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Regulation of Bone Metabolism
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Abstract

Bone is formed through the processes of endochondral and intramembranous ossification. In endochondral
ossification primary mesenchymal cells differentiate to chondrocytes and then are progressively substituted by
bone, while in intramembranous ossification mesenchymal stem cells (MSCs) differentiate directly into
osteoblasts to form bone. The steps of osteogenic proliferation, differentiation, and bone homeostasis are
controlled by various markers and signaling pathways. Bone needs to be remodeled to maintain integrity with
osteoblasts, which are bone-forming cells, and osteoclasts, which are bone-degrading cells.

In this review we considered the major factors and signaling pathways in bone formation; these include
fibroblast growth factors (FGFs), bone morphogenetic proteins (BMPs), wingless-type (Wnt) genes, runt-

related transcription factor 2 (RUNX2) and osteoblast-specific transcription factor (osterix or OSX).
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Introduction

Bone is formed through the processes of
endochondral and intramembranous ossification (1).
In each process mesenchymal progenitors condense
and initiate developmental programs that include
chondrogenesis and osteoblastogenesis (2).

During endochondral ossification, mesenchymal
cells differentiate into chondrocytes, which form the
cartilage growth plate. The cartilage growth plate is
then gradually replaced by bone (3). Most bones in
the human skeleton are made through endochondral
ossification (4). These include the long, short, and
irregular bones (5). Flat bones, including those of the
skull, facial bones, and pelvis are made by
intramembranous ossification (4-6). In this process
mesenchymal stem cells (MSCs) differentiate
directly into osteoblasts to organized bone (4).

In both processes, osteoblastic bone formation is
identical. The synthesis of bone matrix initiates with
the construction of type 1 collagen via osteoblasts.
Most extracellular matrix protein of bone is type 1
collagen, which supplies strength and elasticity of
bone, and scaffolding for the deposition of other
matrix components such as hydroxyapatite (7).

Bone homeostasis is controlled by various
signaling pathways (8). The main pathways that
participate in osteoblast differentiation include
members of the fibroblast growth factor (FGF) and
bone morphogenic protein (BMP) families and the
Wht signaling pathway (8, 9). Correspondingly, two
important ~ transcription  factors,  runt-related
transcription factor 2 (RUNX2) and osteoblast-
specific transcription factor (osterix or OSX), are
expressed in osteoblasts, both of which are essential
and sufficient for osteoblast differentiation (9, 10).
Some studies reported that RUNX2 and OSX are not
sufficient for osteoblast maturation (11); however, it
is clear that RUNX2 regulate osteogenesis (12).

Bone must be constantly replaced to preserve its
strength and integrity. Bone remodeling is organized
by two conflicting activities; these are bone formation
by osteoblasts, which produce the organic bone
matrix, and bone resorption by osteoclasts, which
dissolve bone mineral and extracellular matrix (7,
13). Osteogenesis and angiogenesis are two closely-
associated processes involved in bone growth,
remodeling, and repair (6). Osteoclasts activate
angiogenesis in vitro via expression of proangiogenic
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factors, including vascular endothelial growth factor
A (VEGF-A) (14). Additionally, VEGF works with
receptor activator of nuclear factor kappa-B ligand
(RANKL) to promote osteoclastogenesis (15).
Deckers et al. demonstrated that osteoclast activity is
not vital for angiogenesis because angiogenesis
occurs in the absence of osteoclast activity (16).
However, Cackowski et al. reported that osteoclasts
could increase angiogenesis and that inhibition of
osteoclast activity with osteoprotegerin  (OPG)
decreased angiogenesis, and enhancement of
osteoclast activity with parathormone (PTH)
increased angiogenesis (17).

Role of Wnt signaling pathway in bone

formation

Whit ligands are a group of 19 secreted glycol-proteins
that activate their cell surface receptors to stimulate
specific intracellular signaling cascades leading to
gene expression (18). Wnt ligands have crucial roles in
the development and homeostasis of various organs
and bone metabolism via both canonical (3-catenin-
dependent) and  non-canonical  (B-catenin-
independent) signaling pathways (11, 19, 20).

Wt signaling has revealed both pro-osteogenic
and anti-adipogenic activities in canonical and non-
canonical pathways (11).

In canonical Wnt pathways such as Whtl, Wnt3a,
and Wnit8, Wit proteins bind to cell surface receptors
that are members of the frizzled (Frz) protein family,
and one of the low-density lipoprotein (LDL) receptor-
related proteins (LRP-5 or LRP-6), which trigger
intracellular disheveled (DSH) (11, 18, 21), leading to
inactivation of a cytoplasmic protein complex that
typically catalyzes -catenin phosphorylation and the
subsequent destruction of [-catenin. Therefore,
canonical Wt signaling enhances the stabilization of
cytosolic -catenin and translocation into the nucleus
where it binds transcription factors that include
members of the T-cell factor (Tcf)/lymphoid enhancer-
binding factor (Lef-1) family and upregulates the
transcription of specific target genes (18, 21).

Tcf/Lef-1 are critical for proper osteogenesis. Lef-
1+/- mice exhibited significant low bone volume
through the early years of life while Tcf-/- mice
demonstrated increased bone resorption, consequently
leading to a low bone mass phenotype (18).

In the non-canonical Whnt signaling pathway, a
parallel transmembrane complex communicates
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between Wnt, Frz, DSH, and Ror2, and then
stimulates G protein and a signal cascade resulting in
the release of intra-cellular calcium from the
endoplasmic reticulum (11, 18). The non-canonical
Wt calcium-dependent pathway is vital in embryonic
growth, cell migration, and cancer regression (18);
nevertheless, the data regarding non-canonical Wnt
pathways in bone metabolism is limited.

