with the human BSP proximal promoter in
vivo. A ChIP assay was performed on preconfluent and confluent + 10 days
(conf. + 10d) Saos-2 cells. Cells were cross-linked with formaldehyde, washed,
lysed, and immunoprecipitated without any antibody (No Ab), rabbit IgG or
Runx2 antibodies, as described under “Experimental Procedures.” PCR per-
formed using P1 and P2 primers (see Fig. 2A) shows significant amplification
of the BSP proximal promoter in the input and Runx2 immunoprecipitate (/P)
lanes. These results are representative of three independent experiments.

whether HDAC3 could also be recruited to the human BSP
proximal promoter region. ChIP assays using a specific anti-
HDACS3 antibody proved that HDACS3 is present at BSP pro-
moter in Saos-2 cells (Fig. 6B), whereas it is not visible anymore
after TSA treatment. Negative controls (no antibody and rabbit
IgG) showed no amplification, and input chromatin amplifica-
tion demonstrated equivalent starting material (Fig. 6B). This
inverse association between the presence of HDAC3 and acety-
lated histone H3 proteins at the BSP promoter in Saos-2 cells
upon treatment with TSA points to HDAC3 as a regulator of
the acetylation status of the BSP promoter proximal region. To
investigate whether the absence of acetylated histone H3 was
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FIGURE 6. The presence of acetylated histone H3 at the human BSP pro-
moter is dependent upon the presence of HDAC3 and not HDAC2 class |
HDACs. Acetylated histone H3 (H3ac) (A) and HDAC3 (B) are associated with
the BSP promoter in Saos-2 cells upon TSA treatment. Cross-linked chromatin
prepared from Saos-2 cells treated with (+) or without (—) TSA was precipi-
tated (/P) with the indicated antibodies, and PCR analysis was performed
using primers specific for the BSP promoter region. Ab, antibody. C, enhanced
histone H3 acetylation at the BSP promoter is observed upon HDAC3 silenc-
ing. Cross-linked chromatin prepared from Saos-2 cells transfected with the
indicated siRNAs directed against HDAC2 and HDAC3 was immunoprecipi-
tated with anti-acetylated histone H3 antibody, and PCR was performed
using BSP primers as described under “Experimental Procedures.” Represent-
ative results from one experiment are shown (n = 3).

directly linked to the presence of HDAC3 at BSP promoter, we
transfected Saos-2 preconfluent cells with an siRNA specifically
directed against HDAC3. These cells were then processed for
ChIP analysis using anti-acetylated histone H3 antibody in the
immunoprecipitation step. We found that specific inhibition of
HDACS3 expression significantly increased histone H3 protein
acetylation at the BSP promoter (Fig. 6C). Indeed, the use of an
siRNA directed against HDAC2, another class I HDAC, did not
allow the appearance of histone H3 acetylated species at the
BSP promoter (Fig. 6C).

Acetylated Histone H3, HDAC3, and Runx2 Are Detectable at
the Proximal BSP Promoter in Saos-2 Cells in Vivo—Next, we
addressed the question of whether the regulation of histone
acetylation at the BSP promoter was affected in the same way in
postconfluent Saos-2 cells that undergo osteogenic differentia-
tion as under TSA treatment. For this purpose we performed
ChIP experiments on preconfluent and confluent + 10 days
Saos-2 cells. Cross-linked and fragmented DNA-proteins com-
plexes were immunoprecipitated with either no antibody, anti-
rabbit IgG, anti-acetylated histone H3, or anti-HDAC3 anti-
bodies. As shown in Fig. 7, the amplification of BSP promoter
DNA was detectable in samples collected with HDAC3 anti-
bodies only when using preconfluent Saos-2 cell extracts.
Acetylated histone H3 immunoprecipitates enabled the ampli-
fication of BSP promoter DNA more significantly under post-
confluence than under preconfluence conditions. No amplifi-
cation was detected in samples collected with beads alone
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FIGURE 7. HDAGCS3 is detectable at the BSP gene proximal promoter in
preconfluent Saos-2 cells. A ChIP assay was performed on preconfluent
(preconf) and confluent + 10 days (conf. + 10d) Saos-2 cells with the use of 15
g of the mentioned antibodies. HDAC3 association with the BSP promoter is
more detectable in preconfluent than in confluent + 10 days Saos-2 cells.
Accordingly, higher amounts of acetylated histone H3 (H3ac) were observed
in confluent + 10 day cells when compared with preconfluent cells. PCR was
performed using the same BSP proximal promoter primers as previously and
was carried out for 35 cycles. Input amplification demonstrates equivalent
starting material. Representative results from one experiment are shown (n =
2). IP,immunoprecipitate; Ab, antibody.

