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contribute to a variety of biological processes, including
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Bone morphogenetic protein-2 (BMP-2) stimulates
he commitment and differentiation of precursor mes-
nchymal cells to mature bone. We have isolated and
equenced 2712 base pairs (bp) of the 5* flanking re-
ion of mouse BMP-2 gene. Using RNase protection
ssay we identified two transcription initiation sites
ithin this 2712 bp region of the BMP-2 gene. The
istal start site was mapped to 2736 bp in relation to
he proximal start site (11). Recombinant BMP-2 pref-
rentially stimulated transcription initiation from the
roximal start site. To investigate the mechanism of
ranscription initiation from these two start sites, we
dentified two promoter elements upstream of the
roximal and distal transcription initiation sites.
ransfection of promoter-luciferase reporter con-
tructs into cells of different organs demonstrated dif-
erential transcriptional activity of proximal and dis-
al promoters, with highest activity in the osteoblast
ell lineage. In osteoblasts, BMP-2 stimulated tran-
cription from the proximal promoter only. Together
ur data provide the first evidence for the presence of
wo transcription initiation sites with two upstream
romoter elements in mouse BMP-2 gene. Further-
ore, we demonstrate for the first time that BMP-2

utoregulates its expression in osteoblasts through
he proximal promoter-dependent transcriptional
echanism. © 2001 Academic Press

Key Words: BMP-2 mRNA initiation sites; transcrip-
ional regulation; BMP-2 autoinduction.

The bone morphogenetic proteins (BMPs) represent
number of related peptides in the transforming

rowth factor b (TGFb) superfamily which elicit
leotrophic effects in a range of tissues (1). The BMPs

1 To whom correspondence should be addressed at Department of
athology, University of Texas Health Science Center at San Anto-
io, 7703 Floyd Curl Drive, San Antonio, TX 78284-7877. Fax: (210)
67-2303. E-mail: choudhury@uthscsa.edu.
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kin and hair formation, tooth development, neural cell
ifferentiation, ventralization of mesoderm, kidney for-
ation, heart development, cartilage and bone forma-

ion, and early and late patterning of the embryonic
ody (2–5). In Drosophila, the BMP homolog deccapen-
aplegic (dpp) acts as a morphogen (6). In mouse,
MP-2, a member of the BMP family of growth and
ifferentiation factors, is also an important instructive
olecule for a wide variety of tissues, including cranial

nd trunk neural crest cells, gut endodermal elements,
eart, dermis, genital ridge primordia, as well as car-
ilage and bone elements (7). Deletion of the BMP-2
ene by homologous recombination is embryonically
ethal (7).

BMP-2 plays a major role in osteogenic differentia-
ion (8). We have previously shown that BMP-2 induces
steoblast differentiation in vitro to form mature bone
odules (9, 10). During this BMP-2-stimulated differ-
ntiation process, BMP-2 mRNA is induced, which
aintains the sustained phenotype of the mature os-

eoblasts (10). However, the precise mechanism of
MP-2 mRNA expression during osteoblast differenti-
tion has not been investigated. Here we report molec-
lar cloning and analysis of 2.7-kb mouse BMP-2 59
anking sequence. We identified two transcription ini-
iation sites in the BMP-2 mRNA in mouse osteoblasts.
ecombinant BMP-2 stimulated mRNA initiation from

he proximal site. Also we provide evidence for the
resence of two promoter elements upstream of this
wo transcription start sites in the 59 flanking sequence
f BMP-2 gene. We demonstrate that BMP-2 gene tran-
cription is autoregulated from the proximal promoter.

ATERIAL AND METHODS

Cell culture. Primary fetal rat calvarial cells were isolated from
9-day-old fetal rat calvariae by sequential digestion with trypsin
nd collagenase and propagated in aMEM containing 10% fetal
0006-291X/01 $35.00
Copyright © 2001 by Academic Press
All rights of reproduction in any form reserved.



calf serum and antibiotics essentially as described (11). Immor-
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alized osteoblast cell line, 2T3, has been characterized and
rown as described before (9). BNL mouse liver cells, JB6 epider-
al cells, and kidney mesangeal cells (MC) were a gift of
r. H. Abboud (University of Texas Health Science Center at San
ntonio).

