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1. ABSTRACT

Bone formation in vertebrates depends on the
proliferation and differentiation of chondrocytes and
osteoblasts, which are derived from a mesenchymal
precursor cells and are required for skeletal development.
This process relies on many transcription factor genes that
have functions in bone cell proliferation and differentiation.
Over the years, various transcription factors that play
essential roles for skeletal formation have been identified in
in vivo and/or in vitro molecular and genetic studies. In
regulation of bone formation, signaling pathways with
these factors have also been established. Major
transcription factors including Sox9, Runx2, and Osterix,
which are active in chondrocytes or osteoblasts or even in
both cells, are indispensable for chondrocyte and/or
osteoblast differentiation. Here, the transcriptional
regulation of these genes for bone formation will be
reviewed on the basis of in vivo mouse models.
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2. INTRODUCTION

Bone is a living dynamic connective tissue that
is constantly reconstructed by remodeling throughout life.
The function of bone includes movement, support, and
protection of internal organs of the body. Bone is also
important to produce blood cells and reserve minerals.
Many genes encoding either growth factors or transcription
factors that are involved in patterning of various skeletal
elements have been identified. The current understanding
of the molecular and cellular functions for transcription
factors in skeletal development is the result of experimental
animal studies using transgenic and/or knockout mouse
models. Indeed, these in vivo molecular and genetic studies
in mice have provided new insights as well as mechanisms
into the transcriptional regulation of bone formation. To
date, the basic and physiological aspects of bone formation
have been reviewed from in vivo and in vitro perspectives
(1-3). Here, this review will more focus on major
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transcription factors regulating bone formation based on
updated in vivo mouse models.

3. BONE FORMATION

The skeleton is a complex organ composed of
cartilage and bone that contains various chondrocytes,
osteoblastic cells, and osteoclasts (4, 5). During skeletal
development, bones are formed by two distinct pathways -
intramembranous and endochondral ossification. Bone
tissues in intramembranous ossification are formed by
mesenchymal cells that condense to become functional
osteoblasts directly without cartilage formation. This
process occurs in most flat bones including skull bones and
some irregular bones. Unlike intramembranous ossification,
endochondral ossification is a process in which bone
formation begins from a cartilage template model that is
later replaced by osteoblastc cells with infiltrating blood
vessels, followed by the formation of bone (5). Most bones
in the skeleton develop through this process.

3.1. Chondrogenesis

Chondrogenesis, which is the earliest process of
skeletal ~development, involves mesenchymal cell
recruitment and migration, condensation of progenitors,
and chondrocyte differentiation and maturation. This
process results in the formation of cartilage intermediate
and leads to endochondral ossification (5). Chondrocytes,
which are needed for chondrogenesis, are the first skeleton-
specific cells to appear during skeletal development and
lead to bone formation. During mouse development,
mesenchymal condensation is formed as a template of the
future skeleton at embryonic day 10.5 (E10.5). These
mesenchymal cells in the center of the area of condensation
differentiate into proliferating chondrocytes that produce
type II collagen and aggrecan (6-8). However, peripheral
cells at the mesenchymal condensations do not differentiate
into chondrocytes, but instead form the perichondrium to
influence chondrocyte maturation (6-8). At EI3.5,
proliferating chondrocytes begin to be elongated, which
lead to the formation of prehypertrophic chondrocytes. The
prehypertrophic chondrocytes that still produce type II
collagen then mature into hypertrophic chondrocytes that
produce type X collagen (8, 9). When chondrocytes
become hypertrophic, cells of perichondrium start to
express runt-related transcription factor 2 (Runx2), which is
a key regulator of osteoblast differentiation, to form bone
(10). This is followed by the creation of bone collar, which
is a structure that prefigures the future cortical bone (6-8,
11). The connective tissue around the bone collar, which is
previously a perichondrium, is now called the periosteum.
ECM mineralization surrounding the hypertrophic
chondrocytes occurs via the secretion of type X collagen
and vascular invasion from the bone collar arises through
vascular endothelial growth factor (VEGF) (12). With
invading blood vessels, hypertrophic chondrocytes undergo
apoptosis and are displaced by osteoblastic cells. In this
process, which occurs centrifugally, the primary
ossification centers develop in the diaphysis of long bones
during fetal life and secondary ossification centers develop
in the epiphysis after birth. The growth plate, which is
arranged by proliferating and hypertrophic chondrocytes
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into a columnar pattern, is located between the epiphysis
and the methaphysis at each end of the expanding bone,
thereby leading to the longitudinal growth of the skeleton
(1, 11). In human, this growth plate reduces to an
epiphyseal line after puberty, and the long bone no longer
grows in length.