The role of the canonical Wt signaling pathway in
bone mass has been described (19). It has been shown
that B-catenin stimulates the differentiation of MSCs
from osteoblastic precursor cells into more mature
osteoblasts, while suppressing differentiation into
adipogenic and chondrogenic lineages (18).

Studies on loss-of-function mutations in the LRP-5
gene discovered that LRP-5 be situated as a co-
receptor of Wnt/B-catenin and positively controlled
bone volume in humans and mice (20). Some loss-of-
function mutations in LRP-5 are related by autosomal
recessive  osteoporosis-pseudoglioma  (OPPG)
syndrome, which displays slight bone volume,
clarifying the main role of the Wnt/B-catenin pathway
in bone formation (11, 22).

Korvala et al. provides additional evidence of the
role of LRP-5 in patients with primary osteoporaosis by
two heterozygous missense mutations, L1149Q and
G1185R. All LRP-5 mutations associated with
primary osteoporosis in this study are situated in the
LRP-5 coding regions 5 (23). Jacobsen et al.
determined that increased LRP-5-mediated signaling
is an effective procedure for improving bone
properties in a mouse model of osteogenesis
imperfecta (24). Inhibiting the canonical Wnt
signaling through endochondral ossification resulted in
alow level of B-catenin protein (25). The activation of
canonical Wnt signaling induces OSX expression,
which promotes osteoblast differentiation (19).

Kobayashi et al. showed that VWnt5a non-canonical
Wt enhanced osteoclast formation (19) by enhancing
the expression of Rank in osteoclast precursors (26). In
contrast, the main role of canonical Whnit signaling in
osteoblasts is to suppress RANKL and enhance OPG
expression, which together are proposed to prevent
osteoclast formation (22). For example, Wntl6
repressed osteoclast formation via inhibition of
RANKL-induced osteoclastogenesis, and
consequently, Wt signaling molecules involved in
bone formation and resorption (19, 26).
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Interestingly, Wnit5a, a classical non-canonical Wht,
was described as a key element of BMP2-mediated
osteogenic differentiation. Others have shown that
BMPs can downregulate Wit signaling in osteogenic
differentiation via sclerostin and Dkk-1 (18). Dkk1 and
sclerostin are expressed and secreted by osteoblasts, and
cooperatively obstruct Wnt/B-catenin signaling through
binding to LRP5 and LRP6 (27). Disturbance of Dkk1
or sclerostin improve the ability of Wnts to protect -
catenin and increase osteogenesis (28).

Role of BMPs in bone formation

Bone morphogenic proteins are members of the
transforming  growth  factors-p  (TGF-p)
superfamily (4). The role of BMPs was first
observed in the mid-1960s when it was established
that they could induce ectopic bone formation (29).
Bone morphogenic proteins are extracellular
cytokines originally isolated from bone extract (11)
and are produced in nearly all skeletal cells (9).
Bone morphogenic proteins have various roles in
the development and regulation of bone formation
(4). One role is to stimulate early osteoprogenitors
to instigate their differentiation to pre-osteoblastic
cells (7). Although this family name indicates that all
members are bone inducers, some BMPs, such as
BMP3 and BMP13, inhibit bone formation (11, 29).
Some BMPs that stimulate  osteoblastic
differentiation in MSCs in vitro and in vivo are
BMP2, BMP6, BMP7, and BMP9 (4). Recombinant
BMP2 and BMP7 are approved by the FDA for the
regeneration of the bone in spinal fusion surgery and
other orthopedic  applications (11). Bone
morphogenic proteins in pre-osteoblastic cell lines
increase alkaline phosphatase (ALP) activity, as well
as osteocalcin and osteopontin (7). Recently, it was
shown that BMP2 can induce activation of ALP, an
early marker of osteoblast differentiation (30).

Bone morphogenic protein 9, a major osteogenic
BMP, is also known as growth differentiation factor 2
or GDF2 (4). Xiang et al. showed that ALP activities
induced by BMP9 were higher than those influenced by
BMP2, suggesting that BMP9 had greater osteogenic
stimulating potential than BMP2. In calcium salt
sedimentation experiments, sedimentation was greater
with BMP9 than with BMP2, indicating that BMP9 is
likely a more efficient osteo-inductive growth factor
than BMP2 (31).

Bone morphogenic proteins also normalize
cartilage development, which is naturally related to
bone formation (29). The BMP signaling pathway
is necessary for endochondral bone formation, as
severe chondrodysplasia was observed in mice
lacking BMP signaling elements (3). Bone
morphogenic protein 5, expressed during
endochondral  ossification,  induces  the
condensation of mesenchymal cells to
chondrocytes (7). Bones of BMP5 mutant mice are
weaker and shorter than those of normal mice (29).
Disturbances in BMP signaling cause a range of
skeletal anomalies (4, 9). Loss of BMP2 alone or
BMP2 and BMP4 result in a severe
chondrodysplastic phenotype, although loss of
BMP4 alone demonstrated only a slight effect on
cartilage development. These results indicated that
BMP2, but not BMP4, is essential for
endochondral ossification (4). Some studies
reported that BMP4 acts synergistically with
VEGF to support bone healing; furthermore, it has
been shown that VEGF cooperates synergistically
with BMP?2 to induce bone formation (32).

