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Dentin sialophosphoprotein (DSPP), an important odonto-
blast differentiation marker, is necessary for tooth development
and mineralization. Bone morphogenetic protein 2 (BMP2)
plays a vital role in odontoblast function via diverse signal trans-
duction systems. We hypothesize that BMP2 regulates DSPP
gene transcription and thus odontoblast differentiation. Here
we report that expression of BMP2 and DSPP is detected during
mouse odontogenesis by in situ hybridization assay, and BMP2
up-regulates DSPP mRNA and protein expression as well as
DSPP-luciferase promoter activity in mouse preodontoblasts.
By sequentially deleting fragments of the mouse DSPP pro-
moter, we show that a BMP2-response element is located
between nucleotides —97 and —72. By using antibody and oli-
gonucleotide competition assays in electrophoretic mobility
shift analysis and chromatin immunoprecipitation experi-
ments, we show that the heterotrimeric transcription factor Y
(NF-Y) complex physically interacts with the inverted CCAAT
box within the BMP2-response element. BMP2 induces NF-Y
accumulation into the nucleus increasing its recruitment to the
mouse DSPP promoter in vivo. Furthermore, forced overexpres-
sion of NF-Y enhances promoter activity and increases endoge-
nous DSPP protein levels. In contrast, mutations in the NF-Y-
binding motif reduce BMP2-induced DSPP transcription.
Moreover, inhibiting BMP2 signaling by Noggin, a BMP2 antag-
onist, results in significant inhibition of DSPP gene expression
in preodontoblasts. Taken together, these results indicate that
BMP2 mediates DSPP gene expression and odontoblast differ-
entiation via NF-Y signaling during tooth development.

Tooth development involves sequential and reciprocal inter-
action between dental epithelial and mesenchymal cells. The
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formation of dentin or dentinogenesis originates from the neu-
ral crest-derived mesenchymal cells and proceeds in a series of
cytodifferentiation stages to form odontoblasts in a specific
spatial and temporal pattern originating at the principal cusp
tip and advancing toward the base of the tooth (1-3). A conse-
quence of odontoblast cytodifferentiation is the expression of
specific gene products that form the dentin extracellular
matrix. Dentin extracellular matrix is composed of the inor-
ganic components with mostly hydroxyapatite (about 70%) and
the organic matrix that consists of collagenous and noncollag-
enous proteins (NCPs).> Among the NCPs, dentin sialoprotein
(DSP) and dentin phosphoprotein (DPP) are expressed at high
levels in tooth, especially in dentin (4, 5). DSP accounts for
5-8% of the NCPs with high carbohydrate and sialic acid levels,
whereas DPP is the principal dentin matrix protein with about
50% of the NCPs. DPP, with high levels of aspartic acid and
phosphoserine, is believed to be a nucleator or modulator of
function related to dentin mineralization and hydroxyapatite
crystal formation (6 —8).

DSP and DPP have been shown to be cleavage products of a
primary transcript precursor encoded by a single gene termed
dentin sialophosphoprotein (DSPP) (9 —13). The DSP domain is
found at the NH, terminus (exons 1-4 and the 5’ region of exon
5), and the DPP sequence is located at the COOH portion
(remainder of exon 5). Recently, it has reported that DSPP
extracted from porcine teeth consists of three dentin matrix
proteins as follows: DSP, DPP, and dentin glycoprotein, which
is located between DSP and DPP domains (14). DSPP is
expressed predominantly in odontoblasts and transiently in
preameloblasts (4, 5). Heterogeneous mutations of human
DSPP are associated with dentinogenesis imperfecta type II
(DGI-1I), type I1I (DGI-1II), and dentin dysplasia type II (DD-II)
(15-19). Biological function of DSPP during tooth develop-
ment has been confirmed by DSPP knock-out mice (20). DSPP

2The abbreviations used are: NCP, noncollagenous protein; BMP2, bone
morphogenetic protein 2; qRT-PCR, quantitative real time PCR; DSPP,
dentin sialophosphoprotein; DSP, dentin sialoprotein; ChIP, chromatin
immunoprecipitation; EMSA, electrophoretic mobility shift assay; PBS,
phosphate-buffered saline; GAPDH, glyceraldehyde-3-phosphate dehy-
drogenase; CHX, cycloheximide; ALP, alkaline phosphatase; MAPK, mito-
gen-activated protein kinase; DPP, dentin phosphoprotein; TGF-S, trans-
forming growth factor B; BSP, bone sialoprotein; nt, nucleotide; E,
embryonic day; PN, postnatal day.
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homologous deficient mice show teeth similar to human DGI-
III. These data indicate that DSPP plays a crucial role in tooth
development and mineralization, in particular dentinogene-
sis, and is one of the key markers during odontoblast
differentiation.

Although an atlas of tooth morphogenesis has been eluci-
dated in great detail (1-3), the molecular mechanisms regu-
lating dental cell differentiation, in particular odontoblast
differentiation, have not been completely understood. Differ-
entiation of odontoblasts starts at the bell stage of tooth forma-
tion and is regulated by several transcription and growth factors
that are expressed by odontoblasts during tooth development
(1-3,6,7). The bone morphogenetic proteins (BMPs) are struc-
turally related to the transforming growth factor 8 (TGF-p3)
superfamily and were originally identified by their capacity to
induce ectopic bone formation in rodents (21, 22). Members of
the BMP family have diverse biological functions during
embryonic development (23, 24), including a vital role in osteo-
genesis (25, 26). Among the BMP family members, BMP2 has
been extensively studied for its various biological functions,
particularly during chondrogenic and osteogenic differentia-
tions (27, 28). BMP2 is expressed in mesenchymal cells (29, 30)
and promotes pluripotent mesenchymal cell commitment to
the osteoblast lineage by regulating transcription factors such
as Runx2/Smad cascade (31-35) and others (36, 37).

During tooth development, BMP2 is initially expressed in the
oral epithelial cells at embryonic day 13 (E13), and at later
stages of tooth development its expression shifts to the mesen-
chymal dental papilla and becomes more intense with dentino-
genesis (38 —40). Thus, BMP2 is involved in specifying the fate
of the dental mesenchymal cells. DSPP expression was
observed in odontoblasts at the bell stage and continuously
through later stages in mouse teeth by in situ hybridization
assay (4, 5, 7). Compared with other tissues such as bone, DSPP
is highly expressed in odontoblasts, suggesting its important
biological functions during odontogenesis. Although bone and
dentin have common characteristics and originate from mes-
enchymal cells, the molecular mechanisms regulating odonto-
blast differentiation, particularly in the later stages of tooth
development, are different from osteoblasts (4-7).

