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Runt-related transcription factor-2 (RUNX2) is ex-
ressed as two isoforms (type-I and type-II) differing
nly in their amino terminal sequences. The amino ter-
inus of type-I contains MRIPV instead of MASNSLF-

AVTPCQQSFFW in type-II. Although type-II mRNA has
een considered osteoblast specific, the RUNX2 protein
soforms expressed in osteoblasts have not yet been
dentified. Using antisera generated against the two dif-
erent amino terminal sequences of type-I and type-II
UNX2, we show the expression of both isoforms in cells
ith the mature osteoblast phenotype (fetal rat calvarial

ells, and ROS 17/2.8, SaOS-2 and U2OS osteosarcoma
ell lines), but only type-I in partially differentiated
steoblast-like cells (the UMR-106 osteosarcoma cell
ine). Since UMR-106 cells express both type-I and
ype-II mRNAs, our results suggest that the translation
f type-II mRNA is repressed in these cells. No RUNX1
nd RUNX3 proteins are detected in any of the osteo-
lastic cells tested. The antisera we have generated will
e useful for studies relating expression of RUNX2 iso-
orms to control of osteoblast differentiation. © 2001

cademic Press

Key Words: osteoblast differentiation; transcription
actor; RUNX2 specific antibodies; translational
egulation.

Differentiation of osteoblasts from pluripotent mes-
nchymal stem cells is a multistep process that is be-
inning to be unraveled. Core binding factor a1
Cbfa1), an osteoblast specific transcription factor, has
ecently been cloned and implicated as a major regu-
ator of osteoblast differentiation and gene expression
1–7). Cbfa1 is a member of a family of three transcrip-
ion factors containing a common DNA binding runt
omain (8–10). The three transcription factors were
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oulevard, San Antonio, Texas 78284. Fax: (210) 617-5312. E-mail:
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ames (reviewed in 11). The nomenclature committee
f the Human Genome Organization has recently
amed these factors as runt-related transcription fac-
ors (RUNX), and their new designations are RUNX1
Cbfa2/acute myeloid leukemia factor 1 (AML1)/
olyoma enhancer binding protein aB (PEBPaB)],
UNX2 (Cbfa1/AML3/PEBP2aA), and RUNX3 (Cbfa3/
ML2/PEBPaC). The three RUNX proteins have ex-

ensive homology in addition to the common runt do-
ain (12).
RUNX2 is expressed as two isoforms, type-I and

ype-II, with different amino terminal regions. The
mino terminus of type-I protein contains MRIPV in
lace of MASNSLFSAVTPCQQSFFW present in the
mino terminus of type-II protein; the remaining 508
mino acids of the two transcription factors are iden-
ical. An isoform termed type-III, encoded by the same
eading frame that codes for type-II RUNX2 but initi-
ted at an upstream translational start site, has been
escribed in mouse and rat (1, 13, 14). However, the
pstream translational start site does not contain the
ozak consensus sequence (15) and the type-III protein

s inefficiently translated (16). Moreover, there is no
pen reading frame corresponding to type-III in human
RNA (14). These findings call into question the exis-

ence of the type-III isoform.
Type-I RUNX2 was initially thought to be T-cell

pecific (17), while type-II RUNX2 has been considered
steoblast specific (1, 3, 4). Evidence for the expression
f type-I mRNA in osteoblastic cells and bone is con-
radictory (13, 14, 18). The RUNX2 protein isoforms
xpressed in osteoblasts have not yet been identified.
he antibodies used in previous studies to identify
UNX2 proteins were generated against regions com-
on to both type-I and type-II isoforms (4, 16, 19, 20).
here is no antibody currently available to distinguish
ype-I and type-II RUNX2 proteins. It remains unclear
hether type-I, type-II or both RUNX2 proteins are
xpressed in osteoblasts. Here we report the genera-
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ific antisera, and their application to evaluate RUNX2
rotein expression in osteoblastic cells.

ATERIALS AND METHODS

Cells and cell culture. Monkey kidney COS-7 cells and osteoblast-
ike osteosarcoma cell lines from rat (ROS 17/2.8 and UMR-106) and
uman (SaOS-2 and U2OS) were cultured in Dulbecco’s modified
agle medium (DMEM) containing 10% fetal bovine serum (FBS).
steoblast-enriched fetal rat calvarial cells were isolated by the
ethod of Cohn and Wong (21) and grown in DMEM with 10% FBS.

