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Characterization of the Upstream Mouse Cbfa1/Runx2
Promoter
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Department of Medicine, Duke University Medical Center, Durham, North Carolina

Abstract Cbfa1 (or Runx2/AML-3 /PEPB2a) is a transcriptional activator of osteoblastic differentiation. To
investigate the regulation of Cbfa1 expression, we isolated and characterized a portion of the 50-¯anking region of the
Cbfa1 gene containing its ``bone-related'' or P1 promoter and exon 1. We identi®ed additional coding sequence in exon
1 and splice donor sites that potentially give rise to a novel Cbfa1 isoform containing an 18 amino acid insert. In
addition, primer extension mapping identi®ed in the Cbfa1 promoter a minor mRNA start site located �0.8 kb 50

upstream of the ATG encoding the MASN/p57 isoform and �0.4 kb upstream of the previously reported start site. A
luciferase reporter construct containing 1.4 kb of the mouse Cbfa1 promoter was analyzed in Ros 17/2.8 and MC3T3-E1
osteoblast cell lines that express high levels of Cbfa1 transcripts. The activity of this construct was also examined in non-
osteoblastic Cos-7 and NIH3T3 cells that do not express Cbfa1 and mesenchymal-derived cell lines, including
CH3T101/2, C2C12, and L929 cells, that express low levels of mature Cbfa1 transcripts. The 1.4 kb 50 ¯anking sequence
of the Cbfa1 gene directed high levels of transcriptional activity in Ros 17/2.8 and MC3T3-E1 osteoblasts compared to
non-osteoblasts Cos-7 cells, but this construct also exhibited high levels of expression in C310T1/2, L929, and C2C12
cells as well as NIH3T3 cells. In addition, Cbfa1 mRNA expression, but not the activity of the Cbfa1 promoter, was
upregulated in a dose-dependent manner in pluripotent mesenchymal C2C12 by bone morphogenetic protein-2 (BMP-
2). These data indicate that Cbfa1 is expressed in osteogenic as well as non-osteogenic cells and that the regulation of
Cbfa1 expression is complex, possibly involving both transcriptional and post-transcriptional mechanisms. Additional
studies are needed to further characterize important regulatory elements and to identify additional regions of the
promoter and/or post-transcriptional events responsible for the cell-type restricted regulation of Cbfa1 expression.
J. Cell. Biochem. 82: 647±659, 2001. ß 2001 Wiley-Liss, Inc.
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The Cbfa1 (core-binding factor) gene (also
known as Runx2/AML-3/PEPB2a) encodes a
transcription factor which plays a critical role in

osteoblast-mediatedboneformation[Ducyetal.,
1997; Komori et al., 1997; Mundlos et al., 1997;
Otto et al., 1997]. The role of Cbfa1 gene
products is documented by the failure of bone
to form following targeted disruption of the
Cbfa1 gene in mice [Komori et al., 1997; Otto
et al., 1997]. In addition, inactivating mutations
of human CBFA1 cause cleidocranial dysplasia
(CCD), an autosomal-dominant condition char-
acterized by abnormal skeletogenesis and the
arrest of osteoblast development as well as
alterations in chondrocyte development [Mun-
dlos et al., 1997]. Recent studies indicate that
Cbfa1 also regulates osteoblast function post-
natally [Ducy et al., 1999].

The Cbfa1 gene comprises at least eight exons
[Mundlos et al., 1997; Geoffroy et al., 1998;
Xiaoet al., 1998], referred herein as exons 1
through 8. The mouse gene potentially gives
rise to several isoforms through alternative
mRNA splicing, utilization of different transla-
tional start-codons and two separate promoters
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designated P1 and P2 [Ogawa et al., 1993;
Satake et al., 1995; Stewart et al., 1997;
Geoffroy et al., 1998; Thirunavukkarasu et al.,
1998; Xiao et al., 1998; Drissi et al., 2000]. Some
of these isoforms have unique N-terminal
sequences that may be required for optimal
transactivation [Thirunavukkarasu et al.,
1998]. The originally described Cbfa1 gene
product (which we will refer to as Cbfa1/p56
isoform or PEBP2aA) is expressed from the P2
promoter and utilizes a translation start site in
exon 2 (previously referred to as exon 1, Fig. 1)
and is predicted to be a 513-amino acid protein
that begins with the sequence MRIPVD [Ogawa
et al., 1993; Satake et al., 1995; Mundlos et al.,
1997]. This isoform, a T-cell gene product
[Satake et al., 1995], also has been detected in
osteoblasts by some [Drissi et al., 2000; Harada
et al., 1999] but not by other investigators [Ducy
et al., 1997]. More recently, distal exons of the
Cbfa1 gene have been identi®ed that potentially
encode the N-termini of Cbfa1 isoforms
expressed in osteoblasts [Geoffroy et al., 1998;
Thirunavukkarasu et al., 1998; Xiao et al.,
1998]. These upstream exons contain the 50

untranslated region (50UTR) and the N-termi-
nus of osteoblast speci®c Cbfa1 transcripts
(designated as Cbfa1/iso, also referred to as
Cbfa1 /p57 and OSF2, Fig. 1) that encode a
gene product beginning with the amino acid

sequence ``MASNSL'' [Stewart et al., 1997; Xiao
et al., 1998]. This isoform is expressed from the
P1 or ``bone-related'' upstream promoter [Drissi
et al., 2000]. RNA splicing events generate
additional Cbfa1 isoform diversity [Geoffroy
et al., 1998; Xiao et al., 1998]. Alternative 50

splice site selection arising from the differential
use of two splice donor sites in exon 1 potentially
gives rise to Cbfa1 transcripts (designated
Cbfa1d1 and Cbfa1d2) that differ by 33 nucleo-
tides in their 50UTR [Xiao et al., 1998]. In
addition, the fully processed Cbfa1 mRNA
requires a micro-splicing event to remove a
mini-intron in exon 1 [Xiao et al., 1998].
Additional alternative splicing events have
been identi®ed in both mouse Cbfa1 and human
CBFA1 leading to the exclusion of various exons
and mRNA splicing variants producing trun-
cated proteins [Ogawa et al., 1993; Satake et al.,
1995; Geoffroy et al., 1998; Xiao et al., 1998].
The presence of splicing variants encoding
distinct Cbfa1 proteins [Ogawa et al., 1993;
Satake et al., 1995; Geoffroy et al., 1998; Xiao
et al., 1998] suggests that pre-mRNA splicing
may play a role in regulating cell-type speci®c
Cbfa1 expression.

