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Osteoclast differentiation factor (ODF)/receptor activator of NF-kB ligand is essential for inducing the
differentiation of mature osteoclasts. We find that nuclear factor Y (NF-Y) binds to the CCAAT box on the ODF
promoter and regulates its basal transcriptional activity. The CCAAT box on the ODF gene is required for its
transcriptional induction by vitamin D3, suggesting that NF-Y coregulates this promoter along with VDR.
Chromatin immunoprecipitation analysis reveals that NF-Y is required for the recruitment of RNA polymerase
II (RNAPII) and TATA box binding protein on the ODF promoter. Stimulation with vitamin D3 facilitates the
recruitment of VDR and p300 onto the ODF promoter, resulting in acetylation of histone H4 in an NF-Y-
independent manner. ODF gene induction by parathyroid hormone or prostaglandin E is also dependent on
NF-Y. Furthermore, NF-Y is essential for the recruitment of RNAPII onto other CCAAT box-containing
promoters, such as those of osteopontin, CYP24, and E2F1. These results suggest that NF-Y recruits RNAPII
and general transcription factors onto various CCAAT box-containing promoters in response to various
inductions to permit strong transcriptional activation independently of histone modifications.

Eukaryotic transcription is regulated by multiple DNA ele-
ments, such as promoter-proximal elements, and is often com-
bined with distal enhancer elements, which are recognized by
several transcription factors. Core promoter regions often con-
tain TATA, GC, and CCAAT boxes. The CCAAT box is one
of the most typical elements for transcriptional activation. Sev-
eral proteins, such as transcription factors of the C/EBP family
and NF-I, have been shown to bind to CCAAT sequences.
Nuclear factor Y (NF-Y) also binds to CCAAT boxes on many
promoter regions (8). NF-Y is a well-conserved, ubiquitous
transcription factor that consists of three subunits, NF-YA,
NF-YB, and NF-YC, all of which are necessary for CCAAT
box binding. NF-YB and NF-YC contain histone-folding mo-
tifs similar to H2A and H2B, respectively, and a tight complex
of NF-YB and NF-YC associates with NF-YA (25). It has been
reported that NF-Y associates with TATA box binding protein
(TBP) (5) and several TBP-associated factors (TAFs) (11).
NF-Y also interacts with p300/CBP, PCAF, and GCNS5 and
mediates histone acetylation on several promoters through
these interactions (6, 15, 24, 33).

Osteoclast differentiation factor (ODF) is an essential factor
for differentiation and activation of osteoclasts that is ex-
pressed on the osteoblast membrane (22, 43). ODF is also
known as TRANCE (tumor necrosis factor [TNF]-related ac-
tivation-induced cytokine) and RANKL (receptor activator of
NF-«B ligand) (3, 39). ODF knockout mice exhibit typical
osteoporosis with total occlusion of bone marrow space within
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endosteal bone (21) and also fail to develop mammary glands
(10). In ODF—/— mice, mature osteoclasts are not found,
whereas osteoclast progenitor cells are present. These obser-
vations indicate that ODF is an essential factor for developing
mature osteoclasts and inducing bone resorption.

ODF gene expression is induced by vitamin D3, parathyroid
hormone (PTH), interleukin-1 (IL-1), TNF-«, and PGE in
primary osteoblasts or stromal cells (12, 27, 35, 43). The mouse
ODF promoter region contains a vitamin D3 response element
(VDRE) (19, 20). A heterodimer of vitamin D3 receptor
(VDR) and retinoid X receptor (RXR) mediates vitamin D3
response (30). VDR-RXR transactivates target genes by re-
cruiting transcriptional coactivators and mediators, such as the
DRIP complex, which mediates transcriptional initiation, and
the SRC-1/p300 complexes, which induce histone acetylation
on target genes (13, 31, 32). The mouse ODF promoter also
contains a CCAAT sequence near the transcriptional start site,
but its significance is not known.

In this report, we show that NF-Y is essential for transcrip-
tional regulation of the ODF promoter. NF-Y exhibits a syn-
ergistic effect with vitamin D3 in activating this promoter.
Knockdown analysis for an NF-Y subunit reveals that NF-Y is
essential for the recruitment of RNAPII prior to induction but
not for histone acetylation after vitamin D3 induction on the
ODF promoter. Furthermore, NF-Y is also required for RNA-
PII recruitment onto other CCAAT box-containing promoters,
such as those of osteopontin (OPN), CYP24, and E2F1.

MATERIALS AND METHODS

Plasmids. The mouse ODF gene fragment spanning the region —961 to +142
was amplified by PCR from C3N/HeJ liver genomic DNA. ODF gene fragments
in pODF961, pODF500, pODF205, pODF105, pODF80, and pODFS55 were
generated through PCR amplification and were ligated into Nhel and HindIII
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sites of pGV-B (TOYO Ink Co.). The CCAAT box mutation in ODF gene
fragments was introduced with the CCAAT box mutated primer (underlined)
5"-TTTTGCTAGCACCCTCCTGGAAGCTGAAAAACTCTGGAGG-3" and
was cloned as described above. The VDRE sequence was introduced in ODF
reporter plasmids by oligonucleotides containing VDRE sequence (underlined):
sense strand, 5'-TTTTGAGCTCTGGTGACTCACCGGGTGAACGGGGGC
AGCTAGCTTT-3'; antisense strand, 5'-AAAGCTAGCTGCCCCCGTTCACC
CGGTGAGTCACCAGAGCTCAAA-3'. The oligonucleotides were annealed,
digested with Sacl and Nhel, and inserted into ODF gene reporter plasmids.

