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Abstract The AML/CBFA family of runt homology domain (rhd) transcription factors regulates expression of
mammalian genes of the hematopoietic lineage. AML1, AML2, and AML3 are the three AML genes identified to date
which influence myeloid cell growth and differentiation. Recently, AML-related proteins were identified in an
osteoblast-specific promoter binding complex that functionally modulates bone-restricted transcription of the osteocal-
cin gene. In the present study we demonstrate that in primary rat osteoblasts AML-3 is the AML family member present in
the osteoblast-specific complex. Antibody specific for AML-3 completely supershifts this complex, in contrast to
antibodies with specificity for AML-1 or AML-2. AML-3 is present as a single 5.4 kb transcript in bone tissues. To establish
the functional involvement of AML factors in osteoblast differentiation, we pursued antisense strategies to alter
expression of rhd genes. Treatment of osteoblast cultures with rhd antisense oligonucleotides significantly decreased
three parameters which are linked to differentiation of normal diploid osteoblasts: the representation of alkaline
phosphatase–positive cells, osteocalcin production, and the formation of mineralized nodules. Our findings indicate
that AML-3 is a key transcription factor in bone cells and that the activity of rhd proteins is required for completion of
osteoblast differentiation. J. Cell. Biochem. 66:1–8, 1997. r 1997 Wiley-Liss, Inc.
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Transcriptional regulation of hematopoiesis-
specific genes (T-cell–, B-cell–, and myeloid-
specific) has been attributed to members of the
AML/CBF family of proteins. TheDNA-recogni-
tion component of these heteromeric proteins
directly binds to a sequence-specific enhancer
core motif TGTGGT that is frequently found in
a wide variety of viral as well as eukaryotic
genes [Meyers and Hiebert, 1995; Speck and
Stacy, 1995]. Recently,AML-1 binding sequences
were identified in the bone-specific osteocalcin
(OC) gene [Merriman et al., 1995], and the
transactivating form of AML-1 (AML-1B) was

shown to enhance OC gene expression [Geof-
froy et al., 1995; Banerjee et al., 1996].
Three related but distinct genes, AML1,

AML2, andAML3,which are localized on differ-
ent chromosomes, have been identified [Leva-
non et al., 1994]; all contain a highly conserved
runt homology domain (rhd) [Kagoshima et al.,
1993]. Genes encoding both subunits (AML-1
and CBFb) of human core binding factor (CBF)
exhibit chromosomal translocations that result
in fusion proteins which are frequently associ-
atedwith human leukemias [Nucifora andRow-
ley, 1995; Ohki, 1993;Meyers andHiebert, 1995;
Meyers et al., 1995]. The association of these
proteins with leukemia as well as transcrip-
tional regulation of target genes has prompted
extensive analyses of these wild-type and chi-
meric regulatory factors [Meyers and Hiebert,
1995; Speck and Stacy, 1995]. To date, most
studies have focused on AML1. AML-1 is abun-
dant in T-cells and exhibits close sequence iden-
tity to AML-3. AML-3, though T-cell–specific, is
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present in low levels in hematopoietic cell lines
tested [Meyers et al., 1996]. Studies also reveal
that AML-2, which is expressed predominantly
in B-cells and in myeloid cells, is functionally
similar to AML-1B [Meyers et al., 1996]. Simi-
larly, PEBP2aA1 (murine homologue ofAML-3)
is known to transcriptionally activate T-cell–
specific genes [Ogawa et al., 1993].
Osteoblast differentiation is a multistep pro-

cess proceeding through defined stages of matu-
ration from a committed progenitor cell capable
of proliferation to a postproliferative osteoblast
expressing bone phenotypic markers. The final
stage of osteoblast differentiation to an osteo-
cyte involves mineralization of its surrounding
extracellular matrix. The postproliferative ex-
pression of alkaline phosphatase and later of
osteocalcin during mineralization provides
markers to assess development of the osteo-
blast phenotype [Owen et al., 1990].
Several regulatory elements in the 58 proxi-