NE-Y (also known as CBF and CP1) is a heterotrimeric tran-
scription factor that binds to the CCAAT motif found in the
promoter of many eukaryotic genes (41, 42). NF-Y is composed
of three subunits, NF-YA, NF-YB, and NF-YC. NF-YB and
NEF-YC core regions are homologous in sequence to the his-
tone-fold motif of histones H2B and H2A, respectively. They
are required for heterodimerization, a prerequisite for NF-YA
association and CCAAT binding (43, 44). NF-Y interacts with
other transcription activators or co-activators (45—50). NF-Y is
involved in expression of many genes (51-54) such as collagen
(51, 52). Although NF-Y was previously considered to be a con-
stitutive transcription factor, recent studies have found that
NE-Y is a serum regulatory protein (55) and responsive to
growth factor stimulation such as TGF- via mitogen-activated
protein kinase cascades (56) and interleukin-6 signal pathway
(57). The knock-out of NF-YB gene in mice leads to early
embryonic lethality and blocks cell proliferation and differenti-
ation (58).
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Previously, we and others showed that a functional inverted
CCAAT motif in the proximal promoter of mouse and rat
DSPP genes and mutations of the CCAAT box resulted in a
dramatic decline of DSPP transcriptional activity in mouse
odontoblast cell lines (54, 59). In this study, we report that NF-Y
is a BMP2 signaling target. BMP2 treatment increased NF-Y
expression and led to localization of NF-Y into the nucleus of
mouse preodontoblasts. Nuclear accumulation of NF-Y corre-
lated with enhanced endogenous NF-Y recruitment to DSPP
promoter in vivo and increases its transcriptional activity.
Forced overexpression of NF-Y up-regulated DSPP promoter
activity and induced endogenous DSPP expression levels. This
study demonstrates for the first time that BMP2 stimulated
DSPP expression in mouse preodontoblasts and committed
odontoblast differentiation through NF-Y signaling.

EXPERIMENTAL PROCEDURES

Animals and Tissue Preparation—All experimental proce-
dures involving the use of animals were reviewed and approved
by the Institutional Animal Care at the University of Texas
Health Science Center at San Antonio. ICR mice were pur-
chased from Harlan Laboratory Animals Inc. (Indianapolis,
IN). Mouse tissues from different ages were harvested and pre-
pared for in situ hybridization assay and RNA isolation.

Cell Culture and Treatment—MD10-F2 is a mouse immor-
talized preodontoblast cell line (60). The cells were grown to
confluence in 60-mm tissue culture dishes at 33 °C under 5%
CO, in a-minimum essential medium with 10% fetal calf
serum, 100 units/ml penicillin/streptomycin, 50 pg/ml ascor-
bic acid, and 10 mMm sodium B-glycerophosphate (Sigma) and
then cultured in a-minimum essential medium without serum
and stimulated with 100 ng/ml recombinant human BMP2 in
the presence or absence of cycloheximide (CHX) (10 wg/ml)
(61,62) for 0-72 h, and the expressional levels of NF-Y subunit,
DSP, and B-actin proteins were analyzed by Western blot anal-
ysis. BMP2 and Noggin, a BMP2 inhibitor, were purchased
from R & D Systems, Minneapolis, MN. CHX was obtained
from Sigma.

Plasmid DNAs—For all plasmid constructions, standard
recombinant DNA technologies were performed as described
previously (54). Briefly, the reporter construct p1243, the 5’ to
3’ Bglll and HindIII fragment between nt —1,243 and +54 of
mouse DSPP gene promoter, was subcloned into the 5" to 3’
BglIl and HindIII sites of pGL-3 basic luciferase vector (Pro-
mega, Madison, WI). The p791 was similarly generated from
a fragment between nt —791 and +54 containing Xhol and
HindIII sites, the p241 from a 295-bp Kpnl and HindlIII frag-
ment between nt —241 and +54, p97 from a 151-bp BamHI and
HindIII fragment between nt —97 and + 54, and p72 from a
126-bp Xbal and HindIII fragment between —72 and +54. All
the various plasmids contained part of the exon 1 noncoding
region. Mutant plasmid, p97mut, was generated by site-specific
mutagenesis of p97 DNA construct as a template using the
QuickChange site-directed mutagenesis kit (Stratagene, La
Jolla, CA). Mutant oligonucleotides designated for the individ-
ual sites (mutated bases in lowercase) were as follows:
97mut, 5'-CAGGGATCCTAAGCAGaaATacGgTGAGAA-
AATTAT-3" and 5'-ATAATTTTCTCAcCgtATttCTGCTT-
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AGGATCCCTG-3'. All corrective constructs were verified by
DNA sequencing. The cDNAs of NF-YA, NF-YB, and NF-YC
subunits were generously provided by Dr. Sankar N. Maity
(Department of Molecular Genetics, University of Texas M.D.
Anderson Cancer Center, Houston). For the generation of the
expression constructs, the full length of NF-YA cDNA was
digested with EcoRI and Xhol and then subcloned into the
EcoRI and Xhol sites of the pcDNA 3.1 vector (Invitrogen).
Full-length cDNAs of NF-YB and NF-YC were released with
Ndel and Xhol, respectively, and ligated into the NedI and Xhol
sites of the pcDNA 3.1 (43). All constructs were confirmed by
DNA sequencing.

Transient Transfection Assay—For transient transfection
studies, wild-type or mutant reporter plasmid or empty pGL-3
basic plasmid was co-transfected with pRL-TR (Promega) into
MD10-F2 cells using the Lipofectamine Plus reagent (Invitro-
gen). Two days post-transfection, the cells were deprived of
serum for 12 h, and 100 ng/ml of recombinant BMP2 was added
for 12 h prior to harvesting. To inhibit the BMP2 effect, differ-
ent doses of Noggin (5-20 ng/ml) were added to the serum-free
medium prior to addition of BMP2. Luciferase activity was
measured as described previously (54). The data are expressed
as the means = S.E. from at least three separate experiments
performed in triplicate.

Electrophoretic Mobility Shift Assay (EMSA)—Nuclear
extracts from MD10-F2 cells were prepared using the method
of Dignam et al. (63). Protein concentration was determined by
using the Bradford assay (64). For the EMSA, the double-
stranded oligonucleotides were labeled with [y-**P]ATP and
T4 polynucleotide kinase and purified on a 15% polyacrylamide
gel. EMSA was performed as described previously (54). For the
competition binding reactions, the unlabeled competitor in dif-
ferent fold molar excesses of the labeled probe was included in
the reaction. Free and protein-bound DNA complexes were
loaded onto a 5% native polyacrylamide gel in 1X Tris/boric
acid/EDTA (TBE) buffer, electrophoresed, dried, and exposed
to x-ray film. Antibody supershift experiments were performed
with specific antibodies to NF-YA, NF-YB, and NF-YC subunits
(Santa Cruz Biotechnology Inc., Santa Cruz, CA). This antibody
was added to the nuclear extracts 10 min prior to the addition of
the radiolabeled probe. All oligonucleotides used in EMSA
were obtained from Santa Cruz Biotechnology Inc. (Table 1)
and corresponded to consensus DNA-binding sites for each
transcription factor.