The mouse OPN gene was a kind gift of T. Yamamoto (Ohita Medical
University). pOPN, which includes the region —2977 to +13, was constructed as
follows. Fragments of the OPN gene were amplified by PCR and modified by
enzymatic reactions to create a protruding Nhel site and an end-filled EcoRI site.
These fragments were ligated into the Nhel site and the end-filled HindIII site
of pGV-B. pOPN72 and pOPN72CCCAATmt were constructed as follows. OPN
gene fragments —72 to +13, with or without mutation in the CCAAT box, were
generated by PCR, digested with EcoRI and HindIII, and end filled. These
fragments were ligated into the end-filled HindIII site of pOPN.

Cell culture and reporter gene assay. ST-2 cells were maintained in MEMa
(Gibco BRL) supplemented with 10% fetal bovine serum. For the reporter gene
assays, 0.2 pg of luciferase expression vector containing various promoters and
0.2 pg of pSV—B-galactosidase (Promega) were cotransfected into ST-2 cells (5
X 10* cells/35-mm-diameter dish) using Effectene reagent (QIAGEN). The cells
were incubated for 12 h before the transfection mixture was replaced with fresh
medium, followed by treatment with or without 30 nM calcitriol (ROUSSEL
UCLAF). After 36 h, the cells were harvested and luciferase and B-galactosidase
activities were analyzed.

Electrophoretic mobility shift assay (EMSA). Nuclear extracts (NE) were
prepared from ST-2 cells using the Dignam method (7). The following oligonu-
cleotides were used as probes: mouse ODF promoter, region —80 to —50, sense
strand (5'-gggACCCTCCTGGAAGCTGATTGGCTCTGGAGG-3") and anti-
sense strand (5'-gggCCTCCAGAGCCAATCAGCTTCCAGGAGGGT-3') for
the CCAAT box; and region +33 to approximately +47, sense strand (5'-
228GGACCTCTGTGAACC-3") and antisense strand (5'-gggGGTTCACA
GAGGTCC-3") for VDRE. The annealed oligonucleotides were labeled with
Klenow fragments in the presence of [a->?P]dCTP. The labeled probes were
incubated with ST-2 nuclear extracts in a reaction mixture containing 20 mM
HEPES (pH 7.9), 100 mM KClI, 12% glycerol, 0.5 mM EDTA, 0.6 mM dithio-
threitol, and 50 ng of poly(dI-dC)/ul at 30°C for 30 min. A mixture of recombi-
nant VDR and RXRa was generated with an in vitro translation system (Pro-
mega), and 2 pl of the product was used for the assay. The samples were loaded
on 5% acrylamide gels and electrophoresed at 200 V for 2 h and were autora-
diographed.

Reverse transcription-PCR (RT-PCR). ST-2 cells (10° cells/100-mm-diameter
dish) were grown for 24 h and treated with 100 nM calcitriol for various time
periods from 0 to 48 h. After incubation, the cells were washed twice with
phosphate-buffered saline(—) [PBS(—)], and total RNA was extracted with Sepa-
sol-RNA T (Nacalai tesque). The first-strand cDNA was synthesized from total
RNA by SuperScript II (Life Technologies). PCRs were performed with KOD
DNA polymerase (TOYOBO) using GeneAmp 9600 and the following primers:
ODF sense, 5'-CGCAGATGGATCCTAACAGAATATCA-3'; ODF antisense,
5'-CTTGGGATTTTGATGCTGGTTTTAAC-3'; OPN sense, 5'-AGTTTCCA
GGTTTCTGATGAACAG-3"; OPN antisense, 5'-TTAGTTGACCTCAGAAG
ATGAACT-3'; GAPDH sense, 5'-ACTTTGTCAAGCTCATTTCC-3'; GA
PDH antisense, 5'-TGCAGCGAACTTTATTGATG-3'; epidermal growth fac-
tor receptor (EGFR) sense, 5'-CACTACATTGATGGCCCACACTGTG-3';
EGFR antisense, 5'-TTAGATCCAAAAGGTCTTTAAGATC-3'; CYP24
sense, 5'-CCAAGTGCTGGGCTCTAGCGAAG-3'; CYP24 antisense, 5'-CTA
CCGTGGACAGAACGCAATGGG-3'; E2F1 sense, 5'-ATCGGAGCCTCCG
TCGTCACA-3'; E2F1 antisense, 5'-AGGCCGCGGCGAGGGCTCGAT-3';
OPN sense, 5'-AGTTTCCAGGTTTCTGATGAACAG-3’; OPN antisense, 5'-
TTAGTTGACCTCAGAAGATGAACT-3'. A thermal cycle of 98°C, 15 s; 68°C
(ODF), 63°C (OPN), or 60°C, 10 s; and 74°C, 30 s was repeated for 35 cycles for
ODF, 30 cycles for OPN, CYP24, p21, EGFR, and E2F1, or 25 cycles for
GAPDH. PCR products were electrophoresed on 1.5% agarose gels and were
stained with ethidium bromide (EtBr).

