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Abstract The mouse Cbfa1 gene potentially encodes several proteins that differ in their N-terminal sequences,
including an osteoblast-specific transcription factor, Cbfa1/Osf2, a Cbfa1 isoform (Cbfa1/iso), and the originally
described Cbfa1 gene product (Cbfa1/org). Uncertainty exists about the function of these potential isoforms of the Cbfa1
gene. To examine the transactivation potential of different Cbfa1 gene products, we compared the ability of Cbfa1/Osf2,
Cbfa1/iso, and Cbfa1/org overexpression to activate an osteocalcin promoter/reporter construct in NIH3T3 fibroblasts,
C3H10T1/2 pluripotent cells and MC3T3-E1 pre-osteoblasts. These three cell lines were transiently cotransfected with a
1.3-kb mouse osteocalcin promoter luciferase-fusion construct (p1.3OC-luc) and different amounts of expression
vectors containing the respective full-length Cbfa1 isoform cDNAs. Using transfection protocols with lower amounts of
expression plasmid DNAs, we found that all three Cbfa1 isoforms stimulated osteocalcin promoter activity in each of the
cell types, consistent with the their ability to induce expression of an osteoblast-specific gene both in non-osteoblast
cells and in osteoblast cell lines. However, using transfection protocols with higher amounts of expression plasmids
containing Cbfa1 cDNAs, we found that the Cbfa1/Osf2 and Cbfa1/org had less transactivating potential compared with
Cbfa1/iso. Our studies suggest that the 87-amino acid N-terminus of Cbfa1/Osf2 is not crucial for optimal transactiva-
tion, whereas the 19-amino acid N-terminal sequence of Cbfa1/iso augments transcriptional activation only at high
doses of the expression plasmid. The physiological significance of these in vitro findings remain to be determined. J. Cell.
Biochem. 74:596–605, 1999. r 1999 Wiley-Liss, Inc.
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The Cbfa1 (core-binding factor) gene, also
referred to as PEBP2aA (polyomavirus en-
hancer-binding protein), and AML-3 (acute my-
elogenous leukemia) encodes a transcription
factor that plays a critical role in osteoblastic
differentiation [Komori et al., 1997]. Cbfa1 gene
products form complexes that bind to consen-
sus cis-acting OSE2 elements in genes that are
coordinately regulated during osteoblast matu-
ration [Banerjee et al., 1997; Geoffroy et al.,
1995; Merriman et al., 1995]. The essential role
of Cbfa1 in osteoblast differentiation is sup-
ported by the failure of endochondral and mem-
branous bone formation after targeted disrup-

tion of the runt domain of the Cbfa1 gene in
mice [Komori et al., 1997; Otto et al., 1997]. In
addition, inactivating mutations of human
CBFA1 are the cause of cleidocranial dysplasia
(CCD), an autosomal-dominant condition char-
acterized by abnormal skeletal genesis and the
arrest of osteoblast development [Mundlos et
al., 1997].

The CBFA1/Cbfa1 gene comprises at least 9
exons [Mundlos et al., 1997; Ahn et al., 1996;
Xiao et al., 1998a], referred here as exons 1–9
(Fig. 1A). The tissue-specific use of different
translational start sites in the mouse gene po-
tentially gives rise to at least three isoforms
that differ in their N-terminal sequences and
possible transactivation potentials. The origi-
nally described Cbfa1 cDNA (Cbfa1/org, also
referred to as Cbfa1/p56) uses a translation
start site in exon 3 (previously referred to as
exon 1) [Ogawa et al., 1993; Satake et al., 1995;
Mundlos et al., 1997]. Cbfa1/org, which was
originally thought to be a T-cell-specific gene, is
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predicted to encode a 513-amino acid protein
that begins with the amino acid sequence
MRIPVD [Ogawa et al., 1993; Satake et al.,
1995; Mundlos et al., 1997] (Fig.1A,B). Alterna-
tive translation start sites in exons 1 and 2
(previously referred to as exons 21 and 0) en-
code two additional isoforms with different N-
terminal sequences [Xiao et al., 1998a] (Fig.
1A,B). The Cbfa1 isoform (Cbfa1/iso, also re-
ferred to as Cbfa1/p57) is encoded by exon 2 and
contains 19 additional amino acids at its N-
terminus, beginning with the sequence

