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Osteoblast differentiation is regulated by various hormones and local factors such as estrogen,
parathyroid hormone, bone morphogenetic proteins (BMPs) and hedgehogs. Estrogen-
deficiency increases systemic factors that stimulate osteoblast differentiation, resulting in a
high turnover bone remodeling with accelerated bone formation. Parathyroid hormone has di-
verse effects on osteoblast differentiation depending on the exposure time in vitro mediated
through different signal transduction systems. Among local factors, BMPs are the most potent
inducers and stimulators of osteoblast differentiation: BMPs not only stimulate osteoprogeni-
tors to differentiate into mature osteoblasts but also induce non-osteogenic cells to differenti-
ate into osteoblast lineage cells. Sonic and Indian hedgehogs also play important roles in regu-
lation of osteoblast differentiation by interacting with BMPs. Cbfal, a transcription factor be-
longing to the runt-domain gene family, is essential for osteoblast differentiation and bone for-
mation because Cbfal-deficient mice completely lack bone formation due to maturational ar-
rest of osteoblasts. BMPs are important local factors that up-regulate Cbfal expression. The
phenotype of heterozygous Cbfal mutation is similar to that of cleidocranial dysplasia. The in-
timate interaction between the local factors including hedgehogs and BMPs as well as the tran-
scription factor Cbfal play crucial roles in the process of osteoblast differentiation and bone
formation. Further progress in bone research will provide information important not only in
the field of cell biology but also for clinical research of various bone diseases.
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Introduction

Osteoblasts, chondrocytes, myoblasts, and bone
marrow stromal cells including adipocytes are believed to
derive from common mesenchymal progenitors (1-7)
called pluripotent mesenchymal stem cells (5-7). These
progenitors exhibit specific phenotypes depending on the
maturational stages during their differentiation pro-
cesses. In the case of osteoblasts, they express phenotypic
characteristics such as high alkaline phosphatase (ALP)
activity, and synthesize collagenous and non-collagenous
bone matrix proteins including osteocalcin (4). Formation
of mineralized bones is the most important function of os-
teoblasts. This phenotypic expression is regulated by
various hormones including parathyroid hormone (PTH)
(8, 9), 1a, 25-dihydroxyvitamin D, [1a, 25 (OH).D;] (10)
and estrogen (11, 12). Various local factors produced by
osteoblasts also regulate their own differentiation in a
paracrine and/or an autocrine fashion (4). To investigate
the roles of these hormones and local factors in osteoblast

differentiation, various osteoblastic cell lines have been
successfully established (13-17). Experiments using these
in vitro assay systems have contributed to understanding
the regulation of osteoblast differentiation by various
hormones and local factors.

In the process of cell differentiation, many tran-
scription factors are involved in the regulatory mecha-
nism of each cell type, and cell lineage-specific transcrip-
tion factors play crucial roles in determining each cell
fate. These transcription factors have been identified in
several cell lineages such as myoblasts and adipocytes:
MyoD family in myoblasts (18) and PPARYy-2 in adipo-
cytes (19). Recently, three research groups independently
reported that Cbfa 1,which belongs to the runt-domain
gene family, is an essential transcription factor for os-
teoblast differentiation and bone formation (20-22).

This review describes recent advances regarding
the mechanism of osteoblast differentiation and its regu-
lation by the systemic factors and local factors including
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estrogen, parathyroid hormone (PTH), bone morphoge-
netic proteins (BMPs), hedgehogs, and the transcription
factor Cbfal.

1. Differentiation of osteoblasts

Osteoprogenitors are present in both skeletal and
extraskeletal tissues in the post-natal state. In the skele-
tal tissues, osteoprogenitors locate in bone marrow and
the periosteum. Friedenstein and colleagues first demon-
strated that bone marrow cells harvested from confluent
in vitro cultures of marrow cells retained the ability to
form bones when cultured in vivo within diffusion cham-
bers (23). They also showed that single cell-derived fibro-
blastic colonies, which have been called colony forming
units-fibroblastic (CFU-F), retained osteogenic potential.
Intermittent injection of PTH increased the number of
CFU-F, which explain a potential mechanism involved in
an anabolic effects of PTH on bone mass (24). The osteo-
genic potential of the periosteum was also shown by sev-
eral experiments. Using [*H]-thymidine as a tracer,
Tonna et al. demonstrated that the cells locating in the
outer layer of the periostium differentiated mature os-
teoblasts and osteocytes (25). Periosteum or periosteum-
derived cells generate bone nodules in vitro cultures (26).
Transplantation of BMPs into muscle or subcutaneous
sites induced ectopic bone formation (27, 28), indicating
that osteoprogenitors are also present at extraskeletal
sites. The characteristics of osteoprogenitors, which are
present in bones and at extraskeletal sites, have not been
fully determined. Identification of specific markers for os-
teoprogenitors is necessary to investigate the nature of
osteoprogenitors.

II. Useful cell lines for analyzing the differentiation
pathway of osteoblasts in vitro
Cell lines that reflect the different stages of matu-
ration during osteogenesis are important tools for investi-
gating the mechanism of osteoblast differentiation. Al-
though many cell lines useful for such investigations
have been established, we have used several cell lines for
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investigating osteoblast differentiation in vitro (Table 1).

Among these cell lines, C3H10T1/2 clone 8 (C3H10
T1/2) cells, a fibroblastic cell line isolated from an early
mouse embryo, have characteristics corresponding to
multipotent mesenchymal progenitors. This cell line is
multipotent and can differentiate into various mesenchy-
mal cells including chondrocytes, myoblasts and adipo-
cytes by the treatment with 5-azacytidine (1). C3H10T1/2
cells also differentiate into osteoblasts in response to
BMPs (16, 29-31). Cell lines possessing the characteris-
tics of mesenchymal progenitors were also isolated from
the skeletal tissue of newborn rats. ROB-C26 cells ex-
pressed only a low level of osteoblast phenotypes, but
generated myotubes after reaching confluence and adipo-
cytes following treatment with dexamethasone (3). The
developmental potential of this cell line is similar to that
of RCJ 3.1, which is capable of differentiating into chon-
drocytes in addition to osteoblasts, adipocytes and myo-
tubes (2, 32). Successful isolation of these clonal cell lines
from skeletal tissues indicates that the multipotent pre-
cursor cells which are capable of differentiating into os-
teoblasts, chondrocytes, adipocytes and myoblasts are
present in bone tissues.