Chromatin immunoprecipitation assay (ChIP). ST-2 cells (3 X 10° cells/100-
mm-diameter dish) were incubated for 3 days with or without vitamin D3 and for
an additional 24 h with 5 mM sodium butyrate, a histone deacetylase inhibitor.
Formaldehyde was added to the culture medium at a final concentration of 1%
for 10 min at 25°C, and then fixation was stopped by the addition of 0.125 M
glycine. The fixed cells were washed twice with PBS(—) and harvested. Cells were
suspended in a buffer containing 20 mM HEPES (pH 7.9), 85 mM KCl, 0.5%
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NP-40, and 0.5 mM phenylmethylsulfonyl fluoride (PMSF), incubated for 20 min
on ice, and then vortexed. Nuclei were collected by centrifugation at 5,000 rpm
(TOMMY XL-160) at 4°C for 5 min, suspended in a solution of 1% sodium
dodecyl sulfate (SDS), 50 mM Tris (pH 8.0), and 0.5 mM PMSF, and incubated
for 10 min on ice. The samples were sonicated for 10 min to cleave genomic DNA
to an average length of 1,000 bp and were centrifuged at 15,000 rpm at 4°C for
10 min. Following a fivefold dilution of the nuclear lysates using NP-40 lysis
buffer (20 mM Tris, 100 mM NaCl, 1 mM EDTA, and 0.1% NP-40), samples
were incubated overnight at 4°C with 5 pg of antibody/ml against NF-YB (Santa
Cruz), VDR (ARB Co.), RNA polymerase IT (§WG16 or H5), TBP (3G3; a kind
gift from L. Tora), p300 (Santa Cruz), or acetylated histone H4 (Upstate Bio-
technology). A 60-pl aliquot of protein A- or G-conjugated Sepharose beads
(Upstate Biotechnology) containing 1 ug of salmon sperm DNA fragments/ul
and 1 pg of bovine serum albumin/pl was added and incubated at 4°C for 1 h.
Sepharose beads were washed four times with NP-40 lysis buffer. The beads were
incubated with 0.3 M NaCl for 6 h at 65°C. The eluates were incubated with
proteinase K for 1 h at 45°C and extracted with phenol-CHCl;, and DNA was
recovered by ethanol precipitation. PCR was performed using the following
primers: ODF forward primer, 5'-TTTGCTAGCGGGCAGATGTGGGAGTG
A-3'; ODF reverse primer, 5'-AAGCTTCCCGCCCCGACCGTTCACA-3';
OPN forward primer, 5'-TTTGAATTCAAACCAGAGGAGGAGTGTA-3';
OPN reverse primer, 5'-AAAAGGCTTTTGGTGGTGGGGTCAGACCTCCC
AGA-3'; ODF —2000 forward primer, 5'-ACTTTGTCAAGCTCATTTCC-3';
ODF —1500 reverse primer, 5'-TGCAGCGAACTTTATTGATG-3'; CYP24
forward primer, 5'-AGATGAAAATACAAGGGCTGGC-3'; CYP24 reverse
primer, 5'-TATTCACCTGTATCGTCAGATC-3'; p21 forward primer, 5'-AA
CCCAGGGCTTCACTTCCAGCAAG-3'; p21 reverse primer, 5'-TGAACCAA
CTGTGGGAAGGACTAACTCT-3'; EGFR forward primer, 5'-AGCCCCAG
CGCAACGCGCAGCAGCC-3'; EGFR reverse primer, 5'-CGCGTCCAGGT
GACCTGTCGTCTGTC-3'; E2F forward primer, 5'-ATCGGAGCCTCCGTC
GTCACA-3'; E2F reverse primer, 5'-AGGCCGCGGCGAGGGCTCGAT-3'.
A thermal cycle of 98°C, 15 s; 60°C, 10 s; and 74°C, 30 s was repeated for 30
cycles. PCR products were separated on 1.5% agarose gels and were stained with
EtBr or quantified with a GeneAmp 5700 (Applied Biotechnologies).

Silencer RNA for NF-YA mRNA. A silencer RNA (siRNA) for NF-YA was
designed in the region 142 to 164 of the mouse NF-YA mRNA as follows: sense
strand, 5'-GUCCAGACCCUCCAGGUAGUU-3'; antisense strand, 5'-CUAC
CUGGAGGGUCUGGACUU-3'". cRNA strands were transcribed in vitro using
the Silencer small interfering RNA (siRNA) construction kit (Ambion), and
double-stranded RNA (dsRNA) was generated. siRNA products were trans-
fected into ST-2 cells (10* cells/24-well dish) using DMRIE-C reagents (Invitro-
gen). Six hours later, the transfection mixtures were replaced with fresh medium
and cells were treated with or without 30 nM vitamin D3 for 48 h. Cells were
washed with PBS(—) twice and were lysed with lysis buffer (50 mM Tris [pH 7.6],
400 mM NaCl, and 1% Nonidet P-40). Cell lysates (10 pg) were separated on a
SDS-12.5% polyacrylamide gel and transferred to polyvinylidene difluoride
membrane (Millipore). Proteins of interest were visualized using anti-NF-YA
(Santa Cruz) or RNAPII (8WG16) antibody and ECL (Amersham). RT-PCR
analysis and ChIP assays were performed as described above.