Molecular cloning of mouse BMP-2 59 flanking sequence. 5 3 106

laques were screened from a mouse genomic library purchase from
tratagene (San Diego, CA), using a 1.1-kb SmaI fragment of human
MP-2 cDNA probe containing most of the coding region. The BMP-2
enomic clones were sequenced by dideoxy chain termination
ethod (12). All the fragments were sequenced at least twice and

verlaps were established using the appropriate oligonucleotide
rimer. Primers were prepared on an Applied Biosystems Model 392
NA Synthesizer.

Primer extension. The transcription start site for BMP-2 gene
as mapped by primer extension using the synthetic oligonucle-

tide primer 59 CCCGGCAATTCAAGAAG 39 in exon 1. Poly (A)
NA from the fetal rat calvarial cells were used to map the

ranscription start site using a Primer Extension kit from Pro-
ega (Madison, WI).

RNase protection assay. RNase Protection assay was essentially
erformed as described earlier (13). cRNA probe was synthesized
sing T7 polymerase in the presence of 40 mM Tris–HCl, pH 7.5, 6
M MgCl2, 10 mM NaCl, 2 mM spermidine, 40 mM dithiothreitol,

nd 0.5 mM each of ATP, GTP and CTP, 12 mM UTP, 40 U/ml
Nasin, 50 mCi of [32P]UTP (800 Ci/mmol) and 10 mg/ml of linearized

emplate plasmid containing BMP-2 genomic DNA fragment. The
eaction was carried out for 1 h at 37°C, the template DNA was
igested with DNaseI and the reaction was extracted with phenol-
hloroform mixture followed by ethanol precipitation of the labeled
NA. The RNA (1 3 106 cpm) was hybridized to 5 mg of total RNA

rom 2T3 osteoblast cells. The hybridization reaction was done in a
uffer containing 10 mM piperizine-N,N9-bis(2-ethanesulfonic acid),
H 6.4, 0.4 M NaCl and 1 mM EDTA in 80% formaldehyde for 12–18
at 50°C. Following hybridization the sample was digested with 50
g/ml RNase A and 2 mg/ml RNase T1 followed by 0.16 mg/ml pro-
einase K. The reaction was then extracted with phenol:chloroform
nd ethanol-precipitated. The products were then analyzed on 6%
olyacrylamide gel containing 7 M urea. Gels were exposed to Kodak
-Omat-AR film.

Plasmid construction and transfection. The luciferase basic
lasmid (pGL2 basic), the vector used for all our constructs, was
urchased from Promega (Madison, WI). DNA fragments contain-
ng proximal and distal promoter from BMP-2 59 flanking region
ere cloned at the multiple cloning sites of this plasmid, which is
pstream of the firefly luciferase cDNA. For transient transfection
ssay, the cells were plated at 5 3 105 cells per 60 mm tissue
ulture dish, 18 –24 h prior to transfection. Ten micrograms of
eporter plasmid was transfected using calcium phosphate pre-
ipitation method. A pCMVRenilla luciferase construct was also
sed for normalization of transfection efficiency. The cells were
arvested 48 h posttransfection. Luciferase activity in the cell

ysates was measured using Dual Luciferase Assay system (Pro-
ega). Data are presented as ratio of firefly and Renilla luciferase

ctivity.

FIG. 1. (A) Cartoon showing partial restriction enzyme map of 5
ew restriction enzyme sites are indicated. The proximal and distal
rrows. The numbers indicate the size of DNA fragments in bp as
ndicate positions downstream and upstream of the proximal start sit
ene. Presence of a few transcription factor binding sites are shown.
102
estriction Enzyme and DNA Sequence Analysis
of BMP-2 59 Flanking Region

