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Synopsis
An exquisite interplay of developmental cues, transcription factors, coregulatory and signaling
proteins support formation of skeletal elements of the jaw during embryogenesis and the dynamic
remodeling of alveolar bone in the post-natal life. These molecules promote initial condensation of
the mesenchyme, commitment of the mesenchymal progenitor to osteogenic lineage cells, and
differentiation of committed osteoblast to mature osteocyte within mineralized bone. Parallel
regulatory network promote formation of the functional ostoclast from mononuclear cells to
support continuous bone remodeling within the alveolar bone. With an ever expanding list of new
regulatory factors, the complexities of the molecular mechanisms that control gene expression in
skeletal cells are being further appreciated. This review examines the multifunctional roles of
prominent nuclear proteins, cytokines, hormones and paracrine factors that control osteogenesis.
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Skeletogenesis in mammals requires coordinated activities of multiple cell types and is
formed by two distinct developmental processes. 1) Endochondral ossification; majority of
the skeletal elements in the body including all long bones are derived by this process.
Sequential maturation and degradation of chondrocyte produced cartilaginous template is a
pre-requisite for osteoblast recruitment. The second step in endochondral ossification is the
eventual replacement of cartilage matrix with the mineralized matrix synthesized by
osteoblast. 2) Intramembranous ossification; craniofacial skeletal elements are primarily
derived through this process, whereby cells in condensed mesenchyme directly differentiate
into mineralizing osteoblast.
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1. Developmental origin of Alveolar Bone

During embryonic development, blocks of condensed mesenchyme are modeled into
precisely shaped cartilaginous elements (1). In humans, this process of skeletal patterning is
completed within first trimester of pregnancy (9" week after conception). Subsequently, the
skeletal tissue template undergoes a dramatic increase in size and ossification but with
relatively small change in basic shape of bones. In mammals, both the mandibular and
maxillary bones develop from the first branchial arch during embryonic skeletal patterning
(2).The alveolar bone and processes in the maxilla and mandible are formed by
intramembranous ossification. However, cellular components of the craniofacial skeleton are
unique and include cranial neural crest-derived ectomesenchyme (3,4). The mandibular and
maxillary alveolar process houses and supports the dentition. Tooth development initiates as
a local thickening of oral epithelium that subsequently this thickened epithelium grows into
the underlying neural crest-derived mesenchyme of the first branchial arch (5,6). Tooth
development proceeds through multiple stages of differentiation which are morphologically
distinct such as, dental lamina, bud, cap, bell, crown and root. In human deciduous teeth,
formation of dental lamina is noted by 7 weeks of gestation, with the ultimate
cytodifferentiation of odontoblast that produce the dentin extracellular matrix by 18 weeks.
Although, the alveolar bone is formed in relation to the teeth but structurally it is similar to
the basal bone and the alveolar bone cells closely resemble skeletal osteoblasts (3).

2. Osteoblast Biology

During embryonic development osteoblasts originate from local mesenchyme, and
postnataly from bone marrow stromal stem cell or connective tissue mesenchymal stem cell
(MSC). In response to specific stimuli, these precursor cells commit to osteogenic lineage
and differentiate into mature osteoblasts. Extensive research in the past 20-years by many
laboratories have defined the sequence of events that results in the maturation of osteoblasts
(7-13). Distinct stages of osteoblast that are characterized by the expression of specific
genes and functional properties have been established using in vitro cell culture and in vivo
models, and by determining modifications in gene expression in normal and affected bone
tissues. Profiles of gene expression in vivo further define the sub-stages of osteoblast
maturation, and these sub-stages are altered as a result of genetic mutations.

In general, osteoblastogenesis is defined by four major phases: lineage commitment,
proliferative expansion, synthesis of extracellular matrix (ECM) and mineralization. All
these stages are characterized by sequentially expressed genes that support the progression
of osteoblast differentiation through developmental transition points (Fig. 1). The first
transition requires MSC commitment to osteogenic lineage, second transition is associated
with mitotic duplication and expansion of osteoprogenitor, the third transition requires exit
from the cell cycle and robust production of extracellular matrix by osteoblast, the final
stage is marked by mineralization of the extracellular matrix and establishment of osteocyte.