RESULTS

NF-Y binds to the CCAAT box of the mouse ODF promoter.
The 5’ region of the mouse ODF gene up to —961 bp upstream
of the putative transcription start site has previously been re-
ported (19). This region contains putative sites for an inverted
TATA box (at position —28), an inverted CCAAT box (at
position —58), a cbfal site (at position —199), and a vitamin
D3-responsive element (VDRE) (at position —928) (Fig. 1A).
To determine sequences important for transcriptional regula-
tion of mouse ODF, we performed a reporter gene assay with
the ST-2 mouse stromal cell line using several plasmids with
truncated versions of the ODF promoter, as indicated in Fig.
1A. Deletions up to 105 bp upstream of the transcription start
site resulted in a less than 20% reduction of reporter gene
activity. However, when the ODF promoter was truncated to
55 bp upstream of the transcription start site, a significant
decrease in reporter gene activity was observed. To test the
significance of the CCAAT box, we used reporter plasmids
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with a mutated CCAAT box. pODFS80CCAATmt and
pODEFS55 showed significantly reduced activities compared to
that of pODF80 (25 and 38%, respectively), whereas little
difference was observed between pODF105 and pODFS80.
These results demonstrate the importance of the CCAAT se-
quence in regulating the basal transcriptional activity of the
ODF gene.

To identify the protein that binds to the CCAAT box, we
performed an electrophoretic mobility shift assay (EMSA) us-
ing the —80 to —50 region of the ODF gene, which contains
the CCAAT box, as a probe (Fig. 1B). When ST-2 cell nuclear
extracts were incubated with the DNA probe, a single protein-
DNA complex was observed (lane 2). Excess amounts of the
nonlabeled DNA probe completely outcompeted the shifted
band (lanes 3 to 5). To characterize the binding factor, we used
different competitor oligonucleotides containing consensus se-
quences for known CCAAT binding transcriptional factors
(lanes 6 to 14). Band intensity was not affected by addition of
excessive competitors containing either a C/EBP site (lanes 6
to 8) or an NF-I site (lanes 9 to 11). However, binding was
abolished by an excess of a double-stranded oligonucleotide
containing an NF-Y binding site (lanes 12 to 14). Furthermore,
addition of antibodies against the NF-Y subunits, NF-YA,
NF-YB, and NF-YC, caused supershift of the band (lanes 17 to
19). These results indicate that NF-Y binds to the CCAAT box
of the ODF gene.

NF-Y is required for transcription of the ODF gene and
recruitment of RNAPII to the promoter. To examine the in-
teraction between NF-Y and the CCAAT box of the ODF gene
in vivo, we employed a chromatin immunoprecipitation assay
(Fig. 2A). Western blot analysis revealed that similar amounts
of endogenous NF-YB subunit were specifically immunopre-
cipitated from the formaldehyde cross-linked ST-2 cell extracts
with anti-NF-YB antibody, irrespective of vitamin D3 stimula-
tion (Fig. 2A, upper panel). Under these conditions, immuno-
precipitated DNA fragments were analyzed by PCR. Amplified
DNA fragments were detected in anti-NF-YB-immunoprecipi-
tated samples irrespective of vitamin D3 stimulation when
primers designed for the ODF (—105 to +55) promoter were
used but not when primers designed for the distal region
(—2000 to —1500) were used (Fig. 2A, lanes 7 and 8). These
results suggest that NF-Y specifically recognizes the CCAAT
box under both induced and uninduced conditions in ST-2
cells.

To further analyze the role of NF-Y in ODF expression, we
generated an siRNA targeted to the mouse NF-YA mRNA
sequence. Treatment of ST-2 cells with 2 nM siRNA for 48 h
reduced the level of endogenously expressed NF-YA protein
to less than one-fifth but had no effect on the level of the
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largest RNAPII subunit (Fig. 2B, lanes 1 to 8). Judging by
green fluorescent protein (GFP) expression, transfection effi-
ciency was greater than 80%, but transfected cells of siRNA for
NF-YA were significantly decreased over 96 h, suggesting that
the knockdown of NF-YA subunit might inhibit cell prolifer-
ation (data not shown).

In ST-2 cells, the level of ODF mRNA was clearly increased
by vitamin D3 treatment (Fig. 2B, lanes 9, 11, 13, and 15).
Under induced and uninduced conditions, NF-YA siRNA
treatment led to a significant decrease in the expression level
of ODF with little effect on GAPDH expression (Fig. 2B, lanes
10, 12, 14, and 16). This indicates that NF-Y is essential for
ODF gene expression in ST-2 cells.