Bone morphogenic protein 2 also regulates
expression of the critical osteogenic regulator
RUNX2 (4). Phan et al. indicated that BMP2-
induced expression of OSX in osteoprogenitor
(MC3T3) cells was RUNX2 independent, even
though OSX has been proposed to be downstream
of RUNX2 (7). Bone morphogenic protein
signaling through the activation of heterodimeric
Smad proteins regulates RUNX2 expression (13).
Smad proteins are intracellular signaling molecules
that are activated by TGF- super family ligands
(33) and recognized in growth plate cartilage (34).
Smad6 seems to play a role in blocking BMP
signaling, whereas Smad7 blocks both TGF- and
BMPs, and Smad7 is involved in inhibiting TGF-
[-dependent signaling (33, 34). Smadé6 is required
for inhibition of endochondral ossification (29).
Loss of Smad6 results in increased activity of both
proliferative and hypertrophic chondrocytes and is
associated with increased collagen production (3).
Horiki et al. reported that overexpression of Smad6
has no significant effect on chondrocyte
proliferation,  but  significantly  disturbs
chondrocyte hypertrophy, which can result in
postnatal dwarfism with osteopenia (34).
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Bone morphogenic protein  5/14 double
mutants have extra defects in bone compared to
single mutants in mouse, proposing possible
synergistic function of BMP5 and BMP14 (29).
Bone morphogenic proteins 12, 13, and 14 are
essential in standard bone and joint formation.
Bone morphogenic protein 12 is proposed to
function in the structural integrity of bone and may
act as a negative regulator of chondrogenesis. Bone
morphogenic protein 13 knockout mice have
enhanced coronal suture fusion, representing an
inhibitory role of BMP13 in osteogenic
differentiation (29).

Therefore, BMPs play important roles in both
intramembranous and endochondral ossification;
moreover, they normalize the entire evolution of
ectopic skeletal formation (7).

Role of FGFs in bone formation
Fibroblast growth factors are pleiotropic growth
factors that normalize cell proliferation,
migration, and differentiation in various organs,
including bone (35). The FGF family comprises
22 genes encoding structurally related proteins
(36). The FGF family comprises three subfamilies
known as canonical, hormone-like, and
intracellular. The roles of canonical and hormone-
like FGFs have been characterized in bone
differentiation, but the roles of intracellular FGFs
have not been studied in bone (35). Four diverse
FGF receptors (FGFRs) have been identified. A
typical FGFR involves an extracellular domain
and an intracellular divided tyrosine kinase
domain. Fibroblast growth factor ligands bind to
their respective FGFR extracellular domains and
induce the phosphorylation of tyrosine residues in
their intracellular domains (37).

Fibroblast growth factor ligands such as FGF2,
3, 4,9, and 18 are involved in normal skeletal
growth (9). Bone formation is inhibited in FGF2-
deficient mice (36). Fibroblast growth factor 2 is
expressed in osteoblast-lineage cells (35) and
enhances RUNX2  phosphorylation  and
functional activity (9).

Fei et al. showed that addition of exogenous
FGF2 moderately protected the low osteoblast
mineralization in FGF2-/- bone marrow stromal
cells (BMSCs), which is consistent with the
increased [-catenin accumulation seen in the
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nucleus; FGF2-mediated osteoblast
mineralization is dependent on [-catenin
function (38). Fibroblast growth factor 4 can
stimulate  BMSC proliferation in vitro and
forcefully stimulate RUNX2 expression in
osteablast cells including MC3T3-E1 and murine
pre-myoblast C2C12 cells (37).

Some evidence also exists for FGF8 and FGF17
expression in bone formation (36).

Moon et al. showed that FGF8 is necessary for limb
axis formation; elimination of FGF8 from the apical
ectodermal ridge (AER) had more severe effects on
formation of proximal than distal elements (39).

Interestingly, Lu et al. showed that FGF9
prevents the osteogenic differentiation of BMSCs
in vitro, contradicting previous reports that FGF9
is necessary for growth plate development and
osteogenesis. Mice lacking FGF9 display low
chondrocyte proliferation, late chondrocyte
hypertrophy, and deficiencies in skeletal
vascularization resulting in abnormalities in
osteogenesis (40). Similarly, it was reported that
FGF9 plays a role during the development of
skeletal vascularization (32). These contradictory
results suggest that FGF9 may promote the
chondrogenesis of mesenchymal stem cells while
preventing osteogenesis in vitro (40).

Wallner et al. showed in type2 diabetes
mellitus (T2DM) that angiogenesis, osteogenesis,
and bone remodeling are reduced, and VEGFA,
which facilitates osteogenesis and angiogenesis
during skeletal development, is upregulated in
FGF9-enriched environments (41).

Fibroblast growth factor 18 also regulates
chondrocyte and osteoblast differentiation and
bone development (42, 43). Fibroblast growth
factor 18 protein was found in the perichondrium
loci that owverlap with loci of osteoblast
differentiation and increase p-catenin levels (44).
Fibroblast growth factor 18-null mice have
delayed calvarial ossification, indicating a
requirement for FGF18 in intramembranous bone
formation (36).

Fibroblast growth factor 18 is a downstream
target of canonical Wnt signaling that leads to
osteoblast differentiation. Fibroblast growth
factor 18 is induced following inhibition of
glycogen synthase kinase 3 (GSK3) in canonical
Whnt signaling. In addition, RUNX2 is necessary
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for stimulation of FGF18 expression through
Whnt. Activation of FGF18 expression by
RUNX2 in Wnt signaling may promote early
osteoblast differentiation but suppress later
processes. Reinhold et al. showed that FGF18
can suppress osteoblast differentiation in
cultured metatarsals (44).