Self renewing mesenchymal stem cells are pluripotent and can give rise to multiple tissue
type lineages such as osteoblast, odontoblast, chondrocytes, myoblasts, adipocytes and
tendon cells. However, due to lack of distinct morphologic feature and histochemical
markers, the mesenchymal stem cells and osteoprogenitor are not readily identifiable.
Initially, the Stro-1 antibody was used to isolate adherent population from adult bone
marrow cells but the surface antigen is ubiquitously expressed (14). Recent reports shows
that a combination of multiple cell surface markers and absence of hematopoietic stem cells
lineage markers significantly enrich MSC population from bone marrow. However, to date
no single specific marker has been identified that can select and enrich osteoprogenitors
from all tissues.
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The first step in development of the osteoblast phenotype is the lineage commitment and
formation of osteoprogenitors. This commitment is regulated by master transcription factors
and their co-regulators. This step involves expression of lineage inducing factors as well as
inhibition of factors that maintain lineage plasticity. The key factors for commitment of
osteogenic cell type include Runx2, Osterix, Sox9, and morphogens TGFB/BMPs, FGFs.
The initial progenitor are still bipotential and can commit to either osteo or chondro lineage
depending upon the threshold of Sox and Runx2/Osterix. Vitamin D3, glucocorticoids,
parathyroid hormone, and estrogen are shown to regulate parameters of the proliferation/
growth in a dosage and time dependent fashion (15-20). These hormones and cytokines
influence the progression of MSCs into the osteoblast lineage, either directly or indirectly by
suppressing signaling that promote commitment to other lineages such as adipocyte and
myoblast. (21-22).

In the second stages of osteoblast development there is extensive proliferation of progenitor
cells with expression of growth related genes (histones, c-myc and c-fos). What does this
mean The proliferation stage encompasses a wide range of osteogenic cell types, from the
pluripotent MSC through the more committed chondro-osteoprogenitor and preosteoblast.
During this proliferative phase, a number of matrix genes begin to be expressed (e.g., type-I
collagen, fibronectin and some growth factors such as BMP2/TGFp). Transcription factors
that support proliferation of multipotential MSCs also suppress phenotypic genes that are
usually induced at post-proliferative stage of osteoblast differentiation such as helix-loop-
helix factors (HLH), Twist, Groucho/TLE, and Id. These factors maintain proliferating
progenitor cells in an undifferentiated state (9,23).

The third stage of osteoblast differentiation corresponds to a period of osteoblasts clustering
and multilayering in cultures as well as synthesis and maturation of extracellular matrix.
This stage is characterized by the expression of alkaline phosphatase, an early marker of the
postproliferative osteoblast phenotype and production of a collagen matrix. The
accumulation of type | collagen ECM, initiates marked reduction in histone expression, an
exit from cell cycle and the cessation of cell proliferation. Moreover, collagen ECM
promotes signaling cascade by both cell-matrix and cell-cell interactions to support the
expression of osteoblast-related genes (24-27). During this stage, the maximal levels of
collagen synthesis and assembly is coupled with induction of non-collagenous ECM proteins
such as osteopontin, osteonectin, bone sialoprotein, and osteocalcin (9).

The final stage of osteoblastogenesis is characterized by deposition of minerals in the ECM,
concomitant with peak expression of genes considered markers of mature osteoblast (28—
30). These include, but are not limited to, bone sialoprotein, osteocalcin, and osteopontin.
This phase begins with down regulation of matrix maturing proteins, and robust expression
of gene products associated with the mineralization that leads to formation and accumulation
of hydroxyapatite crystals. During this period, marked morphological changes are evident in
vivo, with transition of some cuboidal osteoblast to either fibroblast looking lining cells or
the stellate osteocyte (Figure 1). Majority of osteoblasts (~85%) do not achieve the end stage
phenotype of an osteocyte and undergo programmed cell death. Apoptotic osteoblast show
increased expression of Bad, Bax genes, matrix degrading enzymes and suppression of Bcl2,
a pro-cell survival gene (31-33). Osteocytes are spatially and morphologically distinct from
osteoblasts, as they are completely encased in bone and possess dendritic processes. The
long branched cellular processes allow them to contact each other, as well as osteoblasts and
lining cells present on the bone surface and marrow stromal cells on the endosteum. Some of
the genes considered marker of mature osteoblasts are also expressed in osteocytes
(Osteocalcin, MEPE, DMP1). However, in the recent years, few signature genes of
osteocytes have been identified such as E111/gp38, Phex, and Sclerostin (34). It is estimated
that there are ten thousands osteocyte per cubic millimeter of bone and about 50 dendritic

Oral Maxillofac Surg Clin North Am. Author manuscript; available in PMC 2011 August 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Javed et al.