Generation of antisera. The antiserum against type-I RUNX2
as generated against a five amino acid peptide MRIPV that is the
mino terminus of type-I RUNX2 as well as RUNX1 and RUNX3
12). The antiserum against type-II RUNX2 was raised against a 19
mino acid peptide MASNSLFSAVTPCQQSFFW, the amino termi-
us of type-II RUNX2 (AA1 to AA19). A 21 amino acid peptide
TATSDFCLWPSSLSKKSQAG, common to both RUNX2 isoforms

type-I, AA335 to AA355; type-II, AA349 to AA369) but not present in
UNX1 and RUNX3 (12), was used to generate the antiserum
gainst both type-I and type-II RUNX2 proteins. The peptides were
ynthesized and conjugated to keyhole limpet hemocyanin, and the
onjugated peptides were used to immunize New Zealand White
abbits. Genemed Synthesis, Inc. (South San Francisco, CA) carried
ut the peptide synthesis and antiserum production.

Transient transfection. COS-7 cells were seeded at 2.5 3 105 cells
er well in a six well plate and cultured for 24 h. Cells were trans-
ected with pcDNA3.1 vector alone or pcDNA3.1 containing RUNX2
DNA (type-I or type-II) using lipofectamine (GIBCO-BRL Products,
aithersburg, MD) according to the manufacturer’s instructions.
hree hours after transfection, the transfection medium was re-
laced by DMEM with 10% FBS. At 48 h post-transfection, cells were
rocessed for Western blot analysis or electrophoretic mobility shift
ssay.

Western blot analysis. Transfected COS-7 cells and osteoblastic
ells grown to about 95% confluency in 10-cm dishes were washed
ith PBS and lysed with lysis buffer containing 100 mM Tris–HCl,
H 6.8, 2% SDS, 2% b-mercaptoethanol and 10% glycerol. Cell ly-
ates, after incubating at 100°C for 5 min, were centrifuged at 14,000
pm for 5 min in an Eppendorf and stored at 270°C. Protein concen-
ration was determined using the Non-Interfering Protein Assay Kit
rom Geno Technology, Inc. (St. Louis, MO). Samples were resolved
n 10% SDS–polyacrylamide gels, and transferred to PVDF mem-
ranes (Schleicher and Schuell, Keene, NH) using a Hoefer Semi-
hor Semi-Dry transfer unit (Amersham Pharmacia Biotech, Inc.,
iscataway, NJ). The membranes were blocked with 4% nonfat milk

n PBS/0.1% Tween 20 for 1 h at room temperature, washed in PBS
hree times (15 min each), and incubated for 1 h in PBS/0.1% Tween
0/RUNX2 antibody (anti-type-I, anti-type-II or anti-type-I/type-II).
he membranes were then washed twice (30 min per wash) with
BS/0.1% Tween 20, incubated in PBS with horseradish peroxidase
onjugated anti-rabbit antibody from donkey for 1 h, and washed
hree times (15 min each) in PBS/0.1% Tween-20. The signals were
etected by chemiluminescence using an ECL kit from Amersham-
harmacia Biotech, Inc. according to the manufacturer’s instruc-
ions.

Electrophoretic mobility shift and supershift assays. Electro-
horetic mobility shift assay (EMSA) was performed by a modifica-
ion of the method of Chodosh (22). Transfected COS-7 cells and
steoblastic cells grown to about 95% confluency were washed with
ris–HCl buffered saline, resuspended in extraction buffer contain-

ng 20 mM Hepes, pH 7.4, 450 mM NaCl, 0.2 mM EDTA, 0.5 mM
TT, 25% glycerol and protease inhibitors, and sonicated. The cell
xtracts were centrifuged, and the supernatants were stored at
75
rotein Assay Kit.
Two complementary oligonucleotides containing the OSE-2/RUNX

lement (23) (59GATCCGCTGCAATCACCAACCACAGCA and
9GATCTGCTGTGGTTGGTGATTGCAGCG; OSE-2/RUNX ele-
ent is designated in bold) were annealed by heating at 100°C for 3
in followed by 65°C for 5 min and then slowly cooling to room

