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Cbfal (recently renamed as Runx2) is prerequisite
for the differentiation of osteoblasts that play a cen-
tral role in regulation of bone metabolism. Runx tran-
scription factors belong to Drosophila pair rule gene
“runt” family that also play critical roles during the
development of hematopoietic tissues or insect bodies.
To identify novel sequences related to Runx (Cbfa)
genes, we screened a 11 d.p.c (days postcoitum) mouse
embryonic cDNA library using a probe corresponding
to Runx2 (Cbfal) runt domain and identified a novel
cDNA fragment. This cDNA (521-41) is about 2.4 kb in
length and contains a sequence identical to the
N-terminal half of mouse Runxl (Pebp2aB/Cbfa2/
AML1b) and a novel protein coding sequence in the
C-terminal region. High expression levels of 521-41
mMRNA were observed during the early mouse embry-
ogenesis. In adult mice, 521-41 mMRNA was expressed
ubiquitously in lumbar vertebrae, brain, kidney,
heart, muscle, and ovary. We also found that 521-41
MRNA was constitutively expressed in an osteoblast-
like cell line, MC3T3E1l. These data indicate that
521-41 gene is a novel splicing variant of mouse Runx1
which is expressed in skeletal tissues and osteoblast-
like cells. © 2000 Academic Press

Osteoblasts are considered to play a central role in
regulation of bone metabolism. During the remodeling
cycle, osteoblasts are continuously recruited and,
therefore, control of the differentiation of osteoblasts in
adult bone is critical in maintaining the balance of
bone mass. Runx2 (Cbfal) transcription factor is pre-
requisite for the differentiation of osteoblasts (1-3).

Abbreviations used: Cbfa, core binding factor a; Pebp2, polyoma-
virus enhancer binding protein 2; AML, acute myeloid leukemia; «
MEM, minimum essential medium « modification; PTH, parathyroid
hormone; TPA, 12-O-tetradecanoylphorbol 13-acetate; BMP2, bone
morphogenetic protein 2; FGF, fibroblast growth factor; TGFp,
transforming growth factor .
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Runx2 (Cbfal) belongs to mammalian Runx transcrip-
tion factors that contain a region homologous to the
DNA binding region in a Drosophila pair-rule gene
product, Runt. This region is necessary for Drosophila
larvae to develop (4). Mammalian Runx family con-
sists of three related genes, Runxl, Runx2 and
Runx3, which are also called as Pebp2aB/Cbfa2/AML1
(5-7), Pebp2aA/Osf2/Til-1/Cbfal/AML3 (6, 8—10) and
Pebp2aC/Cbfa3/AML2 (6, 11, 12) respectively. These
mammalian Runx transcription factors are essential
for the development of mouse embryos as the knock out
experiments of these genes result in embryonic or neo-
natal lethality.

Runx2 (Cbhfal) knock out mice die immediately after
birth because of the failure in breathing (1-3). In
Runx2 knock out mice, skeletal patterning was normal
but severe maturational arrest in osteoblasts and
chondrocytes was observed (1, 13). Two major isoforms
of Runx2 have been identified. Pebp2aA/Cbfal was
found in Ras transformed NIH3T3 fibroblast cell line.
This isoform is expressed in various T-cell lines (9).
Pebp2aA/Cbfal binds to enhancer elements of T-cell-
specific genes and is considered to be a regulator of
T-cell development (9). Another isoform, Osf2/Cbfal,
was first identified as a binding protein of osteoblast
specific enhancer element (OSE2) of osteocalcin (8).
High level of Osf2 expression is detected at embryonic
day 11 (E11) in mouse fetus (8). This is the time point
where mouse skeletogenesis begins to occur. In fact,
Osf2 mRNA is expressed in bone precursor cells. A
short isoform of Osf2 (also called as Til-1 (10)), which
starts from the second ATG codon of Osf2 mRNA (14),
is a positive regulator of osteocalcin gene expression in
various mesenchymal cell lines (15, 16). Thus, Osf2 is
considered as a key transcription factor during osteo-
blast differentiation. However, factors upstream to
Osf2 in bone cells have not yet been found.