We screened a mouse genomic library using a human
MP-2 cDNA probe. A 19-kb genomic clone was iso-

ated. The transcription unit of the mouse BMP-2 gene
ontains one noncoding and two coding exons (14).
igure 1A shows the restriction enzyme map of the
ouse BMP-2 gene with 2712-bp 59 flanking sequence

hat extends up to the EcoRI site in the 59 end. The
NA sequence of this fragment was determined using
ideoxy method (Fig. 1B). Analysis of this DNA se-
uences shows the absence of any TATA or CAAT
oxes in this 59 flanking sequence of BMP-2 gene. How-
ver, several stretches of GC rich sequences, charac-
eristic of TATA-less promoters, is found to be present
n the 59 flanking region of mouse BMP-2 gene.

dentification of Transcription Initiation Site of BMP-
2 mRNA in Primary Fetal Rat Calvarial Cells

Primary fetal rat calvarial cells have been exten-
ively used for studying osteoblast differentiation in
itro. We have previously shown that these cells ex-
ress BMP-2 during osteoblast differentiation (10). To
etermine the transcription initiation site of BMP-2
RNA, poly (A) RNA from these cells was used in a

rimer extension analysis with an 18-bp 32P-labeled
ligonucleotide in the exon 1. Analysis of the product
y polyacrylamide gel electrophoresis shows the pres-
nce of a major extended product of 75 bp (Fig. 2, lane
). We designated this boundary as the 11 site (Fig. 2,
ottom). A 78 bp minor extended product (Fig. 2, lane
, indicated by dotted arrow) is visible. This may be a
inor adjacent start site, characteristic of TATA less

romoters.

dentification of Transcription Initiation Site
of BMP-2 mRNA in Mouse Osteoblasts

Since we isolated and sequenced mouse BMP-2 59
anking region, we attempted to determine the tran-
cription start site in mouse cells. We have established
nd extensively characterized an immortalized osteo-
lastic differentiation cell model, 2T3. 2T3 cells un-
ergo complete osteoblastic differentiation to mineral-
zed, matrix producing bone nodules, which is greatly
nhanced by exogenously added recombinant BMP-2
9, 15). To determine the transcription initiation site,

anking sequence of mouse BMP-2 gene. Exons are shown by boxes.
nscription initiation sites, as determined in Fig. 3, are indicated by
pared to the proximal start site. The positive and negative signs

espectively. (B) DNA sequence of 59 flanking region of mouse BMP-2
e arrows indicate the positions of two transcription initiation sites.
9 fl
tra
com
e, r
Th



Vol. 286, No. 1, 2001 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS



we analyzed BMP-2 mRNA expression in 2T3 cell line,
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ndergoing differentiation in the presence and in the
bsence of recombinant BMP-2, using RNase protec-
ion assays. An in vitro transcribed 391-bp 32P RNA
robe containing 315 bp BMP-2 sequence spanning a
egion thought to contain the transcription start site
as used based on the primer extension analysis (Fig.
). The results show two protected RNA fragments of
izes 165 and 315 bp (Fig. 3A). These data indicate the
resence of at least two major transcription start sites.
he 165-bp protected fragment correlated with the
ranscription start site determined by primer exten-
ion analysis (Fig. 2). It was designated as the proxi-
al transcription initiation site (11) (Fig. 3A, bottom).
he 315-bp fragment represents the completely pro-
ected BMP-2 sequence within the 391 bp probe (con-
aining 315 bp BMP-2 sequence plus 76 bp of plasmid
equence) indicating the presence of a distal transcrip-
ion start site in the BMP-2 gene. Furthermore, BMP-2
timulated the mRNA initiation preferably from the
roximal 11 site (165-bp protected fragment in Fig.
A, compare lane 2 with lane 1). This result was con-
rmed by using an in situ RNase protection assay, in
hich a house keeping gene 36B4 probe was used,
long with the 315-bp BMP-2-specific probe. Quantita-
ion of the protected 165-bp fragment by phospho-
mager analysis showed a 1.9-fold stimulation of tran-

mouse osteoblasts. (A) RNase protection assay of mouse osteoblast
2T3 osteoblasts. A 391 bp in vitro transcribed RNA probe spanning
described in the Methods. The protected fragments were separated
165 bp are shown in the right margin. ‘M’ indicates pBR322 DNA
rtoon demonstrating line drawing of probe and protected fragments.
The transcription start site is shown by arrow. (B) RNase protection
om control (2) and BMP-2-treated (1) 2T3 cells and used in RNase
43 bp of BMP-2 gene. The protected fragments were analyzed as
argin. ‘M’ indicates size marker (pBR322 DNA digested with MspI).
The RNA initiation sites are indicated by arrows.
FIG. 2. Primer extension analysis of fetal rat calvarial cell RNA.
oly adenylated (Poly A) RNA was isolated from the fetal rat calvar-