Fibroblast growth factor 23 is a bone-derived
phosphaturic hormone and a member of the
FGF19 subfamily, which is expressed in
osteoblasts/osteocytes in response to phosphate
and vitamin D (35, 45, 46). Fibroblast growth
factor 23 has a crucial role in balancing mineral
ions such as phosphate. Furthermore, FGF23 is a
major factor for bone homeostasis and
mineralization. Fibroblast growth factor 23 itself
is an inhibitor of mineralization but its mechanism
of action is not yet known. 1, 25-
dihydroxyvitamin differentiate (1, 25-(OH) 2D)
can induce FGF23 expression in osteocytes.
Parathyroid hormone (PTH) might similarly
normalize FGF23 levels (46). The main functions
of PTH are to control plasma calcium and bone
formation, and prevent osteoblast and osteocyte
apoptosis (13). Reduced mineralization detected
partially in FGF23-/-mice is a result of increased
circulatory 1, 25 (OH) 2D3 and subsequent
increases in bony pyrophosphate (PPi) and
osteopontin (OPN) concentrations (45). These
findings indicate secondary effects of elevated
1,25(0OH)2D as a result of loss of FGF23 effects
on the kidney more than direct effects of FGF23
effects on organs. Fibroblast growth factor 23
seems to work as a vitamin D counter-regulatory
hormone (47). Osteopontin, a well-known
inhibitor of bone mineralization, may play a key
role in imperfect mineralization of bone in
FGF23-/-mice. Despite high mineral ion levels in
FGF23-/-mice sera, severe defects in skeletal
mineralization are observed. The reason for this
finding is not yet known (46). Fibroblast growth
factor receptors are related to normal skeletal
development. Mutation of FGFRs has revealed a
key role of FGF signaling in bone endochondral
and intramembranous ossification (36).

Fibroblast growth factor receptor 1 is
expressed in osteoblast and osteocytes. Studies in
humans and mice demonstrate that FGFR1 plays
amajor role in bone formation. Fibroblast growth

factor receptor 1 stimulates the differentiation of
mesenchymal  progenitors to  osteoblasts,
conversely, inactivation of FGFR1 in
differentiated osteoblasts in mice increases bone
mass, possibly due to a reduction of osteoclast
activity in FGFR1-deficient mice (37).

The lack of FGFR2 signaling during
endochondral and intramembranous bone
formation results in bent bone dysplasia-FGFR2
type. These skeletal defects result, at least in part,
from deficient FGFR2 signaling, which is found
through loss-of-function studies in mice (48).

Liu et al. demonstrated that the
FGFR2C342Y mutation may increase primary
osteoblast differentiation; nevertheless, this
mutation can prevent expression of tissue non-
specific alkaline phosphatase and mineralization
in more differentiated cells. Furthermore, the
FGFR2C342Y mutation causes autonomous
abnormalities in osteoblast differentiation (49).

FGFR3 is expressed in mature osteoblasts,
osteocytes, and proliferating chondrocytes of the
epiphyseal growth plate (37). Fibroblast growth
receptor 3-deficient mice display skeletal
overgrowth (36). Deng et al. revealed
overgrowth of axial and appendicular skeleton in
these mice (50). It seems that FGFR3 activation
is responsible for negative regulation of bone
elongation because FGFR3-null mice have
increased long bone length (51). Cool et al.
showed that FGFR4 is highly expressed in
osteogenic stem cells that are undergoing
proliferation and differentiation and during
intramembranous ossification.

The Key Osteogenic Transcription Factor,
Runx2

Runt-related transcription factor 2, also known as
core binding factor alphal (cbfal), is a key
transcriptional regulator for osteoblast cell fate
determination (8, 13, 25).

Runt-related transcription factor 2 expression is
initially seen in osteochondroprogenitor cells at the
beginning of skeletal development. Levels of RUNX2
gradually increase in subsequent stages of osteoblast
differentiation, with maximum expression detected in
the mature osteoblast (9). Studies showed that RUNX2
binds to the osteocalcin (OCN) promoter and expresses
in osteochondral progenitors to stimulate osteoblastic
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differentiation at the early stage, and prevent osteoblastic
differentiation at the late stage (53).

In endochondral ossification, after developing
cartilage, RUNX2 expression is up-regulated in
the perichondrium by the canonical Wnt signaling
to form endochondral bone (25). Runt-related
transcription factor 2-knockout mice display no
intramembranous or endochondral ossification
and a complete lack of bone formation.
Consequently, RUNX2 acts as a vital regulator of
both intramembranous and endochondral bone
formation (8, 9). In addition, RUNX2-/- mice
completely lose their ability to differentiate
mesenchymal cells to osteoblasts and die shortly
after birth (7, 11).Similarly, RUNX2 haplo-
insufficiency is the cause of cleidocranial
dysplasia in humans; this disease is characterized
by defective bone formation (9).

Expression of RUNX2 in non-osteoblastic
fibroblasts was sufficient to induce expression of
osteoblastic markers such as typel collagen, bone
sialoprotein, osteocalcin, and osteopontin (8); for
example, RUNX2 expression in an osteochondral
progenitor suppressed chondrocyte differentiation
to enhance osteoblast differentiation (25).
Conversely, suppression of RUNX2 prevented
the differentiation of mesenchymal cells to
osteoblasts (9).

Runt-related transcription factor 2 has been
found to cooperate with Smadl and Smad5 to
increase the expression of some osteoblast-
specific genes (10). Runt-related transcription
factor 2 acts downstream of BMP-2/Smad
signaling (54). Furthermore, RUNX2 is an
essential transcription factor for osteoblast
differentiation, and its expression can be-induced
by both BMP-2 and BMP-7 (55).

