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Bone-specific transcription of the osteocalcin (OC) gene is regulated principally by the Runx2 transcription
factor and is further stimulated in response to 1e,25-dihydroxyvitamin D via its specific receptor (VDR). The
rat OC gene promoter contains three recognition sites for Runx2 (sites A, B, and C). Mutation of sites A and
B, which flank the 1e,25-dihydroxyvitamin D;-responsive element (VDRE), abolishes 1a,25-dihydroxyvitamin
D;-dependent enhancement of OC transcription, indicating a tight functional relationship between the VDR
and Runx2 factors. In contrast to most of the members of the nuclear receptor family, VDR possesses a very
short N-terminal A/B domain, which has led to the suggestion that its N-terminal region does not contribute
to transcriptional enhancement. Here, we have combined transient-overexpression, coimmunoprecipitation, in
situ colocalization, chromatin immunoprecipitation, and glutathione S-transferase pull-down analyses to
demonstrate that in osteoblastic cells expressing OC, VDR interacts directly with Runx2 bound to site B, which
is located immediately adjacent to the VDRE. This interaction contributes significantly to 1«,25-dihydroxyvi-
tamin D;-dependent enhancement of the OC promoter and requires a region located C terminal to the runt
homology DNA binding domain of Runx2 and the N-terminal region of VDR. Together, our results indicate that
Runx2 plays a key role in the 1a,25-dihydroxyvitamin D;-dependent stimulation of the OC promoter in
osteoblastic cells by further stabilizing the interaction of the VDR with the VDRE. These studies demonstrate
a novel mechanism for combinatorial control of bone tissue-specific gene expression. This mechanism involves
the intersection of two major pathways: Runx2, a “master” transcriptional regulator of osteoblast differenti-
ation, and la,25-dihydroxyvitamin D;, a hormone that promotes expression of genes associated with these

terminally differentiated bone cells.

The rat osteocalcin (OC) gene encodes a bone-specific pro-
tein that is induced in osteoblasts with the onset of mineral-
ization of the extracellular matrix, at late stages of differenti-
ation (17). Bone-specific expression of the OC gene is
regulated principally by the Runx2 transcription factor (1, 4),
which has been proven to be essential for bone formation.
Elimination of the Runx2 gene causes developmental defects
in osteogenesis (10), and hereditary mutations in this gene are
linked to specific ossification defects, as observed in cleidocra-
nial dysplacia (16). The rat OC gene promoter contains three
recognition sites for Runx2 interactions, site A (—605 to
—595), site B (—438 to —430), and site C (—138 to —130).
Mutation of all three Runx2 sites results in significantly re-
duced OC expression in bone-derived cells (8). Another key
regulatory element that controls OC gene expression is recog-
nized by the 1a,25-dihydroxyvitamin D, receptor (VDR) com-
plex upon ligand activation. This 1a,25-dihydroxyvitamin Ds;-
responsive element (VDRE) is located in the distal region of
the rat OC promoter (—465 to —437) and functions as an
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enhancer to increase OC transcription (11). Binding of the
ligand 1la,25-dihydroxyvitamin D; induces conformational
changes in the ligand binding domain (LBD) of the receptor
that enable it to interact with several coactivators of the p160
family, such as NcoA-1/SRC-1, NCoA-2/GRIP/TIF2/SRC-2,
and ACTR/SRC-3, that are critical for transcriptional activa-
tion (3, 19). In addition, the multisubunit DRIP (for vitamin D
receptor-interacting protein) complex binds to the VDR in
response to the ligand (21, 22). This interaction occurs through
a single motif on the VDR in much the same manner as for the
coactivators and also results in transcriptional enhancement
(20). Recently, a novel ATP-dependent chromatin-remodeling
complex that binds to the VDR, termed WINAC (for WSTF
[Williams syndrome transcription factor]-including nucleo-
some assembly complex), has been reported (9). WINAC
shares components with two other chromatin-remodeling com-
plexes, SWI/SNF and ISWI, and has been proposed to mediate
recruitment of unliganded VDR to target genes. Nevertheless,
subsequent interaction of the targeted VDR with transcrip-
tional coregulators requires the presence of 1a,25-dihydroxyvi-
tamin Dj.

It has been indicated that in contrast to most steroid recep-
tors, VDR does not contain an AF-1 transactivation domain at
the N-terminal end (19). VDR possesses a very short (18-
amino-acid) A/B domain, which would not be large enough to
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bind coactivators and function as a transactivation motif. Nev-
ertheless, the possibility that the N-terminal region of VDR
could be contributing to transcriptional enhancement by inter-
acting with cell-specific transcription factors has not been for-
mally evaluated.

Several lines of evidence suggest a tight functional relation-
ship between Runx2 and the VDR complex in the regulation of
OC gene transcription. Thus, it has been reported that muta-
tion of Runx2 sites A and B (which flank the VDRE) abolishes
1a,25-dihydroxyvitamin D5 enhancement of OC promoter ac-
tivity (8). It was also shown, both in vitro and in intact osteo-
blastic cells, that VDR and Runx2 factors interact simulta-
neously with their cognate sequences located in close proximity
within the distal region of the OC promoter (VDRE and
Runx2 site B, respectively) (18, 24). In addition, we have re-
ported that in intact osteoblastic cells, the transcriptional co-
activator p300 is recruited to the OC promoter by Runx2,
where it up-regulates both basal and 1la,25-dihydroxyvitamin
Ds-enhanced OC promoter activity (24). p300 has been shown
to interact, either directly or through other molecules such as
the members of the p160 family of coactivators, with nuclear
receptors in a ligand-dependent manner (19). Therefore, it has
been suggested that Runx2-mediated recruitment of p300 to
the OC promoter may facilitate the subsequent interaction of
p300 with the VDR upon ligand stimulation (24). Thus, there
is a need to address whether specific protein-protein interac-
tions facilitate formation of these multisubunit complexes at
1a,25-dihydroxyvitamin D5-responsive promoters.

Here, we show that in osteoblastic cells expressing OC, VDR
interacts directly with Runx2 bound to Runx2 site B. This
protein-protein interaction involves a domain located C termi-
nal to the runt homology DNA binding region of Runx2 and
the N-terminal end of VDR. Together, our results indicate that
Runx2 plays a key role in the 1a,25-dihydroxyvitamin D5-de-
pendent stimulation of the OC gene promoter in osteoblastic
cells by directly stabilizing the binding of the VDR to the
VDRE. This is the first demonstration that the N-terminal
domain of VDR mediates protein-protein interactions that
result in formation of transcriptionally active complexes.