MC3T3-E1 is a clonal osteoblastic cell line isolated
from calvaria of a late stage mouse embryo (15). This is a
monopotent cell line, differentiating into only osteoblast
lineage cells. MC3T3-E1 cells express various osteoblast
phenotypes including formation of mineralized bone nod-
ules in a long-term culture.

Bone formation is the most important function of
osteoblasts. Osteoblastic cells isolated from the calvariae
of newborn rats (33) or the bone marrow of adult rats (34)
(primary osteoblasts) provide a suitable model to explore
the bone formation process in vitro, because these cells
generate numerous mineralized bone nodules when cul-
tured in the presence of B-glycerophosphate and ascorbic
acid. Since only a limited number of clonal cell lines re-
tain the capacity to form mineralized bones in vitro, pri-
mary osteoblasts are important tools for analyzing the
differentiation process of osteoblasts from osteoprogeni-

Table 1: Characteristics of cultured cells for analyzing the differentiation of osteoblasts in vitro

Characteristics

Name of cells Origin
C3H10T1/2 clone 8 Early mouse embryo
ROB-C26 Newborn rat calvariae
MC3T3-E1 Calvariae of mouse embryos
ST2 Bone marrow of adult mouse
C2C12 A subclone isolated from parental C2

myoblasts, which were isolated
from the regenerating thigh muscle
of an adult mouse
Primary osteoblastic
cells isolated from
calvariae

born
rats

Calvariae from late embryos or new-

A multipotential cell line, which can differentiate into
osteoblasts, chondrocytes, myotubes and adipocytes
on treatment with BMPs.

An osteoblast cell line, which can differentiate into
myotubes and adipocytes.

A cell line, which can only differentiate into
osteoblasts.

A bone marrow stromal cell line which can
differentiate into osteoblasts on treatment with BMPs.
A myogenic cell line, which can differentiate

into osteoblasts on treatment with BMPs.

These cells are a mixed population of several cell types,
but retain various osteoblastic phenotypes including bone-
nodule formation.
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tors to bone-forming mature osteoblasts (35, 36).

The osteogenic potential of bone marrow stromal
cells has been demonstrated. We used two bone marrow-
derived cell lines, ST2 (37) and MC3T3-G2-PA6 (PA6)
(38), to investigate the potential to differentiate into os-
teoblasts. These cell lines had preadipocytic properties
and retained the capacity to support hemopoiesis includ-
ing osteoclastogenesis.

Transplantation of BMPs into muscular sites in-
duced ectopic cartilage and bone formation (27, 28, 39).
These findings suggest that muscular tissues contain
osteo-chondrogenic progenitor cells, and BMPs alter the
differentiation pathway of myogenic cells into osteo-
chondrogenic lineage cells. Thus, myogenic cells are also
useful tools for investigating the regulatory mechanism
of osteoblast differentiation. We used C2C12 myoblasts
for this purpose (40). C2C12 cells are believed to have
originated from satellite cells, which are mononucleated
cells lying along the muscle fibers in normal tissue, and
are present throughout adult life as a potential source of
new myoblasts. When muscles are injured or subjected to
dystrophic stimuli, the satellite cells are initiated to di-
vide and differentiate into myoblasts and fuse to form
muscle fibers. These characteristics suggest that the sat-
ellite cells may be responsible for ectopic bone formation
induced by BMPs in muscular tissues.

IT1. Systemic factors that regulate osteoblast differ-
entiation
1. Estrogen-deficiency increases systemic factors that ac-
celerate bone formation

An estrogen deficiency induces a high turnover of
bone remodeling, in which the accelerated bone resorp-
tion and formation simultaneously occur. In order to in-
vestigate the pathogenesis of accelerated bone formation
in estrogen deficiency, we conducted several in vitro and
in vivo experiments (41). We first transplanted diffusion
chambers containing osteoblast-like cells isolated from
newborn rat calvariae into the peritoneal cavity of sham-
operated (sham), ovariectomized (OVX) rats and OVX
rats with supplement of 17B-estradiol (OVX+E2). Bone
formation in the diffusion chambers transplanted into
OVX rats was more accelerated than that transplanted
into sham rats and OVX+E2 rats, as judged by morpho-
logical and biochemical analysis. Osteoblast-like cells cul-
tured with the sera isolated from OVX rats exhibited
higher levels of the DNA content in the culture wells, al-
kaline phosphatase activity, mRNA expression for alka-
line phosphatase and osteocalcin, calcium content in the
cell layer, and formation of bone-like nodules than those
exposed to the sera from sham rats and OVX+E2 rats.
Antibody against IGF-I almost completely inhibited the
increase in DNA contents induced by the sera isolated
from OVX rats, but partially inhibited alkaline phos-
phatase activity. Adding IGF-I to the sera isolated from
sham rats increased the DNA content to the same extent
as that induced by the supplement with the sera from
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OVX rats, but did not increase alkaline phosphatase ac-
tivity appreciably. Addition of various concentrations of
17B-estradiol, IL-1 and IL-6 to the sera isolated from
sham rats did not increase the DNA content or ALP activ-
ity in the osteoblast-like cells. These results indicate that
some systemic factor(s) other than IGF-I, IL-1 and IL-6
may be responsible for the stimulative effect on os-
teoblast differentiation in the pathogenesis of the acceler-
ated bone formation induced by estrogen deficiency in
rats.