MASNSL [Stewart et al., 1997; Mundlos et al.,
1997]. A novel Cbfa1/Osf2 isoform [Ducy et al.,
1997] derived from exon 1 contains an addi-
tional 87 amino acids that begins with the
N-terminal amino acid sequence MLHSPH (Fig.
1A,B). This Cbfa1/Osf2 isoform was originally
designated as the osteoblast-specific gene prod-
uct responsible for Cbfa1 gene function. The
remaining exons 3–9 encode the putative ATP
binding site, the glutamine/alanine-rich do-
main, the runt domain region, two proline, ser-
ine, threonine rich regions, and a nuclear ma-

Fig. 1. Three potential N-terminal isoforms derived from the
Cbfa1 gene. A: Structure of the Cbfa1 gene. Exons 1 and 2 are
separated by a short intronic segment (mini-intron), whereas
exon 2 is separated from exon 3 by a large intronic region [Xiao
et al., 1998a; Geoffrey et al., 1998]. The unique Cbfa1/Osf2
isoform utilizes the translation initiation site in exon 1. The
Cbfa1 isoform (Cbfa1/iso) is generated from an alternative trans-
lational start site located in exon 2. The start site for the original
Cbfa1 (Cbfa1/org) gene product that begins with the amino acid
sequence MRIPVD is in exon 3 (formerly called exon 1). Ar-
rows, locations of some of the primer pairs used to amplify
Cbfa1. B: Comparison of the deduced amino acid sequences of
the 58 end of the Cbfa1 gene products. The 513-amino acid
Cbfa1/org protein starts with the 5-amino acid N-terminal se-

quence ‘‘MRIPV.’’ The 528-amino acid Cbfa1/Osf2 protein has a
novel 87-amino acid N-terminus. The 528-amino acid Cbfa1/
iso begins with a 19-amino acid N-terminus that is homologous
to an overlapping region of Cbfa1/Osf2. Beginning with the
sequence ‘‘DPSTSRR...’’ the 38 ends of the respective Cbfa1
gene products are identical. C: Schematic representation of the
transactivation domains of the three Cbfa1 expression con-
structs. Cbaf1/Osf2 and Cbfa1/iso share a 19-amino acid activa-
tion domain (AD1), but Cbfa1/Osf2 has an additional 68-amino
acid N-terminal sequence [Thirunavukkarasu et al., 1998],
whereas Cbfa1/org lacks AD1. The runt domain, AD2, AD3,
and RD are conserved between the three isoforms. AD, activa-
tion domain; RD, repression domain; NLS, nuclear localization
signal.
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trix target site that is common to all three
isoforms [Zeng et al., 1997; Bae et al., 1994](Fig.
1C). The presence of multiple isoforms of the
Cbfa1 gene is consistent with other members of
the CBFA/Cbfa transcription superfamily, in-
cluding Cbfa2 and Cbfa3, that exist as multiple
isoforms with different transactivation poten-
tials [Bae et al., 1994; Zeng et al., 1997].

Uncertainty exists regarding which of the
Cbfa1 gene products regulate osteoblast-spe-
cific gene expression. The originally described
Cbfa1/org gene product beginning with the
amino acid sequence MRIPVD is not expressed
in osteoblasts [Xiao et al., 1998a; Geoffroy et al.,
1998] and to date has only been identified in T
cells [Ogawa et al., 1993; Satake et al., 1995].
Nevertheless, forced overexpression of Cbfa1/
org paradoxically inhibits type I collagen expres-
sion in MC3T3- E1, C2C12 cells, C3H10T1/2,
and osteocalcin gene expression ROS 17/2.8
[Tsuji et al., 1998]. In other studies, overexpres-
sion of Cbfa1/org stimulates osteopontin ex-
pression and transforming growth factor-b
(TGF-b) receptor promoter activity in osteo-
blast cell lines [Tsuji et al., 1998; Ji et al., 1998].
Still, other studies suggest the novel Cbfa1/
Osf2 N-terminal sequence is essential for osteo-
blast-specific gene expression. In this regard,
Ducy et al. [1997] found that forced expression
of the unique Cbfa1/Osf2 N-terminal sequence,
encoding the additional 87-amino acid Osf2 N-
terminal sequence, upregulates osteoblast-spe-
cific genes in non-osteoblastic cells in vitro.
Recent data showing the inefficient translation
of the Cbfa1/Osf2 isoform in osteoblasts
[Thirunavukkarasu et al., 1998] and the ab-
sence of a conserved open reading frame (ORF)
in the human CBFA1 gene [Xiao et al., 1998a]
raise questions about the relevance of this iso-
form. Indeed, the osteoinductive potential may
not be limited to the unique Cbfa1/Osf2 N-
terminal sequence, as overexpression of the
truncated Cbfa1/iso also stimulates osteoblast-
specific gene expression [Thirunavukkarasu et
al., 1998].