MATERIALS AND METHODS

GST pull-down assays. The fusion proteins glutathione S-transferase (GST)—
Runx2, GST-Runx2A376, GST-Runx2A361, GST-Runx2A230, GST-Runx2(209-
361), GST-VDR, GST-VDRAI-111, GST-VDRAI1-21, GST-VDRA22, GST-
VDRA165, GST-VDRA111, and GST-VDRS51G were obtained by expression
in Escherichia coli BL21 as previously reported (5, 18, 24). GST-free VDR
proteins were obtained by cleaving GST-VDR with 1.0 U of factor Xa (New
England Biolabs, Beverly, Mass.) at 4°C overnight. The pGEX-VDRA1-111
plasmid, coding for a mutated version of VDR in which amino acids 1 to 111
have been deleted, was generated by PCR amplification with a plasmid contain-
ing the full-length VDR gene as a template and the primers 5'-CGCACGCGT
CACACTACGGAGGAGGAGGCCTTGAAGGACAGTCTGCGGC-3"  (for-
ward) and 5'-GCCACGATGCGGCCGCATCAGGAGATCTCATTCCCCAA
ACACTTCG-3' (reverse). The PCR product was then cleaved with Sall and
NotI and subsequently subcloned in the pGEX5X3 vector (Pharmacia Biotech,
Uppsala, Sweden). The pGEX-VDRA111 plasmid, coding for the first 111 amino
acids of the N terminus of VDR fused to GST, was generated by PCR with the
primers 5'-TTCCCGGGGATATCACATGGAGGCAATGGC-3" (forward)
and 5'-AAGGCCTCGTCGACCTTCCGCTTCAGGAT-3’ (reverse). The PCR
product was cleaved with EcoRV and Sall and subsequently cloned into the
pGEX5X3 vector (Pharmacia Biotech), which was previously cleaved with Smal
and Sall. The pGEX-VDRAI1-21 plasmid, coding for a mutated version of VDR
in which residues 1 to 21 have been deleted, was generated by PCR amplification
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with a plasmid containing the full-length VDR gene as a template and the
primers 5° CTTTGACCGGAACGTCGACCGGATCTGTGGGGTG-3" (for-
ward) and 5'-GCCACGATGCGGCCGCATCAGGAGATCTCATTCCCCAA
ACACTTCG-3" (ASVDRNotl, reverse). The PCR product was then cleaved
with Sall and NotI and cloned into the pGEX5X3 vector. The pGEX-VDRA22
plasmid, coding for the first 22 amino acids of the N terminus of VDR fused to
GST, was generated by PCR with the primers 5'-CGCACGCGTCGACACTA
CATGGAGGCAATGGCGGCCAGCACTTCCCTGCC-3" (SVDRSall, for-
ward) and 5'-GGTCTCCAGCGGCCGCACAGATTCAGGGCACGTTCC-3’
(reverse). The PCR product was then cleaved with Sall and NotI and cloned into
the pGEX5XI1 vector. The pGEX-VDRS51G plasmid, coding for a mutated
version of VDR in which serine 51 has been mutated to glycine, was generated
by PCR amplification with a plasmid containing the full-length VDR gene mu-
tated as a template and the primers SVDRSall (forward) and ASVDRNotI
(reverse). The PCR product was then cleaved with Sall and NotI and cloned into
the pGEX5X1 vector. The pGEX-VDRA165 plasmid, coding for the first 165
amino acids of the N terminus of VDR fused to GST, was generated by PCR with
the primers SVDRSall (forward) and 5'-GTCTGGAGTGCGGCCGCGAAGG
TCAGCTCCCTCCACC-3' (reverse). The PCR product was then cleaved with
Sall and NotI and cloned into the pPGEX5X1 vector. The pGEX-Runx2(209-361)
plasmid, coding for the Runx2 domain between residues 209 and 361 fused to
GST, was generated by cleaving the pCDNA-Runx2(209-361) plasmid with
BamHI and Xhol and subsequently cloning into the pGEX4T1 vector. GST
pull-down assays were carried out as described before (24). Coprecipitated
Runx2, VDR, RXRa, and SRC-1 proteins were revealed by Western blotting
with specific antibodies (M-70 for Runx2, C-20 for VDR, and D-20 for RXRa
[Santa Cruz Biotechnology] and clone 1135 for SRC-1 [Upstate Biotechnology]).
GST-VDR and GST-VDRAL111 proteins were revealed by Western blotting with
anti-VDR polyclonal antibodies directed against the C terminus of the VDR
protein (C-20; Santa Cruz Biotechnology). To detect GST-VDRAL111 proteins, a
specific rat monoclonal antibody directed against the N-terminal region of VDR
(AB-1; Oncogene Research) was used. In some cases (see the figure legends),
GST-fused proteins were detected by using anti-GST polyclonal antibodies
(Pharmacia Biotech).

His pull-down assay. Twenty microliters of Ni?*-nitrilotriacetic acid agarose
beads (Qiagen Inc., Valencia, Calif.) was incubated with 1.5 pg of His-Runx2 in
a 500-pl final volume of binding buffer (20 mM Tris-Cl [pH 8.0], 100 mM KClI,
1 mM dithiothreitol [DTT], 1 mM EDTA, 0.5% NP-40, 0.05 mM phenylmeth-
ylsulfonyl fluoride, and 1 ug of bovine serum albumin per pl) for 45 min at 4°C
with gentle agitation. The beads were collected by centrifugation at 9,000 X g for
30 s at 4°C and then incubated with 1.5 pg of purified recombinant protein (e.g.,
GST-VDR or GST-RXRa) for 2 h at 4°C with gentle agitation. Following
extensive washes with buffer (20 mM Tris-Cl [pH 8.0], 100 mM KCI, 1 mM DTT,
1 mM EDTA, 0.5% NP-40, and 0.05 mM phenylmethylsulfonyl fluoride), the
beads were resuspended in 20 pl of loading buffer and incubated at 95°C for 5
min. The samples were then fractionated by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE) (10% acrylamide), and the presence of
GST-VDR and Runx2 proteins was revealed by Western blotting with specific
antibodies (Santa Cruz).

Mammalian expression constructs. Luciferase reporter constructs driven by
the wild-type rat OC promoter (pOC-LUC) or a promoter in which the distal
Runx2 sites A and/or B or the proximal Runx2 site C has been mutated (pmAB-
LUC, pmA-LUC, pmB-LUC, and pmC-LUC, respectively) were described pre-
viously (8, 24). To generate the eukaryotic expression vector pPCDNA-VDRA1-
21, the pGEX-VDRAI-21 plasmid was cleaved with BamHI and Notl and
subsequently cloned into the pCDNA 3.1HisA vector. The expression vector
pCDNA-VDRAL165 was generated by cutting the pGEX-VDRA165 plasmid with
BamHI and NotI and subsequently cloning the insert into the pPCDNA 3.1HisA
vector. The pCMV plasmid, coding for the enzyme B-galactosidase and driven
by cytomegalovirus (CMV) promoter, was purchased from Clontech (Palo Alto,
Calif.).

Cell cultures, transient transfections, and reporter assays. ROS 17/2.8 and
ROS 24/1 osteoblastic cells were cultured as described previously (12). ROS17/
2.8 cells express OC and respond to 1o,25-dihydroxyvitamin D5 with a three- to
fivefold increase in OC expression, while ROS 24/1 cells express neither OC nor
VDR. ROS 17/2.8 cells were plated in six-well plates (35-mm-diameter wells)
and transiently transfected with 1 pg of pOC-LUC, pmAB-LUC, pmA-LUC,
pmB-LUC, or pmC-LUC and 0.5 pg of CMV empty vector. In the VDR and
Runx2 forced-expression experiments, cells were cotransfected with the expres-
sion vector as described before (24) at the concentrations described in the figure
legends. The total amount of exogenous DNA was maintained at 9 pg/well with
salmon sperm DNA (Invitrogen, Carlsbad, Calif.). Cells were transfected by
using Lipofectamine Plus reagent (Invitrogen) according to the manufacturer’s
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instructions. The pCMV plasmid was included as internal control for transfec-
tion efficiency. Cells were harvested at 24 h after transfection and assayed for
luciferase (Promega, Madison, Wis.) and B-galactosidase (Clontech) activities in
a luminometer (TD20/20; Turner Designs Institute, Sunnyvale, Calif.).

Immunoprecipitations. Nuclear extracts from ROS 17/2.8 or ROS 24/1 cells
cultured in the presence or absence of 10~% M 1a,25-dihydroxyvitamin D5 for 4 h
were prepared by a modified version of the Dignam method (6). Coimmunopre-
cipitation experiments were performed as described before (24). VDR was im-
munoprecipitated with an anti-VDR monoclonal antibody (Oncogene Research,
Boston, Mass.), and the coimmunoprecipitated Runx2 was detected by Western
blotting with an anti-Runx2 polyclonal antibody (Santa Cruz Biotechnology).

In situ colocalization analyses. ROS 17/2.8 cells were plated at a density of 10°
cells per well on gelatin-coated coverslips in six-well plates. Cells were cultured
for 40 to 48 h in F12 medium containing 1% charcoal-stripped serum and treated
with 1078 M 1a,25-dihydroxyvitamin D5 for 45 min or 24 h. Untreated cells were
used as control. For immunofluorescence, cells were washed twice with ice-cold
phosphate-buffered saline (PBS) and fixed with 3.7% formaldehyde for 10 min
on ice. Cells were then permeabilized for 20 min with PBS containing 0.5%
Triton X-100. To detect endogenous Runx2 and VDR, cells were incubated with
a mouse monoclonal antibody against Runx2 (dilution of 1:1,000) (29) and a
rabbit polyclonal antibody against VDR (dilution of 1:200) for 1 h. Fluoro-
chrome-conjugated Alexa antibodies (Invitrogen) raised in goat against mouse or
rabbit were used as secondary antibodies (dilution of 1:800). Cells were then
stained with DAPI (4',6'-diamidino-2-phenylindole) to detect nuclei. Coverslips
were mounted on glass slides with VectaShield mounting medium (Vector Lab-
oratories, Burlingame, Calif.) and stored at —20°C until analyzed. A Zeiss Ax-
ioplan microscope equipped with a charge-coupled device was used to acquire
images. The Metamorph imaging software was used to analyze images.