Chondrocyte differentiation is regulated by a
large number of genes. Transcription factor Sox9 is a
member of the sex determining factor (SRY)-related gene
family (13). During mouse development, Sox9 is expressed
in mesenchymal precursor cells, which give rise to
chondrocytes as well as ostseoblasts, and its expression
overlaps with that of type II collagen (Col2al), a major
matrix protein in cartilage (14). Sox9 is required for
chondrocyte differentiation, together with L-Sox5 and Sox6
(13, 15). In Sox9-inactivated mutants before mesenchymal
condensations occurs, a complete absence of both cartilage
and bone is observed. Sox9 inactivation after mesenchymal
condensations results in severe chondrodysplasia, which is
shown in Sox5 and Sox6 double-null mutants (16). Sox9-
overexpressed mice in chondrocytes display
chondrodysplasia by the inhibition of chondrocyte
proliferation (17). Indian hedgehog (Ihh) produced by
prehypertrophic chondrocytes is a master regulator of
endochondral bone formation that coordinates chondrocyte
proliferation and maturation and osteoblast differentiation
(2, 11). Parathyroid hormone-related protein (PTHrP) is a
protein secreted by perichondrial cells and proliferating
chondrocytes. PTHrP acts on receptors on proliferating
chondrocytes to maintain chondrocyte proliferation and to
delay Thh production (2, 11). In growth plate, eventually,
these paracrine factors together control chondrocyte
differentiation through a reciprocal negative-feedback
mechanism. When chondrocytes proliferation stimulated by
PTHrP is completed, chondrocytes produce Ihh. Even
though mechanisms are still unclear, Thh stimulates PTHrP
synthesis at the periarticular region of long bone through a
feedback loop (11). PTHrP regulates the differentiation and
proliferation of growth plate chondrocytes through the Gli3
transcriptional activity in a complex feedback loop (18, 19).
Thh-deficient mice exhibit small cartilage elements due to
decreased chondrocyte proliferation and maturation (20).
Overexpressed Thh increases the expression of
perichondrial PTHrP, which keeps chondrocytes in the
proliferating state and inhibits the differentiation into
hypertrophic chondrocytes, indicating that Ihh regulates
chondrocyte differentiation through a negative-feedback
(18, 21, 22). In PTHrP-deficient mice, the proliferation of
chondrocytes decreases and they become hypertrophic,
which lead to premature chondrocytes and accelerated bone
formation (23). Conversely, overexpression of PTHrP in
proliferating chondrocytes results in dwarfism with short
limbs and delayed endochondral ossification (24). The
overexpression of constitutively active PTH/PTHrP
receptor in growth plate decreases conversion of
proliferating chondrocytes into hypertrophic chondrocytes
(25). Furthermore, this overexpression rescues postnatal
growth plate abnormalities of PTHrP-deficient mice and/or
Ihh-lacking mice (25, 26). In postnatal period, the region of
periarticular cartilage is not proper for PTHrP synthesis due
to the distance between the epiphyseal growth plate and the
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periarticular surface, and the production of Ihh is not
observed in growth plate, suggesting that other signals may
regulate chondrocyte differentiation in adolescence (11,
27). PTHrP expression in chondrocytes is also controlled
by the signaling of TGF- which action is mediated by
Smad3 (28, 29). Smad3-deficient mice exhibit the
disorganized growth plate and premature hypertrophy of
articular chondrocytes after birth, indicating that TGF-f
signaling through Smad3 is required for postnatal bone
growth (30).