mal promoter of the OC gene contribute to
control of bone tissue–specific expression. These
promoter elements include the highly con-
served OC Box I (nt 299 to 276) [Towler et al.,
1994; Hoffmann et al., 1994, 1996; Heinrichs et
al., 1995] as well as OC Box II (2138 to 2130)
[Banerjee et al., 1996], which contains one of
the three AML binding sites in the rat OC
promoter. The osteoblast-specific complex
(OBSC) [Banerjee et al., 1996] that interacts
with OC Box II in the OC gene promoter in-
cludes an AML-related protein and its het-
erodimer partner CBFb [Banerjee et al., 1996].
Using antisera that recognize the amino termi-
nus of AML-1B, we observed an incomplete
supershift in ROS 17/2.8 nuclear extracts, sug-
gesting only partial identity of the factor to
AML-1B. Furthermore, several transcripts were
detected in both normal diploid rat osteoblasts
and rat osteosarcoma cells [Merriman et al.,
1995], raising the possibility of the presence of
a potentially osteoblast-specific AML family
member.
Here we have identified AML-3 as the AML

member involved in the osteoblast-specific com-
plex and have addressed the importance of the
rhd class of proteins as regulators of osteoblast
phenotype development.

MATERIALS AND METHODS
Rat Tissues and Cells

Normal diploid osteoblasts obtained from fe-
tal rat calvariae were isolated and maintained
as described [McCabe et al., 1996]. ROS 17/2.8

and ROS 25/1 rat osteosarcoma [Majeska et al.,
1980] and Saos-2 human osteosarcoma (Ameri-
can Type Culture Collection, Rockville, MD)
cell lines were maintained as described. Jur-
kat, a T-cell line, was maintained in RPMI 1640
(GIBCO-BRL, Gaithersburg, MD) supple-
mented with 10% fetal calf serum. Organs, soft
tissues, and bones were obtained from female
Sprague Dawley rats (Charles River, Cam-
bridge, MA).

Plasmids

Osteocalcin promoter–CAT (chloramphenicol
acetyltransferase) constructs containing wild-
type (WT-CAT) andmutant (CM1-CAT orMUT-
CAT) AML-1 binding sequences as well as in-
sertless control (2108-CAT) [Banerjee et al.,
1996] were used for transient transfection as-
says. CMV expression plasmids containing
cDNAs of AML-1B, the transactivating form of
AML-1 [Meyers et al., 1995], AML-2 [Meyers et
al., 1996], and PEBP2aA1 (murine homologue
of AML-3; obtained from Dr. S.-C. Bae, Chung-
bukNational University, Cheongu, Korea) were
used for overexpression studies. PEBP2aA1
(murine) and AML-3 (human) are identical at
the amino acid level [Levanon et al., 1994].

Analysis of Protein-DNA Interactions

Nuclear extracts were prepared from prolifer-
ating (day 3), differentiated (day 14), andminer-
alized (day 23) primary rat osteoblasts as de-
scribed [Hiebert et al., 1991; Hoffmann et al.,
1994] using 0.45 M KCl for extraction. Electro-
phoretic mobility shift assays were performed
using conditions previously described [Ausubel
et al., 1989; McCabe et al., 1996]. DNA binding
reactions were performed as described previ-
ously [McCabe et al., 1996; Meyers et al., 1996].
Nuclear extracts (4 µg) were incubated with 10
fmol of the 32P end-labelled double-stranded
AMLbinding site consensus oligonucleotide (58-
CGAGTATTGTGGTTAATACG-38) as the probe
and nonspecific competitor DNA. Protein-DNA
complexes were resolved in 4% nondenaturing
polyacrylamide gels.Antisera supershift experi-
ments contained polyclonal antiserum directed
to an AML-1 peptide containing 17 N-terminal
amino acids of AML-1 [Meyers et al., 1995],
AML-2 antiserum directed to an AML-2–spe-
cific peptide [Meyers et al., 1996],AML-3 antise-
rum directed to an AML-3–specific peptide
[Meyers et al., 1996], or preimmune serum (con-
trol). For peptide competition, the specific anti-
genic peptide of AML-3 was used. AML-3
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peptide (8 µg) was incubated for 30 min with
nuclear extract prior to addition of the antibody
and the probe to the reaction. Gels were dried
and exposed to Kodak films (Eastman Kodak,
New Haven, CT) at 270°C for 6–12 h.