In Situ Hybridization—Preparation of BMP2 and DSPP
probes and details of the in situ hybridization procedures were
performed as described earlier (65).

RT-PCR and Quantitative Real Time PCR—Total RNA from
MD10-F2 cells and mouse molars at 2, 10, and 13 weeks postnatal
was isolated using RNA STAT-60 kit (Tel-Test, Inc., Friendswood,
TX), treated with DNase I (Promega, Madison, WTI), and purified
with the RNeasy mini kit (Qiagen Inc., Valencia, CA). RNA con-
centration was determined at A,,. The cDNA synthesis and PCR
amplification were performed using standard protocols (66).
For detection of each NF-Y subunit and B-actin in MD10-F2
cells and tooth tissues, specific sets of primers were designed for
each NF-Y subunit and $-actin as follows: NF-YA, forward 5'-
AGTCAGTGGAGGCCAGCTTA-3' and reverse 5'-ATGAT-
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CTGCTGGGTTTGACC-3'; NF-YB, forward 5'-ATCAGGA-
GAAGCGGAAGAC-3' and reverse 5'-CCGTGAGCTCTTC-
GCTTAG-3'; NF-YC, forward 5'-CAAAGCCTCCAGTCCT-
TCT-3" and reverse 5-GGACGACGCTTGTTATCCT-3';
and B-actin, forward 5'-CATCACTATTGGCAACGAGC-3’
and reverse 5'-ACTCATCGTACTCCTGCTTG-3'. The PCRs
were performed as follows: 2 min at 94 °C for 1 cycle, 1 min at
94°C, 30 s at 58 —60 °C, and 1 min at 72 °C for 30 cycles fol-
lowed by 7 min at 72 °C. After PCR amplification, 10 ul of PCR
products were loaded on a 1.5% agarose gel for electrophoresis,
stained with ethidium bromide, viewed under ultraviolet light,
and photographed by a graphic image (Alpha Annotech Corp.,
San Leandro, CA). For quantitative real time PCR (qRT-PCR),
amplification reactions were analyzed in real time on an ABI
7500 (Applied Biosystems, Foster City, CA) using SYBR Green
chemistry, and the threshold values were calculated using SDS2
software (Applied Biosystems) as described earlier (5). The
primer sequences used for qRT-PCR were as follows: cyclophi-
lin, forward 5'-GGTGACTTCACACGCCATAA-3" and
reverse 5 -CATGGCCTCCACAATATTCA-3'; DSPP, for-
ward 5'-AACTCTGTGGCTGTGCCTCT-3" and reverse 5'-T-
ATTGACTCGGAGCCATTCC-3'. Primers of each NF-Y sub-
unit were described above.

Immunohistochemistry—Mouse MD10-F2 cells were cul-
tured on glass slides and treated with or without 100 ng/ml of
recombinant BMP2 (R & D Systems Inc.) at different time
points. The cells were rinsed twice with ice-cold PBS and fixed
for 10 min at room temperature with cold acetone and metha-
nol (1:1). For quantitative detection of expression of DSPP and
NE-Y subunit proteins in MD10-F2 cells, fluorescent immuno-
histochemistry was performed using antibodies directed
against mouse DSP (Alpha Diagnostic International, San Anto-
nio, TX). The anti-DSP antiserum was raised in rabbit (Alpha
Diagnostic International) against a recombinant fragment rep-
resenting the NH,-terminal portion (residues Ile'®*~Lys®*"") of
mouse DSPP (9). High titer polyclonal antisera as measured by
enzyme-linked immunosorbent assays (ELISA) were obtained
and then further purified by affinity column. Antibodies against
NF-YA, NF-YB, and NF-YC were purchased from Santa Cruz
Biotechnology, Inc. Mouse IgG1 (X0931) served as a negative
control (Dako, Carpinteria, CA). The samples were incubated
overnight at 4 °C with a 1:100 dilution of primary antibodies
and then washed with 1X PBS, followed by the secondary anti-
bodies with Alexa Fluo® 488 (Molecular Probes, Eugene, OR).
Images of Alexa Fluo® 488 staining of the various proteins in
cultures were obtained at the Core Optical Imaging Facility at
University of Texas Health Science Center, San Antonio, under
the same parameters in an Olympus wide field microscope and
quantitated by means of MetaMorph software (Universal Imag-
ing Corporation, West Chester, PA). For each experiment, all
slides were simultaneously processed for a specific antibody, so
that homogeneity in the staining procedure was ensured
between samples. After the images were captured at the same
magnification, the threshold was set and maintained for each
slide. The optical density was calculated by use of the morpho-
metric analysis within the software package.

Western Blot Analysis—W estern blot analysis was performed
on whole-cell lysates from MD10-F2 cells with either tran-
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siently transfected 5 g of NF-Y subunit expression plasmids or
a mock pcDNA 3.1 vector. After 72 h, cells were washed with
1X cold PBS and lysed with RIPA buffer (1X PBS, 1% Nonidet
P-40, 0.5% sodium deoxycholate, 0.1% SDS, 10 mg/ml phenym-
ethylsulfonyl fluoride, 30 ul/ml aprotinin, 100 mmM sodium
orthovanadate). Proteins (40 ug/well) were resolved by 10%
SDS-PAGE and transferred to a Trans-Blot membrane (Bio-
Rad). For the detection of mouse DSP protein, Western blotting
assay was performed as described earlier (5). As a loading con-
trol, goat anti-mouse B-actin antibody was used (Santa Cruz
Biotechnology, Inc.).