al cells. A 32P-labeled oligonucleotide primer (59 CCCGGCAAGT-
CAAGAAG 39) in the exon 1 was used in the primer extension
nalysis, as described in the Methods. The extended product was
eparated on a polyacrylamide gel and labeled band was visualized
y autoradiography. The arrow indicates the extended product of 75
p. Dotted arrow indicates a 78-bp minor extended product. Radio-
abeled pBR322 DNA digested with MspI was used as the DNA size

arker in lane M. In the lower panel, a cartoon shows the extended
roduct and the transcription initiation site designated as 11.
FIG. 3. Identification of transcription start sites of BMP-2 mRNA in
NA. Total RNA was isolated from control (2) and BMP-2-treated (1)
150 to 1165 bp of BMP-2 gene was used in RNase protection assay as
y polyacrylamide gel electrophoresis. Protected fragments of 315 and
igested with MspI, used as DNA size marker. Lower panel shows the ca
he wavy line in the probe indicates the plasmid sequence in the probe.
nalysis to identify second transcription start site. RNA was isolated fr
rotection assay with a 198 bp RNA probe spanning 2841 bp and 26
escribed in A. The size of the protected fragments are shown in right m
ower panel shows line drawing of the probe and protected fragments.
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cription initiation from the proximal 11 site (Table 1).
uantitation of the 315-bp protected fragment showed
o significant stimulation by BMP-2 (Fig. 3A and
able 1).
To determine the location of the distal initiation site,
e used an RNA probe spanning 2841 bp and 2643 bp
f the BMP-2 59 flanking sequence in the RNase pro-
ection assay. Two protected fragments of 93 and 86 bp
ere detected both in the presence and in the absence
f BMP-2 (Fig. 3B). These data define two closely lo-
ated distal transcription start sites in this region
hich map to 2736 bp and 2729 bp respectively com-
ared to the proximal initiation site (Fig. 3B, bottom).
hese data indicate that at least two promoter ele-
ents, upstream of these transcription start sites, one

roximal and one distal, may initiate transcription of
MP-2 gene in mouse 2T3 cells and BMP-2 preferably
timulates transcription initiation from proximal site
11).

dentification of Two Promoter Elements
in BMP-2 59 Flanking Region

To test the promoter activity of the BMP-2 59 flank-
ng sequences present upstream of these proximal and
istal transcription initiation sites, we analyzed the
ranscriptional activity of two DNA fragments contain-
ng the two transcription start sites. The DNA frag-

ents spanning 2150 to 1165 bp and 2643 to 2841 bp
ontain the proximal and distal start sites respectively.
hese DNA fragments were cloned upstream of firefly

uciferase gene to construct the reporter plasmids.
ransient transfection of these plasmids into primary

etal rat calvarial osteoblasts showed significant tran-
criptional activity from both these fragments, as mea-
ured by the luciferase activity in the cell lysates (Fig.
A). These data indicate the presence of a proximal and
distal promoter in the BMP-2 59 flanking sequence

Autoregulation of BMP-2 Gene Transcription

Ratio of protected
fragments Control BMP-2 Fold change

65-bp fragment/36B4
(Proximal)

0.96 1.8 1.9

15-bp fragment/36B4
(Distal)

0.96 0.93 1.1

Note. BMP-2 transcripts were analyzed by RNase protection assay
n 2T3 osteoblasts treated with 40 ng/ml BMP-2 for 48 h as described
n Fig. 3A. 36B4 housekeeping gene transcript was used in situ in the
ssay to normalize the loading. The protected transcripts were ana-
yzed by phosphorimager. The quantitation is presented as the ratio
f BMP-2 transcript and 36B4 transcript for both the proximal and
istal transcription start sites. Fold change is calculated for the
MP-2 transcripts obtained from untreated (control) and treated