ChIP and Re-ChIP assays. Chromatin immunoprecipitation (ChIP) studies
were performed as described earlier (24, 25), with modifications. All of the steps
were performed at 4°C. ROS 17/2.8 cell cultures (100-mm-diameter plates) were
incubated for 5 min with 1% formaldehyde and gentle agitation. The cross-
linking was stopped by treatment with 0.125 M glycine for 5 min. The cells were
then washed with 10 ml of PBS, scraped off in the same volume of PBS, and
collected by centrifugation at 1,000 X g for 5 min. The cell pellet was resus-
pended in 3 ml of lysis buffer (50 mM HEPES [pH 7.8], 20 mM KCI, 3 mM
MgCl,, 0.1% NP-40, and a cocktail of proteinase inhibitors) and incubated for 10
min on ice. The cell extract was then collected by centrifugation at 1,000 X g for
5 min, resuspended in 3.0 ml of sonication buffer (50 mM HEPES [pH 7.9], 140
mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% deoxycholate acid, 0.1% SDS,
and a cocktail of proteinase inhibitors) and incubated for 10 min on ice. To
reduce the length of the chromatin fragments to approximately 500 bp (con-
firmed by electrophoretic analysis and PCR), the extract was sonicated with a
Misonix sonicator (model 3000), using 10 15-s pulses at 30% power. After
centrifugation at 16,000 X g, the supernatant was collected, frozen in liquid
nitrogen, and kept at —80°C. An aliquot was kept for 4,5, measurements.
Cross-linked extracts (6 U A,4,) were resuspended in sonication buffer to a final
volume of 500 wpl. The samples were plecleared by incubation with 30 pl of
protein A/G-agarose beads preblocked with bovine serum albumin (Santa Cruz
Biotechnology) for 15 min at 4°C with agitation. After centrifugation at 1,000 X
g for 5 min, the supernatant was collected and immunoprecipitated with either an
anti-Runx2 polyclonal antibody (Santa Cruz Biotechnology), an anti-VDR
monoclonal antibody (Oncogene Research), an anti C/EBP B polyclonal anti-
body (Santa Cruz Biotechnology), or an anti X-press monoclonal antibody (In-
vitrogen). The immunocomplexes were recovered by the addition of 30 pl of
protein A-agarose beads and subsequent incubation for 1 h at 4°C with agitation.
The complexes were washed twice with sonication buffer, twice with sonication
buffer plus 500 mM NaCl, twice with LiCl buffer (100 mM Tris-HCI [pH 8.0], 500
mM LiCl, 0.1% NP-40, and 0.1% deoxycholic acid), and twice with dialysis buffer
(2 mM EDTA and 50 mM Tris-HCI [pH 8.0]), with the solution incubated at
each washing for 5 min at 4°C. The protein-DNA complexes were then eluted by
incubation with 100 pl of elution buffer (50 mM NaHCO; and 1% SDS) for 15
min at 65°C. After centrifugation at 1,000 X g for 5 min, the supernatant was
collected and incubated with 10 pg of RNase A per ml at 65°C to reverse the
cross-linking. The proteins were then digested with 200 pg of proteinase K per
ml for 2 h at 50°C. The DNA was recovered by phenol-chloroform extraction and
ethanol precipitation with tRNA (5 wg/ml) as a precipitation carrier. The PCR
conditions and the primers used were reported previously (23, 24). The Re-ChIP
assays were performed as described earlier (13). The immunoprecipitated com-
plexes obtained by ChIP were eluted by incubation for 30 min at 37°C in 25 pl
of 10 mM DTT. After centrifugation, the supernatant was diluted 20 times with
sonication buffer and subjected to the ChIP procedure.
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RESULTS

The distal Runx site B is required for 1a,25-dihydroxyvita-
min D;-enhanced OC promoter activity. Previous reports have
suggested cooperativity between the Runx2 and VDR factors
in the la,25-dihydroxyvitamin D;-dependent transcriptional
enhancement of OC gene expression in osteoblastic cells (8,
18, 24). To gain understanding of the molecular bases for a
functional relationship between these two primary regulators,
we assessed the contribution of the distal Runx2 sites in OC
promoter responsiveness to the la,25-dihydroxyvitamin Ds.

As shown in Fig. 1, single or combined mutations of the
distal Runx2 binding sites (site A, —605 to —595; site B, —440
to —435) which flank the VDRE (—465 to —440) inhibit 1c,25-
dihydroxyvitamin D5-enhancement of OC promoter activity.
Hence, when we transiently transfected the osteoblastic cells
ROS17/2.8 with OC promoter-luciferase reporter constructs
carrying mutations in either Runx2 site A, site B, or both sites,
which prevents Runx2 interaction, a significant inhibition in
the 1a,25-dihydroxyvitamin D;-dependent stimulation of the
OC promoter activity was detected (Fig. 1). Similarly, transient
overexpression of Runx2 in ROS 17/2.8 cells resulted in both
stimulation of OC promoter basal activity and up-regulation of
the 1a,25-dihydroxyvitamin D;-dependent enhancement of
this promoter (Fig. 2). This Runx2-dependent up-regulation
requires the distal Runx2 elements and the VDRE (data not
shown).

In agreement with previous reports (8) a mutation in Runx2
site C, which is located within the proximal promoter region
(—138 to —130), did not prevent la,25-dihydroxyvitamin D5-
dependent up-regulation of the OC promoter activity (Fig. 1).
However, it appears that this site also contributes to 1a,25-
dihydroxyvitamin D5 responsiveness, as the OC promoter con-
struct containing a mutated Runx2 site C exhibited reduced
la,25-dihydroxyvitamin D;-dependent stimulation compared
to that shown by the wild-type OC promoter.

Together, these results indicate that although all three
Runx2 sites contribute to full responsiveness of the OC pro-
moter to 1a,25-dihydroxyvitamin D5, Runx2 site B is absolutely
required. Interestingly, site B is located immediately adjacent
to the VDRE, suggesting that the Runx2 and VDR factors
could be components of a multisubunit complex bound to the
OC promoter following ligand stimulation.

Runx2 and VDR are components of the same nuclear com-
plex in osteoblastic cells treated with 1c,25-dihydroxyvitamin
D;. To assess whether Runx2 and the VDR are components of
the same nuclear protein complexes in bone-derived cells cul-
tured in the presence of la,25-dihydroxyvitamin D5, we com-
bined coimmunoprecipitation and Western blot analyses.
VDR was immunoprecipitated from nuclear extracts of ROS
17/2.8 osteoblastic cells treated with 107 M 1a,25-dihy-
droxyvitamin D5 for 4 h (Fig. 3A, lower panel, lane 2) but not
from cells cultured in the absence of the hormone (Fig. 3A,
lower panel, lane 3). This immunoprecipitation was specific, as
VDR was not detected when a nonspecific mouse immuno-
globulin G fraction was used in the reaction (Fig. 3A, lower
panel, lane 4) or when nuclear extracts from ROS 24/1 osteo-
blastic cells, which express neither VDR nor OC (12, 14), were
analyzed (Fig. 3A, lower panel, lane 5). More importantly, the
bone-specific transcription factor Runx2 was present in the
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FIG. 1. The Runx2 sites are required for la,25-dihydroxyvitamin
D;-dependent enhancement of the OC promoter. (A) Schematic rep-
resentation of various constructs containing wild-type or mutated ver-
sions of the rat OC gene promoter controlling the luciferase reporter
gene. Each Runx2 site is indicated with an open box, and the mutated
Runx2 sites are marked with an X. The VDRE is marked with a black
box. pOC-LUC, wild-type rat OC gene promoter; pOC-LUCmAB, rat
OC gene promoter with mutated Runx2 sites A and B; pOC-LUCmB,
rat OC gene promoter with mutated Runx2 site B; pOC-LUCmA, rat
OC gene promoter with mutated Runx2 site A; pOC-LUCmC, rat OC
gene promoter with mutated Runx2 site C. (B) Each pOC-LUC con-
struct (1 wg) was transiently transfected into ROS 17/2.8 cells, and
luciferase activity was measured to evaluate responsiveness to 24 h of
lo,25-dihydroxyvitamin D; [1a,25-(OH), vitamin D;] treatment. The
effect of 1a,25-dihydroxyvitamin D5 is reported as fold stimulation of
basal promoter activity levels. All transfections were normalized by
cotransfection of the pCMV-B-galactosidase expression plasmid and
represent several independent experiments, each assayed in triplicate.
Each bar represents the mean = standard error of the mean (n = 3; P
< 0.03). WT, wild type.