To date, limited information is available re-
garding the mechanism of tissue and cell-type
restricted transcriptional control of Cbfa1 gene
expression. To examine potential mechanisms

Fig. 1. Organization of the 50 end of the Cbfa1 gene. Exon 1
encodes the 50 UTR (hatched area) and the unique N-terminal
Cbfa1 isoforms. Exon 1 is divided into two parts (designated 1.1
and 1.2 by a ``mini-intron'' in the 50UTR of mRNAs CBfa1.
Exons 1 and 2 each contain a single functional ATG translation
start codon (ATG1 and ATG2) for the respective Cbfa1/p57 (or
Cbfa1/iso) beginning with N-terminus MASNSL and Cbfa1/p56
(or Cbfa1/org) beginning with the N-terminus MRIPVD. Exons 1
and 2 are separated by a large intron (intron 1). The sequence of
the upstream P1 promoter (circle) is shown in Figure 2. Exon 1
has two splice donor sites (sd1 and sd2) in the 50UTR and two
additional splice donor sites (sd3 and sd4) in the coding region

of exon 1. Alternative splice site selection generates additional
transcripts, Cbfa1d1 and Cbfa1d2, that differ by 33 nucleotides
in the 50UTR of Cbfa1/p57 [Xiao et al., 1998] as well as a novel
Cbfa1 isoform containing an 18 amino acids insert, GKCY-
LISSLFLCEPVKHE. The location of the nucleotide primers used
for RT-PCR ampli®cation of mRNAs are depicted by the arrows.
The regions recognized by the riboprobes are also depicted. The
putative minor transcription start site as de®ned by primer
extension (see Fig. 3 below) is designated as ÿ418 and the
originally described start site as �1 nucleotide [Geoffroy et al.,
1998].
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for osteoblast-speci®c regulation of Cbfa1 gene
expression, we isolated the ``bone-related'' or P1
promoter of the Cbfa1 gene and performed
functional analysis using a promoter-reporter
gene construct in osteoblastic and non-osteo-
blastic cell lines. Comparison of promoter
activity and endogenous Cbfa1 gene expression
revealed that the P1 promoter only partially
accounts for the cell-restrict expression of
Cbfa1.

MATERIALS AND METHODS

Genomic Cloning

A mouse 129 SVJ genomic library (Strata-
gene, La Jolla, CA) was screened with a mouse
Cbfa1 DNA fragment (nt 425-884). Phage DNA
from two positive clones was digested with Xba I
and analyzed by Southern blot. We identi®ed a
5.0 kb Xba I fragment that was subcloned and
sequenced. Sequencing revealed that this frag-
ment contained a 1403 sequence upstream of
the previously identi®ed transcription start site
[Geoffroy et al., 1998; Ducy et al., 1999; Drissi
et al., 2000], the 50 untranslated region encoded
by exon 1.1, the previously described interven-
ing 165 base pairs (bp) mini-intron [Xiao et al.,
1998], the remainder of exon 1 (designated exon
1.2) that contains additional 50 untranslated
region and the region coding the N-terminus of
the MASNS/p57 isoform (Fig. 1), and a 3.1 kb
region corresponding to the ®rst true intron. A
1418 bp sequence containing the 50-¯anking
region and 15 bp 30 to the transcription start site
was ampli®ed by polymerase chain reaction
(PCR) using a set of primers (50-GCTCTAGA-
GCAGCTTGTCGACTAGACATAC-30) and (50-
GCCTCTAGAGCATGAAGCACTCACACAATC-
C-30) containing Xba I sites and the resultant
product was subcloned into pluc4 luciferase
reporter construct [Ducy et al., 1997] in both
direc-tions for subsequent analysis. The promo-
ter analysis programs, Neural Network Promo-
ter Prediction Tool (http:/ /www-hgc.lbl.gov/
projects/promoter.html), TFSEARCH (http:/ /
pdap1/trc.rwcp.or.jp/research/dp/TRSEARCH-
notice.html) and TESS (http:/ /agave.humgen.
upenn.edu/utess/tess) were used to identify
consensus sequences for potential regulatory
elements.

Primer Extension

Primer extension was performed as per the
manufacturer's protocol (Promega, Madison,

WI). A g32P-labeled oligonucleotide primer
Cbfa1-359.R (50-GGCTTGTGGTAAGGCCTTC-
CTGGCATTCAAG-30) was annealed to 40 mg of
total RNA from MC3T3-E1 for 1 h at 688C; 50 U
of AMV reverse transcriptase (RT) was added,
and this was followed by 30 min at 428C. As a
size standard, the cloned 1.4 kb upstream
genomic sequence of 50 end of Cbfa1 was sequ-
enced with the same oligonucleotide primer.