Cloning and characterization of mouse Runx2 gene
promoter (Osf2 upstream region) revealed the pres-
ence of Runx2 binding sites (OSE2) (17). Mouse Runx1
and Runx2 can bind these elements by gel electromo-
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FIG. 1. Structure and novel 3’-amino acid sequence of clone 521-41. (A) Schematic structures of clone 521-41 and human Runxl
isoforms, Runxla (AML1a), Runxlb (AML1b), Runxlc (AML1c), and Runx1 delta N (AML1 delta N). The coding region is indicated by gray
box. Runt domain and transactivation domains are indicated by underlines. Exon numbers are indicated in each box. (B) Amino acid sequence

of the novel 3'-codiong region of clone 521-41.

bility shift assay and therefore Runx2 regulates its
expression as a positive feedback (18). To search for a
novel Runx gene which may regulate the expression of
Runx2 gene during mouse embryogenesis, we screened
a E11 mouse-embryo-derived cDNA library using a
cDNA fragment of runt domain of mouse Runx2 as a
probe. We identified a novel alternative splicing variant
of mouse Runx1 which is highly expressed during mouse
embryogenesis and lumbar vertebra in adult mice.

MATERIALS AND METHODS

Reagents. 11-day embryonic mouse cDNA library was purchased
from Clontech Laboratories (Palo Alto, CA). Alpha MEM medium
and fetal bovine serum (FBS) were purchased from GIBCO BRL
(Grand Island, NY). Human recombinant BMP2 was kindly supplied
by Genetics Institute (Cambridge, MA).

Plaque hybridization screening. To obtain novel cDNA fragments
containing runt domain, A gt11l mouse embryo-derived cDNA library
was prepared on ten 22 X 22 cm? Luria-Bertani plates and 2 x 10°
plaques were screened after transferring to nylon filters (Gene-
Screen, NEN Research Products, Boston, MA). Filters were hybrid-
ized with a *P-labeled Ncol-Hindlll fragment of mouse Runx2
(Pebp2aAl/Cbfal) cDNA which contains all of runt domain.

Cell culture. Clonal mouse osteoblastic MC3T3E1 cells were
kindly provided by Dr. Kodama (Oh-U University, Japan) and were
maintained in alpha MEM supplemented with 5% FBS at 37°C in a
humidified atmosphere of 5% CO,. To examine the effects of cyto-

kines and hormones on the expression of the cloned gene, the cells
were plated at 3 X 10* cells/cm? one day prior to the treatment and
then the media were replaced next day with fresh ones containing
cytokines, hormones or vehicle.

RNA preparation and Northern blot analysis. Total cellular RNA
from MC3T3E1 cells or mouse tissues was extracted according to
acid guanidine phenol chloroform method (19). Ten micrograms of
total RNA per lane was fractionated in agarose gel (1% agarose, 20
mM MOPS, pH 7, 5 mM sodium acetate, 0.5 mM EDTA, 2.3%
formaldehyde) and was transferred onto nylon membranes (Gene-
Screen, NEN Research Products, Boston, MA). The membranes were
incubated at 42°C for six hours in a hybridization buffer (50% form-
amide, 250 mM sodium phosphate, pH 7.2, 25 mM sodium chloride,
0.5% SDS, 0.2 mg/ml sheared herring sperm DNA, 10% polyethylene
glycol MW 6000, 10X Denhardt’s solution containing 0.4% Ficoll type
400, 0.4% polyvinyl-pyrolidone, 0.4% BSA fraction V). One of the
obtained DNA fragments was labeled with **P-dCTP using BcaBEST
random primer labeling kit (Takara Shuzo Co. Ltd., Tokyo, Japan)
and was used for hybridization. Hybridization was performed at
42°C for 24 h in a fresh hybridization buffer containing 1 x 10°
cpm/ml of the labeled probe. After hybridization, membranes were
rinsed at 65°C for 40 min in 0.2X SSC, 0.5% SDS solution and were
exposed to X-ray film.

RESULTS

Isolation of a Novel cDNA Fragment Containing
Runt Homology Domain

To identify a novel gene of Runx family, we screened
a cDNA library derived from E11 mouse embryo and 12
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independent clones were isolated. Out of the 12 clones,
9 clones were identical to the mouse Runx1, one was
identical to the mouse Runx2 and two clones contained
novel DNA sequences which were found to be linked to
the 3’ end of the runt homology domain. One of the two
clones, named as 521-41, was further analyzed. Anal-
yses of the sequence indicate that 521-41 is about 2.4
kb in length and contains a novel protein coding se-
quence in the C-terminal region (Fig. 1B). This novel
360-bp exon, which we refer to exon 7C, contains a
189-bp protein coding sequence and 171bp 3'UTR. The
conjugation site of this novel mouse sequence, exon 7C,
corresponds to that between exon 6 and exon 7A/exon
7B in human Runx1 (AML1a, 1b, 1c and delta N in Fig.
1A) gene (20). No sequence homologous to this novel
exon 7C has been found in the human Runxl.
N-terminal region of 521-41 contains a sequence iden-
tical to the region corresponding to exon 3 to 6 of mouse
Runx1 (Pebp2aB1l) which is homologous to human
Runxl (AML1b) (20) (Fig. 1A).