Chromatin Immunoprecipitation (ChIP)—ChIP was per-
formed according to the instructions provided by ChIP-IT™
kit (Active Motif, Carlsbad, CA). Briefly, MD10-F2 cells treated
or untreated with BMP2, 100 ng/ml, were washed in PBS and
incubated for 10 min with 1% formaldehyde. After quenching
the reaction with 0.1 m glycine, the cross-linked material was
sonicated into chromatin fragments of an average length of
200-800 bp. After pre-cleaning, 1% of each sample was saved
as input fraction. Immunoprecipitations were performed with
protein G beads and 5 ug of the indicated antibodies as follows:
anti-NF-YB goat polyclonal and anti-TFIIB as a positive control
(Santa Cruz Biotechnology Inc.). A negative control was pro-
vided by this kit. The chromatin solution was precleared by
adding protein G beads with salmon sperm DNA for 2 h at 4 °C
and was aliquoted and incubated with the antibodies overnight
at4 °C.Immunoprecipitated material was washed, and cross-links
were reversed by incubating samples for 5 h at 65 °C in 200 mm
NaCl and 10 ug of RNase A to eliminate RNA. Recovered mate-
rial was treated with proteinase K, and the DNA fragment was
purified by Qiagen columns (Qiagen Inc.). The purified DNA
was amplified by PCR using the following primer pairs: mouse
DSPP, forward 5'-CACACTGACTCTCACATCAGGG-3' and
reserve 5'-TCGAGGGGACTTTGAAAAT-3'; mouse glyceral-
dehyde-3-phosphate dehydrogenase (GAPDH), forward 5'-
CCATGGAGAAGGCTGGGG-3' and reverse 5'-CAAAGTT-
GTCATGGATGACC-3'. PCR condition was 95 °C for 4 min,
95 °C for 30's, 58 °C for 40 s, 72 °C for 2 min for 32 or 36 cycles.

Alkaline Phosphatase Analyses—Quantitative alkaline phos-
phatase (ALP) activity of the cell lysates was assayed using p-ni-
trophenyl phosphate as a substrate (67). Protein concentration
was determined using the BCA protein assay reagent (Pierce).
The enzyme activity was expressed as nanomoles of p-nitro-
phenol produced per min per mg of protein.

Data Analysis—All values are expressed as means * S.E.
Analysis of variance with Student’s ¢ test was used to determine
significant differences in the control and treated groups.

RESULTS

BMP2 Stimulates DSPP Expression in MDI10-F2 Cells—To
study DSPP regulation by BMP2, we used a mouse preodonto-
blast cell line called MD10-F2, as these cells have been shown to
have odontoblast characteristics and express DSPP (5). Previ-
ous studies indicate that BMP2 (100 ng/ml) was sufficient to
induce bone sialoprotein (BSP) gene expression in mouse den-
tal periodontal ligament and follicle cells (36). Like BSP, DSPP
belongs to the small integrin-binding ligand N-linked glycopro-
tein (SIBLING) gene family (68). Therefore, BMP2 (100 ng/ml)
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was added to stimulate MD10-F2 cells. DSPP gene expression
in MD10-F2 was measured by qRT-PCR and fluorescent immu-
nohistochemistry (Fig. 1). When MD10-F2 cells were exposed
to BMP2, DSPP mRNA expression was increased 3.7-,2.7-, 2.4-,
and 1.7-fold at 12, 24, 48, and 72h, respectively (Fig. 1, A and B).
Quantitative immunofluorescent assay showed that BMP2
treatment induced not only DSPP protein expression within the
cytoplasm but also led to accumulation of DSPP protein in the
nucleus (Fig. 1C). The maximal DSPP protein expression level
in MD10-F2 cells was at 24 h after BMP2 stimulation.

Identification of a BMP2-response Element in the Mouse
DSPP Gene Promoter—To assess whether the BMP2 effect of
DSPP expression is mediated by the cis-regulatory region of the
mouse DSPP gene, various promoter construct fragments were
generated and ligated to a luciferase reporter gene (Fig. 24).
These DNA constructs were transiently transfected into
MD10-F2 cells, and their transcriptional activities were meas-
ured in the presence or absence of BMP2 (Fig. 2B). Cells trans-
fected with the reporter construct, p1243, encompassing nucle-
otides —1,243 and +54, gave a 1.6-fold transcriptional activity
after 12 h of treatment with BMP2 compared with transfectants
without BMP2 (Fig. 2B). BMP2 also gave 1.9- and 1.8-fold
increases of promoter activity in cells transfected with p791
(=791 to +54) and p241 (—241 to +54), respectively. The
strongest BMP2-response element was located in p97 between
nt —97 and +54, resulting in a 3.2-fold increase in promoter
activity. However, cells transfected with p72 (nt —72 and +54)
was unresponsive to BMP2 stimulation. Therefore, these
results indicate that BMP2-response element resided within a
25-bp region between nt —97 and —72 in the mouse DSPP
promoter.

Binding of NF-Y to BMP2-response Element in the Mouse
DSPP Promoter—To identify transcription factors that bind to
the BMP2-response element between nt —97 and —72, a dou-
ble-stranded oligonucleotide (Table 1) was used as an EMSA
probe. Nuclear extracts from MD10-F2 cells formed a protein-
DNA complex with the wild-type probe (Fig. 34, lane 1). Com-
puter analysis of this DNA sequence shows that this element
contains a number of binding sites for known transcription fac-
tors. These include AP-1 (fos/jun), NF-kB, GATA, GT-1, AP-3,
NE-Y, CP2, and CCAAT/enhancer-binding protein (C/EBP)
(Fig. 3B). Based on this observation, we performed a series of
competitive EMSAs (Fig. 3A). The result shows that the pro-
tein-DNA complex could be competed away with 50- and 100-
fold molar excesses of the unlabeled homologous wild-type and
NE-Y consensus oligonucleotides (Fig. 34, lanes 2 and 3 and 10
and 1I) but not with other oligonucleotides (lanes 4-9 and
12-19). To further confirm that the DNA sequence within the
BMP2-response element contains an NF-Y-binding site, anti-
body supershift experiments were performed using three anti-
NE-Y antibodies. As shown in Fig. 3D, the NF-Y binds to the
inverted CCAAT box within the BMP2-response element
(—97/—72). Notably, the inverted NF-Y-binding site in the
mouse DSPP gene promoter is also present at the same position
in rat and human DSPP gene promoters (Fig. 3C).