3.2. Osteogenesis

In osteogenesis for bone formation, pluripotent
mesenchymal stem cells have the potential to differentiate
into various lineages including cartilage, bone, adipose, and
muscle (31). A commitment of mesenchymal cells into
osteoprogenitor cells is controlled by many types of
inducers including the transforming growth factor (TGF)-f
superfamily and bone morphogenetic proteins (BMPs) (32,
33). Osteoprogenitor cells are multipotent cells in bone
marrow and  periosteum that differentiate  into
preosteoblasts and then mature osteoblasts lining the bone
surfaces (1-3, 34). In the presence of type I collagen
(Collal) and alkaline phosphatase, proliferation and
maturation of the osteoblastic lineage begin in
preosteoblastic cells that are in the early stage of
development and not yet capable of synthesizing bone
matrix (2, 5, 34). Osteoblasts are then induced through the
expression of osteoblast-specific transcription factors
Runx2 and/or Osterix (Osx) in preosteoblasts (34-37).
Osteoblasts are the well-differentiated product of
osteoprogenitor cells and mature active cuboidal shaped
cells located on the bone surfaces (33, 34). These cells are
functionally responsible for bone formation that directs the
deposition and calcification of bone matrix. When
osteoblast differentiation is finished, osteoblasts can be
bone lining cells located on a quiescent bone surface for
protection or osteocytes enclosed in the mineralized bone
matrix. Osteocytes are the terminally differentiated
osteoblasts that support bone structure and modify their
microenvironment. Individual osteocytes are connected
with other osteocytes through dendritic processes to enable
communication with each other (38). Osteocytes also
function as a signaling network to regulate mineralization
and calcium/phosphate homeostasis in bone (38). During
osteogenic differentiation, each maturation stage is
demonstrated by the expression of each marker gene. For
example, alkaline phosphatase and osteocalcin are marker
genes during the early stage and late stage of
differentiation, respectively.

Various signaling molecules such as growth
factors, hormones, and transcription factors are involved in
osteoblast differentiation from osteoprogenitor cells (2, 3,
35). In particular, the regulation by transcription factors is
essential to osteogenic differentiation. Canonical Wnt
signaling via B-catenin plays an essential regulatory role in
osteoblast differentiation in  vivo (39). Msx2, a
homeodomain transcription factor, promotes osteoblast
proliferation and differentiation in mesenchymal progenitor
cells (40, 41). In particular, Runx2, Osx, and activating
transcription factor 4 (ATF4) are major transcription
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factors required for bone formation. These factors are
reviewed in detail in the next chapter.

3.3. Bone modeling and remodeling

The major methods of bone structural adaptation
are modeling and remodeling (42). These two processes are
not very different at the cellular level based on the separate
actions of osteoclasts and osteoblasts. Osteoclasts, which
are the major bone resorbing cells, are generated from
progenitors of monocytes/macrophages that differentiate
into mononuclear precursor (preosteoclast) cells under the
control of macrophage colony-stimulating factor (M-CSF)
and receptor activator of nuclear factor-kB ligand
(RANKL) (43). RANKL secreted from marrow stromal
cells and osteoblasts links to its receptor, RANK, on the
surface of preosteoclast cells, inducing their differentiation
and fusion for multinucleated and functional osteoclasts
(44). In addition to RANKL, several differentiating factors
including interleukin-1, tumor necrosis factor (TNF),
parathyroid hormone (PTH), and vitamin D are also
involved in osteoclast maturation (43, 45). Osteoblasts
secrete a soluble decoy receptor, osteoprotegerin (OPG), as
well as RANKL. OPG blocks the interaction between
RANK and RANKL by binding to RANKL, which
prevents osteoclast differentiation and activation (45). This
indicates that the balance between RANKL and OPG from
osteoblasts is important to determine osteoclast formation
and activity.