To date, however, the function of the three
isoforms of the Cbfa1 gene have not been di-
rectly compared in the same experimental sys-
tem. In the current study, we evaluated the
effect of forced expression of the three Cbfa1
N-terminal isoforms on osteocalcin promoter
activity in pluripotent C3H10T1/2 cells,
MC3T3-E1 pre-osteoblasts and NIH3T3 fibro-
blasts.

MATERIALS AND METHODS
Constructs

The full-length Cbfa1/iso cDNA (Fig. 1C)
was generated by reverse transcription-poly-
merase chain reaction (RT-PCR) amplifica-
tion, using the forward primer Cbfa1/Osf2
1205.F (58-ATGGCGTCAAACAGCCTCTT-
CAGCGCAG-38) and reverse primer Cbfa1
11791.R (58-TCAATATGGCCGCCAAACAG-
ACTCATCC-38) from total RNA derived from
MC3T3-E1 osteoblasts. The resulting product
was cloned into pCR2.1 vector (Invitrogen,
Carlsbad, CA) and sequenced to confirm the
amplification of the full-length Cbfa1/iso se-
quence. The full-length Cbfa1/iso cDNA was
subcloned into the NheI-XhoI site of the
pcDNA3.1 expression vector (Invitrogen).

The full-length Cbfa1/org that contains a
different 5-amino acid N-terminal sequence
(Fig. 1C) was generated by XL-PCR (Perkin-
Elmer, Norwalk, CT), using the forward
primer 58-ATGCGTATTCCTGTAGATCCGAG-
CACCAG-38 that contains the 15 nucleotides
encoding these 5 amino acids and the reverse
primer Cbfa1 11791.R. The PCR product was
initially cloned into pCR2.1 vector, sequenced,
and later subcloned into the NheI-XhoI site of
the pcDNA3.1 expression vector. The full-length
bicistronic Cbfa1/Osf2 cDNA (Fig. 1C) was gen-
erated by ligating an N- terminal cDNA en-
coded by exons 1 and 2 with the remaining 38
end of the Cbfa1/iso cDNA encoding exons 3–9.
First, the 58-end of the cDNA (encoded by exons
1, 2, and 3; see Fig. 1) was generated by RT-
PCR amplification of total RNA derived from
MC3T3-E1 osteoblasts using the forward primer
Cbfa1/Osf2 11.F (58-ATGCTTCATTCGCCTCA-
CAAACAACCAC-38) and the reverse primer
Cbfa1 1 647.R (58-TTGAAGGCCACGGGCA-
GGGTCTTGTTGCAC-38). The resulting prod-
uct was cloned into pCR2.1 and sequenced.
Next, to generate the pcDNA3.1-Cbfa1/Osf2 ex-
pression construct, the 58-end cDNA (exon 1, 2,
and 3) of Cbfa1/Osf2 was reamplified by XL-PCR
using the primers (58-AAGCTGGCTAGCAT-
GCTTCATTCGCCTCAC-38) and (58-TTGAAG-
GCCACGGGCAGGGTCTTGTTGCAC-38) that
contained restriction enzyme sites at the respec-
tive 58 and 38 ends. The resulting XL-PCR prod-
uct was double-digested with restriction en-
zyme NheI-BamHI and ligated into NheI-
BamHI double-digested pcDNA3.1-Cbfa1/iso
construct. The XL-PCR conditions used in all
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amplifications were as follows: denaturation at
95°C for 30 s, annealing and extension at 68°C
for 5 min for 30 cycles, and all templates were
amplified in the presence of 1.1 M betaine or
10% dimethylsulfoxide (DMSO) [Kureishi et
al., 1992]. All three pcDNA 3.1 Cbfa1 constructs
were confirmed by restriction enzyme digest
and by sequencing of their 58 ends.

Cell Culture

The C3H10T1/2 cell line was grown in basal
medium Eagle (Gibco-BRL, Gaithersberg, MD)
supplemented with 10% fetal bovine serum
(FBS) (Hyclone, Logan, UT), the MC3T3-E1 cell
line was grown in a-MEM (Gibco-BRL) supple-
mented with 10% fetal bovine serum (FBS),
and the NIH3T3 cells were grow in Dulbecco’s
modified Eagle’s medium (DMEM) (Gibco-BRL)
supplemented with 10% FBS. All growth media
contained 100 U/ml penicillin and streptomy-
cin, and the cells were incubated in a humidi-
fied incubator with 5% CO2 at a temperature of
37°C.