Western Blot Analyses

Nuclear extracts (30 µg per lane) were re-
solved in 12% SDS-PAGE and electroblotted
(using a Semidry Electroblotter; Owl Scientific
Plastics, Cambridge, MA) onto nitrocellulose
membrane (Protran 0.2 µm; Schleicher and
Schuell, Keene, NH) according to the manufac-
turer’s specifications. Western blot analyses
were performed as described [McCabe et al.,
1996]. Membranes were incubated in a 1:100–
150 dilution of antibody in Tris-buffered saline
containing 1% bovine serum albumin. Affinity-
purified antibodies specific for AML-3 [Meyers
et al., 1996] were used in these studies. Peptide
competition was performed with an AML-3–
specific antigenic peptide [Meyers et al., 1996].
Membranes were incubated with secondary an-
tibody for 45min followed by chemiluminescent
detection using an ECL (Amersham Life Sci-
ences, Arlington Heights, IL) kit according to
the manufacturer’s specifications. Membranes
were exposed to 10 s to 1 min to Amersham
Hyperfilm for detection of signals.

RNA Analysis

Total RNAwas isolated from soft tissues and
bones of 8-week-old rats (2-week-old rats for
calvariae samples). Frozen specimens were pul-
verized and total RNA isolated using Trizolt
(GIBCO-BRL) according to the manufacturer’s
specifications. RNA (10 µg per lane) was sepa-
rated in an 1% agarose-formaldehyde gel, trans-
ferred onto Zetaprobemembrane (Bio-RadLabs,
Hercules, CA), and hybridized to probes specific
for PEBP2aA1 (murine homologue ofAML-3).A
287 bp N-terminal fragment (BamHI-Ncol) of
mouse PEBP2aA1 cDNA (obtained from Dr.
S.-C. Bae) was used as the AML-3–specific
probe. Hybridization was performed at 68°C
and the blots washed extensively in buffer con-
taining 0.1% SSC and 0.1% SDS at 55°C. Data
were analyzed using a Storm 840 PhosphorIm-
ager (Molecular Dynamics, Sunnyvale, CA).

Antisense Studies

Phosphorothioate-modified antisense oligo-
nucleotides directed against a segment of the

runt homology domain were used in these stud-
ies. All AML-related sequences in GenBank
were aligned using the Multiple Sequence
Analysis program by GCG (Wisconsin Package
Version 8.0; Genetics Computer Group, Madi-
son, WI), and rhd regions that were 100% con-
served amongst all species were chosen. All
potential antisense and scrambled (control) se-
quences were checked for homology with unre-
lated genes using BLAST (National Center for
Biotechnology Information, NIH, Bethesda,
MD) and FastA (GCG). The sequences 58 AG-
CACGGAGCAGAGGAAGTT 38 and 58 CGGA-
CAGGTGAAGGACGT 38 demonstrating negli-
gible homology to unrelated genes were utilized
for antisense and scrambled (control) oligo-
nucleotides, respectively. Starting on day 1, pri-
mary rat osteoblast cultures plated at a density
of 0.01 3 106 per well on 24-well plates were fed
every 24 h with freshmedia supplemented with
2 µM, 10 µM, or 20 µM oligonucleotides per
well. Cell viability and cell growth were not
affected due to treatments with 20 µM oligo-
nucleotides as determined by cell counts at
different points during the time course. Media
were collected at the end of every 24 h to deter-
mine levels of secreted osteocalcin/day by a
radioimmunoassay using reagents character-
ized in these laboratories [Owen et al., 1990].At
day 23, cultures were fixed and histochemically
stained for alkaline phosphatase activity by
incubating cell layers with 20 mg/ml naphthol
AS-MX phosphate disodium salt and 40 mg/ml
Fast Red TR salt (Sigma, St. Louis, MO) in Tris
buffer, pH 8.4, at 37°C for 30 min. The number
of mineralized nodules per well was also as-
sessed. Statistical analyses were done using
Statview (Abacus Concepts, Inc., Berkeley, CA).

Transient Transfection Assays and
Overexpression Studies

ROS 17/2.8 cells were transiently transfected
by the DEAE-Dextran method [Hoffmann et
al., 1994]. For overexpression studies, 5 µg of
the reporter plasmid was cotransfected with
500 ng of the expression plasmid and 500 ng of
pRSV-luc (internal control). The amount of to-
tal DNAwasmaintained at 15 µg/100mm plate
with salmon sperm DNA (Sigma, molecular bi-
ology grade). All experiments were done three
times in triplicate using at least two different
DNApreparations.
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RESULTS
AML-3 Is a Major Component of the