Expression of the Clone 521-41 during Embryonic
Development

To examine the possibility that 521-41 gene could be
expressed earlier than Runx2 during embryogenesis,
we performed Northern blot analysis using mRNAs
prepared from mouse embryos at different stages. As
shown in Fig. 2, high expression levels of a 3.8kb
MRNA species which hybridizes to the novel exon 7C
sequence of 521-41 were observed in mouse embryos
on day 6 and 8 postcoitum. Then the levels decreased
on day 12 (Fig. 2).

Expression of the Clone 521-41 in Adult Tissues

Tissue distribution of mMRNA species hybridized to
the full length of cDNA clone 521-41 (probe 1 in Fig.
1A) was examined in adult tissues. Northern blot anal-
ysis using a full size 521-41 indicated that the pres-
ence of four major bands (7.5, 6.3, 3.8, and 2.1 kb)
corresponding to Runxlb (AML1b) and Runxlc
(AML1c) in adult lumbar vertebra (Fig. 3A). These four
bands were also detected in mouse ovary coinciding
with the previous findings on the expression of human
Runxl1 (AML1) (20, 21). Among those four bands, the
7.5-kb species was more abundant in lumbar vertebrae
than that of in ovary. This band corresponds to Runx1b
(Pebp2aB/AML1b) (21), which contains transactiva-
tion domain, exon 7B and 8, and acts as a positive
regulator of target genes containing runt binding se-
quences in their enhancer region.

We further examined the expression of mRNA spe-
cifically hybridized to the novel exon 7C located in the
3’ region of 521-41 (probe 2 in Fig. 1A). As shown in
Fig. 3B, a single 3.8-kb band was detected in various
tissues including bone, brain, heart, kidney, spleen,
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FIG. 2. Northern blot analysis of the mRNA expression of

521-41 during mouse embryogenesis. Northern blot analysis was
performed as described under Materials and Methods. Probe 2 indi-
cated in Fig. 1A was used for hybridization to the RNA prepared from
mouse embryos at days 6, 8, and 12. This probe contains entire exon
7C, which is specific to clone 521-41 and 3'-114 bp of the exon 6
sequence. 28S and 18S rRNA levels serve as control.

ovary and muscle. Among these, the expression level
was slightly high in lumbar vertebra.

Expression and Regulation of Clone 521-41
in Osteoblastic MC3T3EL1 Cells

To elucidate the possibility whether 521-41 tran-
script is expressed in osteoblast-like cells and whether
its expression is regulated by calciotropic cytokines or
hormones, we performed Northern blot analysis. As
shown in Fig. 4A, three major bands (6.3, 3.8, and 2.1
kb) were detected when probe 1 was used as a probe. In
contrast, a single 3.8-kb band was served in control
MC3T3EL1 cells when the novel exon 7C-specific probe
2 was used (Fig. 4B). The intensity of the 3.8-kb band
was relatively strong in the RNA obtained from
MC3T3EL cells cultured in either the presence or ab-
sence of 500 ng/ml BMP2 (Fig. 4B) or other cytokines or
hormones tested (TGF, basic FGF, retinoic acid, vita-
min D3, dexamethasone, PTH or TPA, data not shown).

DISCUSSION

Identification of a Novel 3'-Exon of Mouse
Runx1 Gene

We identified a novel 3’-exon of mouse Runx1. This
exon contains a 189-bp fragment of protein coding se-
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FIG. 3. Northern blot analysis of the 521—-41 transcripts in various adult mouse tissues. Ten micrograms of total RNA samples extracted
from various adult mouse tissues was fractionated and blotted onto nylon membrane. Northern blot analysis was performed as described
under Materials and Methods. (A) Probe 1 indicated in Fig. 1A was used for hybridization. Four bands, about 7.5, 6.3, 3.8, and 2.1 kb in
length, were detected. (B) Probe 2 indicated in Fig. 1A was used for hybridization. This probe contains entire exon 7C, which is specific to
clone 521-41 and 3’-114 bp of the exon 6 sequence. 28S and 18S rRNA levels serve as control.