material immunoprecipitated from osteoblastic ROS 17/2.8
cells treated with 1a,25-dihydroxyvitamin D5 (Fig. 3A, upper
panel, lane 2), strongly indicating that Runx2 and VDR are
components of the same nuclear complex. Under our experi-
mental conditions, Runx2 protein levels remained constant in
both control and 1e,25-dihydroxyvitamin D;-treated ROS 17/
2.8 and ROS 24/1 cells (Fig. 3B, upper panel, compare lane 1
with lane 2 and lane 3 with lane 4), and VDR was enriched only
in the nuclear fraction of ROS 17/2.8 cells treated with 1a,25-
dihydroxyvitamin D5 (Fig. 3B, middle panel, compare lanes 1
and 2).
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FIG. 2. Runx2 up-regulates basal and 1a,25-dihydroxyvitamin Ds-
enhanced OC gene promoter activity. (A) Schematic representation of
the construct containing the rat OC gene promoter controlling the
luciferase reporter gene (pOC-LUC) utilized in this analysis. See the
legend to Fig. 1 for an explanation of the symbols. (B) ROS 17/2.8 cells
were transiently cotransfected with a Runx2 expression plasmid (2 p.g)
and the pOC-LUC reporter construct (1 pg). The presence (+) or
absence (—) of the Runx2 plasmid is shown below the bars. Luciferase
activity was assayed after culturing the cells for 24 h in the presence
(black bars) or absence (white bars) of 10~% M 1«,25-dihydroxyvitamin
Dj; [1,25-(OH),D;]. The data were normalized to values for pCMV-
B-galactosidase activity as an internal control. Each bar represents the
mean * standard error of the mean (n = 6; P < 0.03).

To further demonstrate that Runx2 and VDR interact
within the nuclei of osteoblastic cells, we determined whether
both factors colocalize in ROS 17/2.8 cells cultured in the
presence or absence of 1a,25-dihydroxyvitamin D;. As shown
in Fig. 4, treatment with 1a,25-dihydroxyvitamin D5 resulted in
nuclear enrichment of VDR and, most importantly, in colocal-
ization with Runx2. Thus, the punctuated pattern normally
shown by Runx2 in ROS 17/2.8 cells (28) overlapped signifi-
cantly (40%) with the nuclear signal associated with VDR
upon ligand stimulation (Fig. 4).

Runx2-VDR interaction is mediated by specific protein do-
mains. The presence of Runx2 and VDR within the same
nuclear complexes raised the possibility that both factors were
associated through a direct protein-protein interaction. To
evaluate this possibility, we carried out GST and His pull-down
analyses. Recombinant full-length GST-Runx2, GST-RXRaq,
His-Runx2, and GST-VDR proteins were produced in E. coli
and tested for their ability to interact in vitro. GST-VDR
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FIG. 3. Runx2 and VDR are components of the same nuclear pro-
tein complexes in osteoblastic cells expressing OC. (A) Nuclear ex-
tracts (N.E.) (200 pg) from ROS 17/2.8 or ROS 24/1 cells cultured in
the presence of 107® M 1a,25-dihydroxyvitamin D5 [1c,25-(OH),Dj]
for 4 h were immunoprecipitated (IP) with an anti-VDR («VDR)
monoclonal antibody (Oncogene) or with nonspecific mouse immuno-
globulin G fraction (Santa Cruz Biotechnology). Immunoprecipitated
complexes were fractionated by SDS-PAGE (8% acrylamide) and an-
alyzed by Western blotting (WB) with anti-Runx2 (upper panel) or
anti-VDR (lower panel) antibodies (Santa Cruz Biotechnology).
(B) Aliquots (15 pg) of N.E. samples from the ROS 17/2.8 or ROS 24.1
cells shown in panel A were analyzed by Western blotting with anti-
Runx2 (upper panel) or anti-VDR (middle panel) antibodies. To con-
trol for equal loading, the membrane was reblotted against TFIIB
(lower panel). The different combinations of antibodies and N.E. in-
cluded in each lane are indicated at the top of the blots. The positions
of molecular markers are shown to the left of the blots.

bound His-Runx2 in the absence of 1a,25-dihydroxyvitamin D5
and RXRa, the specific heterodimer partner of VDR (Fig. 5B,
lane 3) (26, 27). Addition of 1a,25-dihydroxyvitamin D5 (Fig.
5B, lane 4) or bacterially produced recombinant RXRa (Fig.
5B, lane 5) did not affect significantly the Runx2-VDR inter-
action. Similarly, His-Runx2 bound to an Ni** resin specifi-
cally retained GST-VDR (Fig. 5C, lanes 4 and 6). These in-
teractions are specific, as neither His-Runx2 nor GST-VDR
was precipitated by the resins (Fig. 5B, lane 2, and C, lane 3)
or GST alone (data not shown). In addition, Runx2 did not
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interact with GST-RXRa (Fig. 5B, lane 6), further demon-
strating the specificity of the VDR-Runx2 interaction.

Using the same approach, we next defined the domains
required for the Runx2-VDR protein-protein interaction. As
shown in Fig. 6, it was found that the N terminus of VDR is
necessary for its interaction with Runx2. Thus, GST-Runx2
was unable to precipitate a VDRA1-111 mutant protein (Fig.
6A), in which amino acid residues 1 to 111 had been deleted
(Fig. 6B, compare lanes 7 and 8). In addition, we determined
that these 111 amino acid residues from the N terminus of
VDR (Fig. 7A) are sufficient for interaction with Runx2, as the
GST-VDRA111 protein, which contains this domain, precipi-
tated Runx2 with high affinity (Fig. 7B, upper panel, lane 4).

It has been indicated that VDR does not possess a proper
N-terminal domain, as it includes a very short (18-residue) A/B
region, which would be not large enough to function as a
transactivation domain (19). We then assessed whether this
short A/B segment was sufficient to bind Runx2. A GST-
VDRAZ22 protein, which contains only the first 21 residues
from the N terminus of VDR, did not precipitate Runx2 (Fig.
7C, lane 4). In contrast, a VDRA1-21 mutant protein, which
lacks these first 21 residues, bound to Runx2 with high affinity,
equivalent to that exhibited by the wild-type receptor molecule
(Fig. 7C, compare lanes 3 and 4). These results indicate that
the short N-terminal A/B domain of VDR is not required for
its interaction with Runx2. Our findings also indicate that
VDR binds to Runx2 through a domain located between res-
idues 22 and 111, which corresponds to the DNA binding
region of the receptor (Fig. 7A).

To determine whether maintenance of the structural motifs
at the DNA binding domain (DBD) of VDR is required to
interact with Runx2, we mutated the serine 51 residue to gly-
cine (S51G). This S51 is located within an a-helix between the
two zinc finger motifs that form the DBD of VDR. Hsieh et al.
have shown that the mutation S51G prevents binding of VDR
to DNA and significantly reduces VDR-mediated transactiva-
tion (7). This effect would be the result of an increase in
flexibility at this region and therefore a decrease in the struc-
tural properties that are necessary for the correct function of
the receptor. The VDRS51G mutant protein was unable to
interact with Runx2, thus indicating that changes in the struc-
tural features of the DBD of VDR prevent interaction with
Runx2 (Fig. 7D, lane 5). The interaction of Runx2 with the zinc
finger-containing DBD of VDR is specific, as other members
of the steroid receptor family, such as RXR, do not bind Runx2
(Fig. 3, lane 6).