We next examined the molecular function of NF-Y on the
ODF promoter (lanes 17 to 24). NF-YB constitutively bound
to the ODF promoter throughout the 24-h period of vitamin
D3 treatment, and this binding was decreased by siRNA for
NF-YA. These results are consistent with the idea that forma-
tion of the ternary complex of NF-YA, NF-YB, and NF-YC is
necessary for DNA binding. VDR bound to the ODF pro-
moter region after vitamin D3 stimulation. The coactivator
p300 was also recruited to the ODF promoter after treatment
with vitamin D3. Similarly, histone H4 on the ODF promoter
was acetylated after vitamin D3 treatment. VDR binding, p300
recruitment, and histone H4 acetylation were not affected by
treatment with siRNA for NF-YA. On the contrary, RNAPII
and TBP constitutively bound to the ODF promoter, and
knockdown of NF-YA inhibited the recruitment of these fac-
tors regardless of vitamin D3 stimulation. Quantitative PCR
analysis (Fig. 2C) showed that NF-YA siRNA reduced binding
of NF-YB and RNAPII to the ODF promoter by 60% but had
no effect on acetylation of histone H4. Interestingly, associa-
tion of the Ilo form of RNAPII (HS5) with the ODF promoter
was increased 1.5- to 2-fold by vitamin D3 treatment, and
NF-YA knockdown suppressed this enhancement. These re-
sults indicate that NF-Y presets RNAPII and general tran-
scription factors (GTF) (TBP) on the ODF promoter and that
vitamin D3 induces transcriptional activation through phos-
phorylation of the RNAPII C-terminal domain (CTD) and
acetylation of histones on the ODF promoter.

The CCAAT box is required for transcriptional induction by
vitamin D3 on the ODF and OPN genes. Because the impor-
tance of NF-Y in both basal and inducible transcription of the
endogenous ODF gene was established, we next examined
cis-acting elements on the ODF gene in greater detail (Fig. 3).
Previously, Kitazawa et al. reported that a putative VDRE is
located at —928 bp on the mouse ODF promoter (19). As
shown above, VDR is assembled onto the ODF core promoter
region (Fig. 2B). Using EMSA, we identified another VDRE

FIG. 1. NF-Y is required for basal transcriptional activity of the mouse ODF gene. (A) ST-2 cells were transiently cotransfected with 0.2 g
of a series of reporter plasmids containing truncated versions of the mouse ODF gene, as indicated, and 0.2 pug of pSV—B-galactosidase. The
constructs contain a putative TATA box, CCAAT box, and an cbfal site, respectively. Luciferase activity was normalized to B-galactosidase activity.
Results shown are the averages (means *+ standard errors of the means) of three independent experiments. (B) Electrophoretic mobility shift assay
of binding to the CCAAT box of the ODF promoter. A *?P-labeled double-stranded oligonucleotide containing the —80 to —50 region of the ODF
promoter was incubated with 10 pg of ST-2 cell nuclear extract (lanes 2 to 14 and 16 to 20). Lanes 1 and 15 were used as controls. A 10- to 100-fold
molar excess of unlabeled competitor oligonucleotides (lanes 3 to 14), 1 g of antibodies against NF-YA, NF-YB, and NF-YC (lanes 17 to 19),
or rabbit preimmune immunoglobulin G (IgG) (lane 20) was added to the mixture. The sequences of the probe and the competitor oligonucleotides

are shown in the upper panel.
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G (IgG) (lane 1). Eluates were subjected to Western blot (WB) analysis with anti-NF-YB antibody or PCR analysis with appropriate primers. PCR
products were separated on 1.5% agarose gels and were stained with EtBr. (B) ST-2 cells were transfected with 2 nM siRNA for the NF-YA mRNA
for 48 h. Transfectants were treated for 0, 12, 24, or 48 h with 30 nM vitamin D3. The upper panel (lanes 1 to 8) shows Western blot analysis for
NF-YA or RNAPII using 10 g of total cell lysates. The middle panel (lanes 9 to 16) shows RT-PCR analysis for ODF and GAPDH expression.
The bottom panel (lanes 17 to 24) shows ChIP assays for the ODF core promoter region (—105 to +55) using indicated antibodies. (C) Quan-
titative PCR analysis for ChIP materials used in panel B. Results shown are the averages (means * standard errors of the means) of three
independent experiments. IP, immunoprecipitation. AcH4, acetylated histone H4.
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FIG. 3. The CCAAT box is required for transcriptional induction by vitamin D3 on the ODF and OPN genes. (A) Electrophoretic mobility shift

assay of binding to the region +33 to +47 of the ODF gene. A **P-labeled double-stranded oligonucleotide was incubated with 10 p.g of nuclear

extracts of ST-2 cells with or without prior treatment of 30 nM VD3 for 12 h (lanes 3 to 7) or in vitro-translated (ivt) VDR and RXRa (lane 2).