Reverse Transcription Polymerase Chain
Reaction (RT-PCR)

RT-PCR was done using two-step RNA PCR
kit (Perkin Elmer Corp., Branchburg, NJ).
DNase I-treated total RNA (1.0 mg) was reverse
transcribed into cDNA with the reverse primer
speci®ed below. The reverse transcription reac-
tion was incubated at 428C for 60 min. The
resulting cDNA was then PCR ampli®ed using
various sets of Cbfa1 primers. Forward primers
included Cbfa1-453.F (50-CCAGAGGCT-
TAACCTTACAG-30); Cbfa1-252.F (50-GACA-
GAGGAACACCCATAAG-30); Cbfa1-123.F (50-
CCACAGTGGTAGGCAGTCCC-30) Cbfa1�7.F
(50-ATGCTTCATTCGCCTCACAAAC-30). The
reverse primer was Cbfa1� 464.R (50-CCAAAA-
GAAGCTTTGCTGAC-30) located in exon 1.
PCR was performed with thermal cycling para-
meters of 948C for 30 sec, 608C for 30 sec, and
728C for 45 sec for 35 cycles followed by a ®nal
extension at 728C for 7 min. In addition, using a
similar protocol [Xiao et al., 1998], the mouse
osteocalcin transcript was RT-PCR ampli®ed
using the forward primer mOG� 8.F (50-
CAAGTCCCACACAGCAGCTT-30) and the
reverse primer mOG� 378.R (50-AAAGCC-
GAGCTGCCAGAGTT-30). Mouse b-actin was
ampli®ed as a control for the RT-PCR reactions
as previously described [Xiao et al., 1998].

Cell Culture

Cos-7, NIH3T3 ®broblast, HEK293, Hepa1-6,
and C2C12 cells were maintained in Dulbecco's
modi®ed Eagle's medium (DMEM), the
C3H10T1/2 pluripotent cell line was main-
tained in basal medium eagle (BME) and
MC3T3-E1 osteoblasts were grown in a-mini-
mum essential medium (MEM) (Gibco-BRL,
Gaithersberg, MD). Ros 17/2.8 osteoblasts were
grown in one to one mixture of Dulbecco's
modi®ed Eagles medium and Nutrient Mixture
F-12 (DMEM-F12). All cell lines were supple-
mented with 10% (vol/vol) FBS and 100 mg/ml
penicillin and streptomycin unless otherwise
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noted. L929 mouse skin ®broblasts were main-
tained in MEM/Earle's balanced salt solution
(EBSS) (Hyclone, Logan, UT) supplemented
with 5% FBS and 100 mg/ml penicillin and
streptomycin. All cells were cultured in a
humidi®ed incubator with 5% CO2 at a tem-
perature of 378C. Recombinant human bone
morphogenetic protein-2 (rhBMP-2) was a gift
from Genetics Institute, Cambridge, Mass.

DNA Transfection and Reporter Assays

For each transfection, 2� 105 cells were
transfected with the 1.4 kb Cbfa1 promoter
pluc4 plasmid (2.0 mg) and pSV b-gal plasmid
(0.5 mg) using Lipofectamine (Gibco BRL, Grand
Island, NY). Luciferase activity was measured
using the luciferase assay kit (Promega, Madi-
son, WI). b-galactosidase activity was measured
by a colorimetric assay (Promega, Madison, WI)
and total protein content was determined with a
Bio-Rad Protein assay kit (Bio-Rad, Hercules,
CA). The luciferase activity was normalized for
b-galactosidase activity and total protein
amount. The relative luciferase activity was
calculated by dividing the normalized luci®er-
ase activity by that obtained with the empty
pluc4 vector.

Northern Blot and RNase Protection

Total RNA was isolated using TRIzol reagent
(Life Technologies, Baltimore, MD). Northern
blot analysis was carried out as previously
described [Xiao et al., 1998]. Brie¯y, 15 mg of
total RNA was fractionated in a 1.2% formalde-
hyde agarose gel, then transferred to Nytran
Plus membrane. Hybridization was performed
with a Cbfa1 speci®c probe to exon 1 by
modi®cations of previously described methods
[Xiao et al., 1998]. Autoradiography was for
three days atÿ808C using Biomax ®lm (Kodak,
Rochester, NY). RNase protection assays were
used to measure Cbfa1 mRNA expression in
various cells. The riboprobe (239,465) consists of
a 227 bp fragment of the mouse Cbfa1 corre-
sponding to 103 bp portion of the mini-intron
and 124 bp of exon 1 and the riboprobe (342,546)
corresponds to 206 bp of exon 1 (GenBank
accession no. AF053948, AF134836,
AB013129, AF155360, and AF325502) sub-
cloned into pBS SK (Stratagene, La Jolla, CA).
A b-actin riboprobe was transcribed from pTRI-
Actin-Mouse (Ambion Inc, Austin, TX) for use as
a control for RNA quantity and integrity.
Single-stranded anti-sense radiolabeled RNA

probes were transcribed from NotI linearized
pBSK-Cbfa1 using T7 RNA polymerase and
[32P-]UTP (NEN Life Science Products, Boston,
MA). All probes were puri®ed on a 5% poly-
acrylamide gel (250 V for 2 h). Following brief
exposure of gel to ®lm, radiolabeled riboprobes
were excised and eluted overnight into 350 ml
Probe Elution Buffer (Ambion Inc, Austin, TX)
at room temperature. RNase protection assays
were conducted with a few modi®cations using
the RPA III kit (Ambion Inc, Austin, TX). Total
RNA (20 mg) (DNase I-treated) from each cell
line and 1,00,000 cpm riboprobe were precipi-
tated and dissolved in 10 ml of Hybridization III
Buffer and incubated overnight at 428C. Pro-
ducts then were digested with RNase A/RNase
T1 mix (1:100 dilution) for 30 min, and protected
RNA fragments were separated on a 5% dena-
turing polyacrylamide gel. Radiolabeled RNA
Century size markers (Ambion Inc, Austin, TX)
and 50 bp DNA ladder (Gibco BRL, Grand
Island, NY) were run on the same gel to
determine size of products. The resulting gel
was transferred to chromatography paper, then
wrapped in plastic wrap and exposed to BioMax
MS ®lm overnight at ÿ708C with intensifying
screen.