Celli et al. showed that RUNX2 plays an
important role in both basal and BMP-2-mediated
OSX expression in C3H10T1/2 cells. Both Smad
ubiquitin regulatory factor 1 (Smurfl) and acute
myelogenous leukemia translocation
(AML/ETO) -overexpressing cells expressed
OSX in the presence of BMP-2. Alkaline
phosphatase expression was also inhibited by
blocking RUNX22 activity with AML/ETO or
Smurfl (54).

Inactivation of the AKT pathway also leads to
a downregulation of RUNX2; additionally, AKT
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has a positive role in insulin-like growth factor-
1(IGF-1) -induced expression of RUNX2 (10).

Fujita et al. showed that RUNX2 is not
involved in IGF-1 induction, however IGF-1
signaling has a major role in RUNX2-dependent
osteoblastic differentiation of the osteoprogenitor
in mouse MC3T3-E1 cells. This group also
showed that PI3K-Akt signaling plays a key role
in RUNX2 DNA binding and transcriptional
activation via RUNX2 (56).

Insulin-like growth factor-1 also controls
specific hormone receptor and cytokine genes that
are vital in postnatal development, differentiation,
and angiogenesis. It has been shown that IGF-1
increases bone sialoprotein and osteocalcin (OC)
gene expression in an in vivo rat model of bone
formation. Bone sialoprotein and OC are RUNX2
target genes in MC3T3-E1 cells, suggesting that
IGF-1 may control the expression of these genes
through RUNX2 activation (57).

One of the remarkable notes from the IGF-1
knockout is the necessity of IGF-1 for parathyroid
hormone (PTH) activity in bone. In the absence of
IGF-1, PTH had no positive effect on the rate of
bone formation in mice. RUNX2 activity is also
regulated through other transcription factors, such
as signal transducer and activator of transcription
1 (Statl), which prevents the transcription activity
of RUNX2 (10). Kim et al. studied RUNX2
nuclear localization in primary osteoblasts from
wild-type and Statl-/- mice. Runt-related
transcription factor 2 nuclear translocation was
more prominent in Statl-/- osteoblasts than in
wild-type osteoblasts, indicating that RUNX2
nuclear localization is regulated via the
transcriptionally latent form of Statl in the
cytoplasm (59).

Hairy/enhancer-of-split related with YRPW
motif protein 1 (Heyl) prevents bone matrix
mineralization by osteoblasts by controlling
RUNX2 activity (30). Sharff et al. suggested that
Heyl might increase osteogenic differentiation
and prevent chondrogenic differentiation. Runt-
related transcription factor 2 might be regulated
via BMP9 in a parallel pathway and RUNX2 may
act downstream of Heyl in BMP9-induced
osteogenic differentiation. This group also
demonstrated that Heyl is a major mediator of
BMP9-induced osteogenic differentiation of
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MSCs; moreover, both Heyl and RUNX2 are
involved in BMP9 osteogenic signaling. Heyl is
induced by BMP2 in RUNX2-deficient
progenitors, which cannot differentiate into
osteoblasts, suggesting that Heyl may act
upstream of RUNX2 during BMP-stimulated
osteoblast differentiation (55).

Young et al. reported that RUNX2 is
organized in multiple distinct sub-nuclear foci
during interphase and is localized on
chromosomes during all mitotic stages; moreover,
they detected mitotic association of endogenous
RUNX2 with chromosomes in multiple cell lines,
including normal calvarial osteoblasts and
osteosarcomas (60).

The Key Osteogenic Transcription Factor,
Osterix
The other transcription factor essential for
osteoblast differentiation and bone formation
during embryonic development is osterix (OSX)
(9, 61). Osterix and Runx2 are expressed in the
perichondrial cells that eventually differentiate
into osteoblasts (62). Day et al. reported that cell
destiny at the initial differentiation stage is not yet
established, and early RUNX2 expression
preserves some cell fate and requires OSX to
ensure full differentiation to osteoblasts (25).
Inactivation of OSX in mice after birth causes
multiple skeletal phenotypes including deficiency
of new bone formation, deficiency of resorption
of mineralized cartilage, and failings in osteocyte
maturation and function (63). While these
knockout mice expressed RUNX2, correct
function of RUNX2 requires OSX expression (7).
Similar to RUNX2, forced OSX expression in
non-bone cells promoted expression of both early
and late phase gene markers in osteoblasts (9).
Lee et al., in histological analyses, showed that
transplantation of OSX-overexpressing BMSCs
increased trabecular bone mass. They also
reported that OSX expression is increased by
BMP-2 treatment (64). Celil et al. studied whether
OSX expression in mesenchymal progenitor cells
required RUNX2 in the absence or presence of the
BMP-2 stimuli and suggested that BMP-2- and
IGF-1 intramembranous ossification induces
OSX up-regulation. Additionally, RUNX2 was
necessary, but not sufficient, for the BMP-2-

mediated OSX induction. Among various growth
factors implicated in bone formation, BMP-2 and
IGF-1 up-regulated OSX expression during early
osteoblast differentiation (54).

Zhou et al. showed that OSX in mice has
multiple crucial roles in postnatal bone
development and homeostasis. First, inactivation
of OSX during and after the main postnatal
growth period blocked osteoblast differentiation
and new bone formation. This study showed that
a particular transcription factor that is crucial for
embryonic skeletal development is equally
necessary for osteoblast differentiation and new
bone formation postnatally (61). Furthermore,
Baek et al. showed that OSX is required for pre-
osteoblast differentiation into fully functioning
osteoblasts, or for osteoblasts to continue their
function, and for subsequent bone formation and
mineralization (65).