BMP-2) 2T3 cells.
105
ites. To further characterize these two promoters, we
easured their transcriptional activity in different cell

ines derived from various organs along with mouse
steoblasts. Transfection of proximal and distal
romoter-luciferase constructs into osteoblasts (2T3),
epatocytes (BNL), epidermal cells (JB6) and kidney
esangial cells (MC) showed that both these promot-

rs are active in these cells to different extent (Figs. 4B
nd 4C). Transcriptional activity of both the promoters
ere highest in 2T3 osteoblasts than that of any other

ell lines tested. However, the distal promoter was
ore active in JB6 epidermal cells and kidney mesan-

ial cells than the proximal promoter (Figs. 4B and
C). These data indicate that flanking sequences up-
tream of proximal and distal transcription initiation
ites containing two distinct promoter elements are
ranscriptionally active in different cell lineages.

MP-2 Regulates Transcription
from Proximal Promoter

We showed above that BMP-2 stimulates the tran-
cription from the proximal initiation sites in mouse
steoblasts (Fig. 3A) suggesting that the proximal
romoter would be responsive to BMP-2. To test the
ffect of BMP-2 on the transcriptional activity of both
roximal and distal promoters, the luciferase reporter
onstructs were transfected into 2T3 osteoblasts. Tran-
iently transfected cells were incubated with recombi-
ant BMP-2 and luciferase activity in the lysates were
etermined. The results show that BMP-2 stimulated
ranscription from the proximal promoter in a dose-
ependent manner (Fig. 5A). No transcriptional acti-
ation in response to BMP-2 was observed from the
istal promoter element (Fig. 5B). These data further
onfirm that transcription from the proximal initiation
ite of the BMP-2 gene (Fig. 3) is responsive to BMP-2.

ISCUSSION

Expression of BMP-2 is tightly regulated during os-
eoblast differentiation. Towards better understanding
f transcriptional regulation of this osteogenic growth
nd differentiation factor, we provide the first evidence
f the presence of two transcription initiation sites in
ouse osteoblasts. We demonstrate that BMP-2 gene

s transcribed from two promoter elements present up-
tream of these two transcription start sites. Further-
ore we show for the first time that BMP-2-induced

utoregulation of BMP-2 expression is due to the tran-
cription from the proximal promoter element.
During embryogenesis, BMP-2 plays a role of true
orphogen (6). Therefore, precise timing of expression

f BMP-2 is critical for normal embryonic patterning.
he correct expression of this ligand in a tissue deter-
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ines the fate of development of specific organ system
uch as heart (7). Also expression of BMP-2 is tightly
ssociated with dorsal-ventral axis formation (16) and
poptosis of interdigital cells during limb development.
hus a central biological question is how BMP-2 is

FIG. 4. The BMP-2 gene contains two promoters upstream of e
roximal DNA fragment spanning 2150 to 1165 bp and the dista
pstream of the luciferase cDNA as described in the Methods. These t
ssayed for luciferase activity as described in the Methods. The data a
B and C) Activation of proximal and distal BMP-2 promoters in cell
ransfected into 2T3 osteoblasts, BNL mouse liver cells, JB6 epiderm
ssayed for luciferase activity as described above.

FIG. 5. Autoregulation of BMP-2 transcription. The proximal (A)
steoblasts. Serum-deprived transfected cells were incubated with
ysates were assayed for luciferase activity as described in the Meth
106
xpressed in its proper temporal and spatial patterns.
e identified two transcription initiation sites for
MP-2, which is functional in mouse osteoblasts (Fig.
). It is possible that during embryonic development
nd differentiation of osteogenic precursor cells to

transcription start sites. (A) Identification of two promoters. The
agment spanning 2841 to 2643 bp were cloned into pGL2 basic
reporter constructs were transfected into 2T3 cells. The lysates were
resented as fold activity as compared to pGL2basic transfected cells.
different organ. The proximal and distal promoter constructs were

ells and kidney mesangial cells (MC), respectively. Cell lysates were

d distal (B) promoter luciferase constructs were transfected into 2T3
erent concentrations of recombinant human BMP-2 for 24 h. The
.
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ially used for BMP-2 expression. In fact, we have
reviously shown that BMP-2 autoregulates its mRNA
xpression during osteoblast differentiation (10). Our
ata that BMP-2-induces transcription initiation from
he proximal transcription start site confirms this no-
ion (Fig. 3).