Transient Transfection

These cell lines were respectively cotrans-
fected with three constructs: (1) pcDNA 3.1
expression vector containing the Cbfa1 isoform
of interest (0.1–2.0 µg), (2) 1.3-kb mouse osteo-
calcin promoter luciferase-fusion plasmid
(p1.3OC-luc; 1.0 µg), and (3) pSV b-gal plasmid
(0.5 µg), using a Lipofectamine (Gibco-BRL)
protocol. Carrier DNA was added to achieve
equivalent amounts of total added DNA in each
transfection experiment. 2 3 105 cells were
plated in a 60-mm dish and were incubated for
12 h at 37°C in a CO2 incubator. The cells were
then rinsed twice and were transfected with the
DNA-liposome complexes for 5 h in serum-free
medium combined with 6 µl of Lipofectamine
and culture for an additional time periods for
19–67 h in complete growth medium. For the
control, the cells were transfected with an empty
expression vector, using Lipofectamine. Lucifer-
ase activity was measured using the luciferase
assay kit (Promega, Madison, WI) according to
the manufacturer’s protocol, using a Optocom I
luminometer (MGM Instruments, Cambridge,
MA). b-Galactosidase activity was measured
with a commercial kit (Promega, Madison, WI),
using a colorimetric assay, and total protein
content was determined with a Bio-Rad Protein
assay kit (Bio-Rad, Hercules, CA) based on the
Bradford method using bovine serum albumin

(BSA) as the standard [Bradford, 1976]. The
luciferase activity was normalized by the b-ga-
lactosidase activity and the amount of protein.
To obtain the relative luciferase activity the
normalized value was divided by that obtained
with cotransfection of the pcDNA 3.1 empty
expression vector and p1.3OC-luc.

Northern Blot

Total cellular RNA was isolated by a single-
step RNA isolation method using TRIzol re-
agent (Life Technologies, Baltimore, MD).
Northern blot analysis was carried out as previ-
ously described [Guo et al., 1997; Xiao et al.,
1998b]. Briefly, 15 µg of total RNA was fraction-
ated in a 1.2% formaldehyde agarose gel, trans-
ferred to Nytran Plus membrane and the mem-
brane was exposed in an ultraviolet (UV) cross-
linker for 2 3 1,200 µJ. Hybridization was
performed according to the northern hybridiza-
tion protocol (5 Prime = 3 Prime Inc, Boulder,
CO). The membrane was incubated for 4 h at
42°C in a pre-hybridization working solution at
a ratio of 1 ml 23 pre-hybridization buffer: 1 ml
of deionized formamide: 10 µl of 10 mg/ml dena-
tured salmon sperm DNA : 5 µl of 20 mg/ml
denatured yeast RNA. Labeled Cbfa1/Osf2-
specific probe (exons 1 and 2, 2 3 106 cpm/ml)
was added in a hybridization working solution
at a ratio of 2 ml 23 hybridization buffer: 2 ml
of deionized formamide : 20 µl of 10 mg/ml
denatured salmon sperm DNA: 10 µl of 20
mg/ml denatured yeast RNA : 1 ml 50% dextran
sulfate. The membrane was hybridized over-
night at 42°C. The blot was washed in 23
SSC/0.1% sodium dodecyl sulfate (SDS) at room
temperature for 30 min, followed by a wash
with 0.13 SSC/0.1% SDS at 50°C for 30 min.
The membrane was then exposed with an inten-
sifying screen to X-ray Biomax film (Kodak,
Rochester, NY) for 3 days at 280°C.