2. The mechanism of stimulatory effects of PTH on os-
teoblast differentiation

In 1929, 4 years after the discovery of PTH, Bauer
et al . (42) reported for the first time that subcutaneous
injection of parathyroid extract stimulated bone forma-
tion in rats. In 1976, Reeve et al . (43) attempted clinical
application of the synthetic fragment of human PTH
[PTH(1-34)], in which they found an anabolic effect of the
hormone in 4 patients with postmenopausal osteoporosis.
To date, a number of in vivo trials have been conducted to
explore the anabolic effect of PTH in bone metabolism (44
-46). Among these, experiments using intact and os-
teopenic animals have demonstrated that intermittent
administration of PTH increases bone mass, whereas
continuous infusion causes a decrease (44-46). The in-
crease in bone mass by the intermittent administration
was associated with the parameters of elevated bone for-
mation analyzed by bone histomorphometry. Continuous
infusion of PTH caused osteopenia probably due to
greater acceleration of bone resorption than bone forma-
tion. Thus, PTH has diverse effects on bone depending on
the mode of administration. To investigate the mecha-
nism of the anabolic effects of PTH on osteoblast differen-
tiation, we conducted in vitro experiments (47). Os-
teoblastic cells isolated from newborn rat calvariae were
cyclically treated with PTH (1-34) for the first few hours
of each 48-hour incubation cycle. When osteoblastic cells
were intermittently exposed to PTH only for the first 1
hour of each 48-hour incubation cycle and cultured for
the remainder of the cycle without the hormone, os-
teoblast differentiation was inhibited by suppressing al-
kaline phosphatase activity, bone nodule formation, and
mRNA expression of alkaline phosphatase, osteocalcin
and PTH/PTHrP receptor. Experiments using inhibitors
and stimulators of cAMP/PKA and Ca®/PKC demon-
strated that cAMP/PKA was the major signal transduc-
tion system in the inhibitory action of PTH. In contrast,
the intermittent exposure to PTH for the first 6 hours of
each 48-hour cycle stimulated osteoblast differentiation.
Both cAMP/PKA and Ca*/PKC systems appeared to be
involved in this anabolic effect. Continuous exposure to
PTH during the 48-hour incubation cycle strongly inhib-
ited osteoblast differentiation. Although both cAMP/PKA
and Ca®/PKC were involved in the effect of continuous
exposure to PTH, they appeared to act independently. A
neutralizing antibody against IGF-I blocked the stimula-
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tory effect on alkaline phosphatase activity induced by
the 6-h intermittent exposure. The inhibitory effect in-
duced by the 1-hour intermittent exposure was not af-
fected by anti-IGF-I antibody. These results suggest that
PTH has diverse effects on osteoblast differentiation de-
pending on the exposure time in vitro mediated through
different signal transduction systems. These in vitro find-
ings explain at least in part the in vivo action of PTH
that varies with the mode of administration.

IV. Local factors that regulate osteoblast differen-
tiation
1. Bone morphogenetic proteins (BMPs)

Urist reported that implantation of decalcified bone
matrix into muscular tissues induced new ectopic bone
formation associated with endochondral bone formation
(27). He named the factor contained in the decalcified
bone matrix BMP(48). A number of investigators at-
tempted to isolate BMP from the decalcified bone matrix
(49-51), but it was very difficult to obtain BMP as a single
protein until the late eighties. In 1988, Wozney et al . (28)
first cloned four cDNAs for human BMPs [BMP-1, BMP-2
A (BMP-2), BMP-2B (BMP-4) and BMP-3]. At present, at
least 15 BMPs have been cloned, and these belong to
TGF-B superfamily with the exception of BMP-1 (52). Re-
combinant proteins of several BMPs with the ability to
induce ectopic bone formation in vivo have been success-
fully generated (28, 39, 53-55). Several research groups
including ourselves have examined the effects of recombi-
nant human BMPs (rhBMPs) on the differentiation of
skeletal mesenchymal cells using various types of cells in
vitro. Recombinant human BMPs are expected to be po-
tent local factors that promote bone formation in bone de-
fects, fracture repair and periodontal diseases.

In addition to bone formation, BMPs exert impor-
tant functions in mesodermal induction (56, 57), organo-
genesis (58, 59) including skeletal tissue formation, and
pattern formation in vertebrate development.

A. Role of BMPs in differentiation of multipotent mesen-
chymal cells

Untreated control C3H10T1/2 cells expressed no or
extremely low levels of specific phenotypes related to os-
teoblasts, chondrocytes, myoblasts and adipocytes (16).
BMP-2 strongly increased ALP activity, which is an early
marker of osteoblasts, and parathyroid hormone (PTH)-
dependent cAMP production in this cell line (16). Al-
though control C3H10T1/2 cells produced no osteocalcin,
a marker appearing at the later stage of osteoblast differ-
entiation, BMP-2 and BMP-7 induced osteocalcin produc-
tion by C3H10T1/2 cells (29, 30). These results indicate
that BMP-2 and BMP-7 induce C3H10T1/2 cells to differ-
entiate into osteogenic lineage cells. In addition, these
BMPs induced C3H10T1/2 cells to differentiate into not
only osteoblasts but also chondrocytes (29, 30). Ahrens et
al . (31) also demonstrated that transfection of cDNAs en-
coding human BMP-2 and BMP-4 into C3H10T1/2 cells
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induced the cells to differentiate into both osteoblasts
and chondrocytes. These results suggest that BMPs are
potent inducers of osteo-chondrogenic differentiation of
non-osteogenic pluripotent mesenchymal cells. BMPs
also induced C3H10T1/2 cells to differentiate into adipo-
cytes (29, 30).