Acknowledgment

The authors thank Qazvin University of Medical
Science and SABZ Biomedicals Science-Based
Company. The authors declare no conflicts of
interest.

References

1. Chen G, Deng C, Li Y-P. TGF-beta and
BMP signaling in osteoblast differentiation and
bone formation. IntJ Biol Sci. 2012;8(2):272-88.
2. Bradley EW, McGee-Lawrence ME,
Westendorf JJ. Hdac-mediated control of
endochondral and intramembranous ossification.
Critical Reviews™ in Eukaryotic Gene
Expression. 2011;21(2).

3. Estrada KD, Retting KN, Chin AM, Lyons
KM. Smad6 is essential to limit BMP signaling
during cartilage development. Journal of Bone
and Mineral Research. 2011;26(10):2498-510.
4. Beederman M, Lamplot JD, Nan G, Wang J,
Liu X, Yin L, et al. BMP signaling in
mesenchymal stem cell differentiation and bone
formation. Biomedical Science and Engineering.
2013;6: 32-52.

5. LiuTM, Lee EH. Transcriptional regulatory
cascades in Runx2-dependent bone
development. Tissue Engineering Part B:
Reviews. 2012;19(3):254-63.

Rep. Biochem. Mol. Biol, Vol. 5, No. 2, Apr 2017 79


https://rbmb.net/article-1-105-en.html

[ Downloaded from rbmb.net on 2025-08-21 ]

Shahi M et al.

6. Yang Y-Q, Tan Y-Y, Wong R, Wenden A,
Zhang L-K, Rabie ABM. The role of vascular
endothelial growth factor in ossification.
International ~ journal of oral science.
2012;4(2):64-8.

7. PhanT, XuJ, Zheng M. Interaction between
osteoblast and osteoclast: impact in bone disease.
2004.

8. Lin GL, Hankenson KD. Integration of
BMP, Whnt, and notch signaling pathways in
osteoblast differentiation. Journal of cellular
biochemistry. 2011;112(12):3491-501.

9. Javed A, Chen H, Ghori FY. Genetic and
transcriptional control of bone formation. Oral
and maxillofacial surgery clinics of North
America. 2010;22(3):283-93.

10. Chau J, Leong WF, Li B. Signaling
pathways governing osteoblast proliferation,
differentiation and function. Histology and
histopathology. 2009;24(12):1593-606.

11. James AW. Review of signaling pathways
governing MSC osteogenic and adipogenic
differentiation. Scientifica. 2013;2013.

12. Qi H, Aguiar DJ, Williams SM, La Pean A,
Pan W, Verfaillie CM. Identification of genes
responsible for osteoblast differentiation from
human  mesodermal  progenitor  cells.
Proceedings of the National Academy of
Sciences. 2003;100(6):3305-10.

13. Crockett JC, Rogers MJ, Coxon FP, Hocking
LJ, Helfrich MH. Bone remodelling at a glance.
Journal of cell science. 2011;124(7):991-8.

14. Thiolloy S, Halpern J, Holt GE, Schwartz
HS, Mundy GR, Matrisian LM, et al. Osteoclast-
derived matrix metalloproteinase-7, but not
matrix metalloproteinase-9, contributes to
tumor-induced osteolysis. Cancer research.
2009;69(16):6747-55.

15. Kanczler J, Oreffo R. Osteogenesis and
angiogenesis: the potential for engineering bone.
Eur Cell Mater. 2008;15(2):100-14.

16. Deckers MM, Van Beek ER, VVan Der Pluijm
G, Wetterwald A, Der Wee-Pals V, Cecchini
MG, et al. Dissociation of angiogenesis and
osteoclastogenesis during endochondral bone
formation in neonatal mice. Journal of Bone and
Mineral Research. 2002;17(6):998-1007.

17. Cackowski FC, Anderson JL, Patrene KD,
Choksi RJ, Shapiro SD, Windle JJ, et al.

80 Rep. Biochem. Mol. Biol, Vol. 5, No. 2, Apr 2017

Osteoclasts are important for bone angiogenesis.
Blood. 2010;115(1):140-9.

18. Kim JH, Liu X, Wang J, Chen X, Zhang H,
Kim SH, et al. Wnt signaling in bone formation
and its therapeutic potential for bone diseases.
Therapeutic advances in  musculoskeletal
disease. 2013;5(1):13-31.

19. Kobayashi Y, Uehara S, Udagawa N,
Takahashi N. Regulation of bone metabolism by
Whit signals. Journal of biochemistry. 2015.

20. Kobayashi Y, Uehara S, Koide M,
Takahashi N. The regulation of osteoclast
differentiation by Wnt signals. BoneKEy
reports. 2015;4:713.

21. Gonzélez-Sancho JM, Brennan KR, Castelo-
Soccio LA, Brown AM. Wnt proteins induce
dishevelled phosphorylation via an LRP5/6-
independent mechanism, irrespective of their
ability to stabilize [B-catenin. Molecular and
cellular biology. 2004;24(11):4757-68.

22. Bodine PV. Wnt signaling in bone
development. Bone and Development: Springer;
2010. p. 137-52.

23. Korvala J, Juppner H, Mékitie O, Sochett E,
Schnabel D, Mora S, et al. Mutations in LRP5
cause primary osteoporosis without features of
Ol by reducing Wnt signaling activity. BMC
medical genetics. 2012;13(1):26.