RESULTS

Isolation and Cloning of the Mouse Cbfa1
TATA-Less Promoter

Following determination of the distal exons of
the Cbfa1 gene [Xiao et al., 1998] (Fig. 1), we
subcloned and sequenced the 50-¯anking region
of the ®rst exon to identify the Cbfa1 promoter
(Fig. 2). Our sequence (Fig. 2; GenBank
AF134836) is highly homologous to other Gen-
Bank entries, including 92% identity to the
human CBFA1 promoter submitted by Ogawa,
S. [AB013356]; 98% identity to the overlapping
region of the recently published rat upstream
promoter [Drissi et al., 2000; AF325502] and
99% identity to the previously published mouse
upstream promoters [Fujiwara et al., 1999;
AB013129] and the sequence submitted by Chi
X.Z. and Bae S.C.[AF155360S1].

Using RNA derived from MC3T3-E1 osteo-
blasts that are known to express Cbfa1 [Xiao
et al., 1998], the location of the start site within
this 50-¯anking region was initially approxi-
mated by RT-PCR using primers ¯anking the
initiation sites (Fig. 3A). Forward primers
Cbfa1� 7.F (lane 1), Cbfa1-123.F (lane 2) and
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Cbfa1-252.F (lane 3) in combination with the
reverse primer Cbfa1� 464.R in exon 1 gener-
ated the predicted size alternatively spliced
products (left panel, Fig. 3A) that we previously
described in osteoblasts [Xiao et al., 1998]. For
controls, we demonstrated using genomic DNA
as the template that the respective primers
generated their predicted size products (Fig. 3A,
right panel). In contrast, the upstream primer
Cbfa1-453.F (lane 4, left panel, Fig. 3A in
combination with Cbfa1� 464.R did not amplify
the 918 bp product observed with genomic DNA
as the template (Fig. 3A, lane 4, right panel),
indicating that transcription initiation begins
in the segment ¯anked by primers Cbfa1-464.F
and Cbfa1-252.F (Fig. 3A, left panel), which is
upstream of the previously identi®ed transcrip-
tion initiation site [Geoffroy et al., 1998]. The

predominance of transcripts generated by the
Cbfa1� 7.F compared to the Cbfa1-123.F (Fig.
3A, compare lane 1 and 2, left panel), however,
suggest that the downstream mRNA cap site
located in previous studies is the predominant
start site [Geoffroy et al., 1998].

To con®rm the presence and more precisely
identify the location of our putative upstream
transcription start site, primer extension ana-
lysis was performed using a synthetic oligonu-
cleotide complementary to the region at �60 to
�90 bp (Fig. 3B). Two products were tran-
scribed, the termination points of which were
located at 825 and 824 bps upstream from the
ATG codon (Fig. 3B), or �418 bp upstream of
the mRNA cap site identi®ed by other investi-
gators [Geoffroy et al., 1998; Drissi et al., 2000].
These data add further support to the presence

Fig. 2. Nucleotide sequence of the 50 ¯anking region of the
Cbfa1 gene. The sequence encompasses 1868 bp of Cbfa1.
Exon/intron boundaries are shown by ``!''. The ®rst potential
transcription start site based on primer extension analysis is
shown by the broken arrow `` '' and the previously published
transcription start site by the solid arrow `` '', [Geoffroy et al.,
1998]. Consensus sites for known transcription factors are
underlined. The sequence is numbered relative to the ®rst

potential transcription start site. ``sd'' and ``sa'' refer to the splice
donor and splice acceptor sites. The broken line (- - - - - -) depicts
the ``mini-intron'' embedded in exon 1. The novel 18 amino
acid insert that is derived by alternative splice site selection is
depicted by the box (&). The promoter/reporter construct,
p1.4Cbfa1-luc, consists of sequence ÿ1403 to �14 (with the
exception that the ``ATG'' in exon 1 is mutated to a ``GTG)
subcloned into the pLuc4 vector.
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of transcripts (Fig. 3B) with 50UTRs that
extends beyond the originally de®ned cap site
(Fig. 2).

In addition, in our initial RT-PCR analysis to
approximate the start site, we observed addi-
tional RT-dependent products in MC3T3-E1
that were larger than the predicted fully
processed mRNA (Fig. 3A, lanes 1, 2, and 3).
These products, which were identical in size to
the genomic DNA derived bands, appeared to
correspond with mRNA containing the 165 bp

mini-intron embedded in exon 1 (compare
uppermost band in left panel with bands in
right panel, Fig. 3A). We also observed RT-
dependent bands that are �30 bp smaller than
the 459 bp product consistent with a mRNA for a
previously described alternatively spliced pro-
duct that utilized the splice donor site, sd2 (Figs.
1 and 2) [Xiao et al., 1998] and two lower bands
representing alternatively spliced products
Cbfa1d1 and Cbfa1d2 in which the mini-intron
has been removed (see Fig. 6 below).