B. Role of BMPs in differentiation of osteoblast lineage
cells

ROB-C26 is an osteoblast precursor cell line that is
also capable of differentiating into myotubes and adipo-
cytes (3). This cell line expresses a low level of ALP activ-
ity and PTH-dependent ¢cAMP production, and shows no
osteocalcin synthesis under control culture conditions.
BMP-2 stimulated ALP activity and PTH-dependent
cAMP production, and induced osteocalcin synthesis in
ROB-C 26 cells (17). Gitelman et al . (60) reported that
overexpression of BMP-6 accelerated osteoblast differen-
tiation in ROB-C26 cells, and this effect was antagonized
by the addition of a neutralizing antibody against BMP-6.
Nishitoh et al . (54) also demonstrated that growth/differ-
entiation factor-5 (GDF-5), a member of the BMP family,
stimulated ALP activity in ROB-C26, which was medi-
ated by BMP receptor (BMPR)-IB and BMPR-II.

BMP-2 and BMP-7 promoted osteoblastic MC3T3-E
1 cells to differentiate into mature osteoblasts by increas-
ing ALP activity, PTH-responsiveness and osteocalcin
production (61, 62). IL-1p synergistically increased BMP-
2-induced ALP activity in MC3T3-E1 cells, but TNF-« in-
hibited BMP-2-induced ALP activity in this cell line (62),
suggesting that various cytokines modulate the action of
BMP. Thus, it is likely that BMPs stimulate osteopro-
genitors and immature osteoblastic cells to differentiate
into mature osteoblasts.

To investigate the roles of BMPs in formation of
bone nodules, we investigated the distributions of BMPs
and their receptors in osteoblastic cells isolated from
newborn rat calvariae (36). In situ hybridization studies
detected strong signals for BMP-2 and BMP-4 mRNAs in
bone nodule-forming cells, but not in the cells located in
inter-nodular regions. In addition, immunohistochemical
analysis using an antibody reactive with both BMP-2 and
BMP-4 demonstrated that positive cells first appeared in
unmineralized nodules, and were then localized preferen-
tially in mineralized nodules at a later stage in culture.
Harris et al . (35) demonstrated by Northern blotting
analysis that not only BMP-2 and BMP-4 but also BMP-6
mRNAs were expressed during bone nodule formation by
osteoblasts isolated from fetal rat calvariae. The maximal
levels of expression of each BMP mRNA coincided with
the formation of mineralized bone nodules. These results
suggested that several BMPs are involved in the mecha-
nism of bone nodule formation in in vitro osteoblast cul-
ture. Hughes et al . (63) compared the effects of BMP-2,
BMP-4 and BMP-6 on the formation of bone nodules by
rat calvaria-derived osteoblastic cells; BMP-2 was less
potent than BMP-4 and BMP-6 in this assay system. Re-
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cently, Boden et al . (64) reported that glucocorticoid-
induced formation of bone nodules in fetal rat calvarial
osteoblasts was mediated by BMP-6: glucocorticoids pref-
erentially increased expression of BMP-6 mRNA, and the
antisense oligonucleotide BMP-6
strongly inhibited formation of bone nodules. We demon-
strated that BMP receptors such as BMPR-IA, BMPR-IB
and BMPR-II were preferentially expressed at the sites of

corresponding to

nodule formation in calvarial culture (36). Taken to-
gether, these observations indicate that BMPs play im-
portant roles in the process of bone nodule formation
through their receptors in a paracrine and/or autocrine
fashion.

C. Role of BMPs in differentiation of bone marrow stromal
cells

Thies et al . (65) first reported that BMP-2 induced
the bone marrow derived cell line W-20-17 to express os-
teoblast phenotypes using an in vitro culture system. We
investigated the effects of BMPs on osteoblast differentia-
tion in ST2 (37) and PA6 (38) cells (66), which are well-
characterized bone marrow-derived clonal cell lines. Nei-
ther ST2 nor PA6 cells exhibited features typical of os-
teoblast phenotype under control cultures. BMP-2, BMP-
4 and BMP-6 induced ST2 cells to express osteoblast phe-
notypes such as elevated levels of ALP activity, the PTH-
dependent production of cAMP and the synthesis of os-
teocalcin (66). More importantly, ST2 cells generated
mineralized bones in diffusion chambers, when they were
transplanted into peritoneal cavity of athymic mice with
rhBMP-2 (Fig. 1) (66). In contrast, the stimulatory effects
of these BMPs on ALP activity and PTH-dependent pro-
duction of cAMP were weaker in PA6 cells than in ST2
cells. No apparent bone formation was observed when PA
6 cells were transplanted into athymic mice using diffu-
sion chambers with thBMP-2. BMPs failed to induce the
synthesis of osteocalcin in PA6 cells (66). These results

Fig. 1: Histology of ST2 cells after transplantation into the peri-
toneal cavities of athymic mice in diffusion chambers (66).
ST2 cells transplanted without BMP-2 formed only fi-
brous connective tissue in the diffusion chamber (A), but
the cells transplanted with BMP-2 generated mineral-
ized bone in the diffusion chamber (B). The sections were
stained by von Kossa’s method and counterstained with
hematoxylin.
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indicated that the effects of BMPs on osteoblast differen-
tiation of bone marrow stromal cells differ in each cell
line. The stimulatory effects of BMP-2 on osteoblastic dif-
ferentiation were also demonstrated in human bone mar-
row stromal cells (67).

Adipocytes are derived from common progenitors
with osteoblasts. Chen et al . (68) investigated the roles of
BMPRs in the process of BMP-induced differentiation of
osteoblasts and adipocytes using 2T3 cells, which were
derived from the calvariae of a transgenic mouse express-
ing T antigen driven by the BMP-2 promoter. BMP-2 in-
duced this cell line to differentiate into mature os-
teoblasts or adipocytes. Overexpression of a kinase
domain-truncated BMPR-IB in 2T3 completely inhibited
osteoblast differentiation in this cell line, and the de-
creased level of ALP activity in the 2T3 cells with the
truncated BMPR-IB was rescued by transfection with
wild-type BMPR-IB. In addition, overexpression of consti-
tutively active BMPR-IB induced formation of bone in 2T
3 cells in the absence of BMP-2. In contrast, overexpres-
sion of a kinase domain-truncated BMPR-IA blocked adi-
pocyte differentiation, and transfection of constitutively
active BMPR-IA induced adipocyte differentiation in 2T3
cells. These results suggested that BMPR-IA and BMPR-
IB have different functions in the differentiation of os-
teoblasts and adipocytes in 2T3 cells: BMPR-IB is the
major receptor involved in osteoblast differentiation and
BMPR-IA is the major receptor for adipocyte differentia-
tion. As described below, however, an important role of
BMPR-IA has been demonstrated in the process of BMP-
2-induced osteoblast differentiation in C2C12 myoblasts
(69). Grimble et al . (70) also reported that BMP-2 and
BMP-4 inhibited adipocyte differentiation by bone mar-
row stromal cells. Further studies are necessary to deter-
mine the precise roles of BMPs in the differentiation of
adipocytes.