To test whether NF-Y interacts directly with the CCAAT box
in vivo, we performed ChIP assays. Anti-NF-YB antibody-im-
munoprecipitated protein-DNA complexes were de-cross-
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FIGURE 1. Effect of BMP2 on DSPP expression in mouse preodontoblasts. A, quantitative RT-PCR analysis of
DSPP mRNA expression from MD10-F2 cells treated with or without BMP2 (100 ng/ml) at 12, 24,48, and 72 h. Values
were expressed as fold increase versus cells without BMP2 as 1.0-fold. * indicates significant differences between the
BMP2-treated and -untreated cells (¥, p < 0.05). B, gRT-PCR products from one of three experiments were run onto 1.5%
agarose gels and stained with ethidium bromide. M, DNA marker; Neg, negative control; Cyclo, cyclophilin serves as an
internal control. Con and bmp2 lanes show MD10-F2 cells without or with BMP2 stimulation, respectively. C, DSPP
protein expression in MD10-F2 cells in the presence or absence of BMP2. MD10-F2 cells treated with or without
BMP2 were incubated with anti-DSP polyclonal antibody. Mouse IgG1 was used as a negative control. The samples
were then incubated with the secondary antibody conjugated to Alexa Fluo® 488 (Molecular Probes). Alexa Fluo®
488 staining images were obtained under the same parameters in an Olympus wide field microscope and quantified
by means of MetaMorph software. Bri and Fluo indicate bright and fluorescent fields, respectively.

fied from the DNA fragment immu-
noprecipitated by anti-NF-YB anti-
body (Fig. 3F, lane 5). Positive and
negative controls were set up using
anti-TFIIB antibody and no IgG
antibody, respectively, as well as
using total DNA before immuno-
precipitation as the input for PCR
(Fig. 3F, lanes 2—4). These results
indicate that the NF-Y physically
binds to the inverted CCAAT box in
the mouse DSPP promoter in vivo.
Expression of DSPP, BMP2, and
NF-Y during Tooth Development—
In situ hybridization studies showed
BMP2 mRNA expression in dental
papilla at embryonic day 15 (E15)
(Fig. 4B). BMP2 mRNA expression
was also evident in the surrounding
tissues. By comparison, DSPP
mRNA was no signal at E15 (Fig.
4H) but expressed in odontoblasts
and preameloblasts at the bell stage
(E16) (Fig. 4]). At postnatal day (PN)
1, both BMP2 and DSPP expres-
sions were apparent in odontoblast
cells (Fig. 4, F and L). In contrast to
DSPP, expression of BMP2 mRNA
was more widely distributed, being
detected in ameloblast and dental
pulp cells. At PN3 and 2 weeks (2
weeks) after birth, the signal for
BMP2 and DSPP expressions was
still seen in odontoblast cells (supple-
mental Fig. 1). Thus, the data indicate
that BMP2 expression was relevant to
DSPP expression during the later
stages of odontoblast differentiation
and maturation. Because ALP activity
is a marker of odontoblast differenti-
ation and cell mineralization (54), we
also measured ALP activity in conflu-
ent MDI10-F2 cells treated or
untreated with BMP2 for 3 or 6 days.
The results show that BMP2 treat-
ment led to higher ALP activity as
compared with cells without BMP2
(Fig. 4M). These studies indicate that
BMP2 promotes MD10-F2 cell differ-
entiation. For NF-Y gene expression,
total RNA was extracted from
MDI10-F2 cells and mouse tooth
molars at 2, 10, and 13 weeks after
birth, and mRNA expression of each
NE-Y subunit was measured by RT-

linked, and the purified DNA was used as a template for PCR, PCR using NF-Y subunit-specific primers. Fig. 4N shows that all
using primers corresponding to the mouse DSPP-5'-flanking three NF-Y subunits were expressed in the MD10-F2 cells and
region (Fig. 3E). As expected, a 181-bp PCR product was ampli- mouse tooth molars at the three ages studied.

JULY 11,2008-VOLUME 283-NUMBER 28 33308 JOURNAL OF BIOLOGICAL CHEMISTRY 19363


http://www.jbc.org/cgi/content/full/M709492200/DC1
http://www.jbc.org/cgi/content/full/M709492200/DC1

BMP2 Regulates DSPP Expression in Odontoblasts

were different in response to BMP2.
NE-YA accumulated in the nucleus at
12 h and continued for 72 h. NF-YB
nuclear localization peaked at 24 h
after BMP2 treatment and clearly
differed from NF-YA expression.
NE-YC  nuclear  accumulation
occurred at 24 and 48 h in MD10-F2
cells and then progressively decreased
its nuclear accumulation by 72 h.

To assess whether NF-Y accumu-
lation in the nucleus also increases

NE-Y binding to its target site in the

pGl-3 basicLuc] i

mouse DSPP promoter in vivo, we
performed ChIP assay. Chromatin
was prepared from MD10-F2 cells
treated with or without BMP2 at
given time points and immunopre-
cipitated with antibody specific for
NE-YB. Following immunoprecipita-

T T I T T
0 2 4 6 8 10

Fold Activation

FIGURE 2. The DSPP promoter contains a BMP2-response element. A, schematic representation of the
constructs used in the luciferase (Luc) assay. B, BMP2 stimulates DSPP promoter activity. Transient MD10-F2
transfectants in the presence or absence of BMP2 (100 ng/ml) for 12 h were used to determine transcriptional
activity of those chimeric constructs. The value obtained from the control group (pGL3 basic only) was taken as
1-fold, and fold increases were calculated by dividing the individual value by the control group value and
plotted as a graph showing the mean = S.E. from three independent experiments in triplicate. Significant
differences comparing BMP2-treated groups with BMP2-untreated groups are shown with the following prob-

ability levels: *, p < 0.05; **, p < 0.001.

TABLE 1
EMSAs and competitions were performed with the oligonucleotide
duplexes listed below

Only the 5" to 3" strand of the duplexes is shown. The inverted CCAAT box is
underlined. WT, wild type; mut, mutant.

Name

Wild type (WT)
Mutant (mut)

Sequence” (5’ to 3')

975’ -GATCCTAAGCAGTGATTGGTTGAGAA-3' 72
975’ _GATCCTAAGCAGaaATacGgTGAGAA-3' 72

NE-Y (WT) 5'-AGACCGTACGTGATTGGTTAATCTCTT-3’
NE-Y (mut) 5'-AGACCGTACGaaATacGggAATCTCTT-3'
C/EBP 5'-TGCAGATTGCGCAATCTCCA-3'

Ap-1 5'-CGCTTGATGAGTCAGCCGGAA-3’

NF-«B 5'-AGTTGAGGGGACTTTCCCAGGC-3'

Ap-3 5'-GATCTGTGGAAAGTCCCAGATC-3'
GATA 5'-CACTTGATAACAGAAAGTGATAACTCT-3’
CP2 5'-GAGCAAGCACAAACCAGCCAA-3’

GT-1 5'-CTTGTGTGGTTAATATGGCTGC-3’

“ Substitution mutations are represented in lowercase letters.