Bone modeling leads to the reshaping of bone
through the independent action of osteoblasts and
osteoclasts. During initial bone formation in the embryonic
stage, large changes in the bone shape are needed. In
growing bone, the deposition of calcified tissue lead to
increased thickness of long bones by appositional growth
and increased length at the epiphyseal growth plates by
longitudinal growth. The process of bone growth occurs
continuously through repeated cycles of the partial
resorption of preformed tissue and the replacement with
new bone (34, 42, 46). Finally, in bone modeling, bone
resorption and formation occur on different surfaces,
resulting in large changes in bone structure. Compared to
bone modeling, bone remodeling is a vital physiological
process that occurs concurrently at multiple locations of the
skeleton (42). While modeling involves independent
actions of both cells, bone remodeling involves the
sequential action of osteoblasts and osteoclasts. Unlike
modeling, remodeling cannot cause large changes in bone
structure at a given site. Remodeling is needed to maintain
the skeletal structure and to assist its metabolic functions as
a reservoir of calcium and phosphorus (46). This process
takes place to the stimulation of cavity formation by bone
resorption, and the subsequent filling of these cavities by
new bone formation. During remodeling, the levels of
cellular activity are equal in the coupling of bone resorption
and formation so that bone turnover is balanced. A decrease
in osteoclast numbers or bone resorption activity should be
compensated by a decrease in osteoblast and bone
formation, resulting in the maintenance of bone mass via a
decreased turnover rate. Similarly, an increase in osteoclast
activity should be associated with an increase in osteoblasts
and bone formation, resulting in maintenance of bone mass
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with a high turnover. Multiple examples of bone diseases
result from unbalanced function between bone resorption
and formation. Osteopetrosis results from an excess of bone
formation compared to resorption, whereas a greater bone
resorption than formation results in osteoporosis (47).
Hyperparathyroidism and hyperthyroidism are bone
disorders in which there is a markedly increased bone
turnover (46, 47). Paget’s disease of bone is a chronic
skeletal disorder with abnormal turnover as a result of
irregular bone resorption and formation (46).

4. MAJOR TRANSCRIPTIONAL CONTROL OF
BONE FORMATION BY OSTEOBLASTS

Skeletal lineage is controlled by various
transcription factors that are temporally expressed. Among
them, three major transcription factors that are
predominantly expressed in osteoblasts are Runx2 (34-36,
48), Osx (34, 37), and ATF4 (49). During bone formation,
Runx2 is strongly expressed during the early stage in which
mesenchymal cells are initiated to condense, after which
they proceed into the chondrogenic or osteogenic lineages
(10, 50). The expression of Runx2 remains in the
committed osteoblastic lineage and is suppressed to enable
immature osteoblasts to become fully mature osteoblasts
(10, 48). Osx is an osteoblast-specific transcription factor
that acts downstream of Runx2 to commit
osteochondroprogenitor cells to the osteoblast lineage (34,
37). Subsequently, another bone-related transcription
factor, ATF4, is a critical substrate of RSK2 that is required
for the terminal differentiation of osteoblasts and bone
development (49). Based on previous genetic studies, we
provide here a better understanding of the cooperative
interactions and network that occurs between major
transcription factors involved in bone cell differentiation
during skeletal development.

4.1. Regulation of osteoblast differentiation by Runx2

Runx2 is a member of the Runx family of
transcription factors that has a highly conserved runt
domain, which is a protein motif of 128 amino acids.
Runx2 was first identified as a transactivator that binds to
osteoblast-specific cis-acting element 2 (OSE2), which
leads to activation of the expression of osteocalcin (10, 51).
The expression of Runx2 is specifically observed in
chondrocytes, osteoblasts, and other cell types of
mesenchymal origin (10). During mouse development,
Runx2 expression is initiated in cells of the mesenchymal
condensation starting at E10.5 and detectable in
osteochondroprogenitor cells of the perichondrium and
bone collar, which have the potential to become osteoblasts
(10). Next, Runx2 expression is restricted in osteoblastic
cells but not in differentiated chondrocytes (10, 51).
Therefore, Runx2 is required to regulate the expression of
bone matrix proteins during chondrogenesis and at an early
stage of osteoblast differentiation and bone formation (10,
48).