(without antibody) and with anti-rabbit IgG antibody. PCR
reactions with input DNA is shown as a control of the equiva-
lent starting material. Overall, our ChIP experiments (Figs. 5
and 7) aimed at the comparison of the BSP promoter in terms of
the presence of histone H3 protein acetylation, HDAC3, and
Runx2, demonstrated that acetylated histone H3 proteins, an
indicator of a transcriptionally permissive chromatin state, are
detectable concomitantly with the disappearance of both
HDAC3 and Runx2 from the BSP promoter in confluent + 10
days Saos-2 cells. Inversely, HDAC3 and Runx2 are associated
with the BSP promoter in preconfluent cells only, a condition
under which BSP expression is repressed.

HDAC3 and Runx2 Suppression Increases BSP Expression in
Saos-2 Cells—Having demonstrated that Runx2 and HDAC3
do not associate with the BSP promoter in confluent Saos-2
cells that express high amounts of BSP, we next investigated the
effect of HDAC3 and Runx2 suppression on endogenous BSP
expression at protein and mRNA levels in Saos-2 preconfluent
cells. Total RNA from HDAC3 and Runx2 siRNA-transfected
cells was collected after 48 h of transfection and was used to
perform a real-time RT-PCR. We observed that suppression of
either HDAC3 or Runx2 or both induced a 10-, 3-, and 5-fold
increase in BSP mRNA, respectively (Fig. 84). The transfection
of control siRNA directed against GL3 luciferase and a com-
mercially available negative control siRNA (EGT) did not sig-
nificantly affect BSP expression (Fig. 84). A Western blot anal-
ysis performed on total proteins extracted from parallel
siRNAs-transfected Saos-2 cells showed an increase in BSP
protein when either the expression of HDAC3, Runx2, or both
were specifically inhibited (Fig. 8B). These results indicate that
both HDAC3 and Runx2 exert a suppressive activity on BSP
gene expression in preconfluent Saos-2 cells. Runx2 and
HDAC3 Western blots controlling the specific down-regula-
tion of these proteins in siRNAs- transfected cells are presented
in Fig. 8B.

DISCUSSION

BSP is a bone matrix glycoprotein that intervenes at different
stages of bone remodeling. It acts as a nucleator of hydroxyap-
atite crystals via its glutamic acid-rich clusters (54). In addition,
BSP is an RGD (Arg-Gly-Asp)-containing protein (2) that is
able to interact with the osteoclast integrin av33 to potentiate
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FIGURE 8. HDAC3 and Runx2 suppression in Saos-2 cells increases BSP at
mRNA and protein levels. A, real-time quantitative RT-PCR was performed
on the total RNA extracted from Saos-2 cells transfected with 25 nm concen-
trations of the indicated siRNAs for 48 h as described under “Experimental
Procedures.” Data are expressed as the mean = S.D. B, Western blot analysis
shows the increase of BSP protein levels in Saos-2 cells when Runx2, HDAC3,
or both are silenced using specific siRNAs. Anti-Runx2 and anti-HDAC3 immu-
noblots confirmed the significant down-regulation of Runx2 and HDAC3
expression induced by the transfection of the corresponding siRNAs in Saos-2
cells. EGT and GL3 luciferase siRNAs represent a commercially available neg-
ative control and unrelated siRNA control, respectively. Equal protein loading
was assessed by anti-actin immunoblotting. Representative results from one
experiment are shown (n = 2).

bone resorption (55-57). The induction of BSP expression has
been previously described as a strictly spatiotemporally regu-
lated event during osteoblastic differentiation and subsequent
extracellular matrix mineralization (8, 58). Runx2 is a critical
regulator of bone formation and is required for osteoblast dif-
ferentiation (18, 19) (59). It is a DNA-binding protein that can
regulate both osteoblast-specific gene activation or repression.
Although several studies have unveiled the mechanisms of
Runx2-mediated transcriptional activation, much less is known
about Runx2-mediated repression. The first demonstration of a
negative transcription regulation by Runx2 for an osteoblast-
expressed gene concerned the repression of the gallus BSP gene
(30). In this study, the authors considered the possible interven-
tion of known suppressors of Runx-dependent activation such
as TLE/Groucho proteins (60, 61). However, neither coexpres-
sion of TLE1 or TLE2 nor the deletion of the TLE interaction
motif of Runx2 relieved Runx2-mediated suppression of BSP
expression (30).