Reverse Transcription-Polymerase
Chain Reaction

RT-PCR was done using the Titanô One Tube
RT-PCR kit purchased from Boehringer-Mann-
heim (Indianapolis, IN). The reverse transcrip-
tion reaction using 1.0 µg of total RNA treated
with DNase I (Stratagene, La Jolla, CA) was
incubated at 50°C for 30 min. PCR was per-
formed with thermal cycling parameters of 94°C
for 30 s, 60°C for 30 s, and 68°C for 45 s for the
indicated number of cycles, followed by a final
extension at 68°C for 7 min. To amplify the
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Cbfa1/org [Ogawa et al., 1993] containing
the original Cbfa1 58 untranslated sequence,
we designed forward primer Cbfa1/58UTR.F
(58CACTTTGCAAAGAGCAGGAG38) and re-
verse primer Cbfa1/58UTR.R (58AGCCA-
CAAGTTAGCGAAGTG38). To amplify the
Cbfa1/Osf2 containing the unique Cbfa1/Osf2
58-end sequence, we used forward primer Cbfa1/
Osf2 11.F (58ATGCTTCATTCGCCTCACAA-
AC38) in combination with the reverse primer
Cbfa11 655.R (58CTACAACCTTGAAGGC-
CACG38) (Fig. 1A). To amplify the 38 end of
the Cbfa1 transcript we used primers
Cbfa111065.F (58AGGACAGAGTCAGATTA-
CAG38) and Cbfa111791.R (58TCAATATGGCC-
GCCAAACAG38) (Fig. 1A). Primers for mouse
b-actin were used to amplify a 245-bp b-actin
fragment to control for the amount and integ-
rity of RNA in the RT-PCR reactions [Guo et al.,
1997; Xiao et al., 1998b].

Statistics

One-way analysis of variance (ANOVA) was
performed with each isoform as a function of
plasmid dose. Values sharing a superscript
within an isoform group are not different at P ,
0.05. Values represent the mean 6SEM of a
minimum of three separate experiments.

RESULTS
Endogenous Expression of Cbfa1 Transcripts and
Basal Osteocalcin Promoter Activity in NIH3T3,

C3H10T1/2, and MC3T3-E1 Cells

Initially, we performed Northern blot and
RT-PCR analysis to characterize the expression
of the 58 ends of the various Cbfa1 gene tran-
scripts in NIH3T3 fibroblasts, pluripotent
C3H10T1/2, and MC3T3-E1 pre-osteoblasts. We
failed to detect any Cbfa1 messenger RNA
(mRNA) transcripts in NIH3T3 fibroblasts by
either Northern or RT-PCR analysis under the
study conditions (Fig. 2). By contrast, we ob-
served high expression of the predicted size
mRNA transcript containing the 58 end of the
Cbfa1 gene that encodes the unique Cbfa1/Osf2
and Cbfa1/iso sequences in MC3T3-E1 pre-
osteoblasts. This same transcript was also iden-
tified in C3H10T1/2 pluripotent cells, but at
lower levels. Consistent with prior studies [Xiao
et al., 1998a], we were unable to detect a mRNA
transcript corresponding to the 58 end of Cbfa1/
org by RT-PCR in either NIH3T3, C3H10T1/2,
or MC3T3-E1 osteoblasts (data not shown).

We also assessed basal osteocalcin promoter
activity in these three cell lines. Consistent
with their non-osteoblast phenotype, NIH3T3
fibroblasts had lower promoter activity (12,
502 6 551 light U/µg protein/b-galactosidase)
compared with osteocalcin promoter activity in
C3H10T1/2 cells (41,966 6 1,399 light U/µg
protein/b-galactosidase), which have the capac-
ity to differentiate into osteoblasts [Tsuji et al.,
1998], and in pre-osteoblastic MC3T3-E1
(30,448 6 1,871 light U/µg protein/b-galactosi-
dase), which have low levels of osteocalcin tran-
scripts [Quarles et al., 1997].

Effect of Transient Overexpression of Cbfa1
Isoforms on Osteocalcin Promoter Activity

in C3H10T1/2 Cells

We measured osteocalcin promoter activity
as a specific and sensitive way to monitor osteo-
blast-specific gene expression in cells trans-
fected with expression plasmids containing the
various Cbfa1 isoforms [Frendo et al., 1998].
The magnitude of the osteocalcin reporter gene
response to the three transfected Cbfa1 N-
terminal isoforms in pluripotent C3H10T1/2
cells depended on the amounts of transfected
mammalian expression vectors, the particular
isoform, and the time after transfection (Fig.
3A). Optimal transactivation was observed af-
ter 48 h and was sustained for the 72-h culture
period (Fig. 3B). Cbfa1/Osf2 and Cbfa1/org
acted as partial transactivators, achieving maxi-
mal induction at a plasmid dose of 0.5 µg, but a
paradoxical relative suppression at higher plas-
mid amounts (Figs. 3, 4A). By contrast, transfec-
tion with Cbfa1/iso resulted in a dose-depen-
dent induction of the osteocalcin promoter,
achieving maximal stimulation only at a plas-
mid dose of 2.0 µg (Figs. 3, 4A). At the higher
amounts of the respective transfected con-
structs, the inductive effects of the Cbfa1/iso
construct was more pronounced in C3HT101/2,
due both to its greater stimulation of the osteo-
calcin promoter and to a relative repression in
the stimulation observed with the high doses of
the other isoforms lacking AD1 (Fig. 4A). The
amount of plasmid used in the transfection
experiments resulted in corresponding differ-
ences in Cbfa1 transcripts measured by RT-
PCR. In this regard, increment in the expres-
sion of the 38 end of Cbfa1 transcripts was small
after transfection with 0.5 µg of the expression
plasmid, but a more pronounced increment in
Cbfa1 transcripts was observed with cells trans-
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fected with 2.0 µg of plasmid DNAs (data not
shown).