Osteoblast-Specific Complex in Primary Rat
Osteoblasts

The AML recognition sequence TGTGGT
binds an osteoblast-specific complex [Banerjee
et al., 1996; Merriman et al., 1995] in ROS
17/2.8 cells which have characteristics of the
mature osteoblast phenotype. To investigate
whichAML family members are involved in the
formation of this complex, we performed immu-
noshift assays using a panel of specific antibod-
ies and the AML binding site consensus oligo-
nucleotide (which is homologous to the OC Box
II sequence) as the probe (Fig. 1A). Our results
indicate that a major component of this DNA
binding activity in nuclear extracts from pri-
mary rat osteoblasts is AML-3, as indicated by
a complete supershift of the AML-related com-
plex by the AML-3–specific antibody (Fig. 1A,
lanes 4,8,12) at all three stages of development
(day 3, day 14, and day 23). Also, an increasing
representation of theAML-3–relatedDNAbind-
ing activity is observed as the cells progress
toward mineralization. AML-1 (Fig. 1A, lanes

2,6,10) and AML-2 (Fig. 1A, lanes 3,7,11) anti-
bodies showed little or no ability to supershift
the osteoblast-specific complex (OBSC). Spe-
cific antigenic peptide toAML-3 completely pre-
vented formation of the supershifts (Fig. 1B,
lanes 4,7,10). Thus, the major component of the
osteoblast-specific complex of primary rat osteo-
blasts is AML-3 or anAML-3–related protein.

Expression of AML-3 During Osteoblast Growth
and Differentiation

We also carried out Western analyses of
nuclear extracts using antibodies specific for
AML-3 (Fig. 2).We examined primary rat osteo-
blasts at three stages of maturation and several
osteoblast cell lines exhibiting different pheno-
typic properties [Rodan andNoda, 1990].AML-3
was detected in early stage osteoblasts (day 3
and day 14) as two immunoreactive species of
45 kDa and 60 kDa, whereas two species of 60
kDa and 65 kDa were present in mature day 23
osteoblasts. The smaller species is not present
in mature differentiated osteoblasts (day 23) or
in the ROS 17/2.8 cell line. The specificity of
antibody-protein interactions was confirmed by

A

Fig. 1. Supershift mobility assays of the AML-related osteoblast-
specific complex (OBSC). A: Rat osteoblast nuclear extracts (day
3: lanes 1–4; day 14: lanes 5–8; day 23: lanes 9–12) were
incubated with anti–AML-1 (lanes 2,6,10), anti–AML-2 (lanes
3,7,11), or anti–AML-3 (lanes 4,8,12) antibodies in binding
reactions using a probe containing the consensus AML-1 bind-
ing site. Assays were done as described [Meyers et al., 1996].
Lanes 1,5,9 contain nuclear extracts alone. B: Rat osteoblast
nuclear extracts (day 3: lanes 2–4; day 14: lanes 5–7; day 23:
lanes 8–10) were incubated with anti-AML-3 antibody in bind-

ing reactions using a probe containing the consensus AML-1
binding site. Assays were done as described [McCabe et al.,
1996]. Lane 1: Probe alone. Lanes 2,5,8: Nuclear extracts
incubated with preimmune serum (NIS). Lanes 3,6,9: Nuclear
extracts incubated with 2 µl of AML-3 antibody. Lanes 4,7,10:
Eight micrograms of the specific antigenic peptide (Pep) to
AML-3 were incubated in the presence of the antibody. Dried
gels were exposed for 6 h. OBSC and the supershifted bands are
indicated.
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competition with the specific antigenic peptide
of AML-3 (Fig. 2B).
We next examined the tissue distribution of

AML-3 using Northern hybridization. The rep-
resentation of the respective mRNAs was com-
pared in soft tissues and bones from rat (Fig.
2C). A major AML-3 transcript of 5.4 kb was
observed in bone tissues only (calvaria, me-
taphysis, and epiphysis) but not in liver, spleen,
and other soft tissues.

AML Family Members Transactivate Expression of
Osteocalcin in Osseous Cells

The transactivation potential of AML-1B in
ROS 17/2.8 osteosarcoma cells has been re-
ported previously [Geoffroy et al., 1995; Baner-
jee et al., 1996]. Here we used ROS 17/2.8 cells
to study the transactivation potential of the
three AML members, all of which contain the
runt homology domain. All three AML mem-
bers were expressed in the presence of wild-
type or mutant OC promoter–CAT constructs
WT-CAT, MUT-CAT, and 2108-CAT. Results
indicate that overexpression ofAML-1B,AML-2,
and AML-3 each induces a five- to ninefold
increase in the levels of OC promoter activity

C.