Fig. 3. Determination of the transcription start site of the
mouse Cbfa1 gene. A: RT-PCR mapping was performed with 1
mg of total RNA derived from MC3T3-E1 osteoblasts (left panel).
PCR using a DNA fragment containing the 50 end of the Cbfa1
gene as the template was performed as a control (right panel).
The reverse primer, Cbfa1� 464.R in exon 1 (see Fig. 1), was
used in combination with respective forward primers
Cbfa1� 7.F (lane 1), Cbfa1 ÿ123.F (lane 2), Cbfa1 -252.F (lane
3) and Cbfa1 ÿ453.F (lane 4). M, 1 kb DNA ladder; B, water
blank; bands demarcated by a box ``&'' represent Cbfa1d1 and
Cbfa1d2 alternatively spliced processed mRNA (left panel,

see Fig. 4 for further explanation). The arrows depict the
unspliced mRNA containing the mini-intron Cbfa1u (left panel)
or the anticipated genomic sequence (right panel). A band of
�426 bp was also identi®ed that may represent retention of the
mini-intron and removal of the segment between sd1 and sd2.
B: Primer extension was performed with 40 mg of total MC3T3-
E1 RNA hybridized to g32P-labeled primer complementary to
nucleotide �60 to �90. The position of the 50-ends was
determined by electrophoresis of the primer extension products
next to a sequence ladder derived from the same primer.
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We identi®ed a putative TATA-box at position
ÿ26 bp upstream of the start site
(50TTTTAAAG) and two purine rich regions at
positions ÿ321 to ÿ124 and ÿ559 to ÿ478
separating highly conserved regulatory regions
between mouse, human and rat as previously
described [Fujiwara et al., 1999; Drissi et al.,
2000] (Fig. 2). We also con®rmed the presence of
multiple conserved recognition motifs identi®ed
in these related promoters by other investiga-
tors [Fujiwara et al., 1999; Drissi et al., 2000].
Using the criteria of 85% identity to consensus
cis-acting elements, we found motifs including
CREB at position ÿ85/ÿ78, AP-1 at position
ÿ391/ÿ383, CBFA at positions ÿ75/ÿ69,
ÿ119/ÿ114, ÿ338/333, and ÿ1023/ÿ1018, a
NFkb sites at position ÿ483/ÿ478 and ÿ860/
ÿ854, c-Myb site at ÿ626/ÿC/EPB sites at
position ÿ45/ÿ35 and ÿ591/ÿ577 as well as
others shown in Figure 2. Notably, the con-
sensus Smad binding sequence CAGACA [Luigi
et al., 1998], which mediate bone morphogenic
protein effects, was not identi®ed in our
sequence. Several homeobox-like binding
motifs (designated Cdxa) [Subramanian et al.,
1995] and putative SRY cis-elements [Pontiggia
et al., 1994] were also observed. We also
identi®ed potential binding motifs for antag-
onistic interferon regulatory factors 2 (IRF-2) at
ÿ1343/ÿ1332 and ÿ778/ÿ765, which is
induced in mineralized bone nodules [Lynch
et al., 1998]. A possible DNA binding site for
MZF-1 [Morris et al., 1994] was found at
positions ÿ1077/ÿ1064.

Cell Speci®city and Abundance of
Cbfa1 mRNA

To clarify the cell-type speci®city and differ-
entiation stage dependency of Cbfa1 expression,
as well as to identify cells for subsequent
functional analysis of the 50-¯anking region of
the Cbfa1 gene, we performed Northern and
RNase protection analysis of total RNA derived
from several different cell lines using a Cbfa1
speci®c riboprobes (Fig. 4). For these studies we
analyzed mouse ®broblastic cell lines, L929 and
NIH3T3, pluripotent C3H10T1/2 cells, and pre-
osteoblastic MC3T3-E1 cells. Using a cDNA
probe speci®c for exon 1, we detected a single
broad band of the predicted 5.4 kb size, as
previously reported [Xiao et al., 1998]. We
detected high levels of Cbfa1 mRNA expression
in MC3T3-E1 osteoblasts [Quarles et al., 1997].
In addition, we observed low but detectable

levels of Cbfa1 transcripts in C3H10T1/2 that
are capable of differentiating into osteoblasts
under selected conditions, but which do not
express osteoblastic features under the condi-
tions studied. We also found evidence for a low
abundant transcript in L929 skin ®broblasts,
which is of uncertain signi®cance, though
dermal cells may possess osteoblastic matura-
tional potential under special circumstances
[Yeh et al., 1998]. In contrast, we failed to detect
Cbfa1 transcripts in NIH3T3 ®broblasts by
Northern analysis (Fig. 4A).

To con®rm the cell-type expression of Cbfa1,
determine if the mini-intronic genomic sequ-
ence is retained in mRNAs and evaluate
whether alternatively spliced transcripts are
expressed, we performed RNase protection with
the riboprobes (239,478) and (342,546). The
riboprobe (239,478) detects the mini-intron and
regions of exon 1, whereas the riboprobe (342,
546) detects the proximal region of exon 1 con-
taining putative splice donor sites sd3 and sd4
(Fig. 1A). RNase protection con®rmed the
presence of Cbfa1 mRNAs in MC3T3-E1,
C3H10T1/2 cells, Ros17/2.8 osteoblasts, and
L929 ®broblasts and the absence of Cbfa1
transcripts in Cos-7 cells, HEK293, Hepa1-6,
and NIH3T3 ®broblasts (Fig. 4B and C). In
addition, we examined C2C12 cells before and
after BMP-2 stimulation (Fig. 4B). Unstimu-
lated C2C12 cells had very low levels of expres-
sion that was increased after stimulation with
BMP-2 (Fig. 4B). Ros17/2.8 osteoblasts ex-
pressed Cbfa1 at levels similar to MC3T3-E1
osteoblasts and BMP-2-stimulated C2C12 cells.