Transfection of Cbfa1 Gene Products in Other
Cell Lines

To more fully characterize the transactiva-
tion potential of the Cbfa1 gene products, we
compared the ability of all three isoforms to
stimulate osteocalcin promoter activity in other
cell lines as a function of plasmid dose. In
NIH3T3 fibroblasts (Fig. 4B) and MC3T3-E1
pre-osteoblasts (Fig. 4C), cotransfection of the
smaller amount of the three different Cbfa1
isoforms with 1 µg of p1.3OC-luciferase re-
sulted in significant increments in osteocalcin
promoter activity, similar to those in C3H10T1/2
transfection studies (Fig. 4A). There were no

differences in the magnitude of the response
between the various isoforms at these low doses
in either cell line. By contrast, after NIH3T3
fibroblasts or MC3T3-E1 pre-osteoblasts were
transiently transfected with 2 µg of the vector
containing the respective isoforms, a signifi-
cantly greater induction of osteocalcin pro-
moter activity occurred with the Cbfa1/iso con-
taining AD1 compared with either the Cbfa1/
Osf2 or the original Cbfa1 construct, similar to
what we observed in C3H10T1/2 cells (Fig. 3).

DISCUSSION

Our study is the first to compare directly the
transactivation potential of three different N-
terminal Cbfa1 isoforms derived from the Cbfa1
gene (Fig. 1). Our approach permits the func-

Fig. 2. Endogenous expression of
mRNA transcripts derived from ex-
ons 1 and 2 of the Cbfa1 gene. A:
Northern blot analysis of Cbfa1/
Osf2 transcript expression in various
cell lines using a probe to the se-
quences encoded by exons 1 and 2.
High levels of the predicted 5.4-kb
transcript containing the unique
Cbfa1/Osf2 sequence was present in
MC3T3-E1 pre-osteoblasts and plu-
ripotent C3HT101/2 cells, but not in
NIH3T3 fibroblasts (top). Ethidium
bromide staining demonstrated
equal loading of total RNA as evi-
denced by the equivalent 28S and
18S ribosomal bands (bottom). B:
Reverse transcription-polymerase
chain reaction (RT-PCR) amplifica-
tion of the 58 region of the Cbfa1/
Osf2 transcripts. RT-PCR analysis us-
ing primers designed to amplify the
sequences transcribed by exons 1,
2, and 3 resulted in the predicted
655 bp (38 cycles) RT-dependent
product in C3H10T12 cells and
MC3T3-E1 pre-osteoblasts, but no
product was identified in NIH3T3
fibroblasts (top). Amplification of
b-actin was similar in the different
cell lines. 6, the respective pres-
ence and absence of reverse trans-
criptase.

Function of Cbfa1 Isoforms 601



tional assessment of the different N-terminal
amino acids in the context of other domains
present in the remainder of the Cbfa1 protein
(Fig. 1C). To accomplish this, we transfected
cDNAs encoding the original 513-amino acid
Cbfa1 gene product derived from the ATG in
exon one, the full-length 597-amino acid Cbfa1/
Osf2 protein derived from the ATG in exon 1,

and the truncated 528-amino acid Cbfa1/iso
protein derived from the ATG in exon 2. We
found that the amount of transfected Cbfa1
cDNAs influenced osteocalcin gene transcrip-
tion in an isoform-specific manner. At lower
amounts of expression plasmid DNAs, all three
Cbfa1 isoforms resulted in equivalent stimula-
tion of osteocalcin promoter activity in fibro-
blasts, C3H10T1/2 cells and MC3T3-E1 pre-
osteoblasts (Figs. 3, 4). By contrast, using
transfection protocols with higher amounts of
plasmid DNAs, we found that the Cbfa1/Osf2
and Cbfa1/org had less transactivating poten-
tial compared with Cbfa1/iso. At these higher
amounts of expression plasmid DNAs, the 528-
amino acid Cbfa/iso containing AD1 was the
most potent inducer of osteocalcin activity in
these cells (Figs. 3, 4). Cbfa1/org and Cbfa1/
Osf2 failed to fully activate the osteocalcin pro-
moter at high expression plasmid concentra-
tions (Fig. 4).