Antibodies (1 pg) against VDR and rabbit preimmune immunoglobulin G (IgG) (lanes 6 and 7) were added to the mixture. ST-2 cells were

transiently cotransfected with 0.2 g of a series of reporter plasmids containing either the mouse ODF promoter (B and C) or the OPN promoter

(D) and 0.2 p.g of pSV—B-galactosidase. After transfection, cells were exposed to increasing concentrations (0 to 100 nM) of vitamin D3 and were

incubated for 36 h. Luciferase activity was normalized to B-galactosidase activity. Results shown are the averages (means = standard errors of the

means) of three independent experiments.
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FIG. 4. NF-Y is required for ODF gene expression following PTH or PGE stimulation. ST-2 cells were transfected with 2 nM siRNA for the
NF-YA mRNA for 48 h. Transfectants were treated with 100 ng of PTH/ml or 300 nM PGE for 0, 6, 12, or 24 h. The upper panel shows RT-PCR
analysis for ODF and GAPDH expression. The bottom panel shows ChIP assays for the ODF core promoter region (—105 to +55) using indicated

antibodies.

sequence at the region +33 to +47 (GGTTCAcagAGGTCC)
in the 5’ untranslated region (5'UTR) (Fig. 3A). When this
region was used as a DNA probe, a shifted band was detected
by incubation with in vitro-translated VDR and RXRa (Fig.
3A, lane 2). A shifted band was also detected at a similar
position by incubation with vitamin D3-treated ST-2 NE (lane
4) but not with untreated NE (lane 3). Anti-VDR antibody
inhibited formation of the protein-DNA complex (lane 6).
These results suggest that the VDR-RXR complex binds to the
region +33 to +47 of the mouse ODF gene.

To test the activity of the 5"'UTR VDRE of the ODF gene,
we performed reporter gene assays (Fig. 3B). When the re-
porter plasmid pODF961 containing the region —961 to +142
was used, we observed 1.5-fold transcriptional induction by
vitamin D3. When the truncated construct pODF80 containing
the region —80 to +142, including the 5'UTR VDRE, was
used, 1.7-fold transcriptional induction by vitamin D3 was ob-
served. In contrast, pPODFA31 containing —961 to +31, but not
including the 5"UTR VDRE, exhibited no transcriptional in-
duction by vitamin D3. These results suggest that the 5’UTR
VDRE is required for vitamin D3 induction. Because we ob-
served only a low level of induction by vitamin D3 on these
constructs, we next prepared the reporter plasmid pVDRE-
ODF80, which is pODF80 with an extra VDRE derived from
the human osteocalcin gene. Using this construct, 4.2-fold
transcriptional induction was observed. Next we examined the
role of the CCAAT box on the ODF promoter in vitamin D3
induction using the reporter plasmids shown in Fig. 3C. While
pVDRE-ODF80 showed more than threefold transcriptional

induction by vitamin D3, pVDRE-ODFSOCCAATmt and
ODF55, whose CCAAT box was either mutated or deleted,
showed little induction. These results indicate that not only the
VDREs but also the CCAAT box are required for transcrip-
tional induction of the ODF gene by vitamin D3.

Osteopontin (OPN) is also expressed from osteoblasts fol-
lowing vitamin D3 stimulation. As shown in Fig. 3D, the mouse
OPN promoter region includes two VDRE sites and a CCAAT
box. Previously, Kim and Sodek reported that the NF-Y com-
plex binds to the CCAAT box of the OPN gene in nuclear
extracts of mouse fibroblast NIH 3T3 cells (18). We also found
that NF-Y binds to the CCAAT box with ST-2 NE on EMSA
(data not shown). We examined the role of the CCAAT box in
vitamin D3 induction of the OPN gene. When the reporter
plasmid pOPN, containing —2977 to +13 of the OPN pro-
moter, was used, eightfold transcriptional induction by vitamin
D3 was observed. When pOPN72, lacking the cbfal site, was
used, a 75% decrease in basal transcriptional activity was ob-
served, whereas induction by vitamin D3 was unaffected. In
contrast, induction by vitamin D3 was abolished by mutation of
the CCAAT box. These results indicate that the CCAAT box
is necessary for vitamin D3-induced expression of the OPN
gene.

NF-Y is essential for ODF gene expression following PTH or
PGE stimulation. ODF gene expression is also induced by
PTH or PGE stimulation (42). We further analyzed transcrip-
tional regulation on the ODF promoter with these stimulations
(Fig. 4). PTH or PGE stimulation is known to induce activation
of the CREB family of transcription factors through protein
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FIG. 5. NF-Y is required for RNAPII recruitment on several CCAAT box-containing promoters. ST-2 cells were transfected with 2 nM siRNA
for the NF-YA mRNA for 48 h. Transfectants were treated with 30 nM vitamin D3 for 0, 6, 12, or 24 h. Upper panels show RT-PCR analysis for
OPN, CYP24, and GAPDH expression (A) and EGFR, p21, and GAPDH expression (B). Lower panels show ChIP assays performed using
indicated antibodies and promoter-specific primers for the OPN and CYP24 genes (A) and the p21 and EGFR genes (B). (C) NF-YA
siRNA-transfected cells were incubated with 0.5 or 10% serum for 12 h. The upper panel shows RT-PCR analysis for E2F1 and GAPDH
expression. The lower panel shows ChIP assays performed using indicated antibodies and promoter-specific primers for the E2F1 gene.