The VDR-Runx2 interaction was further examined by use of
GST pull-down experiments with recombinant GST-VDR and
nuclear extracts from ROS 17/2.8 cells, which are enriched in
Runx2 (Fig. 3B). Both VDR proteins, GST-VDRA111 and
GST-VDR, were able to precipitate Runx2 from the nuclear
extracts with similar efficiency (Fig. 8B, second panel, compare
lanes 3 and 6, respectively). This protein-protein interaction
was independent of 1a,25-dihydroxyvitamin D5, as GST-VDR
brought down equivalent amounts of Runx2 in either the ab-
sence or presence of 107% M 1a,25-dihydroxyvitamin D5 (Fig.
8B, second panel, compare lanes 6 and 7). As expected, the
presence of the ligand was absolutely necessary for the inter-
action between GST-VDR and the transcriptional coactivator
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FIG. 4. Runx2 and VDR colocalize in the nuclei of osteoblastic cells. Untreated ROS 17/2.8 cells (control) or cells treated with 1a,25-
dihydroxyvitamin D3 were processed for in situ immunofluorescence as described in Materials and Methods. A weak nuclear-cytoplasmic signal
for VDR is detected in the control cells, while Runx2 exhibits a characteristic punctate nuclear staining. The overlap between the two signals is
undetectable as assessed by the measure colocalization function of Metamorph software (top panels). The treatment of cells with 1a,25-
dihydroxyvitamin D5 for 45 min (middle panels) or 24 h (bottom panels) significantly increases nuclear staining for the VDR and the subsequent
overlap with the Runx2 signal (10 and 40% overlap, respectively). The DAPI panel shows the stained nuclei in the field.

SRC-1 present in the nuclear extracts from ROS 17/2.8 cells
(Fig. 8C, upper panel, compare lanes 6 and 7). This ligand-
dependent interaction requires the C-terminal LBD of VDR
(19), as the GST-VDRA1-111 mutant receptor protein, which
lacks the N-terminal region of VDR, was capable of recruiting
SRC-1 only in the presence of 1a,25-dihydroxyvitamin D5 (Fig.
8C, upper panel, compare lanes 4 and 5). Accordingly, the
GST-VDRA111 mutant receptor, which lacks the LBD, was
unable to precipitate SRC-1 in either the absence or presence
of la,25-dihydroxyvitamin D; (data not shown). Because
SRC-1 appears to bind with higher efficiency to the truncated
form VDRAL1-111 (Fig. 8C, compare lanes 5 and 7), we deter-
mined whether binding of Runx2 to VDR reduces the inter-
action between the receptor and SRC-1. Nuclear extracts from
ROS 17/2.8 cells were enriched in Runx2 by addition of puri-
fied His-Runx2 protein (2 wg) and then incubated with GST-
VDR. As expected, a higher Runx2 concentration in the nu-
clear extracts was reflected by a significantly larger amount of
the Runx2 precipitated by GST-VDR (Fig. 8D, compare lanes
3 and 4). Nevertheless, this increased Runx2 concentration did
not inhibit the ligand-dependent VDR-SRC-1 interaction (Fig.
8D, compare lanes 3 and 4).

In addition, we confirmed that heterodimerization of GST-
VDR with the RXRa present in the ROS17/2.8 nuclear ex-
tracts was a la,25-dihydroxyvitamin D;-dependent process, as
no RXRa protein is detected in the precipitate when the in-
cubation was carried out in the absence of the ligand (Fig. 8B,
second panel, compare lanes 4 and 5 and lanes 6 and 7).
Together, our results indicate that VDR is able to bind Runx2
through its N-terminal domain within the context of the nu-
clear protein fraction.

We next analyzed whether expression of the N-terminal do-
main of VDR affects the activity of the OC promoter within
osteoblastic cells. Constructs coding for wild-type VDR and
two VDR mutant forms (Fig. 9A) were expressed in ROS
17/2.8 cells and analyzed for their ability to either enhance or
inhibit OC promoter activity. As the first 111 residues of VDR
do not include a nuclear localization signal, we expanded the
VDR N-terminal domain to residue 165, hence generating a
truncated VDR protein that includes its natural nuclear local-
ization signal. This VDRA165 protein is expressed and binds
Runx2 with an efficiency similar to that of VDRA111 (data not
shown). As shown in Fig. 9B, we reproducibly found that the
OC promoter activity was slightly increased when wild-type
VDR or VDRA1-22 was expressed. In contrast, expression of
VDRAL165 significantly reduced the OC promoter activity in a
dose-dependent manner. Together these results indicate that
expression of the Runx2 binding domain of VDR, which lacks
the LBD and hence is unable to recruit transcriptional coacti-
vators, interferes with the functional coupling between VDR
and Runx2 at the OC promoter.

We also mapped the region of Runx2 responsible for the
interaction with VDR. For that purpose, a series of Runx2
mutant proteins in which C-terminal sequences had been pro-
gressively deleted (Fig. 10A) were expressed in E. coli and
tested for their ability to bind full-length VDR. GST-Runx2
full-length protein, GST-Runx2A376, and GST-Runx2A361
were all capable of precipitating VDR (Fig. 10B, upper panel,
lanes 3, 4, and 5, respectively). However, GST-Runx2A376 and
GST-Runx2A361 appeared to bind purified VDR with less
affinity than full-length Runx2, as the signal corresponding to
bound VDR in the Western blot was significantly decreased
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FIG. 5. Runx2 and VDR interact in vitro. Full-length Runx2 and
VDR were expressed as His- and GST-tagged fusion proteins, respec-
tively, in bacteria, and their ability to interact in vitro was evaluated by
pull-down assays. (A) Schematic representation of the His-Runx2 and
GST-VDR recombinant proteins. The runt homology domain of
Runx2, localized between amino acid residues 92 and 220, is indicated
with a black box. The zinc finger motif of VDR (DBD), localized
between amino acid residues 24 and 91, and the LBD of VDR, local-
ized between residues 227 and 422, are also indicated. (B) GST-VDR
(1.5 pg) bound to 20 pl of glutathione-Sepharose resin was incubated
with His-Runx2 (1.5 pg) and/or GST-RXRa (1.5 ng) for 2 h at 4°C.
Precipitated proteins were then analyzed by Western blotting with
anti-Runx2 (upper panel) and anti-VDR (lower panel) antibodies.
(C) His-Runx2 (1.5 pg) bound to 20 pl of Ni*"-nitrilotriacetic acid
(NTA) resin was incubated with GST-VDR (1.5 ng) and/or GST-
RXRa (1.5 pg) for 2 h at 4°C. Precipitated proteins were analyzed by
Western blotting with specific antibodies against VDR (upper panel)
and Runx2 (lower panel). The different combinations of recombinant
proteins and the presence of 107% M 1a,25-dihydroxyvitamin Dj
[12,25-(OH),D5;] are indicated at the top of each panel. The positions
of molecular mass markers are shown at the left of the blots.

(Fig. 10B upper panel, compare lanes 3 and 5). This reduced
VDR signal is not due to the loading of uneven concentrations
of the different GST-Runx2 recombinant proteins, as equiva-
lent levels of the isoforms were detected by Western blotting in
each reaction mix (Fig. 10B, middle panel, compare lanes 3, 4,
and 5). Also, all of these protein-protein interactions were
specific, as neither the Sepharose resin nor the purified GST
protein retained detectable levels of VDR (Fig. 10B, lower
panel, lanes 2 and 6, respectively). GST-Runx2A361 contained
the minimal protein domain required to interact with VDR in
vitro, as the GST-Runx2A230 deletion mutant (Fig. 10C) was
unable to precipitate the receptor protein (Fig. 10C, upper
panel, compare lanes 3 and 4).
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FIG. 6. VDR requires a specific domain to interact with Runx2.
(A) Schematic representation of the GST-Runx2 and GST-free VDR
recombinant proteins utilized in these GST pull-down experiments.
See the legend to Fig. 5 for an explanation of the symbols. The
VDRAI1-111 protein corresponds to a mutated VDR form in which
amino acid residues 1 to 111, which include the zinc finger domain,
have been deleted. (B) GST-Runx2 (1.5 pg) bound to 20 ul of gluta-
thione-Sepharose beads was incubated with 1.5 pg of either GST-free
VDR or GST-free VDRAI-111 for 2 h at 4°C. Precipitated VDR
(upper panel) and GST-Runx2 (lower panel) proteins were then de-
termined by Western blotting. The combinations of proteins used in
each binding reaction are indicated at the top of the blots. The posi-
tions of molecular mass markers are shown to the left of the blots.