Our findings indicate that all three isoforms
have the potential to activate the osteocalcin
promoter when the amount of the expression
plasmid is less than the reporter plasmid. The
similar transactivating potential of all three
Cbfa1 isoforms which share the AD2, the runt
domain, and AD3 [Thirunavukkarasu et al.,
1998] suggest that these domains are sufficient
to activate the osteocalcin promoter (Fig. 3).
The presence of similar activating domains in
the related Cbfa2 and Cbfa3 genes, including
the runt domain that is responsible for the DNA
binding, potentially explains why these gene
products also stimulate osteoblast gene tran-
scription in vitro [Banjeree et al., 1997; Ji et al.,
1998]. Moreover, studies of protein-DNA inter-
actions using Cbfa1 constructs with different
N-termini show equal binding to the OSE2 ele-
ment [Thirunavukkarasu et al., 1998]. Because
all Cbfa1 isoforms, as well as other runt domain
proteins, are capable of stimulating the osteocal-
cin promoter reporter construct to some degree
[Changhua et al., 1998], the cell-type-specific
expression of a particular Cbfa protein/isoform
(Fig. 2), rather than the transactivating poten-
tial of different N-terminal sequences, may be a
major determinant of cell-specific function.

Regardless, our studies suggest that the
unique 87-amino acid Osf2 N-terminal se-
quence potentially encoded by exon 1 is not
needed for the induction of osteoblast-related
gene expression. The nonessential role of the
N-terminal Osf2 sequence in the transcrip-

Fig. 3. Dose- and time-dependent effects of transient overex-
pression of Cbfa1 isoforms on osteocalcin promoter activity in
C3H10T1/2 cells. A: Transfections with increasing doses of
expression plasmid. C3H10T1/2 cells were transiently trans-
fected with 1.0 µg of p1.3OC-luciferase and the indicated
amounts of pcDNA3.1 expression vector containing either full-
length Cbfa1/Osf2 that contains both ATG codons (Met1 and
Met69), Cbfa1/iso containing only the second ATG codon (Met69)
and encoding the AD1 domain, or Cbfa1/org that lacks the AD1
domain as described in Fig. 1. B: Time course of Cbfa1 isoform-
stimulated osteocalcin promoter activity. C3H10T1/2 cells were
transiently transfected with 1.0 µg of p1.3OC-luciferase and 0.5
µg of pcDNA3.1 vector expressing the various Cbfa1 isoforms.
Luciferase assays were performed after various culture periods
as described under Materials and Methods. Values sharing the
same letter superscript are not significantly different at P , 0.05.
Values represent the mean 6 SEM of three separate experi-
ments. Relative luciferase activity was determined by dividing
the corrected luciferase activity by the luciferase activity of cells
transfected with the empty expression vector as described under
Materials and Methods.
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tional activation of osteoblast differentiation is
consistent with the absence of a homologous
N-terminus corresponding to the OSF2 coding
sequence in the human CBFA1 cDNA [Lee et
al., 1997; Xiao et al., 1998a].

We observed a greater transcriptional effect
of the Cbfa1/iso under experimental conditions
in which the amount of expression plasmid
exceeds that of the reporter plasmid. Conse-
quently, it remains possible that different N-
terminal domains contribute to the variable

transactivation potential of the three Cbfa1
isoforms observed in our dose-dependent stud-
ies. In support of this possibility, other investi-
gators have demonstrated that the 19-amino
acid N-terminal sequence of Cbfa1/iso repre-
sents an activation domain (AD1) [Thirunavuk-
karasu et al., 1998]. The fact that AD1 en-
hances transactivation, albeit only at high
plasmid amounts, is consistent with the addi-
tive effects of its additional N-terminal transac-
tivation domain. This enhancement might be