BMP2 Regulates NF-Y Expression in MDI10-F2 Cells—To
determine whether expression of NF-Y is regulated by BMP2,
MD10-F2 cells were treated with BMP2 at various time points
and then processed for qRT-PCR and fluorescent immunohis-
tochemistry for NF-Y subunit expressions and their subcellular
distributions. As shown in Fig. 5, A and B, the three NF-Y subunit
mRNAs were up-regulated by BMP2. NF-YA, NF-YB, and NF-YC
mRNAs peaked at 24, 12, and 12 h, respectively, after BMP?2 treat-
ment. Immunofluorescent assay was performed to visualize cellu-
lar localization of each NF-Y subunit. The results show that BMP2
increased protein expression of each NF-Y subunit within the
cytoplasm and nucleus (supplemental Fig. 2, A-C). However
dynamic changes of subcellular distribution of individual NF-Y
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tion with NF-YB antibody and
14 16

de-cross-linking, the purified DNA
fragments were amplified by semi-
quantitative PCR to the inverted
CCAAT box (Fig. 3, A and D-E). The
result demonstrates that BMP2 stim-
ulation led to increased recruitment
of NE-Y to the CCAAT box in the
mouse DSPP regulatory region
(Fig. 5C).

Inhibition of BMP2 Effect on NF-Y Expression by
Cycloheximide—To better clarify the mechanism of BMP2
action, a protein synthesis inhibitor, CHX, was applied. Regu-
lation of NF-Y subunits and DSPP expression by BMP2 in the
presence or absence of CHX was observed for the indicated
time periods in MD10-F2 cells (Fig. 6). The results showed that
CHX treatment led to decreases of both basal expression and
BMP2-stimulated increases of NF-Y subunit and DSP protein
levels in MD10-F2 cells over 12—72-h periods by immunoblot-
ting analysis. These results suggest that BMP2 is required for
NE-Y protein synthesis in MD10-F2 cells.

NF-Y-binding Site Is Required for BMP2-mediated DSPP Pro-
moter Activity—To access the CCAAT box essential for BMP2-
mediated DSPP promoter activity, we generated two DSPP-
luciferase promoter constructs with wild-type and mutant
NEF-Y-binding sites (Fig. 7A and Table 1). Before assaying pro-
moter function, we carried out EMSA and tested whether this
mutant probe fails to interact with NF-Y protein. The results
show that the mutant NF-Y oligonucleotide was unable to com-
pete against the wild-type DNA-NF-Y protein complexes even
at a 100-fold molar excess (supplemental Fig. 3). Based on the
above results, both p97wt and p97mut DSPP-luciferase
reporter constructs were transiently transfected into MD10-F2
cells, and their transcriptional activity was determined in the
presence of BMP2. The results show that promoter activity in
p97mut did not respond to BMP2 stimulation compared with
the p97wt (Fig. 7B). To further determine whether abrogation
of BMP2 signaling pathway results in a decrease of mouse DSPP
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Probe Wild-type NF-Y
A Anti. A + o+ o+ o+ + + + +

Anti. B + + B+ + o+ o4

Anti. C + o+ + 4+ I,
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FIGURE 3. NF-Y binding to the BMP2-response element in the mouse DSPP promoter. A, *?P-labeled double strand probe between nt —97 and —72 was
incubated with MD10-F2 cell nuclear extracts in the presence or absence of 50- and 100-fold molar excesses of unlabeled competitor DNA described in Table
1. WT, wild type. B, mouse DSPP proximal promoter nucleotide sequences are shown from nt —100 to —66. Several potential transcription factor-binding sites
are present in this element. C, comparison of mouse, rat, and human DNA sequences from —100 to —66 positions. Dots represent nucleotide identity. D, NF-Y
antibody supershift assay. MD10-F2 cell nuclear extracts were preincubated with antibody to NF-Y subunits or serum, respectively, and then with *2P-labeled
wild-type (lanes 1-9) or *P-labeled NF-Y probes (lanes 10-18). E, NF-Y-binding site schematic in the mouse DSPP promoter. The black box shows the NF-Y-
binding box. The arrows indicate specific primers for ChIP assay. F, ChIP assay. ChIP analysis was performed as described under “Experimental Procedures.” Lane
2 shows a negative control. Lane 3 shows the TFIIB antibody was bound to TFIIB-binding site in the GAPDH promoter region. The immunoprecipitated and
purified DNA fragments as a template were amplified by GAPDH PCR primers. Lane 4 shows input DNA amplified by mouse DSPP primers. Lane 5 shows the
DSPP target was effectively immunoprecipitated by the anti-NF-YB antibody.

promoter activity, MD10-F2 cells were treated with BMP2 in
the presence of the BMP inhibitor, Noggin (24). As shown in
Fig. 7C, the effect of BMP2 on DSPP promoter activation was
inhibited by Noggin in a dose-responsive fashion. These data
demonstrate that BMP2-mediated DSPP gene expression
through NF-Y signaling and the CCAAT box is important, not
only for the NF-Y binding but also for BMP2-mediated DSPP
expression in mouse preodontoblast cells.

Effect of NF-Y Overexpression on Mouse DSPP Gene
Expression—To determine the effect of NF-Y on the mouse
DSPP promoter activity, we examined forced NF-Y expression

JULY 11, 2008 - VOLUME 283+-NUMBER 28

in MD10-F2 cells using the p97wt and p97mut reporter gene
constructs. As shown in Fig. 84, overexpression of NF-Y caused
a 3.2-fold increase of p97wt promoter activity as compared with
that of the mock-transfected group. However, NF-Y overex-
pression had no effect on the promoter activity in the p97mut
construct. We then ascertained whether overexpression of
NE-Y could induce endogenous DSP. MD10-F2 cells were tran-
siently transfected with either empty or NF-Y expression vec-
tor, and Western blot assay shows that expression of DSP pro-
tein levels in NF-Y transfectants were about 3-fold higher than
that of the control transfectants (Fig. 8B).
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FIGURE 4. DSPP, BMP2, and NF-Y gene expression in tooth organs during development. A-L, in situ hybridization of mouse tooth developmental stages
from E15 to PN1 with BMP2 (B, D, and F) and DSPP (H, J,and L) antisense probes. Hematoxylin was shownin A, G, E, G, |, and K. od, odontoblasts; am, ameloblasts;
p, dental pulp cells; ¢, cartilage; eo, enamel organ; dp, dental papilla; e, enamel; d, dentin. Bar scale is 200 um. M, effect of BMP2 on ALP activity in MD10-F2 cells.
After the cells were treated with BMP2 (100 ng/ml) or without BMP2 (con) for 3 and 6 days, ALP activity was determined as described under “Experimental
Procedures.” Data were means * S.E. of three wells, significantly different from the control without BMP2.*, p < 0.001. N, RT-PCR amplification of the three NF-Y
subunits were carried out. Ten ul of PCR products were analyzed on 1.5% agarose gels. Amplification products of mouse B-actin served as an internal control.
M, 100-bp DNA ladder. Arrows indicate expected PCR products of the three NF-Y subunits, NF-YA, NF-YB, and NF-YC, and 3-actin genes. Con, negative control;
10-F2, MD10-F2; 2 wk, 10 wk, and 13 wk indicate mouse molars at aged 2, 10, and 13 weeks after birth, respectively.