kinase A phosphorylation in osteoblasts, but the mechanism of
transcriptional regulation of ODF is not clear. The level of the
ODF mRNA increased 12 or 24 h after treatment of ST-2 cells
with either PTH or PGE (lanes 5, 7, 13, and 15). The NF-YA
siRNA treatment significantly reduced these inductions (lanes
6, 8, 14, and 16). These results indicate that NF-Y is essential
for ODF expression following PTH or PGE stimulation. Under
these conditions, ChIP assay was performed. NF-YB and
RNAPII were assembled onto the ODF promoter independent
of PTH or PGE stimulation, and p300 recruitment and acety-
lation of histone H4 was gradually induced in response to these
stimulations. Knockdown of NF-YA inhibited the assembly of
NF-YB and RNAPII on the ODF promoter but did not affect
p300 recruitment and acetylation of histone H4. These results
underscore the importance of NF-Y on both basal and induc-
ible transcription of the ODF gene.

NF-Y presets RNAPII on CCAAT box-containing promoters
independently of p300 recruitment and histone modification.
We further analyzed transcriptional regulation of the OPN and
CYP24 genes, both of which contain a CCAAT box on the core
promoter regions (28) (Fig. SA). CYP24 expression was in-
duced by vitamin D3, similar to OPN expression. Expression of
these genes was abolished by treatment of NF-YA siRNA.
NF-YB and RNAPII constitutively bound to the OPN and
CYP24 promoters, and their binding was inhibited by NF-YA
siRNA. We next analyzed vitamin D3-inducible genes with no
CCAAT box on their promoters, namely the EGFR and p21
genes (Fig. 5B). Expression of these genes was induced by
vitamin D3 and was not affected by the treatment of NF-YA
siRNA. Interestingly, RNAPII and TBP recruitment to the
EGFR and p21 promoters was strongly induced by vitamin D3
and was not affected by NF-YA siRNA. These results indicate
that vitamin D3-inducible transcription of target genes with

and without CCAAT boxes is achieved through activation of
different steps of transcription.

The E2F1 gene contains a CCAAT box but not a TATA box
on the core promoter region (14, 38). Finally, we examined
possible regulation of E2F1 expression by NF-Y (Fig. 5C).
Basal and serum-stimulated expression of E2F1 was abolished
by NF-YA siRNA. NY-B and RNAPII constitutively bound to
the E2F1 promoter, and recruitment of these factors was abol-
ished by NF-YA knockdown. These results indicate that NF-Y
facilitates E2F1 expression by recruiting RNAPII to the pro-
moter independently of the TATA box.

DISCUSSION

In this study, we have shown the mechanism of the transcrip-
tional regulation of CCAAT box-containing promoters in vivo.
We showed clearly that NF-Y is essential for ODF gene ex-
pression, recognizing the CCAAT box on the ODF core pro-
moter region. NF-Y is essential for the recruitment of RNAPII
and GTFs to the core promoter.

NF-Y is a ubiquitous transcription factor that activates the
basal transcriptional activity of various promoters through
CCAAT boxes. Over 25% of eukaryotic promoters contain
CCAAT boxes, in most cases within 100 bp of transcription
start sites (26). We showed that NF-Y constitutively binds to all
the CCAAT box-containing promoters examined. RNAPII
and TBP also constitutively bind to these promoters in an
NF-Y-dependent manner. Because NF-Y has been shown to
associate with TBP and several TAFs (5, 11), NF-Y may recruit
preinitiation complexes through binding to TFIID. NF-Y is
also necessary for recruiting RNAPII to the TATA-less E2F1
gene. This indicates that a CCAAT box, when recognized by
NF-Y, efficiently facilitates preinitiation complex formation in
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FIG. 6. Models for transcriptional regulation on the vitamin D3-responsive gene with or without the CCAAT box. On CCAAT box-containing
genes, in the absence of vitamin D3 induction the NF-Y complex is located on the CCAAT box and presets GTFs and RNAPII. When induced
by vitamin D3, transcriptional coactivators such as SRC-1/p300 are recruited by VDR-RXR independently of NF-Y and stimulate histone
acetylation (indicated as Ac) on the promoter, leading to transcriptional activation and gene expression. On genes lacking a CCAAT box, upon
vitamin D3 induction VDR-RXR recruits coactivators (SRC-1/p300) and mediators (DRIP complex) and thereby causes recruitment of RNAPII

and GTFs and acetylation of histones.

the absence of a TATA box. DNA binding subunits NF-YB
and NF-YC have a histone folding motif and, together with
NF-YA, tightly bind to a CCAAT sequence (17). NF-Y may
create a core promoter architecture that is suitable for assem-
bly of a preinitiation complex. In a recent study, Duan et al. (9)
have shown that a CCAAT box is required for the formation of
the transcription initiation complex containing RNAPII, TBP,
and TFIIB. The authors did so by introducing DNA fragments
of the y-globin gene promoter, containing a wild-type or mu-
tated CCAAT box, into mouse MEL cells exogenously (9). On
the other hand, we clearly showed that NF-Y is necessary for
recruitment of RNAPII in vivo by using siRNA for NF-YA.