D. Role of BMPs in differentiation of myogenic cells

ROB-C 26, which is an osteoblast precursor cell line
with the capacity to differentiate into myogenic cell (3), is
suitable for exploring the regulatory mechanism of action
of BMPs on myogenic cell differentiation. Using this cell
line, we first demonstrated that BMP-2 inhibited myo-
genic differentiation (17). BMP-2 also inhibited myotube
formation in L6 myoblasts, which originated from skele-
tal muscle, but failed to induce this cell line to differenti-
ate into osteogenic or chondrogenic lineage cells (17).

To further investigate the regulatory mechanism of
myogenic differentiation by BMP-2, Katagiri et al . (40)
used C2C12 myoblasts, which originated from muscular
tissue satellite cells. Interestingly, BMP-2 inhibited ter-
minal differentiation of C2C12 cells and converted them
into osteoblast lineage cells (40). The inhibitory effects of
BMP-2 on myotube formation and the promotion of differ-
entiation into osteoblast lineage cells were also identified
in primary muscle cells isolated from newborn mice (40).
In the process of myogenic inhibition of C2C12 cells, BMP
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-2 strongly down-regulated the levels of expression of
mRNAs encoding MyoD and myogenin, which are critical
transcription factors regulating myogenic differentiation,
by suppressing the transcriptional activity of these myo-
genic factors in C2C12 cells (40, 71). Wild-type C2C12
cells expressed BMPR-IA and BMPR-II mRNAs, but not
BMPR-IB mRNA (69). To explore the signal transduction
pathway involved in the effects of BMP-2, Namiki et al .
(69) established a subclonal cell line of C2C12 that stably
expressed a kinase domain-truncated BMPR-IA. This cell
line generated numerous myotubes but failed to differen-
tiate into ALP-positive cells after treatment with BMP-2.
When wild-type BMPR-IA was transiently transfected
into the BMPR-IA mutant cells, BMP-2 inhibited myo-
genic differentiation and induced ALP-positive cells.
BMP-2 did not induce ALP-positive cells in BMPR-IA mu-
tant cells transfected with wild-type BMPR-IB. These re-
sults suggest that BMP-2 signals in inhibiting myogene-
sis and inducing osteoblast differentiation are transduced
via BMPR-IA, at least in C2C12 cells. Interestingly, Aki-
yama et al . (72) demonstrated that C2C12 cells stably
transfected with constitutively active BMPR-IB exhibited
osteoblast phenotypes, but did not express myogenic phe-
notypes. These results suggest that a common signal
transducer (s) is involved in the signal transduction path-
way via BMPR-IA and BMPR-IB during differentiation of
C2C12 cells. Smads play important roles in the signal
transduction pathway of ligands belonging to the TGF-§
superfamily (73). C2C12 cells constitutively expressed
Smadl, Smad2, Smad4 and Smad5 mRNAs (74).
Yamamoto et al . (74) demonstrated that Smadl and
Smad5, which belong to the R-Smad family and mediate
BMP signaling, are involved in the process of myogenic
inhibition and induction of osteoblast differentiation in C
2C12 cells. Nishimura et al . (75) also reported that the
activation of Smad5 and subsequent formation of the
complex of Smad5 and Smad4 were key steps in the proc-
ess of BMP-2-induced osteoblast differentiation in C2C12
cells.

Thus, BMPs play important roles in the differentia-
tion processes of several mesenchymal cells. Further
studies including signal transduction systems of BMPs
are needed to clarify molecular mechanism underlying
differentiation process of mesenchymal cell lineages.

2. Sonic and Indian hedgehogs
A. Sonic and Indian hedgehogs are involved in skeleto-
genesis

The gene hedgehog (hh) is a segment polarity gene
regulating embryonic segmentation and patterning in
Drosophila and is highly conserved in vertebrates (76). In
higher vertebrates, the Hedgehog gene family consists of
at least three members, Sonic, Indian, and Desert hedge-
hog (Shh, Thh, and Dhh, respectively) (76). Shh has mul-
tiple functions during formation of various organs and
tissues including formation of skeletal tissues in verte-
brae and limbs (77). The phenotypes observed in Shh
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knockout mice, which include complete lack of vertebrae
and partial defects of autopods, support the importance of
Shh in skeletogenesis (77). These results suggested that
Shh mutations cause some malformations in humans. In-
deed, the similarity of forebrain development between
Shh mutant mice and cases of human holoprosencephary
with SHH mutation is reported (78-80). In addition, mu-
tation of human PATCHED , which encodes a transmem-
brane protein that negatively regulates Shh signaling in
target cells, causes the human autosomal disease termed
nevoid basal cell carcinoma syndrome (81). Developmen-
tal skeletal abnormalities and a high risk of various
forms of cancers, mainly basal cell carcinoma, character-
ize this syndrome : Mutations in the human SHH gene
and genes that encode components of its downstream in-
tracellular signaling pathway also cause three distinct
congenital disorders : Greig syndrome, Pallister-Hall
syndrome and isolated postaxial polydactyly (82). Thus,
SHH signaling is involved in the pathogenesis of several
diseases including those of skeletal tissues in humans.