In this study, we took advantage of the Saos-2 osteoblastic
model (38) to investigate the mechanisms of human BSP gene
transcriptional regulation by Runx2. Consistent with their
osteoblastic cell behavior, we observed that Saos-2 cells main-
tained in culture for up to 20 days postconfluency entered a
differentiation process that is accompanied by the expression of
large amounts of BSP. The nonproliferative/differentiating sta-
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tus of the postconfluent Saos-2 cells was further confirmed by
the demonstration of a high p27 expression level in comparison
to preconfluent proliferating cells. p27 plays a key role in regu-
lating osteoblast differentiation by repressing proliferation-re-
lated events in bone cells. Indeed, maximal p27 levels have been
previously reported in postproliferative osteosarcoma cells
(48).

We used EMSA and a Western blot analysis to assess both
functional Runx2 binding to DNA and Runx2 nuclear content.
We demonstrated that Runx2 is able to interact with the most
proximal Runx2 binding sites of the BSP gene promoter when
the cells are in a preconfluent status. This interaction does not
occur anymore when Saos-2 cells reach postconfluency and
overexpress BSP. We also observed that the transition of Saos-2
cells from a proliferative state to confluency is paralleled by the
progressive disappearance of Runx2 from the nucleus. This
observation is original since previous studies have generally
reported that Runx2 mRNA and/or cellular protein levels
remained constant or were increased during osteoblastic differ-
entiation (62— 64). It is likely that Runx2 is regulated at multiple
levels (transcription, protein synthesis, subcellular localization,
and DNA binding activity) during osteoblast differentiation in
vitro. Our demonstration that nuclear levels of Runx2 vary dur-
ing the osteoblastic differentiation process sheds light on an
important point that must be considered in future Runx2 reg-
ulation studies.

Similar to the bone-specific OC gene, BSP is considered as a
mature osteoblast gene that is up-regulated at the onset of bone
matrix mineralization. Therefore, it is conceivable that both
genes are expressed later than a series of other osteoblastic
genes that need Runx2 activation. This hypothesis is further
reinforced by the study of Liu et al. (65) which demonstrates
that the overexpression of Runx2 in osteoblasts severely
reduces OC expression. These data and ours strongly suggest
that Runx2 acts as an inhibitor of osteoblastic maturation.
Therefore, it is now more apparent that Runx2 presents dual
functions depending on the maturational stage of the osteo-
blast; that is, a positive regulatory effect in the early stages of
osteoblastic differentiation and a suppressive effect when
osteoblasts adopt a more mature phenotype. Accordingly,
Runx2 was recently described as an important player in main-
taining a supply of immature osteoblasts (50).

Obviously, nuclear localization of a transcription factor is
determinant for its control of target genes expression. Based on
our observations, we suggest that Runx2 transcriptional activity
can be rapidly controlled during osteoblastic differentiation by
changes affecting its availability in the nucleus. Interestingly,
neither a detailed analysis of Runx2 nuclear disappearance
using confocal immunofluorescence microscopy (data not
shown) nor Western blots on cytoplasmic fractions reveal the
accumulation of Runx2 in the cytoplasm of postconfluent
osteoblastic cells. This observation strongly suggests that when
the expression of BSP is needed, Runx2 is rapidly exported and
degraded in the cytoplasm or is degraded within the nucleus.
The function of Runx2 in the osteogenic lineage is highly anal-
ogous to the role of the key transcription factor controlling the
myoblast differentiation factor MyoD. The phosphorylation,
ubiquitination, and rapid degradation in the cytoplasm of these
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differentiation-associated transcription factors by cell cycle
proteins have been previously reported (66 —68). Nuclear deg-
radation of proteins is being increasingly documented and
appears to be another important mechanism for the rapid con-
trol of the activity of MyoD (69) and other crucial regulatory
proteins such as p53 (70).

PEBP2B/Cbfp is a Runx protein cotranscription factor that
has been shown to protect Runx2 from ubiquitin-proteasome-
mediated degradation (71). We considered the possibility that
Runx2 disappearance from the nucleus in confluent Saos-2 cells
was linked to a decrease in PEBP2f expression.