Page 4

processes are present on each cell (35). Therefore, osteocytes make up >90-95% of the
cellular component of the adult skeleton compared with 4-6% of osteoblast and only 1-2%
osteoclast. The long-lived osteocytes function as the mechanosensors of skeletal tissues (34).

In summary, profiles of differentially expressed genes and their responses to physiological
cues have provided important conceptual framework for defining distinct stages of
osteoblast maturation and cellular understanding of bone development and bone remodeling.

2.1 Stem Cells, Mesenchymal Stem Cells and Induced Pluripotent Stem (iPS) Cells

Unlike pluripotent embryonic stem cells (ES), the stem cells derived from post-natal tissues
are mutlipotent. They self-renew through potent proliferative capacity, and can give rise to
at least more than one type of highly differentiated lineage (36). VVarious adult tissues
contain reservoirs of specific stem cells that support both maintenance and regeneration of
the parental tissue. The ever expanding list of tissues containing specific stem cells include
epidermis and intestinal crypts for epithelial stem cells, brain neural tissues for neural stem
cells, skeletal muscle with satellite stem cells and number of connective tissues for
mesenchymal stem cells (36-39).

Due to convenient isolation, historically, the adult bone marrow has been used as a source of
different types of stem cells such as hematopoietic and mesenchymal stem cells (40).The
marrow derived mesenchymal stem cells are capable of differentiating into mesenchymal
(bone, cartilage, muscle, tendon, adipose and other connective tissues), and non-
mesenchymal tissues in vitro and in vivo (36-39). Progeny of mesenchymal stem cells are
responsible for post-natal bone formation and adult fracture repair and remodeling.

Commitment and differentiation of these cells to the bone, cartilage, tendon, ligament, and
muscle lineage, is a complex process involving multiple discrete cellular transitions.
Progression from one stage to the next requires presence of specific bioactive factors, and
dynamic environmental cues whose exquisitely controlled contributions orchestrate the
entire differentiation program (9,11). Mesenchymal stem cells have been successfully
purified and expanded in invitro culture from both animals and humans. The relative ease of
isolation, in vitro mitotic expansion, multi-lineage differentiation and autologous nature are
the key features for the emergence of human MSCs as potential source for cell based therapy
to treat genetic disorders and for reconstruction and bone tissue engineering. However, the
widespread use of MSC for the treatment of many clinically challenging conditions is
hampered by their limited supply, significant loss of differentiation capacity in long-term
cultures.

Cellular differentiation and lineage commitment are considered to be robust and irreversible
processes during development. The diverse cell types present in the adult organism are
produced by embryonic stem cells during development by lineage-specific transcription
factors. This has fueled attempts to study transcriptional circuitry that control pluripotency
and self-renewal of embryonic stem cells. The master regulators and signaling pathways of
ES population are beginning to be identified (41). Cocktail of four transcription factors that
can induce pluripotency (iPS), promote and maintain the undifferentiated state of mouse and
human adult somatic cells have recently been characterized (41). This approach of iPS will
allow maintinace of phenotypic plasticity, exvivo expansion and directed differentiation of
mesenchymal stem cells or osteoprogenitor population for use in tissue engineering and
reconstruction of bone tissues. Human iPS cells, produced either by expression of Oct4,
Sox2, c-Myc, and KIf4 or by Oct4, Sox2, Nanog, and Lin28 are remarkably similar to
human ES cells. These cells are also morphologically similar to human ES cells, express
typical human ES cell-specific cell surface antigens and genes, differentiate into multiple
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lineages in vitro, and form teratomas containing differentiated derivatives of all three
primary germ layers when injected into immunocompromised mice (42).