quence and a 171 bp of 3'UTR fragment conjugated at
exon6/7 boundary. Human Runxl gene contains sev-
eral alternative splicing variants which are classified
into four subfamilies (Runxla (AML1a), Runxlb
(AML1b), Runxlc (AML1c) and Runxl1 delta N (AML1
delta N)) (20). As shown in Fig. 1A, Runx1lb, Runxlc,
and Runx1 delta N contain the same exons in their 3’
region (exons 6 and 7B), while Runxla contains a
unique exon 7A. The novel exon 7C in the clone 521-41
does not have homology to any of the other 3’-exons (7A
and 7B) in previously known Runx1l (AML1) splicing
variants and computer analysis of homology search
(BLAST) did not find any sequences related to this
exon 7C sequence, indicating that 521-41 belongs to a
novel subfamily of Runx1 which we suggest as Runx1d.

Functions of the Runx1 Isoforms

Runx1 knockout mice die between embryonic days
11.5and 12.5 due to hemorrhage in the central nervous
system and lack of erythropoiesis and myelopoiesis in
the liver. Homozygous Runx1-deficient ES cells failed

to contribute to the hematopoiesis in chimeric mice.
Thus, Runx1 is considered to be essential for definitive
hematopoiesis (22, 23). Four major isoforms of Runx1
gene transcripts are produced by alternative splicing of
N-terminal or C-terminal exon (20). Runxl delta N
(AML1 delta N) isoform does not have N-terminal half
of runt domain and Runxla (AML1a) isoform lacks
C-terminal activation domain. Transfection of these
isoforms results in suppression of target gene expres-
sion in 32Dcl3 myeloid cell line or hematopoietic dif-
ferentiation of K562 leukemia cells (20, 24). On the
other hand, hematopoietic defects in Runx1 knock out
mice are rescued by Runxlb (AML1b/Pebp2aB1) iso-
form expressed under the control of Runxl (AML1)-
regulatory sequences through a knock-in approach
(25). Therefore, Runxlb (Pebp2aB1/AML1b) isoform
plays a central role in definitive hematopoiesis.
Function of 521-41 during embryogenesis is not clear
at this point. It has been shown that transactivation
domains of mouse Runxl1 gene exists in exons 7B and 8,
and forced expression of Runxla but not Runx1b inhibits
differentiation of K562 leukemia cells (24). In analogy to
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FIG. 4. Expression of 521-41 in osteoblast-like MC3T3EL cells. Osteoblast-like MC3T3EL cells were cultured in the presence or absence
of 500 ng/ml recombinant human BMP2. Northern blot analysis was performed as described under Materials and Methods. (A) Probe 1
indicated in Fig. 1A was used for hybridization. (B) Probe 2 indicated in Fig. 1A was used for hybridization. 28S and 18S rRNA levels serve

as control.

this observation, a possible function of 521-41 would be
also a negative transcriptional modulator.

Relative Abundance of Runx mRNAs

Ten out of the 12 clones (including 521-41) con-
tained identical sequences to mouse Runxl gene and
one was identical to mouse Runx2 gene. This ratio is
reasonable compared to the relative abundance of the
species in E11 mouse embryos. This observation raises
a possibility that the major population of the positive
regulator of mouse Runx2 gene expression could be
mouse Runx1 family, however, this notion needs fur-
ther elucidation.

Expression of 521-41 in Tissues and Cells

Northern blot analysis of mMRNA species hybridized
to the exon 7C-specific probe obtained from 521-41
clone indicates that a 3.8 kb transcript is expressed
during the early stages of mouse development. Its ex-
pression levels were high on days 6 and 8, but were
down regulated in day 12 embryos indicating the pres-
ence of developmental regulation of the expression.
521-41 is expressed in various adult tissues including

bone such as lumbar vertebra. We also examined the
expression of 521-41 in osteoblast-like cell line,
MC3T3EL, and found that 521-41 was constitutively
expressed in these cells. The abundance of 7.5-kb spe-
cies which corresponds to Runxlb was relatively high
in adult lumbar vertebra. These findings raise a possi-
bility that 521-41 may act as a modulator of Runx1b.
Although further study is needed to elucidate the func-
tion of 521-41 in bone and bone cells, identification of
the novel species of AML1-isoform and its expression
in osteoblasts are intriguing in the light of the impor-
tance of Runx family member, Runx2, as a major reg-
ulatory transcription factor in osteoblasts.
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