Fig. 4. Comparison of transacti-
vating role of the 19-amino acid
N-terminal domain of the Cbfa1
isoform in C3H10T1/2 Pluripo-
tent cells, NIH3T3 fibroblasts,
MC3T3-E1 pre-osteoblasts. A:
C3H10T1/2 cells, (B) NIH3T3 fi-
broblasts, or (C) MC3T3-E1 pre-
osteoblasts were transiently trans-
fected with 1.0 µg of p1.3OC-
luciferase and either 0.5 µg or
2.0 µg of the pcDNA3.1 expres-
sion vector containing either full-
length Cbfa1/Osf2, Cbfa1/iso, or
Cbfa1/org. Values sharing the
same letter superscript are not
significantly different at P , 0.05.
One-way ANOVA was per-
formed within a cell type as a
function of the transfected Cbfa1
isoform. Values represent the
mean 6SEM of a minimum of
seven separate experiments.
Relative luciferase activity was
determined by dividing the cor-
rected luciferase activity by the
luciferase activity of cells trans-
fected with the empty expression
vector as described under Mate-
rials and Methods.
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attributable to unidentified coactivators that
interact with the putative 19-amino acid N-
terminus of Cbfa1/iso under certain experimen-
tal conditions [Yamaoka et al., 1998]. Regard-
less, it is likely that a balance between the
number of transactivation and repression do-
mains present in the various Cbfa1 gene prod-
ucts controls the transactivation potential of
this transcription factor in osteoblasts [Thiruna-
vukkarasu et al., 1998].

Potential nonspecific secondary effects of
transfection protocols that use higher amounts
of plasmid DNAs, however, limit the conclu-
sions that we can make regarding the role of
the 19-amino acid N-terminal AD1. In general,
experimental conditions characterized by the
lower ratio of overexpression plasmid to re-
porter plasmid are more likely to be representa-
tive of the normal physiologic state. Most stud-
ies that identify optimal responses to various
Cbfa proteins use expression to promoter/re-
porter constructs ratios of ,1 [Ji et al., 998;
Geoffroy et al., 1995]. We could demonstrate
greater activity of the Cbfa1/iso containing
AD1 only when the amount of the expression
plasmid exceeded the amount of the promoter/
reporter plasmid. Such potential excess of Cbfa1
proteins may bind to suboptimal and incorrect
cis-acting sites on the promoter and lead to
erroneous regulation of gene transcription. In-
deed, others have shown that excessive expres-
sion plasmid can paradoxically inhibit the trans-
activation potential of the related Cbfa2
transcription factor [Bae et al., 1994].

In spite of significant increases in osteocalcin
promoter activity in response to transient trans-
fection with Cbfa1 cDNAs, the magnitude of
the response was small. The increase in osteo-
calcin activity after transient transfection with
Cbfa1 isoforms was less than the 5-fold in-
crease in osteocalcin promoter activity that typi-
cally occurs during differentiation of MC3T3-E1
[Quarles et al., 1997]. The relative inefficiency
of transient transfections might contribute to
the limited response. The number of cis-acting
OSE2/Cbfa1 binding domains, which num-
bered two in the osteocalcin promoter, might
also limit the response [Frendo et al., 1998].
Indeed, similar studies performed with a re-
porter construct containing tandem repeats of
multiple OSE2 cis-acting elements resulted in
greater stimulation by transfected Cbfa1 cD-
NAs [Thirunavukkarasu et al., 1998]. The in-
ability of Cbfa1/iso to maximally stimulate os-

teocalcin promoter activity could also represent
the need for factors other than Cbfa1 gene
products. Recent studies demonstrating that
Cbfa1 is necessary but not sufficient for osteo-
blast differentiation support this possibility
[Ryoo et al., 1998; van den Bos 1998].

In conclusion, forced overexpression of three
Cbfa1 isoforms in vitro demonstrates variable
induction of osteocalcin promoter activity that
depends on the amount of plasmid DNA in the
transfection protocol and possibly the N-termi-
nal sequence. All isoforms, including Cbfa1/
iso, Cbfa1/org, and Cbfa1/Osf2, display similar
transactivation potential at optimal ratios of
expression plasmid to reporter constructs. The
Cbfa1 isoform that contains the 19-amino acid
AD1 N-terminal sequence augments activation
of the osteocalcin promoter/reporter in vitro
only under limited experimental conditions.
Moreover, the unique N-terminal Osf2 sequence,
previously thought to represent the osteoblast-
specific transactivator, appears to lack a dis-
tinct regulatory function.
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