Fig. 2. Representation of AML-3 in osteoblasts and bone. A,B:
The presence of immunoreactive proteins was determined by
Western blot analyses performed on rat osteoblast (ROB) nuclear
extracts obtained from different stages of growth and differentia-
tion (proliferating day 3, differentiating day 14, and mineraliz-
ing day 23), Jurkat (T-cell line) and osteosarcoma lines (ROS
17/2.8, Saos-2, UMR, and ROS 25/1) as indicated. Samples (30
µg per lane) were resolved in 12% polyacrylamide gels and
blotted onto nitrocellulose membranes. Blots were incubated
with affinity-purified antibody specific for AML-3 and signal
detected by chemiluminescence, and bands of interest are
indicated (A). Blots were incubated with affinity-purified anti-
body in the presence of competitor antigenic AML-3 peptide

(B). C: Tissue-specific expression of AML-3 was examined by
Northern analysis. Total RNA (10 µg) isolated from bones and
soft tissues of rats was resolved in a 1% agarose/formaldehyde
gel and blotted onto a nylon membrane. RNA was hybridized
with a probe specific for PEBP2aA1. The blot was analyzed in a
PhosphorImager after 30 h exposure. Samples of trabecular and
cortical bone of metaphysis, trabecular bone of epiphysis, liver,
kidney, spleen, muscle, heart, and brain were obtained from
8-week-old rats, and calvariae was obtained from 2-week-old
rats. Transcripts, 28s and 18s are indicated. The amount of RNA
in each lane presented after ethidium bromide staining is indi-
cated at the bottom.

Fig. 3. Overexpression of AML members transactivate the rat
osteocalcin promoter in osteoblast cells. ROS 17/2.8 cells were
transiently transfected with 500 ng of either AML-1B, AML-2, or
PEBP2aA1 (AML-3) overexpression plasmids or the CMV vector
control and 5 µg of promoter-CAT construct containing wild-
type (WT-CAT) or mutated OC Box II (MUT-CAT). CAT activity
relative to 2108-CAT (insertless control) cotransfected with
CMV (vector) is shown. Data represent mean 6 S.D. of three
experiments, each done in triplicate.
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from the WT-CAT construct which contains a
functional AML binding site (Fig. 3). Mutation
of theAMLbinding element (MUT-CAT) results
in almost complete loss of AML-stimulated pro-
moter activity. Thus,AML familymembers have
a transactivation function in osteoblasts. These
results support the importance of rhd proteins
in regulating expression of a bone-specific gene.

AML Proteins Are Involved in the Control of
Osteoblast Differentiation

To determine whetherAML proteins regulate
osteoblast differentiation, we designed antisense
oligonucleotides directed against the runt ho-

mology domain for translational arrest of all
AML members present in osteoblasts. A dose-
response curve of 2 µM, 10 µM, and 20 µM
antisense oligonucleotide treatment of primary
rat osteoblasts indicated that 10 µM is suffi-
cient to elicit a response (data not shown). Fig-
ure 4A shows reduced staining of alkaline
phosphatase, amarker of early osteoblast differ-
entiation, following treatment with 20 µM anti-
sense. Secreted osteocalcin levels indicate that
osteocalcin production is substantially de-
creased as a consequence of antisense treat-
ment (Fig. 4B). The number of mineralized
nodules is reduced at day 23 in treated cul-

Fig. 4. Inhibition of the osteoblast phenotype by rhd antisense
oligonucleotides. Rat osteoblast cultures were treated with 20-nt
antisense and scrambled oligonucleotides every 24 h at 20 µM
concentration from days 1–23. A:Alkaline phosphatase–stained
day 23 osteoblast cultures treated with antisense (A,C) or
scrambled (B,D) oligonucleotides.B: Levels of secreted osteocal-
cin (days 16–23) in untreated control and cells treated with

antisense or scrambled oligonucleotides. Osteocalcin levels
were analyzed by radioimmunoassay. Results represent mean6

S.D. of three independent experiments (n 5 3). C: Table show-
ing total number of nodules per 16 mm well in untreated,
antisense, and scrambled oligonucleotide-treated cultures. Data
represent mean 6 S.D. of three experiments (n 5 3) and are
statistically significant (P , 0.05).
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tures, reflecting a block in osteoblast matura-
tion (Fig. 4C). Thus, translational arrest of
AML proteins inhibits three principal markers
of osteoblast differentiation. These findings sup-
port the functional role of rhd transcription
factors in regulating development of the osteo-
blast phenotype.