The dpp gene encoding Drosophila homolog of
MP-2 has three major and several minor transcripts

17). Also BMP-4, a closely related homolog of BMP-2,
as two transcripts which are expressed in a cell type
nd differentiation-dependent manner (18). In the
resent study, presence of two transcription initiation
ites (Fig. 3) suggested that the expression of mouse
MP-2 gene involves complex transcriptional regula-

ion. Thus we identified two promoter elements up-
tream of the two respective transcription initiation
ites in the 59 flanking sequence of BMP-2 gene (Fig. 4).
n Drosophila, multiple promoters are responsible for
xpression of different transcripts of dpp (17). These
esults explain stage specific expression of dpp during
mbryonic development. In fact, different promoters
or dpp gene transcribe at different developmental
tages and in different tissues. Similarly presence of
wo promoters for expression of mouse and human
MP-4 gene, the closest homolog of BMP-2, has been

eported (18, 19). Both promoters in mouse BMP-4 are
resent in the 59 flanking sequence of its gene (19). In
ontrast, the proximal promoter in human BMP-4 is
resent in intron 1 of its gene (18). We identified both
MP-2 promoters in mouse in the 59 flanking sequence
f its gene (Fig. 4A). These data indicate that the
ranscriptional regulation of BMP family of growth and
ifferentiation factors is extremely complex not only in
rosophila, but also in the vertebrates. We also dem-

nstrate that the proximal and distal promoters of
ouse BMP-2 gene are differentially activated in cells

f different organ (Figs. 4B and 4C). Expression of dpp
n Drosophila is under the control of different up-
tream signaling (20). Also dpp itself positively regu-
ates its own transcription (21). This regulation of BMP
s also conserved in vertebrate. Thus we demonstrate
hat BMP-2 stimulates BMP-2 gene transcription from
he proximal promoter (Fig. 5). In summary, these data
rovide a mechanism of differential activation of
MP-2 gene expression from the proximal and distal

ranscription initiation sites during osteoblastic differ-
ntiation of precursor mesenchymal cells.

CKNOWLEDGMENTS

This work is supported in part by the Department of Defense Idea
ward DAMD17-99-1-9400 and a Howard Hughes Award to Nandini
hosh-Choudhury, a Department of Veterans Affairs Medical Re-

earch Service merit review grant, a REAP grant, and National
nstitutes of Diabetes and Digestive and Kidney Diseases grants (DK
0190 and DK 55815) to Goutam Ghosh Choudhury, and National
107
hen E. Harris.

EFERENCES

1. Sakou, T. (1998) Bone morphogenetic proteins: From basic stud-
ies to clinical approaches. Bone 27, 591–603.

2. Hogan, B. L. M. (1996) Bone morphogenetic proteins: Multifunc-
tional regulators of vertebrate development. Genes Dev. 10,
1580–1594.

3. Hogan, B. L. M. (1999) Morphogenesis. Cell 96, 225–233.
4. Dudley, A. T., Lyons, K. M., and Robertson, E. J. (1995) A

requirement for bone morphogenetic protein-7 during develop-
ment of the mammalian kidney and eye. Genes Dev. 9, 2795–
2807.

5. Dudley, A. T., Godin, R. E., and Robertson, E. J. (1999) Interac-
tion between FGF and BMP signaling pathways regulates devel-
opment of metanephric mesenchyme. Genes Dev. 13, 1601–1613.

6. Christian, J. L. (2000) BMP, Wnt, and Hedgehog signals: How
far can they go? Curr. Opin. Biol. 12, 244–249.

7. Schlange, T., Andree, B., Arnold, H. H., and Brand, T. (2000)
BMP-2 is required for early heart development during distinct
time period. Mech. Dev. 91, 259–270.