These results were also confirmed by repeating the GST
pull-down analyses but with nuclear extracts from ROS 17/2.8
osteoblastic cells instead of purified VDR. Both full-length
GST-Runx2 and GST-Runx2A361 had the ability to precipitate
the nuclear VDR present in ROS 17/2.8 cells treated with
la,25-dihydroxyvitamin D5 (Fig. 11B, upper panel, lanes 9 and
10, respectively). In contrast, no VDR protein was detected in
the precipitate when nuclear extracts from untreated cells were
analyzed (Fig. 11B, upper panel, lanes 7 and 8) or when the
extracts were incubated with GST-Sepharose (Fig. 11B, upper
panel, lanes 3 and 4). As we found with purified recombinant
VDR, GST-Runx2A230 was unable to precipitate the endog-
enous VDR present in nuclear extracts (Fig. 11C, upper panel,
lanes 6 and 7), further indicating that a sequence located be-
tween residues 230 and 361 of Runx2 is absolutely required for
interacting with VDR. Nevertheless, this Runx2 domain alone
(residues 209 to 361) is not sufficient for an interaction with
VDR, as the GST-Runx2(209-361) fusion protein, which lacks
the Runx2 DBD, was unable to precipitate VDR, either puri-
fied or from nuclear extracts, in GST pull-down assays (data
not shown). Interestingly, and in contrast to what we found
with purified VDR, GST-Runx2 and GST-Runx2A361 bound
the VDR present in nuclear extracts from la,25-dihydroxyvi-
tamin D5-treated ROS17/2.8 cells with equivalent affinity (Fig.
11B, upper panel, lanes 9 and 10). This result suggests that
there may be another component present in the nuclear ex-
tracts but absent in our assay with purified proteins that facil-
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FIG. 7. The N terminus of VDR is sufficient for interaction with
Runx2. (A) Schematic representation of the His-Runx2 and GST-
VDR recombinant proteins utilized in these GST pull-down experi-
ments. See the legend to Fig. 5 for an explanation of the symbols. The
GST-VDRAL111 protein corresponds to a mutated form of VDR that
lacks amino acid residues 112 to 427. The GST-VDRA1-21 protein
corresponds to a mutated form of VDR that lacks amino acid residues
1 to 21. The GST-VDRAZ22 protein corresponds to a mutated form of
VDR that lacks amino acid residues 23 to 427. (B) GST-VDR (1.5 ng)
or GST-VDRAI11 (1.5 pg) bound to glutathione-Sepharose beads
were incubated with 1.5 pg of His-Runx2 for 2 h at 4°C. Precipitated
Runx2 (upper panel) and GST-VDR (lower panel) proteins were
visualized by Western blotting with anti-Runx2 and anti-GST antibod-
ies, respectively. (C) GST-VDRAL111 (1.5 pg) and GST-VDRA22 (1.5
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itates or further stabilizes the GST-Runx2A361-VDR interac-
tion.

Together, these results confirm that Runx2 functionally in-
teracts with VDR to up-regulate OC promoter activity follow-
ing la,25-dihydroxyvitamin D5 stimulation.

Enhanced interaction of the Runx2 and VDR factors with
the distal OC promoter in intact osteoblastic cells incubated
with 1e,25-dihydroxyvitamin D;. We have shown that in 1a,25-
dihydroxyvitamin D5-treated osteoblastic cells, VDR binds to a
recognition site in the distal region of the OC promoter (24).
Therefore, by use of ChIP analyses with specific antibodies
against Runx2 and VDR, we assessed whether upon ligand
stimulation VDR-Runx2 interaction could stabilize the associ-
ation of both factors with the OC promoter sequence. These
antibodies were used in whole-cell lysates to precipitate soni-
cated chromatin that was obtained after formaldehyde cross-
linking of DNA to transcription factors in intact ROS 17/2.8
cells cultured in the absence or presence of 1a,25-dihydroxyvi-
tamin D5 for 4 h. DNA fragments that coprecipitated with the
transcription factors were purified and used as templates for
PCR with specific primers directed against the distal or prox-
imal OC promoter regions (Fig. 12A, segments a and b, re-
spectively). We adjusted the number of PCR cycles to remain
within the linear range of PCR amplification.

To control for an efficient sonication that generates chroma-
tin fragments with an average size of less than 500 bp, we
analyzed the samples with a set of primers that can amplify the
OC promoter only when the DNA segments are larger than
780 bp (Fig. 12A, segment c). As shown in Fig. 12D, the
absence of amplification products with these primers confirms
successful sonication.

Runx2 was associated with the distal and proximal OC pro-
moter in ROS 17/2.8 cells (Fig. 12B and C). Interestingly, we
detected a small but significant (twofold) increase in the PCR
signal of chromatin samples from 1a,25-dihydroxyvitamin D,-
treated cells that were precipitated with the Runx2 antibody
and amplified with primers directed against the distal OC pro-
moter region (Fig. 12B, upper panel, compare lanes 6 and 7).
This increased association of Runx2 correlates with the ligand-
dependent interaction of VDR (Fig. 12B, lower panel, lanes 6
and 7), indicating that binding of Runx2 to the distal OC
promoter is further stabilized by la,25-dihydroxyvitamin Dj
treatment. In contrast, Runx2 association with the proximal
OC promoter region remained unchanged in osteoblastic cells
incubated with 1a,25-dihydroxyvitamin D5 for 4 h (Fig. 12C,
upper panel). Similarly, binding of C/EBPp, another key reg-
ulator of OC expression in osteoblastic cells (6), was not af-
fected by this hormone treatment (Fig. 12B, lower panel).

pg) bound to glutathione-Sepharose beads were incubated with 1.5 pg
of His-Runx2 for 2 h at 4°C. Precipitated Runx2 (upper panel) and
GST-VDR (lower panel) proteins were visualized by Western blotting
with anti-Runx2 and anti-GST antibodies, respectively. (D) GST-
VDRS51G corresponds to a mutated VDR protein in which serine
residue 51 has been changed to glycine. GST-VDRS51G (1.5 pg),
GST-VDR (1.5 pg), and GST-VDRA1-21 (1.5 ng) were incubated
with His-Runx2 protein and analyzed as described above. The combi-
nations of proteins used in each binding reaction are indicated at the
top of the blots. The positions of molecular mass markers are shown to
the left of the blots.
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FIG. 8. Runx2 and VDR are components of multisubunit nuclear
complexes in osteoblastic cells. (A) Schematic representation of the
GST-VDR proteins used in the GST pull-down assays. See the legend
to Fig. 5 for an explanation of the symbols. (B) One hundred fifty
micrograms of nuclear extract (N.E.) from ROS 17/2.8 cells was incu-
bated with either GST-VDR, GST-VDRAL111, or GST-VDRA1-111 (1
ng of each) bound to glutathione-Sepharose beads. Binding reactions
were carried out in the presence (+) or absence (—) of 1078 M
lo,25-dihydroxyvitamin D5 [1e,25-(OH),D;]. The precipitated pro-
teins were resolved by SDS-PAGE (10% acrylamide) and revealed by
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It was previously shown that forced expression of the N-
terminal domain of VDR (VDRAL165) inhibits the OC pro-
moter activity (Fig. 9). To further demonstrate that this inhib-
itory effect is due to a direct interaction of VDRA165 with the
distal OC promoter, it was necessary to show that this trun-
cated VDR version binds to the OC VDRE. For that purpose,
we overexpressed the VDRA165 protein (X-press tagged) in
ROS 17/2.8 cells and then detected its association with the
distal OC promoter by ChIP, using either anti-X-press or anti-
VDR antibodies directed against the N-terminal end of the
receptor (Fig. 13A). Under our experimental conditions, we
were able to overexpress high levels of the VDRA165 protein
in ROS 17/2.8 cells (Fig. 13B, lanes 3 and 4). Interestingly, this
high expression resulted in interaction of VDRA165 with the
distal OC promoter in both the presence and absence of 1a,25-
dihydroxyvitamin D5 (Fig. 13C, lanes 8 and 9). The interaction
of VDRA165 reduced the ligand-dependent enhanced associ-
ation of the endogenous VDR with the VDRE in cells treated
with 1a,25-dihydroxyvitamin D5 (Fig. 13C, compare lanes 10
and 11), indicating that both forms of the receptor bind to the
same sequence and compete for their interaction. Binding of
VDRAL165 did not reduce the association of Runx2 with the
distal OC promoter (Fig. 13C, lanes 12 and 13); however, it
blocked the increase in Runx2 interaction that occurs following
la,25-dihydroxyvitamin D5 treatment (Fig. 12B). Together,
these results indicate that VDRA165 inhibits the OC promoter
activity by binding to the VDRE and thereby blocking forma-
tion of transcriptionally active complexes. This effect is espe-
cially relevant following 1,25-dihydroxyvitamin D5 treatment,
as the VDRAL165 protein lacks the LBD that interacts with
transcriptional coactivators.