In vivo functions of Runx2 have been
demonstrated in Runx2 knockout and/or overexpressed
mouse models. Runx2 null mutants die shortly after birth
with a complete absence of osteogenesis as well as delayed
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chondrocyte differentiation, consequently lacking of
intramembranous and endochondral ossification (52, 53).
Runx2 overexpression in chondrocytes under the control of
the chondrocyte-specific type II collagen (Col2al)
promoter shows ectopic chondrocyte hypertrophy, induces
endochondral ossification, and finally fails to form
permanent cartilage during endochondral ossification (54,
55). Runx2-overexpressed mice in osteoblasts using type I
collagen (Collal) promoter exhibit an osteopenic skeleton
with impaired matrix production and mineralization, and
multiple fractures demonstrating that Runx2 inhibits
osteoblast differentiation at a late stage (56). The important
role of Runx?2 in skeletal development is further established
by a hereditary autosomal dominant congenital disorder,
cleidocranial dysplasia (CCD), which is caused by
haploinsufficiency of Runx2. This phenotype, which has
defects in the development of bones, is also observed in
Runx2 heterozygous mice as well as humans with Runx2
mutations (57). Overall, these results suggest that Runx2 is
necessary for chondrocyte and osteoblast differentiation
and bone formation during skeletal development.

During skeletogenesis, numerous transcriptional
co-factors regulate Runx2 expression and its activity
(Figure 1). Twist-1 and -2 are transcription factors that
have the structure of a basic helix-loop-helix protein and
are expressed in vivo in Runx2-expressing cells throughout
the skeleton during early development (58). These
transcription factors bind directly to the runt DNA binding
domain of Runx2 and decrease the ability of Runx2 to bind
to DNA (58, 59). Twist-1 or -2 deficiency leads to the
premature osteoblast differentiation that is observed in
craniosynostosis, whereas its overexpression inhibits
osteoblast differentiation during early skeletogenesis of
Runx2-expressing cells (58). The zinc-finger adaptor
protein Schnurri-3 (Shn3) has been shown to function in
the immune system (60). Mice lacking Shn3 show severe
osteosclerosis with increased bone mass due to the
accumulation of Runx2 in Shn3-deficient osteoblasts,
indicating that Shn3 regulates osteoblast function and bone
formation by controlling the protein levels of Runx2 (61).
Another nuclear matrix protein, SATB2, is expressed at
sites of bone formation as well as in the brain cortex (62).
Satb2-deficient mice exhibit craniofacial abnormality and
the inhibition of osteoblast differentiation and function.
Additionally, synergistic reduction in bone formation is
observed in Satb2/Runx2 double heterozygotes compared
to Satb2 heterozygotes, indicating that SATB2 enhances
Runx2 functions for osteoblast differentiation during
skeletal development (62). The function and activity of
Runx2 in osteoblasts are also regulated by the signal
transducer and activator of transcription 1 (Statl), histone
deacetylases (HDACs), and other transcription factor
partners. Statl-deficiency efficiently undergoes Runx2
translocation into the nucleus and finally exhibits an
increased bone mass as a result of excessive osteoblast
differentiation (63). The suppression of co-repressor
HDAC3, which interacts with Runx2, accelerates the
mineralization of bone matrix and the expression of
osteogenic marker genes in osteoblastic cells (64).
Deficiency and overexpression of another co-repressor,
HDACH4, in mice result in premature ossification by the
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Figure 1. Regulation of osteoblast differentiation by transcription factors. The major transcription factors Runx2, Osx, and
ATF4, which are activated and regulated by other important transcription factors, control the differentiation and maturation into
the osteoblastic lineage starting from mesenchymal stem cells. In osteoblast differentiation, Runx2 is essential for the osteogenic
potential of uncommitted osteochondroprogenitors and Osx is required for the commitment of osteochondroprogenitors to

preosteoblasts and mature osteoblasts.

ectopic and early onset chondrocyte hypertrophy and the
inhibition of chondrocyte hypertrophy and differentiation,
respectively, suggesting that Runx2 activity is controlled by
HDAC4 to block Runx2 DNA binding in chondrocytes
(65). The E3 ubiquitin ligase Smurfl, which mediates
Runx2 degradation, suppresses osteoblast differentiation
and bone formation when it is overexpressed and increases
bone mass by its deficiency (66, 67).