DISCUSSION

Odontoblast differentiation is regulated by many transcrip-
tion and growth factors. BMPs have a prominent role in tooth
development and formation. DSPP has been characterized as a
unique marker of odontoblast differentiation (4, 5). To investi-
gate the molecular mechanism of BMP2 regulation during
odontoblast differentiation, we analyzed the effects of BMP2 on
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DSPP expression in mouse preodontoblast cells. In this study,
we have identified an NF-Y transcription factor-binding site in
the proximal mouse DSPP promoter that mediates BMP2-
stimulated DSPP expression.

At the onset of odontoblast differentiation at E16 during
mouse tooth development, DSPP gene expression gradually
increases during dentinogenesis and the spatial-temporal
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FIGURE 5. Effect of BMP2 on NF-Y expression in MD10-F2 cells. A, qRT-PCR analysis of NF-Y subunit mRNA
expression in MD10-F2 cells. Cells were grown in the presence or absence of BMP2 at the given time points.
NF-Y mRNA expression in MD10-F2 cells in the absence of BMP2 served as a 1.0-fold increase. * indicates
significant differences between the BMP2-treated and -untreated cells (p < 0.05). B, qRT-PCR products from
one of three experiments were run on 1.5% agarose gels and stained with ethidium bromide. M, DNA marker;
Neg, negative control; Cyclo, cyclophilin served as an internal control. Con and bmp2 show MD10-F2 cells
without or with BMP2 induction, respectively. C, MD10-F2 cells stimulated with or without BMP2 for the indi-
cated times were subjected to ChIP with anti-NF-YB antibody. Immunoprecipitated and purified DNA frag-
ments were subjected to PCR with primers covering the NF-Y-binding site of the mouse DSPP promoter.
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BMP2 Regulates DSPP Expression in Odontoblasts
NF-YC diated odontoblastic differentia-
tion. We initially examined expres-
sion of BMP2 and DSPP genes
during tooth development. In situ
hybridization assay revealed that
during tooth development both
BMP2 and DSPP gene expressions
existed throughout odontoblast dif-
ferentiation from E16 to 2 wk tested
(Fig. 4 and supplemental Fig. 1).
i These observations suggest that
BMP2 is relevant to DSPP gene

E expression and odontoblast differ-
& entiation. Moreover, in vitro study
shows that BMP2 up-regulated
expression of DSPP and ALP genes
in MD10-F2 cells (Figs. 1 and 4M),
indicating that BMP2 promoted
preodontoblast differentiation. In-
terestingly, we observed that
DSPP accumulates in the nucleus in
response to BMP2 (Fig. 1C). Evi-
dence for dentin matrix protein
nuclear localization was also found
for dentin matrix protein 1, a
SIBLING family member (70, 71).
Recently, Jadlowiec et al. (72, 73)
found the DPP domain of DSPP up-
regulated bone- and tooth-related

BM:PI

*

48 h 72h

BMP2 — — + + — — + + — — + + — _ 4 4 —

FIGURE 6. Inhibition of BMP 2 effect of NF-Y expression in MD10-F2 cells by cycloheximide. MD10-F2 cells
were treated with BMP2 (100 ng/ml) in the presence or absence of CHX (10 wg/ml) at the indicated time points.
Protein expression of NF-YA, NF-YB, NF-YC, DSP, and B-actin was detected by Western blot analysis as

described under “Experimental Procedures.”

expression pattern of DSPP gene is largely restricted to dental
tissues (4, 5). Mutations in the DSPP gene are associated with
DGI-II and DGI-III as well as DD-I], indicating that DSPP is
associated with tooth development, in a particular dentinogen-
esis (15—20). BMP2 plays an important role in dental differen-
tiation as well as tooth development and growth (23, 36). BMP2
signaling induces mesenchymal cell differentiation into odon-
toblasts (69). In this study, we chose DSPP gene expression as a
paradigm to dissect the molecular mechanisms of BMP2-me-
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genes via integrin/Smad and MAPK
signaling pathways. This implies
that DSPP is not only a structural
protein but may play a more compli-
cated biological role during odonto-
genesis. The molecular mechanisms
for the nuclear accumulation of
DSPP in response to BMP2 remain
unknown. It has been reported that
BMP2 stimulated expression of BSP
and osteocalcin genes and pro-
moted mesenchymal cell differenti-
ation into osteoblast cells mediated
through the Runx2/Smad signal
transduction pathway (31-34).
MAPK is also involved in response
to BMP2 and regulates BSP and
osteocalcin gene expressions in
dental follicle and periodontal liga-
ment cells (36). In addition, other
transcription factors are known to be targeted by TGF-B8/BMPs
signaling (56). Therefore, we focused on testing whether BMP2
regulates DSPP expression at transcriptional levels. Various
deleted fragments of the 5'-flanking mouse DSPP regulatory
region were ligated upstream of the luciferase reporter gene and
then transiently transfected into mouse MD10-F2 preodonto-
blast cells. We identified an element between nt —97 and —72
in the proximal promoter of the mouse DSPP gene responsible
for BMP2 stimulation. Notably, sequence of this element is
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sponse element (Fig. 3D). In vivo
ChIP assays also demonstrated
- that NF-Y is recruited to the
CCAAT box (Fig. 3F, lane 5).
Moreover, expression of each
NF-Y subunit was seen in
MD10-F2 cells and mouse tooth
tissues at different stages of tooth
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development (Fig. 4N).