More importantly, iPS cells can be derived from skin cells from patients with a variety of
diseases and without c-Myc oncogene and viral integration (42—44). These discoveries
eliminates a major roadblock for developing customized iPS cell tailored to patient specific
needs and translating therapeutic usage these of cells. Although these specific factors are
sufficient for induced pluripotency, however, it is still unclear how these genes orchestrate
the erasure of the differentiated state and cause lineage reprogramming of adult somatic
cells.

The use of iPS technology is still quite some distance away but the ability to produce stem
cells by induced pluripotency has provided therapeutic options that have never before been
available. This has also rekindled hopes for treating generalized conditions such as
osteoporosis by systemic administration of culture-expanded autologous iPS/MSCs or to
repair local bone defects through site directed delivery of reprogrammed cells.

2.2 Transcriptional regulation of osteoblast differentiation

Aided by combined developmental, molecular, genetic, biochemical and cellular
approaches, the transcriptional regulation is the most actively investigated area of bone
research. Osteoblast commitment, differentiation and functional activity are all governed by
several regulatory proteins and specific transcription factors that promote expression of
phenotypic genes and establishment of the osteoblast phenotype. The recent development of
molecular genetic studies in human skeletal pathobiology coupled with the genetic mouse
models have contributed to better understanding of regulatory machinery involved in the
control of osteoblastogenesis (7-10). The role of key signaling molecules, transcription
factors and chromatin remodeling enzymes that control the formation and maturation of
osteoblasts are summarized below.

Regulatory factors that influence various aspects of osteoblast biology can be divided into
four major categories. These include; 1) cis-acting DNA binding transcription factors 2)
signal transducers and non-DNA binding coregulatory proteins 3) post-translational
regulatory proteins 4) chromatin modifying enzymes. Regulatory factor in the last two
categories are functional through all stages of osteoblast differentiation, however their target
genes and proteins are restricted to specific stage of osteoblast differentiation.

Two transcription factors that are predominantly expressed in osteoblasts are obligatory for
commitment of mesenchymal progenitors to osteoblast lineage and for development of the
functional osteoblast. The first protein, Runx2 is a member of the runt domain family of
transcription factors and regulates various aspects of osteoblast biology (8,9).
Developmentally, Runx2 expression is first noted in osteochondroprogenitor cells of the
condensing mesenchyme at the onset of skeletal development. Levels of Runx2 gradually
increases in subsequent stages of osteoblast differentiation, with maximum expression
observed in the mature osteoblast. Runx2 gene deletion in mice results in complete absence
of bone formation and failure of osteoblast and chondrocyte maturation (45). Consistently,
in humans Runx2 haploinsufficiency results in cleidocranial dysplasia, a disease
characterized by defective bone formation and supernumerary teeth (46). Runx2 is both
necessary and sufficient for mesenchymal cell differentiation towards the osteoblast lineage
as Runx2 over-expression can convert mesenchymal cells of other lineages to osteogenic
phenotype and inhibition of Runx2 blocks the differentiation of mesenchymal cells to
osteoblasts (47). Runx2 control bone lineage cells by binding to the Runx regulatory
element in promoters of genes considered to be markers for different stages of osteoblast
differentiation (9,48). Runx2 target genes include genes expressed by immature and
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differentiated osteoblasts, such as TGF-p receptor, alkaline phosphatase, collagen type |
alpha 1 and alpha 2 chain, osteopontin, osteonectin, Vitamin D receptor, galectin-3, bone
sialoprotein, osteocalcin and collagenase (9).

The second DNA binding transcription factor that is absolutely required for osteoblast
differentiation is Osterix explain this term.. Osterix/SP7 is a member of the zinc-finger
containing SP family and is abundantly expressed throughout osteoblast differentiation (49).
Genetic inactivation of Osterix in mice results in absence of mineralized bone matrix,
defective osteoblasts and perinatal lethality (49). Similar to Runx2, forced expression of
Osterix in non-bone cells, promote expression of both early and late stage marker genes of
osteoblast. However, molecular and genetic studies revealed Runx2 is expressed in
mesenchymal tissues of Osterix null mice (49). Thus, Osterix acts downstream of Runx2 in
the transcriptional cascade of osteoblast differentiation. Consistently, Osterix expression is
positively regulated by direct binding of Runx2 to a responsive element in the promoter of
the Osterix gene.