Following a similar approach, we next evaluated whether
Runx2 and VDR are bound simultaneously to the distal OC
promoter in osteoblastic cells expressing this gene. We per-
formed two sequential immunoprecipitations of the cross-
linked ROS 17/2.8 cell extracts with both anti-Runx2 and anti-
VDR antibodies and then determined by PCR whether OC
promoter sequences were present in the final precipitate (Re-
ChIP). When the cell extracts were first immunoprecipitated
with anti-VDR antibodies and the collected samples were sub-
sequently reprecipitated with anti-Runx2 antibodies (Fig.
14A), the distal OC promoter was found only in the samples
from ROS 17/2.8 cells treated with 1a,25-dihydroxyvitamin D5

Western blotting with specific antibodies against RXRa (upper panel),
Runx2 (second panel), VDR (third and fourth panels), or GST (lower
panel). The different VDR protein forms were detected as follows:
GST-VDR and GST-VDRAL1-111 (third panel) with a specific anti-
body against the C terminus of VDR; GST-VDRA111 (fourth panel)
with an antibody against the N terminus of VDR. The asterisk indi-
cates a cleavage product of the GST-VDR protein. (C) Aliquots of the
precipitated protein samples shown in panel B were resolved by SDS-
PAGE (7% acrylamide) and analyzed by Western blotting detecting
the presence of SRC-1 (upper panel) as well as GST-VDR and GST-
VDRA1-111 (lower panel). (D) One hundred fifty micrograms of nu-
clear extract from ROS 17/2.8 cells was enriched in Runx2 by adding
2 ng of purified His-Runx2 (lanes 3 and 4). The samples were then
incubated with GST-VDR and analyzed by Western blotting as de-
scribed above. The combinations of proteins used in each binding
reaction are indicated at the top of the blots. The positions of molec-
ular mass markers are shown to the left of the blots.
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FIG. 9. Expression of the VDRA165 domain inhibits OC promoter
activity in osteoblastic cells. (A) Schematic representation of the con-
struct carrying the full-length OC promoter in front of the luciferase
reporter gene (pOC-LUC) and the expression plasmids encoding wild-
type VDR (pcDNA-VDR) and the N-terminal domain of VDR
(pcDNAA165). (B) pOC-LUC and VDR expression plasmids were
cotransfected in ROS 17/2.8 cells cultured in the presence (black bars)
or absence (white bars) of la,25-dihydroxyvitamin D; [lo,25-
(OH),D5] for 24 h. The presence or absence of each plasmid is shown
below the bars. pOC-LUC was added at a concentration of 1 pg/well
(35 mm), whereas pcDNAA165 and pcDNA-VDR were added at 0.25
and 0.5 pg/well. Luciferase activity was evaluated as described in the
legend to Fig. 1. Each bar represents the mean = standard error of the
mean (n = 6; P < 0.03).

(Fig. 14C, lane 7), further indicating that in the absence of
1a,25-dihydroxyvitamin Ds, the receptor is not bound to the
promoter. Accordingly, when the samples were first precipi-
tated with anti-Runx2 antibodies and then reprecipitated with
anti-VDR antibodies (Fig. 14B), the OC promoter was de-
tected mainly in the samples from 1a,25-dihydroxyvitamin D5-
treated cells (Fig. 14D, lane 7), strongly indicating that follow-
ing incubation with la,25-dihydroxyvitamin D5, both Runx2
and VDR proteins are bound simultaneously to the distal OC
promoter.
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FIG. 10. Runx2 requires a specific domain to interact with VDR.
(A) Schematic representation of the GST-Runx2 and VDR proteins
used in the GST pull-down assays. GST-Runx2A376, GST-Runx2A361,
and GST-Runx2A230 correspond to mutated Runx2 proteins that lack
amino acid residues 377 to 513, 362 to 513, and 231 to 513, respectively.
(B) A 1.5-ug amount (each) of GST-Runx2, GST-Runx2A376, and
GST-Runx2A361 proteins bound to glutathione-Sepharose beads was
incubated with 1.5 pg of GST-free VDR. The precipitated VDR (up-
per panel) and Runx2 (middle panel) proteins were determined by
Western blotting with specific antibodies. The asterisks mark cleavage
products of GST-Runx2A376. (C) GST pull-down assays were re-
peated as for panel B but with GST-Runx2 and GST-Runx2A230,
which lacks most of the C-terminal region of Runx2. The precipitated
proteins were detected by Western blotting as indicated for panel B.
The combinations of proteins used in each binding reaction are indi-
cated at the top of the blots. The positions of molecular mass markers
are shown to the left of the blots.

DISCUSSION

Here we have shown that Runx2 overexpression not only
up-regulates OC promoter basal activity but also further en-
hances responsiveness of this promoter to 1la,25-dihydroxyvi-
tamin D;. Importantly, we determined biochemically that
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FIG. 11. GST-Runx2 interacts with nuclear VDR. (A) GST-Runx2
proteins. (B and C) The ability of GST-Runx2 proteins to interact with
the VDR present in nuclear extracts (N.E.) from ROS 17/2.8 cells
treated with 107% M 1q,25-dihydroxyvitamin Dj [1,25-(OH),D5] for
4 h or with vehicle was evaluated by GST pull-down assays. (B) GST-
Runx2 and GST-Runx2A361 (1.5 pg each) bound to Sepharose beads
(lower panel) were incubated with 150 pg of nuclear extracts from
ROS 17/2.8 cells for 2 h at 4°C. The precipitated VDR was then
detected by Western blotting (upper panel). (C) Similarly, GST-Runx2
and GST-Runx2A230 (1.5 wg each) (lower panel) were incubated with
150 pg of nuclear extracts from ROS 17/2.8 cells, and the precipitated
VDR was detected by Western blotting (upper panel). The combina-
tions of proteins used in each binding reaction are marked at the top
of the blots. The positions of molecular mass markers are shown to the
left of the blots.