Ihh is expressed in cartilage during skeletogenesis
(83), and regulated chondrocyte differentiation through
regulation of PTHrP in chicken embryos (84). The
hedgehog-responsive genes Patched (hedgehog receptor)
and GIli (transcriptional factor) were highly expressed in
the perichondrium (84, 85), where subsequent bone for-
mation occurred. These results suggested that the target
cells for Ihh locate in the perichondrium, and that Ihh in-
duces adjacent perichondrial cells to differentiate into
bone-forming osteoblasts. Since Shh and Thh have similar
functions in chondrocyte differentiation (84, 86), these
hedgehog proteins might be involved in osteoblast differ-
entiation.

The hedgehog family retains structural and func-
tional similarities between Drosophila and vertebrates.
In Drosophila, a major role of hedgehog signaling is the
activation of additional signals including Dpp, which is a
homologue of vertebrate BMP, and wingless. Laufer et al.
(87) reported that Shh is capable of regulating the ex-
pression of BMP-2 in chicken limb buds because BMP-2
mRNA was expressed adjacent to Shh-expressing cells
and the ectopic transplantation of Shh-expressing cells
induced BMP-2 expression in the cells around the trans-
planted cells. Bitgood et al . (83) showed an intimate cor-
relation between the expression of mouseShh/Thh genes
and BMPs in various tissues. These findings prompted us
to investigate whether Shh and Ihh are involved in os-
teoblast differentiation by a mechanism involving BMPs.

2. Regulation of osteoblast differentiation by hedgehogs
To investigate the roles of Shh in osteoblast differ-
entiation, we first examined the effects of conditioned me-
dia collected from Shh- or Ihh-overexpressing chicken
embryonic fibroblasts on differentiation of C3H10T1/2
and MC3T3-E1 cells (88). Addition of the conditioned me-
dia obtained from Shh-overexpressing chicken embryonic
fibroblast cultures into C3H10T1/2 and MC3T3-E1 cells
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significantly increased ALP activity (88). Nakamura et al.

(89) also demonstrated that conditioned media from Ihh-
overexpressing chicken embryonic fibroblasts increased
ALP activity in C3H10T1/2 cells. Although no apparent
increases were observed in BMP-2, BMP-4 or BMP-6
mRNAs in these cells after treatment with each condi-
tioned medium, the increase in ALP activity induced by
the conditioned media of Shh- or Ihh-overexpressing cells
was abolished by addition of soluble BMPR-IA (Yuasa T
and Yamaguchi A, unpublished data), which antagonized
the action of BMP on osteoblast differentiation in vitro
(90). The conditioned media of Shh-overexpressing
chicken embryonic fibroblasts also increased the level of
osteocalcin mRNA expression in MC3T3-E1 cells. These
results suggested that Shh and Ihh induce osteoblast dif-
ferentiation, and that BMPs are involved in the mecha-
nism of action of hedgehogs. Recently, a cooperative ac-
tion of Shh and BMP-7 was reported in the induction of
forebrain ventral midline cells by prechordal mesoderm
(91). Nakamura et al . (89) also demonstrated that recom-
binant Shh (rShh) synergistically stimulated BMP-2-
induced ALP activity in C3H10T1/2 cells. Recently, Mur-
taugh et al . (92) reported that chondrogenesis of somitic
tissues are regulated by intimate interaction between
Shh and BMPs.

To investigate whether Shh induce ectopic bone for-
mation, we transplanted Shh-overexpressing chicken fi-
broblasts cultured on type I collagen gels into intramus-
cular sites in athymic mice (88). Endochondral bone for-
mation was induced at the site of transplantation. We
also confirmed that chicken embryonic fibroblasts used
for transplantation expressed low levels of mRNAs encod-
ing BMP-2 and BMP-4. Taken together, these observa-
tions indicate that ectopic endochondral bone formation
induced by transplantation of Shh-overexpressing
chicken embryonic fibroblasts may be due to the syner-
gistic effects of Shh and BMPs, which are produced by the
fibroblasts. Further studies using recombinant SHH are
necessary to determine the precise interaction between
Shh and BMPs in osteoblast differentiation and bone for-
mation during not only normal development as well as
fracture repair. Such a study is ongoing in our laboratory.

V. Cbfal is an essential transcription factor that
regulates osteoblast differentiation and bone
formation

1. Identification of osteoblast-specific transcription factor

Osteocalcin gene is expressed only in osteoblasts
with the exception of megakaryocytes (93). Three
osteocalcin genes occur in mice (94). Two of these, os-
teocalcin gene 1 (OG1) and osteocalcin gene 2 (OG2), are
expressed only in bone. Another gene, osteocalcin-related
gene (ORQ), is not expressed in bone but only in the kid-
ney. Many investigators have analyzed the regulatory
mechanism of osteocalcin genes to find osteoblast-specific
transcription factors.

Karsenty and colleagues identified two distinct

Oral Med Pathol 5(2000) 7

DNA sequences, osteoblast-specific cis-acting element 1
(OSE1) and osteoblast-specific element 2 (OSE2), in the
promoter of the mouse osteocalcin gene (0OG2) (95, 96).
Karsenty’s group and Stein’s group independently identi-
fied a candidate transcription factor, which bound to OSE
2 in mouse and rat osteocalcin genes in osteoblast nu-
clear extracts (96, 97). The OSE2 sequence was identical
to the consensus binding sequence of Chfa (core binding
factor), which is also called Pebp2a (polyoma enhancer
binding protein). Karsenty and colleagues named this
transcription factor osteoblast-specific transcriptional
factor 2 (OSF2) (96). Ducy et al . (20) showed that OSF2
was identical to Cbfal, also called Pebp20A or AML3,
and that Cbfal/OSF2 was bound to OSE2 and regulated
the expression of various genes expressed in osteoblasts
such as osteocalcin and type I collagen. They also demon-
strated that overexpression of Cbfal/OSF2 in non-
osteogenic cells such as C3H10T1/2 cells and skin fibro-
blasts induced them to express osteoblast-related genes
(20). These results indicate that Cbfal/OSF2 plays a cru-
cial role in osteoblast differentiation.