emperature. The double stranded (ds) DNA was radiolabeled by
lling the overhang with dATP, dGTP, TTP and [a-32P]dCTP using
he Klenow fragment of Escherichia coli DNA polymerase I. Ten
icrograms of cell lysate was incubated overnight at 4°C in a reac-

ion mixture containing 2 mg of the nonspecific competitor poly(dI-
C) (Amersham-Pharmacia Biotech, Inc.) and 300 mg/ml BSA in
inding buffer [12% glycerol, 12 mM Hepes–NaOH (pH 7.9), 4 mM
ris–HCl (pH 7.9), 60 mM KCL, 1 mM EDTA and 1 mM DTT] in a
otal volume of 19 ml. One microliter of ds oligonucleotide probe
about 20,000 cpm) was then added to the reaction mixture and
ncubated for 30 min at room temperature. In supershift experi-

ents, rabbit preimmune serum or antipeptide antiserum was pre-
ncubated with the reaction mixture for 30 min before the addition of
he 32P-labeled probe. Protein-DNA complexes were resolved on a 4%
ondenaturing polyacrylamide gel and visualized using a Molecular
ynamics Storm PhosphorImager (Molecular Dynamics, Sunnyvale,
A).

ESULTS

haracterization and Validation of Type-I, Type-II,
and Type-I/Type-II RUNX2 Antisera

We used the 5 amino acid amino terminal peptide
RIPV of RUNX1, type-I RUNX2 and RUNX3 (12),

nd the 19-amino acid amino terminal peptide
ASNSLFSAVTPCQQSFFW that is specific to type-II
UNX2 (3, 4, 14), to generate type-I and type-II spe-
ific RUNX2 antisera, respectively. These antisera
ere tested on lysates of COS-7 cells overexpressing

ype-I or type-II RUNX2 protein by transient expres-
ion. The COS-7 cells do not express any RUNX pro-
eins (24). Type-I specific antiserum reacted with a 65
Da protein overexpressed in COS-7 cells transfected
ith pcDNA3.1 containing type-I RUNX2 cDNA, but
ot with proteins in COS-7 cells transfected with
ype-II cDNA expression plasmid. In contrast, type-II
pecific antiserum reacted with a protein of 65 kDa
verexpressed in COS-7 cells transfected with
cDNA3.1 containing type-II cDNA, but not with pro-
eins in cells overexpressing type-I RUNX2. Neither
ype-I nor type-II specific antiserum reacted with any
rotein from COS-7 cells transfected with control vec-
or (Fig. 1). An antiserum that recognizes both RUNX2
roteins has also been shown to react with a 65-kDa
rotein in COS-7 cells transfected with an expression
lasmid containing type-II RUNX2 cDNA (16).
A synthetic peptide of 21 amino acids, DTATSDF-
LWPSSLSKKSQAG, was used to raise antiserum
gainst both type-I and type-II RUNX2 proteins. This
eptide is specific to type-I (AA335 to AA355) and
ype-II RUNX2 (AA349 to AA369) proteins, and is not
resent in RUNX1 or RUNX3 proteins (12). The type-
/type-II RUNX2 antiserum—unlike the type-I specific
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nd type-II specific antisera—reacted with a 65-kDa
rotein in lysates of transfected COS-7 cells overex-
ressing either type-I or type-II isoform; the type-I/
ype-II antiserum did not, however, react with any
rotein in COS-7 cells transfected with the control
ector pcDNA3.1 (Fig. 1).
EMSA and supershift assay were performed using

ysates from ROS 17/2.8 cells or COS-7 cells trans-
ected with pcDNA3.1 (negative control) or
cDNA3.1 with RUNX2 cDNA (type-I or type-II), and
he radiolabeled dsDNA containing the OSE-2/
UNX element. The results shown in Fig. 2 indicate