In this study, we found that the CCAAT boxes of the ODF
and OPN genes are required for transcriptional induction by
vitamin D3. Furthermore, knockdown of NF-YA expression
significantly decreased vitamin D3-induced ODF and OPN
gene expression. However, physical interaction between VDR
and NF-Y could not be detected in vivo or in vitro (data not
shown). It has been reported that NF-Y cooperates with sev-
eral transcription factors, such as SP-1, ATF-2, RFX, and
SREBPI, and that it synergistically enhances transcriptional
activity of several promoters (2, 16, 36, 40). However, there are
few reports on physical interactions of these transactivators
with NF-Y. NF-Y may therefore exhibit a synergistic effect
through interacting with some coactivators. Contrary to this
view, however, knockdown of NF-YA did not affect recruit-
ment of p300. These points suggest that VDR and NF-Y may
act independently of each other through binding to their re-
spective cis elements.

It is known that transcription factors of the nuclear receptor
family, including VDR, transactivate through recruiting sev-
eral coactivators (SRC-1/p300) or mediators (DRIP/TRAP

complex) in a ligand-dependent manner (30). The estrogen
receptor recruits the preinitiation complex through recruiting
coactivators upon estrogen induction (34). It was also reported
that the mediator DRIP complex interacts with several TAFs
and mediates the preinitiation complex upon induction (4, 41).
We consistently observed that the recruitment of RNAPII is
dependent on vitamin D3 induction on the EGFR and p21
promoters, which do not contain the CCAAT box. However,
RNAPII and TBP (GTFs) are preset by NF-Y on the CCAAT
box-containing promoters of the ODF, OPN, and CYP24
genes. Interestingly, phosphorylation of the CTD of RNAPII
that is preset on the ODF promoter is induced by vitamin D3
(Fig. 4B and C). Phosphorylation of the RNAPII CTD is
thought to enhance the rate of elongation reaction (41). Thus,
mediators and coactivators might transactivate a subset of vi-
tamin D3-inducible genes in part through phosphorylation of
the RNAPII CTD.

Recruitment of VDR and p300 to the ODF gene was only
observed following vitamin D3 induction. This effect was time-
dependent and synchronized with increased acetylation of hi-
stone H4. NF-YA knockdown showed no effect on the pro-
gression of acetylation of histone H4. This suggests that the
acetylation of histone H4 is independent of NF-Y. NF-Y is
known to associate with p300/PCAF and GCNS, coactivators
with histone acetyltransferase activity. It has been reported on
the basis of results of DNase I protection assays and ChIP
analysis that NF-Y potentiates histone acetylation on the Xe-
nopus hsp70 promoter (23, 24) and the cyclin B2 promoter
(33). These promoters have two or three CCAAT boxes, and
NF-Y binds to each CCAAT box independently. It is thought
that binding of multiple NF-Ys recruits p300 (33). On promot-
ers containing a CCAAT box, such as the ODF promoter,
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histone modification might be directed by transactivators, like
VDR, other than NF-Y.

According to a recent report, SP1 plays a role in presetting
RNAPII. Before TNF-a stimulation, RNAPII is preset on the
A20 core promoter region, which is dependent on the GC box
of the A20 gene (1). The OPN, E2F1, and p21 genes also have
GC boxes that are recognized by SP1 (29, 36, 37). Because
RNAPII recruitment was significantly decreased by NF-Y
knockdown on the OPN and E2F1 genes, RNAPII recruitment
is dependent on NF-Y on these promoters. Furthermore,
RNAPII recruitment on the p21 gene was at a very low level
prior to induction, and stimulation with vitamin D3 signifi-
cantly induced the RNAPII recruitment. Thus, the role for SP1
in presetting RNAPII is very small, if any, on these promoters.

On the basis of our results, we present a model of transcrip-
tional regulation of vitamin D3-inducible genes, which is illus-
trated schematically in Fig. 6. On vitamin D3-inducible genes
containing a CCAAT box, such as ODF, OPN, and CYP24,
NF-Y constitutively binds to the CCAAT box and presets the
basal transcriptional state by recruiting RNAPII and GTFs to
the promoter. Following vitamin D3 stimulation, VDR-RXR
and p300 are assembled onto the promoter, increase histone
acetylation, and activate transcription at a postpreinitiation
complex assembly step. Thus, recruitment of RNAPII by NF-Y
permits rapid transcriptional induction and synthesis of a
greater amount of transcripts. On the other hand, on vitamin
D3-inducible genes lacking a CCAAT box, such as EGFR and
p21, promoters are not occupied by RNAPII and GTFs prior
to induction. Following vitamin D3 stimulation, VDR-RXR,
p300, and probably the mediator complex are assembled onto
the promoter and activate transcription at a preinitiation com-
plex assembly step and the subsequent steps.

In this report, we show directly that NF-Y is necessary for
expression of CCAAT box-containing genes through preset-
ting RNAPII on core promoter regions. By contrast, other
transactivators, such as VDR, recruit the preinitiation complex
on promoters lacking a CCAAT box. Further studies will be
required to address the difference of transcriptional regulation
for CCAAT-containing genes and others.
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