DISCUSSION

TheAML/CBFA–related transcription factors
have been linked to hematopoiesis [Okuda et
al., 1996; Wang et al., 1996] and to human leu-
kemia where these genes are frequent targets
of chromosomal translocations [Sakakura et al.,
1994; Meyers and Hiebert, 1995; Speck and
Stacy, 1995]. Therefore, past studies focused
primarily on the influences of these factors on
expression of genes in cells of myeloid lineage.
It is evident, however, from recent studies as
well as results presentedhere, that transcriptional
activation mediated by AML proteins is not re-
stricted to cells of the hematopoietic lineage but
extends to cells ofmesenchymal origin [Simeone et
al., 1995; Geoffroy et al., 1995; Merriman et al.,
1995; Banerjee et al., 1996].
In this report we demonstrate a functional

requirement of AML transcription factors for
the completion of osteoblast differentiation.
However, the specificmechanisms and the genes
that are targeted by inhibition of AML expres-
sion remain to be established. We show that
AML-3 is expressed in bone tissue and that its
expression correlates with active osteoblasts
engaged in new bone formation. AML-3 tran-
scripts were detected in calvariae from growing
day 13 rat but not in adult calvariae (data not
shown) which is devoid of new bone formation.
Furthermore, the cancellous bone of the me-
taphysis and epiphysis, which is remodeled
throughout adult life in the rat, expresses
AML-3. Our studies also indicate thatAML-3 is
a major component of the osteoblast-specific
complex that interacts with theAML transcrip-
tion factor binding site. Although the three
AML members can transactivate the OC pro-
moter in transfection assays, the unique proper-
ties of the AML-3 protein may specify its inclu-
sion in transcription factor complexes that
mediate expression of osteoblast-specific genes.
Inhibited development of the osteoblast pheno-
type by antisense-mediated suppression of the
rhd transcription factor family further sup-
ports a major developmental role for these fac-
tors in bone formation.

ACKNOWLEDGMENTS

We thank Casey Capparelli and Elizabeth
Buffone for technical assistance and Dr. S.-C.
Bae (ChungbukNational University, Cheongju,
Korea) for PEBP2aA1 expression plasmid.

REFERENCES

Ausubel FM, Brent R, Kingston RE, Moore DE, Seidman
JG, Smith JA, Struhl K. (1989): ‘‘Current Protocols in
Molecular Biology.’’ NewYork: Greene andWiley.

Banerjee C, Hiebert SW, Stein JL, Lian JB, Stein GS
(1996):AnAML-1 consensus sequence binds an osteoblast-
specific complex and transcriptionally activates the osteo-
calcin gene. Proc Natl Acad Sci U SA93:4968–4973.

Geoffroy V, Ducy P, Karsenty G (1995): A PEBP2a/AML-1–
related factor increases osteocalcin promoter activity
through its binding to an osteoblast-specific cis-acting
element. J Biol Chem 270:30973–30979.

Heinrichs AAJ, Bortell R, Bourke M, Lian JB, Stein GS,
Stein JL (1995): Proximal promoter binding protein con-
tributes to developmental, tissue-restricted expression of
the rat osteocalcin gene. J Cell Biochem 57:90–100.

Hiebert SW, BlakeM,Azizkhan J, Nevins JR (1991): Role of
E2F transcription factor in E1A-mediated transactiva-
tion of cellular genes. J Virol 65:3547–3552.

Hoffmann HM, Catron KM, van Wijnen AJ, McCabe LR,
Lian JB, Stein GS, Stein JL (1994): Transcriptional con-
trol of the tissue-specific, developmentally regulated os-
teocalcin gene requires a binding motif for the Msx fam-
ily of homeodomain proteins. Proc Natl Acad Sci U S A
91:12887–12891.

HoffmannHM, Beumer TL, Rahman S,McCabe LR, Baner-
jee C, Aslam F, Tiro JA, van Wijnen AJ, Stein JL, Stein
GS, Lian JB (1996): Bone tissue–specific transcription of
the osteocalcin gene: Role of an activator osteoblast-
specific complex and suppressor hox proteins that bind
the OC box. J Cell Biochem 61:310–324.