hat RUNX protein present in lysates of ROS 17/2.8
ells (lane 2) and COS-7 cells overexpressing type-II
UNX2 (lane 6) shifted the mobility of the dsDNA
ontaining OSE-2/RUNX element, whereas proteins
n lysates of COS-7 cells transfected with control
ector (lane 9) did not. Moreover, antiserum against
he 19 amino acids of type-II RUNX2 supershifted
he dsDNA-protein complex containing RUNX pro-
ein from ROS 17/2.8 cells (lane 3) as well as COS-7
ells overexpressing type-II RUNX2 (lane 7). In con-
rast, control non-immune serum did not cause a
upershift (lanes 4 and 8). The type-II RUNX2 anti-
erum also did not supershift the radiolabeled
sDNA in the absence of any lysate (lane 5). These
ndings confirm the reactivity of anti-type-II anti-
erum with type-II RUNX2 protein and implicate the
resence of the type-II RUNX2 isoform in ROS 17/2.8
ells. In experiments not shown, the antiserum
gainst the type-I isoform supershifted dsDNA-
rotein complex containing RUNX proteins from
OS 17/2.8 cells and COS-7 cells transfected with

ype-I RUNX2 expression plasmid; dsDNA-protein

FIG. 1. Specificity of RUNX2 antisera. Western blot analysis of
ysates from COS-7 cells transfected with pcDNA3.1 (control vec-
or) or pcDNA3.1 containing rat type-I or type-II RUNX2 cDNA.
roteins (100 mg each) were resolved on 10% SDS-polyacrylamide
els and blotted onto PVDF membranes. The membranes were
robed with antisera to type-I RUNX2 (upper panel), type-II
UNX2 (middle panel), or type-I/type-II RUNX2 (lower panel).
ignals were detected by chemiluminescence as described under
aterials and Methods.
76
ein were supershifted by the type-I/type-II anti-
erum.

dentification of the RUNX2 Protein Isoforms
Expressed in Normal Osteoblasts and
Osteoblast-like Osteosarcoma Cells

To examine which isoform of RUNX2 protein is ex-
ressed in osteoblastic cells, we used the type-I, type-II
nd type-I/type-II RUNX2 antisera in Western blot
nalysis of lysates from normal osteoblasts (fetal rat
alvarial cells) and rat and human osteoblast-like os-
eosarcoma cells (ROS 17/2.8, UMR-106, SaOS-2 and
2OS). As shown in Fig. 3, lysates from fetal rat cal-
arial cells as well as ROS 17/2.8, UMR-106, SaOS-2
nd U2OS osteosarcoma cells reacted very strongly
ith the antiserum against type-I RUNX2 and also the
nti-type-I/type-II antiserum. On the contrary, cell ly-
ates from all cell types excluding UMR-106 reacted
ith the type-II RUNX2 specific antiserum (Fig. 3).
hese results implicate the expression of both type-I
nd type-II RUNX2 proteins in all osteoblastic cell
ypes tested except UMR-106 cells, which express only
ype-I RUNX2 protein.

It is interesting to note that the three novel antisera
dentified a 65 kDa band but no other proteins in all
ell lysates tested. Even the anti-type-I antiserum gen-
rated against a common peptide present in the amino
ermini of RUNX1, type-I RUNX2 and RUNX3 pro-
eins reacted with a single band of 65 kDa. The protein
etected by the anti-type-I antiserum is not RUNX1 or
UNX3 because the molecular weights of RUNX1 and
UNX3 proteins are at most about 53 and 50 kDa,
espectively (25, 26). In addition, RUNX1 and RUNX3
roteins are not expected to react with the type-I/
ype-II RUNX2 antiserum, which was generated
gainst a peptide common to the two RUNX2 isoforms
ut not present in RUNX1 and RUNX3. Thus the West-
rn blot results described here demonstrate that only
UNX2, but no RUNX1 or RUNX3, proteins are ex-
ressed in normal osteoblasts and osteoblast-like os-
eosarcoma cells.

ISCUSSION

RUNX2 protein regulates the differentiation of os-
eoblasts and the expression of specific genes charac-
eristic of the osteoblast phenotype (1, 2, 4, 27, 28).
here are two isoforms of RUNX2, type-I and type-II.
hus far, no studies have shown which protein isoform

s expressed in osteoblasts. In the current study we
ave generated three antisera, one that reacts specifi-
ally with type-I RUNX2 protein, another reacting spe-
ifically with type-II RUNX2 protein, and a third that
ecognizes both RUNX2 proteins. Using these antisera
e have demonstrated for the first time that both
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ype-I and type-II RUNX2 proteins are expressed in
ormal osteoblasts derived from fetal rat calvaria and

n ROS 17/2.8, SaOS-2 and U2OS osteoblast-like osteo-
arcoma cell lines, whereas only type-I RUNX2 protein
s expressed in UMR-106 osteoblast-like osteosarcoma
ells. Neither RUNX1 nor RUNX3 is detected in osteo-
lastic cells, consistent with previous results in mouse
alvaria (29).