Multiple transcription factors that are expressed ubiquitously also plays critical role in bone
homeostasis and development of functional osteoblasts. This group consists of proteins that
bind DNA in a sequence specific manner, as well as proteins that do not directly interact
with the DNA such as C/EBPs, ATF4, NFATc, AP-1, DIx5, Smads, CBFp, Sath2 (50-54).
They regulate osteoblast differentiation either by directly inducing the expression of target
genes and/or by modulating the activities of Runx2 and Osterix transcription factors. For
example, ATF4 and CCAAT/enhancer-binding proteins (C/EBPSs) induce expression of
osteoblast genes through direct binding to their respective cis-element in the promoters
(51,52). Both proteins also form physical complex with Runx2 to synergistically regulate the
transcription of osteocalcin. Therefore it is not surprising that disruption of ATF4 or C/EBP
genes in mice results in delayed skeletal development, decreased bone formation and
osteopenia phenotype (52). Similalry, Osterix is recently shown to interact physically and
funcationally with NFATCc, to induce osteoblast gene expression and NFATc deficiency
cause a severe low-bone-mass phenotype due to decreased bone formation (55) . List of
transcription factors that functions as co-activator of Runx2 is rapidly growing and includes
AP-1, DIx3, DIX5, Menin, Smads and TAZ (9).

The examples of non-DNA binding proteins that cooperatively regulate Runx2-dependent
osteoblast differentiation include Satb2 and Cbfp. Satb2 is the nuclear matrix protein with
affinity for matrix attachment regions of chromatin loops. Satb2 physically interact with
Runx2 and ATF4 to enhance their promoter occupancy and transcriptional function of
Runx2 to regulate osteocalcin expression and promote osteoblast differentiation. Satb2 null
mice have defective craniofacial bones due to inhibited osteoblast differentiation (54). All
members of the Runx family proteins usually interact with CBFf cofactor through runt
domain. CBFf donot directly interact with DNA but enhances DNA binding affinity of
Runx2 by several folds. This leads to increased functional competency of Runx2 (53).
Consistent with this notion, CBFf deletion affects skeletal development and osteoblast
maturation (53).

Runx2 mediated commitment of mesenchymal cell to osteoblast lineage is also supported by
homeodomain containing transcription factor Bapx1 and Msx2. Both proteins act upstream
of Runx2 in a transcriptional cascade that regulates osteoblast differentiation. Accordingly,
Msx2 and Bapx1-deficient mice display severe dysplasia of the ossified skeleton and a
strong reduction in expression of Runx2 in early mesenchymal progenitor cells (56).

As a master transcriptional regulator, Runx2 is capable of both activating and repressing
expression of multiple genes required for the progression of osteoblast differentiation.
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Runx2 functional activity is actively suppressed during early stages of mesenchymal cell
commitment toward osteoblast lineage by Groucho/TLE, Stat1, and Twist. The Groucho/
TLE and Twist proteins are expressed early during skeletogenesis and in mesenchymal
progenitors. Twist proteins prevent Runx2 protein to bind target gene DNA by physically
associating with DNA binding domain of Runx2 protein (58). TLE protein on the other hand
inhibits Runx2 transcriptional activity by interacting with C-terminal transcriptional
activation domain (57). Dramatic decreases in expression of the Twist and TLE genes result
in relieving Runx2 inhibition and progression of osteoblast differentiation. Stat1transcription
factor inhibit Runx2 function during osteoblast differentiation by preventing nuclear import
of Runx2. Statl interaction with Runx2 results in cytoplasmic sequestration of Runx2 (59).
Enhanced bone formation seen in Statl deficient mice is linked to robust nuclear
translocation of Runx2 and increased osteoblast differentiation.