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

Levanon D, Negreanu V, Bernstein Y, Bar-Am I, Avivi L,
Groner Y (1994): AML1, AML2, and AML3, the human
members of the runt domain gene-family: cDNA struc-
ture, expression, and chromosomal localization. Genom-
ics 23:425–432.

Majeska RJ, Rodan SB, Rodan GA (1980): Parathyroid
hormone-responsive clonal cell lines from rat osteosar-
coma. Endocrinology 107:1494–1503.

McCabe LR, Banerjee C, Kundu R, Harrison RJ, Dobner
PR, Stein JL, Lian JB, Stein GS (1996): Developmental
expression and activities of specific fos and jun proteins
are functionally related to osteoblast maturation: Role of
fra-2 and jun D during differentiation. Endocrinology
137:4398–4408.

MerrimanHL, vanWijnenAJ, Hiebert S, Bidwell JP, Fey E,
Lian J, Stein J, Stein GS (1995): The tissue-specific
nuclear matrix protein, NMP-2, is a member of the AML/
CBF/PEBP2/runt domain transcription factor family: In-
teractions with the osteocalcin gene promoter. Biochemis-
try 34:13125–13132.

AML and Osteoblast Differentiation 7



Meyers S, Hiebert SW (1995): Indirect and direct disrup-
tion of transcriptional regulation in cancer: E2F and
AML-1. Crit Rev Eukary Gene Expr 5:365–383.

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

Meyers S, Lenny N, SunW-H, Hiebert SW (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.

Nucifora G, Rowley JD (1995): AML1 and the 8;21 and 3;21
translocations in acute and chronic myeloid leukemia.
Blood 86:1–14.

Ogawa E, Maruyama M, Kagoshima H, Inuzuka M, Lu J,
SatakeM, ShigesadaK, ItoY (1993): PEBP2/PEA2 repre-
sents a family of transcription factors homologous to the
products of the Drosophila runt gene and the human
AML1 gene. Proc Natl Acad Sci U SA90:6859–6863.

Ohki M (1993): Molecular basis of the t(8;21) translocation
in acute myeloid leukaemia. Semin Cancer Biol 4:369–
375.

Okuda T, van Deursen J, Hiebert SW, Grosveld G, Downing
JR (1996): AML1, the target of multiple chromosomal
translocations in human leukemia, is essential for nor-
mal fetal liver hematopoiesis. Cell 84:321–330.

Owen TA, Aronow M, Shalhoub V, Barone LM, Wilming L,
Tassinari MS, Kennedy MB, Pockwinse S, Lian JB, Stein

GS (1990): Progressive development of the rat osteoblast
phenotype in vitro: Reciprocal relationships in expres-
sion of genes associated with osteoblast proliferation and
differentiation during formation of the bone extracellular
matrix. J Cell Physiol 143:420–430.

Rodan GA, Noda M (1990): Gene expression in osteoblastic
cells. Crit Rev Eukary Gene Expr 1:85–98.

Sakakura C,Yamaguchi-IwaiY, SatakeM, Bae SC, Takaha-
shi A, Ogawa E, Hagiwara A, Takahashi T, Murakami A,
Makino K, Nakagawa T, Kamada N, Ito Y (1994): Growth
inhibition and induction of differentiation of t(8;21) acute
myeloid leukemia cells by the DNA-binding domain of
PEBP2 and theAML1/MTG8(ETO)-specific antisense oli-
gonucleotide. Proc Natl Acad Sci U SA91:11723–11727.

Simeone A, Daga A, Calabi F (1995): Expression of runt in
the mouse embryo. Dev Dyn 203:61–70.

Speck NA, Stacy T (1995):Anew transcription factor family
associated with human leukemias. Crit Rev Eukary Gene
Expr 5:337–364.

Towler DA, Rutledge SJ, Rodan GA (1994): Msx-2/Hox 8.1:
A transcriptional regulator of the rat osteocalcin pro-
moter. Mol Endocrinol 8:1484–1493.

Wang Q, Stacy T, Binder M, Marin-Padilla M, Sharpe AH,
Speck NA (1996): Disruption of the Cbfa2 gene causes
necrosis and hemorrhaging in the central nervous sys-
tem and blocks definitive hematopoiesis. Proc Natl Acad
Sci U SA93:3444–3449.

8 Banerjee et al.