The expression pattern of type-II RUNX2 in the cells
e have tested coincides with that of osteocalcin, a
arker of the terminally differentiated osteoblast phe-

FIG. 2. EMSA and supershift assay of cell lysates containing ty
ilution) were incubated with 32P-labeled dsDNA containing the OSE
ative polyacrylamide gel as described under Materials and Metho
adiolabeled dsDNA incubated with type-II RUNX2 specific antiseru
rom COS-7 cells transfected with control vector pcDNA3.1 (lane 9).

FIG. 3. RUNX2 protein expression in normal osteoblasts (fetal
at calvarial cells, FRC) and osteoblast-like osteosarcoma cell lines.
hole cell lysates (100 mg) were separated on 10% SDS–

olyacrylamide gels and blotted onto PVDF membranes. The blots
ere hybridized with type-I RUNX2 antiserum (1:10,000 dilution;
pper panel), type-II RUNX2 antiserum (1:500,000 dilution; middle
anel) or type-I/type-II RUNX2 antiserum (1:500,000 dilution; lower
anel). Signals were detected by chemiluminescence as described
nder Materials and Methods.
77
otype (30, 31, our unpublished results). Osteocalcin
xpression is demonstrable in all osteoblastic cell types
xamined except UMR-106 (32–34), the only cell type
acking type-II RUNX2 protein. Since type-II RUNX2
egulates the expression of osteocalcin (1), the absence
f type-II RUNX2 protein in UMR-106 cells may ac-
ount at least in part for the lack of osteocalcin expres-
ion in these cells (33). Of note, the expression of os-
eocalcin by ROS 17/2.8 cells (32) but not UMR-106
ells (33) suggests that, of the two rat osteosarcoma cell
ines, ROS 17/2.8 cells represent a more mature osteo-
last phenotype (33).
Interestingly, UMR-106 cells express both type-I and

ype-II RUNX2 mRNA (4, 7, our unpublished results),
lthough until now the type of RUNX2 protein ex-
ressed in UMR-106 cells has not been described. In
he present work, we show that the RUNX2 protein
xpressed in UMR-106 cells is the type-I isoform (Fig.
). Even though type-II RUNX2 mRNA is expressed in
MR-106 cells, no immunoreactive type-II RUNX2
rotein was demonstrable with the type-II specific an-
iserum (Fig. 3), suggesting that the type-II RUNX2
RNA is not translated in these cells.
The two isoforms of RUNX2, type-I and type-II, are

ncoded by two mRNAs with entirely different 59 un-
ranslated regions (UTRs) (type-I mRNA, 1015 nucle-
tides; type-II mRNA, 210 nucleotides) (7, 14, 17, 35).
n addition, type-II mRNA differs from type-I mRNA
y having 57 nucleotides encoding the amino terminal
9 amino acids MASNSLFSAVTPCQQSFFW in place

II RUNX2 protein. Cell lysates (10 mg) and/or antiserum (1:20,000
UNX element, and DNA-protein complexes were separated on a 4%

Control 1 (C1), radiolabeled dsDNA alone (lane 1); Control 2 (C2),
(lane 5); Control 3 (C3), radiolabeled dsDNA incubated with lysate
pe-
-2/R
ds.
m



of the 15 nucleotides in type-I mRNA encoding the
a
i
a
a
t
t
r
i

s
t
c
c
a
h
a
l
p
p
t
t
t
p
m

A

f
1
M

R

TGF-beta type I receptor promoter and expression with osteo-

1

1

1

1

1

1

1

1

1

1

2

2

2

2

Vol. 286, No. 1, 2001 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
mino terminal five amino acids MRIPV. The remain-
ng sequences of the two mRNAs, containing 508 amino
cid coding sequence and 39 UTR of 3964 nucleotides,
re identical. Since the two RUNX2 mRNAs differ in
heir 59 but not 39 UTRs, we predict that the transla-
ion of type-II RUNX2 mRNA in UMR-106 cells is
epressed by an as yet unidentified mechanism involv-
ng the 59 UTR.