2. Cbfal-deficient mice completely lack bone formation
due to maturation arrest of osteoblasts

Komori et al . generated Cbfal-deficient mice by
disruption of exon 1 of the Cbfal gene, which contained
the first 41 amino acids of the runt-domain (21). A few
newborn mice of homozygout mutation of Cbfal (Cbfal™)
were delivered but soon died due to respiratory insuffi-
ciency. On embryonic day 18.5 (E18.5), however, homozy-
gous embryos were alive with the frequency predicted by
Mendelian law.

Soft X-ray examination of the wild-type embryos at
E18.5 revealed that all skeletons were well calcified (Fig.
2). In Cbfal” embryos at E18.5, however, parts of the
tibia, radius, and vertebrae were weakly calcified, and no
calcification occurred in the skull, mandibula, humerus

Fig. 2: Soft X-ray of E18.5 wild-type (+/+) and Cbfal-deficient (-
/-) embryos. Wild-type embryo exhibits well calcified
skeletons, but mutant embryo has a barely calcified
skeleton.
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Regulatory mechanism of osteoblast differentiation and bone formation

Fig. 3: Histology of calvariae of E18.5 wild-type (A) and CbfaI-deficient (B) embryos. These undecal-

cified sections were stained by ALP and von Kossa’s method. Cells stained blue represent
ALP-positive cells, and matrices stained black represent calcified matrices. Note that there
are no calcified matrices in Cbfal-deficient mice.

and femur (Fig. 2). Histological examination revealed
that the tibia and femur in E18.5 wild-type embryos con-
sisted of cartilaginous epiphyses and a bony diaphysis. In
the diaphysis, well-calcified bones were observed in the
cortical and metaphysial regions. In E18.5 Cbfal” em-
bryos, the middle part of the tibia remained as calcified
cartilage without formation of the bone marrow cavity.
Although ALP-positive cells appeared in the perichon-
drial region of the calcified cartilage, no bone was formed.
The midportion of the femur in E18.5 mutant mice re-
mained as uncalcified cartilage, and no ALP-positive cells
were found in the perichondrial region. Well-calcified
bones were formed between brain and subcutaneous con-
nective tissues at the calvariae of E18.5 wild-type em-
bryos (Fig. 3A). The bone surface was covered with nu-
In E18.5 Cbfal-
deficient embryos, only a thin layer of the fibrous connec-
tive tissue was observed between the brain and subcuta-
neous connective tissue (Fig. 3B). ALP-positive cells were
detected in the fibrous connective tissues, but no calcified

merous ALP-positive osteoblasts .

bone was observed. These results demonstrate a lack of
ossification in Cbfal-deficient mice. Similar skeletal
changes in Cbfal-deficient mice were reported by Otto et
al.(22).

Ducy et al. (20) demonstrated that BMP-7 induced
expression of OSF2/Cbfal mRNA prior to induction of
osteocalcin mRNA. These results suggest that OSF2/Cbfa
1is involved in BMP-induced osteoblast differentiation,
and also in the signaling pathway of BMP. On the other
hand, we found that calvaria-derived cells isolated from
Cbfal-deficient embryos increased production of osteocal-
cin in response to BMP-2, although CbfalI-deficient cells
showed less production of osteocalcin than those from
wild-type embryos (21). This suggests that transcription
factors other than Cbfal also play some roles in BMP-2-
induced osteocalcin synthesis, at least in vitro. Isolation

of cell lines from Cbfa1-deficient mice may provide useful
tools for investigating transcription factors involved in
osteoblast differentiation, besides Cbfal. Such studies
are important to understand the regulatory mechanism
of osteoblast differentiation, and they are now currently
underway in our laboratories.

3. Cbfal is involved in osteoclastogenesis

Rodan and Martin proposed an important hypothe-
sis concerning the possible involvement of osteoblast line-
age cells in the hormonal control of bone resorption in
1981 (98). They suggested the potential direct activation
of osteoclasts by the products of osteoblast lineage cells in
response to bone-resorbing hormones. A series of experi-
ments have confirmed this hypothesis (99, 100), but the
precise molecular mechanism involved in the interaction
between osteoblast lineage cells and osteoclasts had not
been clarified until quite recently.

Recently, two molecules produced by osteoblast
lineage cells, which play important roles in osteoclasto-
genesis, were identified. One is osteoprotegerin (OPG)
(101), which is identical to osteoclastogenesis inhibitory
factor (OCIF) (102). OPG is a secretary protein belonging
to the tumor necrosis factor (TNF) receptor family. This
protein inhibited not only formation of osteoclast-like
cells (OCLs) in culture but also bone resorption both in
vitro and in vivo (101, 103). OPG knockout mice exhib-
ited severe osteopenia due to accelerated bone resorption
(104, 105). The other molecule is RANKL (receptor acti-
vator of NF-kB ligand) (106), which is identical to OPG
ligand (OPGL) (107), TRANCE (TNF-related activation-
induced cytokine) (108) and osteoclast differentiation fac-
tor (ODF) (109). RANKL belongs to the TNF ligand fam-
ily and binds to OPG. A soluble form of RANKL (soluble
RANKL) together with macrophage colony stimulating
factor (M-CSF) induced formation of OCLs from spleen
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Cbfal ++ +/- -/-
genotype

ODF/OPGL

fold-increase 4.2 2.5 1.3

OCIF/OPG

fold-increase 0.2 0.4 0.2

B-actin

Ds+Dex - + - + - +

Fig. 4: Expression of ODF/OPGL and OPG /OCIF mRNAs in
calvarial cells isolated from Cbfal""", Cbfal™" and Cbfa
I embryos (111). Calvarial cells were cultured for 3
days in the absence or presence of la, 25 (OH).D; and
dexamethasone, then northern hybridization was con-
ducted. Fold increase was expressed by ratios of ODF /
OPGL or OPG/OCIF mRNA levels, which were stan-
dardized by that of B-actin mRNA, between untreated
and treated cells with 10, 25 (OH),D; and dexamethasone
in each cell type.

cells in the absence of osteoblast lineage cells in vitro
(107, 109). Recently, Kong et al . (110) reported that opgl-
deficient mice exhibited severe osteopeterosis and they
completely lacked osteoclasts as a result of an inability of
osteoblasts to support osteoclastogenesis.