4.2. Regulation of osteoblast differentiation by Osterix
Osterix (Osx) is a transcription factor that
belongs to a member of the Kriippel-like family and
consists of three C2H2-type zinc fingers DNA binding
domain at the C-terminus. Osx is highly specific to
osteoblasts in vivo and mainly expressed in osteoblast
progenitor cells of all developing endochondral and
intramembranous bones, suggesting that Osx is required for
the differentiation of preosteoblasts into functional
osteoblasts (37). During mouse development, Osx
expression is first initiated in differentiating chondrocytes
and the surrounding perichondrium at E13.5, after which it
is restricted to the peripheral layers of endochondral
skeletal elements. After that, the strong expression of Osx
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is observed in osteoblastic cells when compared to the
weak expression in prehypertrophic chondrocytes. Osx
expression is remained in the bone postnatally (37).

Osx-null mutants die in the immediate perinatal
period due to the formation of a normal cartilage skeleton
but a complete absence of all bone formation (37). Osx is
not expressed in Runx2-deficient osteoblasts, whereas
Runx?2 is expressed in Osx-deficient osteoblasts, indicating
that Osx acts downstream of Runx2. Conditional Osx
knockout mice are used to further examine the in vivo
function of Osx in growing or already formed bone (68).
Osx expression in a conditional Osx mouse model is
inactivated in all osteoblasts under the control of a 2.3-kb
Collal promoter using the Cre/loxP system (69, 70). First,
Osx inactivation in osteoblasts of growing bones
accumulates early-stage and immature osteoblasts with
increased osteopontin but decreased osteocalcin expression,
indicating that delayed osteoblast maturation and reduced
osteoblast function leads to decreased bone formation in
adult bone without Osx (69). In another study using the
inducible Cre system, Osx is inactivated in osteoblasts of
already formed bones after birth (70, 71). Although the
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Figure 2. Schematic model for bone formation and maintenance governed by Osx expression. With a complete absence of Osx
during skeletal development, no bone is formed. With the lack of Osx during skeletal growth, the differentiation of preosteoblasts
into mature osteoblasts is reduced and the proliferation of preosteoblasts is increased instead, and then osteoblast function is

decreased. This is followed by reduced bone formation.

increase in osteoblast proliferation and the accumulation of
immature osteoblasts which are observed in previous
results do not occur, Osx inactivation in osteoblasts during
the postnatal period is sufficient to reduce bone formation
with functional defects in osteoblasts (70). These two
studies using conditional Osx knockout model may explain
a functional difference of Osx in bone formation according
to the time of its expression. Taken together, the in vivo
results indicate that Osx is essential to the regulation of
osteoblast function following bone maintenance and
homeostasis during postnatal periods as well as
developmental stages (Figure 2). Interestingly, the
expression of Runx2 which is known to be an upstream
gene is increased in osteoblast-specific Osx-inactivated
adult mice (69). This suggests that Runx2 is not only an
upstream gene of Osx, but is also regulated by activation of
the unknown Osx-mediated genes or a negative feedback
mechanism.