In conclusion, we have generated three specific anti-
era to demonstrate for the first time that cells with
he mature osteoblast phenotype (fetal rat calvarial
ells; ROS 17/2.8, SaOS-2 and U2OS osteosarcoma
ells) express both type-I and type-II RUNX2 proteins
nd no RUNX1 and RUNX3 proteins. Moreover, we
ave shown that UMR-106 cells, which may represent
n earlier stage of differentiation along the osteoblast
ineage (33), express type-I, but not type-II, RUNX2
rotein. Previously UMR-106 cells were found to ex-
ress type-II RUNX2 mRNA at a level comparable to
hat observed in ROS 17/2.8 cells (7). On the basis of
hese results, we propose that development of the ma-
ure osteoblast phenotype may be controlled, at least in
art, by translational regulation of type-II RUNX2
RNA.

CKNOWLEDGMENTS

This work was supported by grants from the American Federation
or Aging Research and Veterans Integrated Service Network (VISN)
7 (to N. Elango), and from the Department of Veterans Affairs (to
. S. Katz).

EFERENCES

1. Ducy, P., Zhang, R., Geoffroy, V., Ridall, A. L., and Karsenty, G.
(1997) Osf2/Cbfa1: A transcriptional activator of osteoblast dif-
ferentiation. Cell 89, 747–754.

2. Banerjee, C., McCabe, L. R., Choi, J. Y., Hiebert, S. W., Stein,
J. L., Stein, G. S., and Lian, J. B. (1997) Runt homology domain
proteins in osteoblast differentiation: AML3/CBFA1 is a major
component of a bone-specific complex. J. Cell. Biochem. 66, 1–8.

3. Mundlos, S., Otto, F., Mundlos, C., Mulliken, J. B., Aylsworth,
A. S., Albright, S., Lindhout, D., Cole, W. G., Henn, W., Knoll,
J. H., Owen, M. J., Mertelsmann, R., Zabel, B. U., and Olsen,
B. R. (1997) Mutations involving the transcription factor CBFA1
cause cleidocranial dysplasia. Cell 89, 773–779.

4. Stewart, M., Terry, A., Hu, M., O’Hara, M., Blyth, K., Baxter, E.,
Cameron, E., Onions, D. E., and Neil, J. C. (1997) Proviral
insertions induce the expression of bone-specific isoforms of
PEBP2alphaA (CBFA1): Evidence for a new myc collaborating
oncogene. Proc. Natl. Acad. Sci. USA 94, 8646–8651.

5. Tsuji, K., Ito, Y., and Noda, M. (1998) Expression of the
PEBP2alphaA/AML3/CBFA1 gene is regulated by BMP4/7 het-
erodimer and its overexpression suppresses type I collagen and
osteocalcin gene expression in osteoblastic and nonosteoblastic
mesenchymal cells. Bone 22, 87–92.

6. Ji, C., Casinghino, S., Chang, D. J., Chen, Y., Javed, A., Ito, Y.,
Hiebert, S. W., Lian, J. B., Stein, G. S., McCarthy, T. L., and
Centrella, M. (1998) CBFa(AML/PEBP2)-related elements in the
78
blast differentiation. J. Cell. Biochem. 69, 353–363.
7. Fujiwara, M., Tagashira, S., Harada, H., Ogawa, S., Katsumata,

T., Nakatsuka, M., Komori, T., and Takada, H. (1999) Isolation
and characterization of the distal promoter region of mouse
Cbfa1. Biochim. Biophys. Acta 1446, 265–272.

8. Kagoshima, H., Shigesada, K., Satake, M., Ito, Y., Miyoshi, H.,
Ohki, M., Pepling, M., and Gergen, P. (1993) The Runt domain
identifies a new family of heteromeric transcriptional regulators.
Trends Genet. 9, 338–341.

9. Kagoshima, H., Akamatsu, Y., Ito, Y., and Shigesada, K. (1996)
Functional dissection of the alpha and beta subunits of tran-
scription factor PEBP2 and the redox susceptibility of its DNA
binding activity. J. Biol. Chem. 271, 33074–33082.