8. Wozney, J. M. (1992) The bone morphogenetic protein family and
osteogenesis. Mol. Reprod. Dev. 32, 160–167.

9. Ghosh-Choudhury, N., Windle, J. J., Koop, B. A., Harris, M. A.,
Guerrero, D. L., Wozney, J. M., Mundy, G. R., and Harris, S. E.
(1996) Immortalized murine osteoblasts derived from BMP-2-T-
antigen expressing transgenic mice. Endocrinology 137, 331–
339.

0. Ghosh-Choudhury, N., Harris, M. A., Feng, J. Q., Mundy, G. R.,
and Harris, S. E. (1994) Expression of the BMP-2 gene during
bone cell differentiation. Crit. Rev. Eukaryotic Gene Expression
4, 345–355.

1. Harris, S. E., Feng, J. Q., Harris, M. A., Ghosh-Choudhury, N.,
Wozney, J., and Mundy, G. R. (1995) Mol. Cell. Diff. 270, 28364–
28373.

2. Sanger, F., Nicklen, S., and Coulson, A. R. (1997) DNA sequenc-
ing with chain-termination inhibitors. Proc. Natl. Acad. Sci.
USA 74, 5463–5467.

3. Ghosh-Choudhury, G., Biswas, P., Grandaliano, G., and Abboud,
H. E. (1993) Involvement of PKC-a in PDGF-mediated mitogenic
signaling in human mesangial cells. Am. J. Physiol. 265, F634–
F642.

4. Feng, J. Q., Ghosh-Choudhury, N., Feng, M., Harris, M. A.,
Mundy, G. R., and Harris, S. E. (1994) Structure and sequence of
mouse bone morphogenetic protein-2 gene (BMP-2): Comparison
of the structures and promoter regions of BMP-2 and BMP-4
genes. Biochem. Biophys. Acta 1218, 221–224.

5. Chen, D., Ji, X., Harris, M. A., Feng, J. Q., Karsenty, G., Celeste,
A. J., Rosen, V., Mundy, G. R., and Harris, S. E. (1998) Differ-
ential roles for bone morphogenetic protein (BMP) receptor type
IB and IA in differentiation and specification of mesenchymal
precursor cells to osteoblast and adipocyte lineages. J. Cell Biol.
142, 295–305.

6. Graff, J. (1997) Embryonic patterning: To BMP or not to BMP,
that is the question. Cell 89, 171–174.

7. St. Johnston, R. D., Hoffman, F. M., Blackman, R. K., Segal, D.,
Grimaila, R., Padgett, R. W., Irick, H. A., and Gelbart, W. M.
(1990) Molecular organization of the decaplentaplegic gene in
Drosophila melanogaster. Genes Dev. 4, 1114–1127.

8. Wijngaard, A. V. D., Pijpers, M.-A., Joosten, P. H. J. L., Roelofs,
J. M. A., Zoelen, E. J. J. V., and Olijve, W. (1999) Functional
characterization of two promoters in the human bone morpho-
genetic protein-4 gene. J. Bone Miner. Res. 14, 1432–1441.



19. Feng, J. Q., Chen, D., Cooney, A. J., Tsai, M.-J., Harris, M. A.,

2

Sending and receiving the hedgehog signal: Control by the Dro-

2

Vol. 286, No. 1, 2001 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
Tsain, S. Y., Feng, M., Mundy, G. R., and Harris, S. E. (1995) The
mouse bone morphogenetic protein-4 gene. Analysis of promoter
utilization in fetal rat calvarial osteoblasts and regulation by
coup-TF orphan receptor. J. Biol. Chem. 270, 28364–28373.

0. Dominguez, M., Brunner, M., Hafen, E., and Basler, K. (1996)
108
sophila Gli protein cubitus interruptus. Science 272, 1621–1625.
1. Staehling-Hampton, K., and Hoffmann, F. M. (1994) Ectopic

decapentaplegic in the Drosophila midgut alters the expression
of five homeotic genes, dpp and wingless, causing specific mor-
phological defects. Dev. Biol. 164, 502–512.


	MATERIAL AND METHODS
	RESULTS
	FIG. 1
	FIG. 2
	FIG. 3
	TABLE 1

	DISCUSSION
	FIG. 4
	FIG. 5

	ACKNOWLEDGMENTS
	REFERENCES