Recently, the regulation of Osx expression and
activity by both Runx2-dependent and -independent
mechanisms is reported (Figure 1). A nuclear factor of
activated T cells NFATc, which is not essential for
osteoblast differentiation, interacts with Osx and its
complex binds to DNA and regulates the transcriptional
activity of Osx (72). Overexpression of NFATc! stimulates
Osx-dependent activation of the Collal promoter in
primary osteoblasts, indicating that NFAT and Osx
cooperatively control bone formation (72). Independent of
the levels of Runx2 activity, DIx5 induced by bone
morphogenic protein-2 (BMP-2) binds to the specific
BMP-responsive homeodomain element located in the
proximal region of the Osx promoter and then activates
osteogenic function of Osx (73). Osx expression is also
upregulated by Smad signaling or by BMP-2 through
Msx2, Runx2-independently, during osteoblast
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differentiation (74). Wnt/B-catenin signaling has been
shown to play a critical role in controlling osteoblast
proliferation and differentiation (39). The transcriptional
activity of B-catenin in cell proliferation is inhibited by
Osx, suggesting a possible mechanism for the inhibition of
Osx in osteoblast proliferation (75). Another possible
downstream target of Osx is dickkopf-1 (Dkk1), which is
co-expressed with Osx in osteoblasts and upregulated by
Osx overexpression. Osx binds to and activates Dkkl
promoter, demonstrating that Dkk1 may be a direct target
of Osx (75). Jumonji C (JmjC)-domain containing histone
demethylase NO66 interacts with Osx to inhibit the
activation of Osx-mediated promoter and to control Osx-
target genes in osteoblasts by modulating histone
methylation states (76). Overexpression of T-box 3
containing a highly homologous DNA binding Tbx domain
blocks bone mineralization and abolishes increased Runx2
and Osx expression during osteoblastic cell differentiation,
indicating that it negatively regulates osteoblast
differentiation by inhibiting the expression of Runx2 and
Osx (77).

4.3. Regulation of osteoblast differentiation by ATF4
ATF4 is a basic leucine-zipper transcription
factor that belongs to the ATF/CREB protein family (49,
78). During mouse development, ATF4 is dispensable for
the early stages of skeletogenesis, but required for terminal
differentiation of osteoblasts throughout the skeleton from
El14 (49). ATF4, which is highly expressed in all
osteoblasts of the skeleton, is necessary to maintain the
osteoblast phenotype (49). In addition, ATF4 is a substrate
of RSK2 that encodes a growth factor-regulated kinase for
the timely onset of osteoblast differentiation, for terminal
differentiation of osteoblasts, and for osteoblast-specific
gene expression. The activity of RSK2 is controlled by
protein stability and phosphorylation (49) (Figure 1).
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ATF4-deficient mice, which often die perinatally
and are runted, show delayed differentiation of osteoblasts and
reduced expression of bone sialoprotein (Bsp) and osteocalcin
(49). ATF4 expression is markedly reduced in osteoblasts in
Runx2-deficient embryos, demonstrating that its expression in
osteoblasts is dependent on Runx2 expression (49). Even in
non-osteoblastic cells, the forced expression of ATF4 induces
osteoblast-specific gene expression (79). Moreover, the
cooperative interactions between ATF4 and Runx2 activate
osteocalcin  expression, which leads to osteoblast
differentiation and bone formation (80). ATF4 is also
important to the anabolic action of parathyroid hormone (PTH)
on the skeleton (81). In ATF4-deficient osteoblasts, PTH-
stimulated proliferation and survival are significantly
suppressed and PTH-induced differentiation is also reduced.
The PTH-dependent increase in osteoblast differentiation is
regulated by interacting with ATF4 in Osx promoter,
demonstrating that ATF4 plays an important role in the PTH-
mediated induction of Osx as well as the terminal
differentiation and function of osteoblasts (81). Furthermore,
osteoblast-specific ATF4 overexpression regulates glucose
metabolism in the body (82) and ablation of ATF4 in
chondrocytes delays endochondral ossification, suggesting that
ATF4 may function in chondrocytes as well as osteoblasts
(83).

5. SUMMARY

Bone formation by chondrocytes and osteoblasts
is regulated by multiple transcription factors. Among them,
three major transcriptional regulators, Runx2, Osx, and
ATF4, were reviewed in this chapter. Targeted ablation or
overexpression of critical transcription factors in bone cells
causes the alteration of skeletal phenotypes representing
bone diseases. Genetic studies of skeletal diseases are
providing important insights into the study of
developmental mechanism as well as the roles of individual
genes. Correlating these clinical phenotypes in humans
with the identified molecular alterations in in vivo mouse
models provides the possibility of clinical application to
diagnostics and treatment for bone diseases in humans. A
better understanding of their molecular mechanisms for
controlling bone formation would help enable identification
of pathogenic causes and development of novel
therapeutics for skeletal diseases.
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