0. Lenny, N., Meyers, S., and Hiebert, S. W. (1995) Functional
domains of the t(8;21) fusion protein, AML-1/ETO. Oncogene 11,
1761–1769.

1. Westendorf, J. J., and Hiebert, S. W. (1999) Mammalian runt-
domain proteins and their roles in hematopoiesis, osteogenesis,
and leukemia. J. Cell. Biochem. Suppl. 32–33, 51–58.

2. Levanon, D., Negreanu, V., Bernstein, Y., Bar-Am, I., Avivi, L.,
and Groner, Y. (1994) AML1, AML2, and AML3, the human
members of the runt domain gene-family: cDNA structure, ex-
pression, and chromosomal localization. Genomics 23, 425–432.

3. Harada, H., Tagashira, S., Fujiwara, M., Ogawa, S., Katsumata,
T., Yamaguchi, A., Komori, T., and Nakatsuka, M. (1999) Cbfa1
isoforms exert functional differences in osteoblast differentia-
tion. J. Biol. Chem. 274, 6972–6978.

4. Xiao, Z. S., Thomas, R., Hinson, T. K., and Quarles, L. D. (1998)
Genomic structure and isoform expression of the mouse, rat and
human Cbfa1/Osf2 transcription factor. Gene 214, 187–197.

5. Kozak, M. (1996) Interpreting cDNA sequences: Some insights
from studies on translation. Mamm. Genome 7, 563–574.

6. Thirunavukkarasu, K., Mahajan, M., McLarren, K. W., Stifani,
S., and Karsenty, G. (1998) Two domains unique to osteoblast-
specific transcription factor Osf2/Cbfa1 contribute to its trans-
activation function and its inability to heterodimerize with Cbf-
beta. Mol. Cell. Biol. 18, 4197–4208.

7. Ogawa, E., Maruyama, M., Kagoshima, H., Inuzuka, M., Lu, J.,
Satake, M., Shigesada, K., and Ito, Y. (1993) PEBP2/PEA2 rep-
resents a family of transcription factors homologous to the prod-
ucts of the Drosophila runt gene and the human AML1 gene.
Proc. Natl. Acad. Sci. USA 90, 6859–6863.

8. Geoffroy, V., Corral, D. A., Zhou, L., Lee, B., and Karsenty, G.
(1998) Genomic organization, expression of the human CBFA1
gene, and evidence for an alternative splicing event affecting
protein function. Mamm. Genome 9, 54–57.

9. Lu, J., Maruyama, M., Satake, M., Bae, S. C., Ogawa, E., Ka-
goshima, H., Shigesada, K., and Ito, Y. (1995) Subcellular local-
ization of the alpha and beta subunits of the acute myeloid
leukemia-linked transcription factor PEBP2/CBF. Mol. Cell.
Biol. 15, 1651–1661.

0. Meyers, S., Lenny, N., Sun, W., and Hiebert, S. W. (1996) AML-2
is a potential target for transcriptional regulation by the t(8;21)
and t(12;21) fusion proteins in acute leukemia. Oncogene 13,
303–312.

1. Cohn, D. V., and Wong, G. L. (1979) Isolated bone cells. In
Skeletal Research: An Experimental Approach, pp. 3–20, Aca-
demic Press, New York.

2. Chodosh, L. A. (2001) Mobility shift DNA-binding assay using
gel electrophoresis. In Current Protocols in Molecular Biology
(Janssen, K., Ed.), Vol. 1, pp. 12.2.1–12.2.10, Wiley, New York.

3. Ducy, P., and Karsenty, G. (1995) Two distinct osteoblast-
specific cis-acting elements control expression of a mouse osteo-
calcin gene. Mol. Cell. Biol. 15, 1858–1869.



24. Kurokawa, M., Tanaka, T., Tanaka, K., Hirano, N., Ogawa, S.,

2

2

2

2

2

3

and Stein, G. S. (1990) Progressive development of the rat os-

3

3

3

3

3

Vol. 286, No. 1, 2001 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
Mitani, K., Yazaki, Y., and Hirai, H. (1996) A conserved cysteine
residue in the runt homology domain of AML1 is required for the
DNA binding ability and the transforming activity on fibro-
blasts. J. Biol. Chem. 271, 16870–16876.