24. Jacobsen CM, Barber LA, Ayturk UM,
Roberts HJ, Deal LE, Schwartz MA, et al.
Targeting the LRP5 pathway improves bone
properties in a mouse model of osteogenesis
imperfecta. Journal of Bone and Mineral
Research. 2014;29(10):2297-306.

25. Day TF, Guo X, Garrett-Beal L, Yang Y.
Wnt/B-catenin  signaling in  mesenchymal
progenitors controls osteoblast and chondrocyte
differentiation during vertebrate skeletogenesis.
Developmental cell. 2005;8(5):739-50.

26. Kobayashi Y, Thirukonda GJ, Nakamura Y,
Koide M, Yamashita T, Uehara S, et al. Wnt16
regulates  osteoclast  differentiation  in
conjunction with Wnt5a. Biochemical and
biophysical research communications.
2015;463(4):1278-83.

27. Kamiya N, Kobayashi T, Mochida Y, Yu
PB, Yamauchi M, Kronenberg HM, et al. Wnt
inhibitors Dkk1 and Sost are downstream targets
of BMP signaling through the type IA receptor


https://rbmb.net/article-1-105-en.html

[ Downloaded from rbmb.net on 2025-08-21 ]

Bone Metabolism

(BMPRIA) in osteoblasts. Journal of Bone and
Mineral Research. 2010;25(2):200-10.

28. Krishnan V, Bryant HU, MacDougald OA.
Regulation of bone mass by Wnt signaling. The
Journal of clinical investigation.
2006;116(5):1202-9.

29. Wang RN, Green J, Wang Z, Deng Y, Qiao
M, Peabody M, et al. Bone Morphogenetic
Protein (BMP) signaling in development and
human  diseases. Genes &  diseases.
2014;1(1):87-105.

30. Zamurovic N, Cappellen D, Rohner D, Susa
M. Coordinated Activation of Notch, Wnt, and
Transforming Growth Factor-p  Signaling
Pathways in Bone Morphogenic Protein 2-
induced Osteogenesis Notch TARGET GENE
Heyl INHIBITS MINERALIZATION AND
Runx2 TRANSCRIPTIONAL ACTIVITY.
Journal of Biological Chemistry.
2004;279(36):37704-15.

31. Xiang L, Liang C, Zhen-Yong K, Liang-Jun
Y, Zhong-Liang D. BMP9-induced osteogenetic
differentiation and bone formation of muscle-
derived stem cells. BioMed Research
International. 2012;2012.

32. Behr B, Leucht P, Longaker MT, Quarto N.
Fgf-9 is required for angiogenesis and
osteogenesis in long bone repair. Proceedings of
the National Academy of  Sciences.
2010;107(26):11853-8.

33. Xu X, Jeong L, Han J, Ito Y, Bringas P, Chai
Y. Developmental expression of Smadl-7
suggests critical function of TGF-beta/BMP
signaling in regulating epithelial-mesenchymal
interaction  during tooth  morphogenesis.
International Journal of Developmental Biology.
2003;47(1):31-40.

34. Horiki M, Imamura T, Okamoto M, Hayashi
M, Murai J, Myoui A, et al. Smad6/Smurfl
overexpression in cartilage delays chondrocyte
hypertrophy and causes dwarfism with
osteopenia. The Journal of cell biology.
2004;165(3):433-45.

35. Takei Y, Minamizaki T, Yoshiko Y.
Functional diversity of fibroblast growth factors
in bone formation. International journal of
endocrinology. 2015;2015.

36. Ornitz DM, Marie PJ. FGF signaling
pathways in endochondral and intramembranous

bone development and human genetic disease.
Genes & development. 2002;16(12):1446-65.
37.Su N, Jin M, Chen L. Role of FGF/FGFR
signaling in skeletal development and
homeostasis: learning from mouse models. Bone
research. 2014;2:14003.

38. Fei Y, Xiao L, Doetschman T, Coffin DJ,
Hurley MM. Fibroblast growth factor 2
stimulation of osteoblast differentiation and bone
formation is mediated by modulation of the Wnt
signaling pathway. The Journal of biological
chemistry. 2011;286(47):40575-83.

39. Moon AM, Capecchi MR. Fgf8 is required
for outgrowth and patterning of the limbs. Nature
genetics. 2000;26(4):455-9.

40. LuJ, Dai J, Wang X, Zhang M, Zhang P, Sun
H, et al. Effect of fibroblast growth factor 9 on
the osteogenic differentiation of bone marrow
stromal stem cells and dental pulp stem cells.
Molecular medicine reports. 2015;11(3):1661-8.
41. Wallner C, Schira J, Wagner JM, Schulte M,
Fischer S, Hirsch T, et al. Application of
VEGFA and FGF-9 enhances angiogenesis,
osteogenesis and bone remodeling in type 2
diabetic long bone regeneration. PloS one.
2015;10(3):e0118823.

42. Miyaoka Y, Tanaka M, Imamura T, Takada S,
Miyajima A. A novel regulatory mechanism for
Fgfl8 signaling involving cysteine-rich FGF
receptor (Cfr) and delta-like protein (DIK).
Development. 2010;137(1):159-67.

43. HuMC-T, Qiu WR, Wang Y-p, Hill D, Ring
BD, Scully S, et al. FGF-18, a novel member of
the fibroblast growth factor family, stimulates
hepatic and intestinal proliferation. Molecular
and cellular biology. 1998;18(10):6063-74.

44. Reinhold MI, Naski MC. Direct interactions
of Runx2 and canonical Wnt signaling induce
FGF18. Journal of Biological Chemistry.
2007;282(6):3653-63.