In addition, RNase protect revealed that the
single band identi®ed by Northern blot analysis
actually is composed of several Cbfa1 mRNA
species, differing in size by up to 81 bps. In this
regard, using the riboprobe (239,465) we identi-
®ed two bands of 227 and 124 bp, consistent with
a transcript containing the ``mini-intron'' in the
50UTR (designated Cbfa1u) and a mRNA spe-
cies in which this ``mini-intronic'' sequence has
been splice out of the immature mRNA tran-
script (Fig. 4b). These ®ndings were con®rmed
by subsequent RT-PCR (see below). Using the
riboprobe (342,546), we also identi®ed bands of
�178 and 124 bp, respectively, corresponding to
the mRNAs that appear to be derived from
alternative splice site selection (Fig. 4C).
Indeed, examination of the sequence revealed
a donor splice sites at positions 464 and 517 that
accounts for these products (Fig. 2). Translation
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of the sequence encoded by exon 1 shows a
potential open reading frame without stop
codons that extended beyond the previously
reported Cbfa1 amino acid sequence. This
additional sequence is predicted to encode a
spliced variant containing an 18 amino acids
insert, GKCYLISSLFLCEPVKHE, added to the
MASNSLFSAVTPCQQSFFW Cbfa1 sequence
(Figs. 1 and 2). Determining whether this pro-
tein variant exists will require additional ana-
lysis with isoform speci®c antibodies, which is
beyond the scope of the current studies.

Partial Cell-Restricted Activity of a 1.4-kb
Cbfa1 50 Flanking Region Containing the P1

Promoter Fragment

To examine the transcription of the Cbfa1
gene, we evaluated cell type-speci®c expression

of our Cbfa1 promoter fragment. The 50 ¯anking
region from position.ÿ985 to�433 was linked to
the luciferase gene (p1.4Cbfa1-luc) and trans-
fected into various cell lines (Fig. 5). We initially
compared the activity of p1.4Cbfa1-luc in Ros
17/2.8 osteoblasts that express high levels of
Cbfa1 and Cos-7 cells which do not express
Cbfa1 (Fig. 5A). This promoter construct direc-
ted high levels of expression (Fig. 5A) in Ros 17/
2.8 osteoblasts but not in Cos-7 cells, which are
neither osteoblastic nor mesenchymal in origin.

To con®rm the speci®city of the Cbfa1
promoter, we evaluated its activity in several
other osteoblastic and non-osteoblastic cell lines
that express different levels of Cbfa1 mRNAs.
Although we observed high levels of promoter
activity in Cbfa1 expressing MC3T3-E1 osteo-
blasts similar to Ros 17/2.8 cells, we also found

Fig. 4. Northern blot and RNase protection analysis of Cbfa1
mRNA expression in various cell lines. A: Total RNA (15 mg),
isolated from NIH3T3 ®broblasts, pluripotent C3H10T1/2 cells,
MC3T3-E1 pre-osteoblasts, human embryonic kidney cell line
HEK293, hepatocyte derived Hepa1-6 cells and L929 skin
®broblasts was hybridized with a radiolabeled Cbfa1 probe that
recognizes the sequence encoded by exons 1 and 2 (upper
panel) or stained with ethidium bromide (lower panel) as a
control for RNA loading. Arrows indicate the 5.4 kb Cbfa1
transcript and the 28S and 18S ribosomal RNA. B: RNase

protection with a riboprobe (239,465) which detects the mini-
intron and exon 1 of Cbfa1 (see Fig. 1). The upper band
represents mRNA in which the ``mini-intron'' in exon 1 has been
retained (Cbfa1u) and the lower band is the fully processed
mRNA. C: RNase protection with a riboprobe (342,546), which
overlaps sd3 and sd4 sites in exon 1, detects two products
representing the Cbfa1 and an novel isoform derived from
alternative splice site selection. The larger band represents a
Cbfa1 isoform transcript with a 54 bp insert encoding a novel 18
amino acid sequence.
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high levels of luciferase activity (> 20-fold
above controls), driven from the Cbfa1 promoter
in L929 ®broblasts and C3H10T1/2 cells that
express low levels of Cbfa1 mRNA, as well as in
NIH3T3 ®broblasts that do not express Cbfa1
transcripts (Fig. 5B). Thus, Cbfa1 promoter
activity of the 1.4 kb construct does not correlate
with endogenous expression of processed Cbfa1
transcripts as assesed by Northern blot analysis
(Fig. 4). This indicates that there are likely
additional upstream and/or downstream ele-
ments that account for the differential tran-
scription of Cbfa1 in mesenchymal cells, and/or
post-transcriptional mechanisms that control
cell-restricted expression of Cbfa1.

Bone Morphogenetic Protein-2 Does not
Stimulate the Cbfa1 Promoter

To explore other cell culture models of
osteoblast development that may represent an
earlier stage of maturation and that are indu-
cible, we investigated promoter regulation in
pluripotent C2C12 cells before and after stimu-
lation with BMP-2 [Katagiri et al., 1994; Tsuji
et al., 1998; Lee et al., 2000]. These pluripotent
mesenchymal cells become myoblasts in culture
unless stimulated toward the osteoblast lineage
with factors such as BMP-2 [Katagiri et al.,
1994; Nishimura et al., 1998]. We found that the
addition of rhBMP-2 to the culture medium of
C2C12 cells resulted in a dose-dependent
increase in osteocalcin message, consistent with
the previously reported ability of such treat-
ment to induce upregulation of the osteoblastic
phenotype in these cells [Katagiri et al., 1994]
(Fig. 6). In accord with induction of osteoblast
differentiation, rhBMP-2 upregulated Cbfa1/
p57 and its alternatively spliced isoforms (Fig.
6A), similar to the know effect of BMPs to induce
Runx2 [Tsuji et al., 1998; Lee et al., 1999, 2000].
In contrast, rhBMP-2 had no effect on transcrip-
tion of the Cbfa1 gene as assessed by the activity
of our proximal 1.4 kb Cbfa1 promoter-lucifer-
ase construct (Fig. 6B) in C2C12 cells before and
after treatment with BMP-2. The levels of Cbfa1
pre-mRNA (Cbfa1u, Fig. 6A) where also not
altered by BMP-2 treatment. The failure to
detect changes in the promoter activity follow-
ing BMP-2 treatment indicate the lack BMP-2
responsive elements in the proximal Cbfa1
promoter. Moreover, induction of osteoblast
differentiation by rhBMP-2 appears to stimu-
late the splicing event that removes the min-
intron from exon 1 in the Cbfa1 gene leading to
the increased formation of the isoforms desig-
nated as Cbfa1d1 and Cbfa1d2 alternatively
spliced transcripts. The identity of these pro-
cessed mRNAs (e.g., the respective RT-depen-
dent 294 and 261 bp products, was established
by direct sequencing of the subcloned products.