5. Meyers, S., Lenny, N., and Hiebert, S. W. (1995) The t(8;21)
fusion protein interferes with AML-1B-dependent transcrip-
tional activation. Mol. Cell. Biol. 15, 1974–1982.

6. Shi, M-J., and Stavnezer, J. (1998) CBFa3 (AML2) is induced by
TGF-b1 to bind and activate the mouse germline Ig a promoter.
J. Immunol. 161, 6751–6760.

7. Komori, T., Yagi, H., Nomura, S., Yamaguchi, A., Sasaki, K.,
Deguchi, K., Shimizu, Y., Bronson, R. T., Gao, Y. H., Inada, M.,
Sato, M., Okamoto, R., Kitamura, Y., Yoshiki, S., and Kishimoto,
T. (1997) Targeted disruption of Cbfa1 results in a complete lack
of bone formation owing to maturational arrest of osteoblasts.
Cell 89, 755–764.

8. Otto, F., Thornell, A. P., Crompton, T., Denzel, A., Gilmour,
K. C., Rosewell, I. R., Stamp, G. W., Beddington, R. S., Mundlos,
S., Olsen, B. R., Selby, P. B., and Owen, M. J. (1997) Cbfa1, a
candidate gene for cleidocranial dysplasia syndrome, is essential
for osteoblast differentiation and bone development. Cell 89,
765–771.

9. Ducy, P., Starbuck, M., Priemel, M., Shen, J., Pinero, G., Geof-
froy, V., Amling, M., and Karsenty, G. (1999) A Cbfa1-dependent
genetic pathway controls bone formation beyond embryonic de-
velopment. Genes Dev. 13, 1025–1036.

0. Owen, T. A., Aronow, M., Shalhoub, V., Barone, L. M., Wilming,
L., Tassinari, M. S., Kennedy, M. B., Pockwinse, S., Lian, J. B.,
79
teoblast phenotype in vitro: Reciprocal relationships in expres-
sion of genes associated with osteoblast proliferation and differ-
entiation during formation of the bone extracellular matrix.
J. Cell. Physiol. 143, 420–430.

1. Mundy, G. R., Harris, S. E., Sabatini, M., Gutierrez, G., Garret,
I. R., and Izbicka, E. (1993) The use of osteosarcoma cells to
characterize factors that regulate bone-cell function. In Fron-
tiers of Osteosarcoma Research (Novak, J. F., and McMaster,
J. H., Eds.), pp. 449–456, Hogrefe & Huber, Seattle.

2. McCabe, L. R., Last, T. J., Lynch, M., Lian, J., Stein, J., and
Stein, G. (1994) Expression of cell growth and bone phenotypic
genes during the cell cycle of normal diploid osteoblasts and
osteosarcoma cells. J. Cell. Biochem. 56, 274–282.

3. Williams, G. R., Bland, R., and Sheppard, M. C. (1994) Charac-
terization of thyroid hormone (T3) receptors in three osteosar-
coma cell lines of distinct osteoblast phenotype: Interactions
among T3, vitamin D3, and retinoid signaling. Endocrinology
135, 2375–2385.

4. Sutherland, M. K., Rao, L. G., Wylie, J. N., Gupta, A., Ly, H.,
Sodek, J., and Murray, T. M. (1994) Carboxyl-terminal parathy-
roid hormone peptide (53–84) elevates alkaline phosphatase and
osteocalcin mRNA levels in SaOS-2 cells. J. Bone Miner. Res. 9,
453–458.

5. Drissi, H., Luc, Q., Shakoori, R., Chuva De Sousa, L. S., Choi,
J. Y., Terry, A., Hu, M., Jones, S., Neil, J. C., Lian, J. B., Stein,
J. L., Van Wijnen, A. J., and Stein, G. S. (2000) Transcriptional
autoregulation of the bone related CBFA1/RUNX2 gene. J. Cell.
Physiol. 184, 341–350.


	MATERIALS AND METHODS
	RESULTS
	FIG.1

	DISCUSSION
	FIG. 2
	FIG. 3

	ACKNOWLEDGMENTS
	REFERENCES