We reported that osteoclastogenesis was markedly
retarded in Cbfal-deficient mice (21). These results sug-
gested that the maturational arrest of osteoblasts caused
by disruption of the Cbfal gene might be related to the
insufficient osteoclastogenesis in Cbfal-deficient mice.
These observations also allowed us to speculate on the
role of Cbfal in the regulation of RANKL and OPG be-
cause both are synthesized by osteoblast lineage cells.

We investigated the mechanism involved in re-
tarded osteoclastogenesis in Cbfal-deficient mice (111).
Co-cultures of calvarial cells isolated from embryos with
three different Cbfal genotypes (Cbfal**, Cbfal*" and
Cbfal”) and normal spleen cells generated TRAP-
positive multinucleated osteoclast-like cells (OCLs) in re-
sponse to lo, 25 (OH).Ds and dexamethasone, but the
number and bone-resorbing activity of OCLs formed in co
-culture with Cbfal” calvarial cells were significantly de-
creased in comparison with those formed in co-cultures
with Cbfal* or Cbfal™ calvarial cells. The expression of
RANKL mRNA was increased by treatment with 1o, 25
(OH).D; and dexamethasone in calvarial cells from Cbfa
I** and Cbfal* mouse embryos, but not from Cbfal” em-
bryos (Fig. 4). In contrast, the expression of OPG mRNA
was inhibited by 1a, 25 (OH),D; and dexamethasone simi-
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BMPs
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differentiation

factors
Osteoblast-related
genes
Fig. 5: A hypothetical molecular mechanism underlying os-

teoblast differentiation. Shh and Thh may act coopera-
tively with BMPs. Noggin and chordin inhibit BMP ac-
tion by competing for binding to BMPRs at an extracellu-
lar region. BMP signals may up-regulate expression of
Cbfal through Smads. Cbfal effectively transcribes vari-
ous osteoblast-related genes to induce osteoblast differ-
entiation. Some transcription factor(s) other than Cbfal
may be involved in BMP-induced osteoblast differentia-
tion. Solid arrows indicate direct interactions and dotted
arrows indicate hypothetical interactions.

Regulation by
other cytokines
and hormones

Cell membrane

larly in all three types of calvarial cells (Fig. 4). RANKL
and OPG mRNAs were highly expressed in the tibia and
femur of Cbfal** and Cbfal” embryos (Fig. 4). In the
tibia and femur of Cbfal™ embryos, however, RANKL
mRNA was undetectable and the expression of OPG
mRNA was also decreased compared with those in Cbfa
I"* and Cbfal" embryos. Thus, it is likely that Cbfal is
involved, at least in part, in osteoclastogenesis by regu-
lating the expression of RANKL. Recently, potential Cbfa
1 binding sites in the promoter region of murine RANKL
were demonstrated (112). These binding sites were also
reported in the promoter of OPG . More extensive studies
on the regulation of RANKL and OPG by Cbfal will pro-
vide insight into the molecular mechanism involved in
the classical hypothesis proposed by Rodan and Martin
(107) concerning the interaction between osteoblasts and
osteoclasts during bone remodeling.

4. Heterozygous mutations of Cbfal locus cause cleidocra-
nial dysplasia

Cleidocranial dysplasia (CCD) is an autosomal-
dominant disease showing hypoplastic clavicles, open
fontanelles, supernumerary teeth, short stature and
other skeletal changes (113). Mice heterozygous for muta-
tion in the Cbfal locus (Cbfal*") exhibited similar skele-
tal changes to CCD (21, 22). They exhibited hypoplastic
frontal, parietal, interparietal, temporal and supraoccipi-
tal bones with open fontanelles and sutures. They also
showed hypoplastic clavicles and nasal bones. Develop-
ment of the primordia of tooth structures, however, was
slightly delayed but structurally normal in heterozygous
Cbfal mice (22). In homozygously mutated mice, develop-
mental arrest was observed at the cap stage in molar
tooth germs, and neither the differentiation of mesenchy-
mal cells in dental papilla to preodontoblasts nor the dif-
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ferentiation of epithelial cells to preameloblasts was ob-
served. The lack of supernumerary teeth in heterozygous
Cbfal mutant mice can be explained by the fact that mice
have only one set of teeth, and deciduous teeth are not af-
fected in humans (114).

One family with CCD showed a microdeletion in
chromosome 6p21 (114, 115). CBFA1 is mapped to chro-
mosome 6p12-p21 (116, 117). Mutations of CBFAI have
been identified in patients with CCD (114, 118).

Perspective

Recent advances in bone cell biology revealed a part
of molecular mechanism of osteoblast differentiation and
bone formation. Especially, molecular cloning of BMPs
and Cbfal was a great breakthrough in the field of os-
teoblast research. Figure 5 summarizes interaction of
major players involved in osteoblast differentiation in-
cluding BMPs and Cbfal. However, many subjects re-
main obscure: regulatory mechanism of BMP action by
noggin and chordin at extracellular region; signal trans-
duction system of BMPs; interaction of BMPs and hedge-
hog; interaction of BMPs and Cbfal; role of Cbfal iso-
forms (119) ; etc. In addition to these subjects, charac-
terization of mesenchymal stem cells is important not
only in the field of basic research but also in clinical re-
search. Isolation of mesenchymal stem cells and regula-
tion of differentiation of these cells by BMPs and Cbfal in
vitro will provide a new therapeutic procedure for bone
repair. Finally, advances in bone cell biology will contrib-
ute to understanding molecular pathogenesis of various
bone diseases including that caused by genetic disorders.
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