DISCUSSION

The presence of dual promoters and the
overall genomic organization of Cbfa1 is
remarkably conserved with other members of
this family of transcription factors, including
Cbfa1/AML1/Runx1 [Miyoshi et al., 1995;
Ghozi et al., 1996; Telfer and Rotherberg,
2001]. The tissue restrict pattern of Cbfa1

Fig. 5. Functional analysis of the murine Cbfa1 promoter in
different cell lines. We measured the promoter activity of the 50

¯anking region of Cbfa1 with a transient transfection system,
using luciferase as a reporter gene. The constructs used in these
studies consisted of fragments of the genomic DNA from the 50-
¯anking regions of Cbfa1 inserted upstream of the ®re¯y
luciferase gene in the promoter-less pluc4 vector. A: Differential
activity in Ros 17/2.8 osteoblasts and Cos-7 cells. A 1.4-kb
fragment from the 50 ¯anking region of Cbfa1 containing
approximately 1 kb of the promoter in the correct orientation
has very strong activity in Ros 17/2.8 osteoblasts (�25 fold
compared to pLuc4 vector alone), but is inactive in Cos-7 cells.
Columns sharing the same superscript are not signi®cantly
different at P<0.05. B: Generalized Cbfa1 promoter activity in
non-osteoblastic cells. The same 1.4-kb fragment from the 50

¯anking region of Cbfa1 also has very strong activity in NIH3T3
®broblasts, C3H10T1/2, MC3T3-E1 osteoblasts, and L929 cells.
The same construct in the reverse orientation had minimal
activity.
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isoform beginning with MASNSL (Cbfa1 /p57)
that regulates bone- and cartilage-related gene
expression is believed to be derived from the
distal P1 promoter, whereas the expression of
the Cbfa1 isoform beginning with MRIPVD in
T-cells may be controlled by the proximal P2
promoter [Drissi et al., 2000]. In the current
study, we isolated and characterized a portion of
the distal 50-¯anking region of the mouse Cbfa1
gene and demonstrated that this region con-
tained the P1 promoter (Figs. 1, 2, and 5). Our
sequence data are consistent with recent
reports characterizing the 50 regulatory
sequences of the mouse Cbfa1 gene containing

the P1 promoter [Fujiwara et al., 1999; Drissi
et al., 2000].

In our studies, however, we found evidence
for an additional transcription initiation site in
the Cbfa1 gene (Fig. 3). By RT-PCR and primer
extension analysis we identi®ed a putative
second transcription start site located 0.4 kb
upstream from the previously described tran-
scription start site located near the ATG in exon
1 (Fig. 2) [Geoffroy et al., 1998; Ducy et al., 1999;
Fujiwara et al., 1999]. The reason for this
discrepancy is not clear but may be related to
differences in methodologies. The upstream site
may represent a minor alternative start site.

Fig. 6. Dose-dependent effects of rhBMP-2 on Cbfa1 pre-
mRNA splicing and gene transcription in C2C12 cells. A: Effect
of rhBMP-2 on Cbfa1 and osteocalcin expression was evaluated
by RT-PCR. C2C12 cells were treated with rhBMP2 for 48 hours,
and RT-PCR ampli®cation of the transcript corresponding to
Cbfa1u (459 bp) and Cbfa1 alternatively spliced products (294
and 261 bp), osteocalcin (370 bp) and b-actin (245 bp) was
performed using 1mg total RNA and gene speci®c primers. ÿ/�
signi®es the respective absence and presence of reverse

transcriptase (RT). The rhBPM-2 up-regulation of osteocalcin
correlated with its stimulation of Cbfa1 mRNA. B: Effect of
rhBMP-2 on Cbfa1 promoter activity was assesed in C2C12 cells
transiently transfected with the �1.0 kb Cbfa1 promoter-
luciferase construct and treated with rhBMP-2 at the indicated
concentration for 48 h. rhBMP-2, at concentrations that
stimulated expression of mature Cbfa1 mRNA, failed to
stimulate Cbfa1 promoter activity.
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Although this alternative start site would lead
to a larger 50UTR, which in turn might function
to regulate translation [Levanon et al., 2001],
con®rmation that this alternative site is utilized
and its functional signi®cance remain to be
established.

Our study also identi®ed a novel N-terminal
splice variant involving previously unrecog-
nized splice donor sites (Fig. 2). RNase protec-
tion analysis found that a region of exon 1 can
give rise to an additional Cbfa1 isoform through
splice site selection containing an 18 amino
acids insert, GKCYLISSLFLCEPVKHE, added
to the MASNSLFSAVTPCQQSFFW Cbfa1
sequence (Fig. 1B). The signi®cance of these
additional amino acids remains to be clari®ed.
To date, several types of alternative splicing
events have been described for Cbfa1, including
alternative splice site selection and exon skip-
ping [Thirunavukkarasu et al., 1998; Xiao et al.,
1998]. We also con®rmed the presence of some of
these previously described Cbfa1 isoforms
derived from alternative splice site selection
(e.g., separate 50 splice sites are joined to a
common 30 site to generate Cbfa1d1 and
Cbfa1d2). Both RT-PCR and RNase protection
analysis identi®ed these alternatively spliced
products that differ in their 50UTR by a 33 bp
nucleotide insert (Fig. 6). Analysis of our
genomic clone also con®rmed that Cbfa1, simi-
lar to the related Cbfa2 gene, contains a ``mini-
intron'' in the 50UTR [Ghozi et al., 1996; Stewart
et al., 1997; Kanno et al., 1998; Thirunavukkar-
asu et al., 1998; Xiao et al., 1998]. Indeed, we
found evidence for mRNAs containing this mini-
intron in many cell lines (Figs. 4 and 6). Since
the strict de®nition of an intron is that it is not
expressed, our RNase protection and RT-PCR
detection of the mini-intron indicate that this
previously described genomic region is more
appropriately designated as part the ®rst exon.