NE-Y is a heterotrimeric protein
complex that binds to the CCAAT
motif found in the promoter of
many eukaryotic genes (40, 41).
NE-Y is composed of three sub-
units, NF-YA, NF-YB, and NF-YC.
The A and C subunits associate
through a subdomain that binds
DNA and resembles the a-helical
structure found in core histone
proteins (43). The B subunit asso-
ciates with the A/C heterodimer to
form a functional CCAAT-bind-
ing complex. The transactivating
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FIGURE 7. NF-Y-binding site is important in BMP2-mediated DSPP promoter activity. A, illustration of
wild-type and mutant DSPP promoter-luciferase reporter gene constructs. The diagram shows the relative
positions and sequences of the NF-Y-binding site with mutated sequences shown in lowercase. B, effect of
BMP2 on DSPP promoter activity. MD10-F2 cells were transfected with p97wt-luc, p97mut-luc, or empty vector
(pGL3-basic only). pRL-TK (Renilla luciferase) co-transfection served as an internal control. These transfectants
were treated or untreated with recombinant BMP2 (100 ng/ml) for 12 h before cell harvest. The value (ratio
between firefly and Renilla luciferase) was compared with the control group (pGL3-basic only). The fold lucif-
erase activity was determined by dividing the individual values by the control group value. The data are
expressed as the mean = S.E. from at least three separate experiments performed in triplicate. Significant
differences comparing BMP2-treated cells with untreated cells are shown with following probability levels:
** p < 0.01. G effect of BMP antagonist Noggin on BMP2-mediated DSPP transcription. Transient transfection
p97 analysis in the presence or absence of BMP2 (100 ng/ml) for 12 hin MD10-F2 cells is shown with the effects
of Noggin at different doses. The results obtained from three separate transfections show the mean *+ S.E.
Significant differences compared with groups untreated with Noggin are shown with the following probability

levels: *, p < 0.05; **, p < 0.001.

conserved in the mouse, rat, and human DSPP promoters (Fig.
3C), indicative of a potentially important role in DSPP gene
transcriptional regulation. DNA sequences in this element con-
tain several transcription factor-binding motifs (Fig. 3B). How-
ever, we have not ruled out that other regulatory elements in
the mouse DSPP promoter exhibited BMP2 responsiveness
(Fig. 2).

EMSA was performed to identify which transcriptional
factors bind to the BMP2-response element between nt —97
and —72. These results show that the labeled wild-type
probe from this element was able to interact with nuclear
extracts from MD10-F2 cells (Fig. 34, lane 1). The protein-
DNA complex was competed away with both unlabeled wild-
type and consensus NF-Y oligonucleotides (Fig. 34, lanes
2-3and 10and 11), indicating that NF-Y transcription factor
binds to this BMP2-response element in the mouse DSPP
promoter. Using antibodies against three NF-Y subunits in
antibody supershift experiments showed that NF-Y specially
binds to the inverted CCAAT box within the BMP2-re-
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activity of NF-Y is mediated by the
association of the A/C het-
erodimer with the histone acetyl-
transferase P/CAF (47) and the
association of the A subunit with
the p300 that has an intrinsic his-
tone acetyltransferase activity
(48). It indicates that NF-Y is able
to modify chromatin structure,
activating  its  target  gene
expression.

Recently, NF-Y has been reported
to be a regulatory protein that is
responsive to several molecular
stimulations (55-57). Caretti et al.
(55) showed that serum up-regu-
lated NE-Y recruitment into promoters of several cell cycle
genes in NIH3T3 cells and activated their gene expressions.
Interleukin-6 induced NF-YA expression and up-regulated
expression of myeloid differentiation primary response (MyD)
gene, promoting murine M1 myeloid leukemic cell differentia-
tion (57). Our study shows that BMP2 up-regulated NF-Y gene
expression and activated nuclear NF-Y subunit accumulation
with increased binding to chromatin of CCAAT box in the
mouse DSPP promoter in MD10-F2 cells (Fig. 5 and supple-
mental Fig. 2). NF-Y expression by BMP2 was inhibited by the
protein synthesis inhibitor cycloheximide (Fig. 6), suggesting
that BMP2 regulates NF-Y synthesis. Furthermore, our data
demonstrate that mutating the NF-Y-binding site in the mouse
DSPP promoter interrupted promoter activity in response to
BMP2 stimulation (Fig. 7B). Noggin, a BMP antagonist, was
able to block the BMP2 effect on DSPP-luciferase promoter
activity in a dose-responsive fashion (Fig. 7C), verifying the role
of BMP2 in DSPP expression through the NF-Y-binding site.
NE-Y forced overexpression up-regulated DSPP-luciferase
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FIGURE 8. Effect of NF-Y on DSPP expression in MD10-F2 cells. A, cells
were transiently co-transfected with either p97wt-luc, p97mut-luc, or an
empty vector (pGL3-basic only) and an NF-Y (NF-YA, NF-YB, and NF-YC) or
pcDNA 3.1 (mock) expression vector. All cells were co-transfected with
pRL-TK (Renilla luciferase) and served as an internal control. After a 48-h
transfection, transfectants were harvested, and luciferase activity was
measured. The value (ratio between firefly and Renilla luciferase) was
obtained from the control group (pGL3-basic empty vector only). The fold
luciferase activity was determined by dividing the individual value by the
control group value. Bars represent the mean = S.E. from at least three
separate experiments performed in triplicate. B, endogenous DSP protein
expression by NF-Y. MD10-F2 cells were transfected with 5 ug of either
pcDNA 3.1 (mock) or NF-Y (NF-YA, NF-YB, and NF-YC) expression vector.
Total cellular proteins were isolated after a 72-h post-transfection. Forty
g of total cellular lysates were run on 10% SDS-polyacrylamide gels and
subsequently electroblotted. Membranes were probed with anti-mouse
DSP antibody. Lanes 1 and 2, pcDNA 3.1; lanes 3 and 4, NF-Y. Arrowhead
shows detected DSP. Arrow indicates the internal control, B-actin.

vector p97mut

promoter activity and increased endogenous DSP protein levels
in MD10-F2 (Fig. 8).

Besides regulating NF-Y expression, we also observed that
BMP2 induced NF-Y accumulation into the nucleus of
MD10-F2 cells. A recent study demonstrates that the two serine
residues near the NF-YA COOH terminus were phosphoryla-
ted by cdk2 kinase in vivo (74). Moreover, mutations in the two
serine motifs to alanine allowed formation of the NF-Y hetero-
trimer but inhibited its DNA binding capability and repressed
its target gene transcription (75). However, these authors have
not addressed whether mutant NF-YA at the serine residues
affects intracellular distribution of this protein (74, 75).
Recently, Alabert et al. (56) have observed that TGF- 3 induced
NE-YA and NF-YB nuclear accumulation in NIH3T3 fibro-
blasts and MDCK epithelial cells via the ERK1/2 cascade.
NE-YC was also described to undergo nuclear relocalization
during the cell cycle (76). The mechanism by which growth
factors such as BMP2 mediate NF-Y nuclear translocation
remains unknown. Answering this question would be open for
further experimentations.

In conclusion, we provide the first evidence that BMP2 acti-
vates DSPP gene transcription via NF-Y signaling, and this
BMP2-NE-Y-DSPP pathway plays an important role in odon-
toblast differentiation.
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