Runx2 and VDR are components of the same nuclear com-
plexes in osteoblastic cells expressing OC and cultured in the
presence of la,25-dihydroxyvitamin Ds. In addition, Runx2
and VDR were found by immunocytochemistry to colocalize in
the nuclei of ROS 17/2.8 cells upon treatment with 1e,25-
dihydroxyvitamin D;. A direct Runx2-VDR protein-protein
interaction was confirmed by GST-pull down analyses with
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FIG. 12. Enhanced binding of Runx2 and VDR to the distal OC
promoter in la,25-dihydroxyvitamin Ds-treated osteoblastic cells.
(A) Schematic representation of the rat OC gene promoter, indicating
the relative positions of binding sites for VDR, Runx2, and C/EBPBB
transcription factors. The combination of primers used in the PCR
amplification of immunoprecipitated DNA fragments is indicated, and
the amplified fragments are marked by letters a (—773 to —433), b
(—198 to —28), and ¢ (=773 to —28). Nuc, positioned nucleosome. (B
to D) ChIP of formaldehyde-cross-linked chromatin from ROS17/2.8
cells cultured in the presence (+) or absence (—) of 1a,25-dihydroxyvi-
tamin D; [1o,25-(OH),D;], using anti-Runx2 antibody (B [upper
panel], C [upper panel], and D), anti-VDR (B [lower panel]), and
anti-C/EBPB (C [lower panel]). Control PCR indicates the signal ob-
tained when the pOC-3.4 plasmid, containing 1.1 kb of rat OC pro-
moter, was used as a template. IgG, immunoglobulin G.

purified recombinant VDR and Runx2 proteins or endogenous
factors in nuclear extracts from ROS 17/2.8 osteoblastic cells.
Using this same approach, we defined the domain of each
protein involved in the Runx2-VDR interaction. Thus, it was
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FIG. 13. The VDRA165 domain binds to the OC promoter and competes with VDR for interaction with the OC VDRE. (A) Schematic
representation of the ChIP analysis at the OC gene promoter in cells that overexpress the VDRA165 domain (VDR DBD). The transcription
factors bound to the promoter are indicated, and the white star indicates the ligand 1a,25-dihydroxyvitamin D5 [1e,25-(OH),Dj3]. The anti-X-press
(aX-press) antibody used in the ChIP and the X-press tag present in the VDR DBD are also indicated. (B) Aliquots (15 pg) of whole cellular
extracts (W.C.E.) from ROS 17/2.8 cells transiently transfected with the pcDNA-VDRA165 or pcDNA3.1His plasmid were analyzed by Western
blotting with anti-Runx2 (upper panel) or anti-VDR (lower panel) antibodies. To control for equal loading, the membrane was reblotted against
GAPDH (glyceraldehyde-3-phosphate dehydrogenase) (middle panel). The different combinations of antibodies and W.C.E. included in each lane
are indicated at the top of the blots. The positions of molecular size markers are shown to the left of the blots. (C) ChIP of formaldehyde-cross-
linked chromatin from ROS17/2.8 cells that overexpress the VDRA165 domain (lanes 4, 5, and 8 to 13) cultured in the presence (+) or absence
(—) of 1e,25-dihydroxyvitamin Dj, using anti X-press antibody (lanes 6 to 9), anti-VDR antibody (lanes 10 and 11), and anti-Runx2 antibody (lanes
12 and 13). ROS17/2.8 cells transiently transfected with the pcDNA3.1His empty plasmid were used as a negative control for ChIP with
anti-X-press antibody (lanes 6 and 7). Control PCR indicates the signal obtained when the pOC-3.4 plasmid, containing 1.1 kb of rat OC promoter,
was used as a template. The DNA fragment corresponding to the distal OC gene promoter amplified by PCR is marked by the letter a (see Fig.

12A for an illustration). IgG, immunoglobulin G.

found that the N-terminal region of VDR (residues 22 to 111)
was necessary and sufficient for the interaction with Runx2 and
that a region C terminal to the runt homology DBD of Runx2
was necessary, although not sufficient, for interaction with the
VDR. We also determined that la,25-dihydroxyvitamin Dj
stimulation results in both VDR binding and increased Runx2
association to the distal OC promoter region in intact ROS
17/2.8 cells.

This Runx2-VDR interaction may be highly relevant for the

stabilization of the VDR complex as it binds to the OC pro-
moter VDRE upon ligand stimulation (2, 18). Several lines of
evidence had previously indicated a direct correlation between
binding of Runx2 to the distal OC promoter region and the
ability of this promoter to respond to la,25-dihydroxyvitamin
D, (8, 18, 24). It has been established that the OC VDRE
functions as an enhancer element to increase OC basal tran-
scription in bone-derived cells (11). Moreover, the VDR/RXR
complex requires chromatin remodeling to interact with the
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distal OC promoter. Thus, in osteoblastic cells expressing OC,
the VDRE is located within a distal DNase I-hypersensitive
site which is present at the OC promoter in the absence of
la,25-dihydroxyvitamin D5. Packaging the OC VDRE into nu-
cleosomal particles (18) or loss of the distal DNase I-hyper-
sensitive site due to chromatin hyperacetylation (15) abolishes
both binding of the VDR/RXR heterodimer and 1a,25-dihy-
droxyvitamin D;-dependent OC promoter up-regulation. In-
terestingly, binding of Runx2 to the OC promoter is required
for the changes in chromatin structure that accompany tran-
scriptional activity in osteoblasts. Thus, mutation of Runx2
sites (A, B, and C) inhibits formation of the DNase I-hyper-
sensitive sites, significantly reduces OC promoter activity, and
blocks 1a,25-dihydroxyvitamin D5 enhancement (8). Thus, the
VDR-Runx2 interaction demonstrates a tight relationship be-
tween tissue-specific and steroid-responsive transcriptional
regulators in osteoblastic cells.

By combining several experimental approaches, including
ChIP, coimmunoprecipitation, and GST pull-down analyses,
we have recently demonstrated that in osteoblastic cells ex-
pressing OC, the coactivator p300 can be recruited to the OC
promoter by Runx2, where it up-regulates both basal and

la,25-dihydroxyvitamin Ds-enhanced OC expression (24).
Moreover, unpublished results from our group indicate that
p300-dependent up-regulation of 1a,25-dihydroxyvitamin Dj;-
enhanced OC promoter activity requires a functional Runx2
site B, which is located immediately adjacent to the VDRE.
p300 can bind simultaneously to several transcription factors
and form large multimolecular protein complexes that regulate
transcription. Among these factors are the nuclear steroid re-
ceptors, which upon ligand stimulation bind p300 directly or
through other coactivator molecules such as SRC-1 (19). Here,
we have shown that upon 1la,25-dihydroxyvitamin D5 stimula-
tion, VDR interacts with the SRC-1 molecules present in nu-
clear extracts from ROS 17/2.8 cells. This interaction requires
the presence of la,25-dihydroxyvitamin D5 and involves the
LBD of VDR located at the C-terminal end of the protein. In
addition, unpublished results from our group suggest that
SRC-1 is a component of a multisubunit complex that is
formed on the distal region of the OC promoter and that
contributes to 1a,25-dihydroxyvitamin D5-dependent up-regu-
lation of OC expression in osteoblastic cells. Together, these
results provide a basis for postulating that following 1a,25-
dihydroxyvitamin D5 treatment of bone-derived cells express-
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FIG. 15. Schematic view of OC gene promoter transcribing at basal
levels (A) or enhanced by la,25-dihydroxyvitamin D5 (B). The OC
gene promoter and its various regulatory elements are represented by
different shadings. The circle indicates a positioned nucleosome (Nuc)
flanked by a distal and proximal DNase I-hypersensitive sites (ADHS
and pDHS). The different transcription factors bound to the promoter
are indicated, and the white star indicates the ligand la,25-dihy-
droxyvitamin D;. The stimulatory effect of the transcription factors on
the general transcription machinery is represented by arrows.

ing OC, the p300 molecules recruited to the OC promoter by
Runx2 can functionally interact with the VDR complex bound
to the VDRE and together enhance basal OC transcription
(Fig. 15).

It has been generally believed that in contrast to most ste-
roid receptors, the VDR does not possess a ligand-indepen-
dent AF-1 transactivation motif at the N-terminal domain (19).
These results indicate that the N terminus of VDR still plays
an important regulatory role, as it allows interaction with
Runx2, a key regulator of bone-specific transcription. Thus,
our studies using the OC gene model define a new mechanism
for tissue-specific control of transcription in bone cells. This
mechanism involves the intersection of two major pathways:
Runx2, a “master” transcriptional regulator of osteoblast dif-
ferentiation, and 1a,25-dihydroxyvitamin D5, a hormone that
promotes expression of genes associated with these terminally
differentiated bone cells.
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