Our results provide insights into the complex-
ity of Cbfa1/Runx2 gene expression. During
embryogenesis Cbfa1 is expressed at high levels
and in a generalized fashion in mesenchymal
condensations that give rise to skeletal ele-
ments [Ducy et al., 1997; Komori et al., 1997;
Mundlos et al., 1997; Otto et al., 1997; Ducy
et al., 1999]. Similarly, the luciferase reporter
construct that contained �1.4 kb of the promo-
ter region of the Cbfa1 gene imparted high
levels of expression in osteoblasts and certain
mesenchymal-derived cell lines that express
fully processed Cbfa1 messenger RNA, includ-

ing Ros 17/2.8 osteoblasts, MC3T3-E1 pre-
osteoblasts, pluripotent C3H10T1/2 cells, and
BMP-2 stimulated C2C12 cells, as well as L929
skin ®broblasts. Expression in non-osteoblastic
cells may represent an imprint resulting from
the mesenchymal origin of these cells. In
addition, we identi®ed putative binding sites
for several transcription factors (Fig. 2). Of
particular interest are the multiple AML-1/
OSE2/CBFA1 binding sites that have been
shown to be involved in Cbfa1 autoregulation
of its own expression [Ducy et al., 1999;
Fujiwara et al., 1999; Drissi et al., 2000].
Potential SRY-like elements [Bridgewater
et al., 1998], which are important in chondro-
genesis [Bridgewater et al., 1998] are also
present. This may be important since matura-
tion of chondrocytes is disorganized in Cbfa1-
de®cient mice and Cbfa1 may also play a role in
chondrogenesis [Mundlos etal., 1997; Ottoetal.,
1997]. We failed to identify BMP2 responsive-
ness in the P1 Cbfa1 promoter region. Further
studies will be needed to determine the physio-
logically important elements in the Cbfa1
promoter.

Regardless, additional ®ndings indicate that
our existing P1 promoter region may not be
suf®cient to account for cell-type speci®c control
of Cbfa1 expression. In this regard, the overall
correlation between the Cbfa1 promoter/repor-
ter activity in speci®c cell types and the level of
Cbfa1 mRNA expression in various cells was
poor (Figs. 4 and 5). Indeed, our promoter
construct displayed activity in a variety of cell
types that do not express a functional Cbfa1
transcript by Northern blot and RNase protec-
tion analysis (Fig. 5). Since we have isolated
only a limited portion of the 50 ¯anking region of
the Cbfa1 gene, we cannot exclude the existence
of additional upstream or down stream tissue-
speci®c regulatory elements that may be
involved in regulating the cell-speci®c pattern
of expression. In support of this possibility,
recent studies of a Cbfa1 promoter construct
containing 423 bps of additional upstream
sequence demonstrated twice the activity in
ROS 17/2.8 osteoblasts compared to C3H10T1/
2 cells [Fujiwara et al., 1999]. Down-stream
regulatory elements that contribute to cell-
speci®c expression are also possible. In contrast,
our Cbfa1 promoter construct was not func-
tional in non-osteoblastic Cos-7 cells that do not
express Cbfa1 (Fig. 5A). This latter ®nding may
not necessarily re¯ect an osseous vs. non-
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osseous effect, since Cos-7 cells are SV40T
antigen transformed and the large T antigen
might alter promoter activity.

Additional ®ndings suggest that post-tran-
scriptional processing may be involved in the
cell restricted and BMP-2 stimulated expres-
sion of mature Cbfa1 mRNAs. For example,
unprocessed Cbfa1 mRNAs (e.g., retaining the
mini-intron) is present in C2C12 cells prior to
BMP-2 treatment (Fig. 6). These cells also have
the ability to support high levels of Cbfa1
promoter activity (Fig. 5), but lack evidence for
the functional, fully processed Cbfa1 tran-
scripts. The Cbfa1u transcript containing the
mini-intron was not present in the absence of
reverse transcriptase and thus is not explained
by contamination with genomic DNA. While
differences in the sensitivity of the detection
methods may partially explain these discrepan-
cies, we cannot exclude the possibility that the
Cbfa1 gene is being transcribed at low levels in
some cells, but incompletely processed. Indeed,
the mini-intron retention in osteoblasts and its
removal in response to BMP-2 treatment (Fig.
6), resembles a regulated on/off splicing event
similar to what has been described in Droso-
phila of the P transposable element third intron
that regulates tissue speci®c expression [Siebel
and Rio, 1990; Lee et al., 1998]. A similar
splicing event has been identi®ed in the related
Cbfa 2 gene [Ghozi et al., 1996; Kanno et al.,
1998]. Such post-transcriptional regulation is
not limited to splicing, since recent studies show
that Cbfa1 is regulated by MAPKs [Xiao et al.,
2000].

In conclusion, Cbfa1 expression is regulated
at the transcriptional level and by multiple
splicing mechanisms. Further studies are
needed to characterize the relative importance
of transcriptional and post-transcriptional reg-
ulation. Particular studies need to focus on the
possibility that splicing of pre-mRNA to mature
mRNA plays a role in cell-speci®c control of
Cbfa1 expression as well as on additional pro-
moter elements that explain the cell restricted
and BMP-2 stimulated expression of Cbfa1.
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