Western blots performed on nuclear and cytoplasmic frac-
tions did not allow us to demonstrate any significant change in
PEBP2 or subcellular localization in preconfluent versus post-
confluent Saos-2 cells (data not shown). Additional experi-
ments are obviously needed to reveal the exact mechanism
leading to Runx2 disappearance from the nucleus in osteo-
blastic cells undergoing differentiation. Another interesting
hypothesis to be explored is the role of inorganic phosphate
signaling. Indeed, the requirement of inorganic phosphate (P;)
has been shown to be important during osteoblastic differenti-
ation not only as a component of hydroxyapatite minerals but
also as a signal event preceding mineralization (72). In their
study of the role of P, during mineralization, Fujita et al. (73)
unexpectedly observed that P; quickly evacuated Runx2 from
the nuclei in osteoblastic MC3T3-E1 cells. Accelerated nodule
formation and mineralization occurred the following days of
culture, suggesting that this ultimate phase of osteoblastic dif-
ferentiation does not necessitate the presence of nuclear
Runx2, which concords with our data. In their study the expres-
sion of hydroxyapatite nucleator proteins such as BSP was not
evaluated. However, the authors observed that P; stimulus low-
ered the secretion of OC (73).

Nucleosomal histones are frequently hyperacetylated in
transcriptionally active chromatin (32). We show that the BSP
proximal promoter region contains low levels of acetylated his-
tone H3 in preconfluent Saos-2 cells, whereas this level is sig-
nificantly increased in confluent cells when BSP expression is
highly induced. TSA-treated preconfluent cells also exhibited
elevated levels of acetylated histone H3 at the BSP promoter.
These results indicate that the BSP promoter shows a marked
transition from a transcriptionally silent state to an active chro-
matin conformation after long-term culture and after TSA
stimulation in Saos-2 cells. HDAC3 suppression in MC3T3-E1
cells undergoing differentiation induces the precocious expres-
sion of Runx2 target genes such as OC, osteopontin, and BSP
(31). Our observation that TSA treatment significantly affected
the level of HDAC3 at the BSP promoter is suggestive of a con-
trol of histone acetylation by this enzyme at the BSP proximal
promoter. This was further confirmed by the presence of
immunoprecipitable histone H3-acetylated species at the BSP
promoter when HDAC3 expression is specifically blocked
using siRNAs and not in the absence of another class | HDAC
such as HDAC2. Furthermore, chromatin immunoprecipita-
tion assays allowed us to show that the presence of HDAC3 at
the BSP promoter exhibited the same pattern as Runx2, sug-
gesting that this enzyme is probably recruited by Runx2, as
recently shown for the OC promoter (31). When present in the
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nucleus, Runx2 could interact with HDACS3 to exert a repres-
sive control on BSP transcription. In particular, we also dem-
onstrated that the inhibition of either HDAC3 or Runx2
induces a significant increase in BSP expression. HDAC3 has
been reported to be strictly nuclear and expressed throughout
the osteoblastic differentiation process (31, 37), suggesting that
this enzyme could be recruited to the BSP promoter by factors
other than Runx2 to repress this latter activity. This is indeed
possible since we observed the highest induction of endogenous
BSP gene expression when HDACS is inhibited. Another pos-
sibility is that Runx2, in the absence of HDAC3, recruits other
co-factors to behave as an inducer of BSP expression. However,
the signals that switch Runx2 from a repressor to an activator
remain to be identified. Overall, our data allow us to suggest
that Runx2/HDACS3 interaction is a major and broad mecha-
nism used by osteoblastic cells during differentiation for the
tight control of multiple osteoblast-expressed genes.

This study shows the disappearance of endogenous Runx2
from the nucleus and the major decrease of its DNA binding
activity at the BSP promoter in differentiating osteoblast cells,
suggesting that Runx2 activity may interfere with the accom-
plishment of specific steps leading to osteoblast maturation and
mineralization processes. Transcriptional activity of Runx2
must be very subtle and tightly regulated throughout the mat-
uration process leading to fully differentiated osteoblasts. The
Runx2 dual regulatory activity, repression and activation of
osteogenic gene expression, suggested by our study is also illus-
trated by the fact that neither Runx2-deficient mice (19, 58) nor
transgenic mice overexpressing Runx2 (65) present alterations
in the bone formation process.
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