45. Murali SK, Roschger P, Zeitz U, Klaushofer
K, Andrukhova O, Erben RG. FGF23 Regulates
Bone Mineralization in a 1, 25 (OH) 2D3 and
Klotho-Independent Manner. Journal of Bone
and Mineral Research. 2016;31(1):129-42.

46. Guo Y-C, Yuan Q. Fibroblast growth factor
23 and bone mineralisation. International journal
of oral science. 2015;7(1):8-13.

Rep. Biochem. Mol. Biol, Vol. 5, No. 2, Apr 2017 81


https://rbmb.net/article-1-105-en.html

[ Downloaded from rbmb.net on 2025-08-21 ]

Shahi M et al.

47. Liu S, Quarles LD. How fibroblast growth
factor 23 works. Journal of the American Society
of Nephrology. 2007;18(6):1637-47.

48. Merrill AE, Sarukhanov A, Krejci P, Idoni
B, Camacho N, Estrada KD, et al. Bent bone
dysplasia-FGFR2 type, a distinct skeletal
disorder, has deficient canonical FGF signaling.
The American Journal of Human Genetics.
2012;90(3):550-7.

49. Liu J, Kwon T-G, Nam H, Hatch N.
Craniosynostosis-Associated  Fgfr2  C342Y
Mutant Bone Marrow Stromal Cells Exhibit Cell
Autonomous  Abnormalities in Osteoblast
Differentiation and Bone Formation. BioMed
research international. 2013;2013.

50. Deng C, Wynshaw-Boris A, Zhou F, Kuo A,
Leder P. Fibroblast growth factor receptor 3 is a
negative regulator of bone growth. Cell.
1996;84(6):911-21.

51. White KE, Cabral JM, Davis SI, Fishburn T,
Evans WE, Ichikawa S, et al. Mutations that
cause osteoglophonic dysplasia define novel
roles for FGFR1 in bone elongation. The
American Journal of Human Genetics.
2005;76(2):361-7.

52. Cool S, Jackson R, Pincus P, Dickinson I,
Nurcombe V. Fibroblast growth factor receptor
4 (FGFR4) expression in newborn murine
calvaria and primary osteoblast cultures.
International Journal of Developmental Biology.
2002;46(4):519-24.

53. Yavropoulou MP, Yovos JG. The role of the
Whit signaling pathway in osteoblast commitment
and differentiation. HORMONES-ATHENS-.
2007;6(4):279.

54. Celil AB, Campbell PG. BMP-2 and insulin-
like growth factor- mediate Osterix (Osx)
expression in human mesenchymal stem cells via
the MAPK and protein kinase D signaling
pathways. Journal of Biological Chemistry.
2005;280(36):31353-9.

55. Sharff KA, Song W-X, Luo X, Tang N, Luo J,
Chen J, et al. Hey1 basic helix-loop-helix protein
plays an important role in mediating BMP9-
induced osteogenic differentiation of
mesenchymal progenitor cells. Journal of
Biological Chemistry. 2009;284(1):649-59.

56. Fujita T, Azuma Y, Fukuyama R, Hattori Y,
Yoshida C, Koida M, et al. Runx2 induces

82 Rep. Biochem. Mol. Biol, Vol. 5, No. 2, Apr 2017

osteoblast and chondrocyte differentiation and
enhances their migration by coupling with PI3K-
Akt signaling. The Journal of cell biology.
2004;166(1):85-95.

57. Qiao M, Shapiro P, Kumar R, Passaniti A.
Insulin-like growth factor-1 regulates endogenous
RUNX2 activity in endothelial cells through a
phosphatidylinositol 3-kinase/ERK-dependent and
Akt-independent signaling pathway. Journal of
Biological Chemistry. 2004;279(41):42709-18.
58. Guntur AR, Rosen CJ. IGF-1 regulation of key
signaling pathways in bone. BoneKEy reports.
2013;2.

59. Kim S, Koga T, Isobe M, Kern BE, Yokochi
T, Chin YE, et al. Statl functions as a cytoplasmic
attenuator of Runx2 in the transcriptional program
of osteoblast differentiation. Genes &
development. 2003;17(16):1979-91.

60. Young DW, Hassan MQ, Yang X-Q, Galindo
M, Javed A, Zaidi SK, et al. Mitotic retention of
gene expression patterns by the cell fate-
determining  transcription  factor  Runx2.
Proceedings of the National Academy of Sciences.
2007;104(9):3189-94.

61. Zhou X, Zhang Z, Feng JQ, Dusevich VM,
Sinha K, Zhang H, et al. Multiple functions of
Osterix are required for bone growth and
homeostasis in postnatal mice. Proceedings of the
National Academy of Sciences.
2010;107(29):12919-24.

62. Dancer JY, Henry SP, Bondaruk J, Lee S,
Ayala AG, De Crombrugghe B, et al. Expression
of master regulatory genes controlling skeletal
development in benign cartilage and bone forming
tumors. Human pathology. 2010;41(12):1788-93.
63. Sinha KM, Zhou X. Genetic and molecular
control of osterix in skeletal formation. J Cell
Biochem. 2013;114(5):975-84.

64. Lee DS, Choung HW, Kim HJ, Gronostajski
RM, Yang YI, Ryoo HM, et al. NFI-C regulates
osteoblast differentiation via control of osterix
expression. Stem cells (Dayton, Ohio).
2014;32(9):2467-79.

65. Baek WY, de Crombrugghe B, Kim JE.
Postnatally induced inactivation of Osterix in
osteoblasts results in the reduction of bone
formation and maintenance. Bone.
2010;46(4):920-8.


https://rbmb.net/article-1-105-en.html
http://www.tcpdf.org