Post-translational modification of Runx2 that results in ubiquitination mediated degradation
is yet another mechanism by which osteoblast differentiation is regulated. Runx2 interacts
with enzymes responsible for protein stability such as Shn3, WWP1, Smurfl and CHIP
(60,61). Smurfl was the first factor identified as an E3 ligase for Runx2 ubiquitination and
degradation. Similarly, Schnurri 3, a zinc-finger adaptor protein in osteoblast links Runx2 to
the E3 ubiquitin ligase WW domain-containing protein 1. These interaction initiates
proteasomal degradation of Runx2 (60). Runx2 protein is stabilized in Shn3-deficient
osteoblasts and Shn3-null mice shows severe increase in bone mass (60). CHIP, a
cochaperone protein identified recently promotes the ubiquitination and degradation of
chaperone-bound proteins. CHIP interacts with Runx2 in vitro and in vivo and regulates
Runx2 protein stability (61). Decrease in CHIP expression results in a concomitant increase
in Runx2 protein and osteoblast differentiation (61).

Finally, ability of Runx2 to activate or repress transcription of multiple genes required for
the progression of osteoblast differentiation is regulated through chromatin modification of
target gene promoter (9). Transcriptional activity is dependent upon the state of chromatin
condensation and histone modifications that decondens chromatin facilitate recruitment of
transcription factors and expression. Runx2 directly interacts and recruits p300
acetyltransferase and histone deacetylase to regulate osteoblast genes (9,62).

Thus Runx2, Osterix and associated regulatory protein complexes are important for
directing mesenchymal precursor cells toward the osteoblast lineage. This is a very good
clinical point!!!!

2.3 Regulation of osteoblast differentiation by secreted molecules

Spatio-temporal organization of the osteoprogenitors in developing bones and the multiple
stages of osteoblast differentiation are regulated by a coordinated expression of complex
series of signaling molecules and associated transcription factors. Skeletal cells produce
numerous growth factors and cytokines that signal in both auto- and paracrine fashion to
control cell proliferation, differentiation and survival. These secreted factors and signaling
pathways either promote or suppress the expression and/or function of transcription factors
essential for osteoblast differentiation. The major pathways involved in skeletal
morphogenesis and development of the osteoblast phenotype include members of the
fibroblast growth factor (FGFs), transforming growth factor beta (TGFB), and hedgehog
families, Wnt signaling and notch pathway.

The FGF pathway consists of 23 ligands that transduce their signal through one of the four
FGF receptors (FGFR). FGFs initiate condensation of the mesenchyme and proliferation of
progenitor cells. Temporal expression and activity of FGFR is critical for membranous bone
formation and regulate the proliferation, differentiation, and apoptosis of osteoblasts (63).
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FGFR contribute to normal skeletal development, as mutation or gene deletions are
associated with severe dwarfism (64). FGF ligands such as 2, 3, 4, 9 and 18 are associated
with normal skeletal development, mutation or gene deletion in these is associated with
skeletal deformities and delayed suture closure (64). FGF18 plays a critical role in
maturation of osteoblast and FGF-2 increases Runx2 phosphorylation and functional activity
(65). Similarly, Activation of FGFR2 signaling results in increased Runx2 expression and
enhanced osteoblast differentiation (65). The widely known secreted molecules with potent
capacity to induce osteogenesis are the bone morphogenetic proteins (BMP). BMPs are
members of the TGFf superfamily of growth factors which are produced by almost all
skeletal cell types and induce mesenchymal condensations for the formation of many organs
and skeleton patterning (66). BMPs signal through homomeric or heteromeric type | and
type Il receptors, which are expressed in all cell types including osoteoblasts. Specific BMP
receptors influence lineage direction. Stimulation of mesenchymal progenitor cells by BMP2
dramatically induces expression of both Runx2 and Osterix leading to osteoblast
differentiation (9,50,67). Induction of Runx2 and Osterix by BMP2 and subsequent
upregulation of osteoblast specific genes involves DIx5, Smad transducers and MAPK
pathway. Though, BMPs when applied locally, induce de novo bone formation by
recapitulating osteoblast differentation but not all fall under this category. For example,
BMP3 strongly inhibits osteoblast differentiation and proliferation (68). TGFp plays a
complex role during bone remodeling, with inhibition of Runx2 and osteoblast
differentiation in vitro but promotes bone formation in vivo (9,66,69).

Whnt proteins have recently emerged as central regulators of bone synthesis and bone mass.
The canonical pathway that works through intra-cellular transducer p-catenin, control
differentiation of osteoblast progenitor cells into mature osteoblasts. B-catenin is expressed
in mesenchymal precursor cells and its inactivation favors their differentiation into
chondrocytes instead of osteoblast (70). In human receptor mutations that renders a
constitutively active Wnt signal, results in a generalized increase in bone mass throughout
the skeleton (71). Wnt signaling controls osteoblast differentiation by modulating several
transcription factors including Runx2. Wnt signaling promotes Runx2 expression and
activity. LEF/TCF transcription factors, the end point of Wnt signal in the nucleus promotes
Runx2 and Osterix expression and interacts with Runx2 to regulate its function during
osteoblast differentiation (72).

Indian hedgehog (Ihh), a secreted molecule of the hedgehog family is widely known for its
role in chondrocytes during endochondral bone formation (73). Ihh and its receptor are also
expressed in osteoblast. Mice where Ihh gene is deleted, lacks osteoblast progenitor cells
(73). Ihh is also needed for osteoblast proliferation and survival. Ihh controls osteoblast
differentiation, first by inducing expression of Runx2 in mesenchymal cells. Secondly, Ihh
enhance osteogenic action of Runx2 through an interaction between signal transdcucer Gli2
and Runx2 in osteoblast (74).

Notch receptors are the latest addition to signaling molecules vital for osteoblast
differentiation and bone remodeling. Notch signling requires cell-cell interaction between
the four Notch receptors and their ligands present on the cell surface. In human, mutations in
the Notch signaling cause skeletal patterning defects. Notch deficient mice develop sever
osteoporosis (75). Notch inhibits osteoblast differentiation by physically associating with
Runx2 and interfering with functional activity of Runx2. Through its expression in
osteoblasts, Notch exerts dimorphic effect during bone remodeling. Notch inhibits osteoclast
differentiation by controlling production of “decoy" receptor osteoprotegerin by osteoblast
(75).
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Although, a number of hormones regulates osteoblast differentiation and influence bone
formation and bone remodeling, a brief review of two hormones that are responsible for
regulating calcium metabolism. Parathyroid hormone (PTH) produced by the chief cells of
parathyroid gland, plays a central role in calcium homeostasis through its action on bone,
kidney and through enhanced synthesis of another hypercalcemic hormone, 1,25(0H)2
vitamin D3 (76). The capacity of exogenous PTH to function as an anabolic agent is
dependent on direct and indirect stimulation of cells of the osteoblastic lineage. PTH
promotes bone formation in part through phosphorylation and activation of Runx2, resulting
in expression of osteoblast genes (77). PTH also inhibits proteasome mediated degradation
of Runx2 and increases expression of osterix to enhance osteoprogenitor lineage
determination (78). Another regulatory action of PTH is to promote g-Catenin pathway
which controls osteoblast survival (79). Thus, PTH regulates bone development, bone
maturation, and bone maintenance through the regulation of Runx2 function.

The other major hypercalcemic hormone is 1,25(0OH)2 vitamin D3, a steroid hormone that
favors intestinal absorption of calcium (80). Deletion or inactivation of the vitamin D
receptor (VDR) in mice and in humans leads to rickets, a phenotype completely reversible in
both organisms by treatment with calcium. Vitamin D3 positively regulates the expression
of osteoblastic phenotype markers.

3. Remodeling of Alveolar Bone

During replacement of the primary dentition with permanent teeth, the alveolar bone
undergoes a complete remodeling. The alveolar bone associated with the primary tooth is
completely resorbed together with the roots of the tooth while new alveolar bone is formed
to support the newly erupted tooth (81). Significant remodeling of the alveolar process also
occurs as part of this process. The ability of the alveolar bone to remodel rapidly also
facilitates positional adaptation of teeth in response to functional forces and in the
physiological drift of teeth that occurs with the development of jaw bones (81).

Bone remodeling involves the co-ordination of activities of cells from two distinct lineages,
the bone synthesizing osteoblasts and the bone resorbing osteoclasts. Each step in the
remodeling process is regulated by specific hormones, local factors and mechanical forces.
Osteoclasts, the exclusive bone resorptive cells, are derived from the bone marrow
macrophage lineage but osteoblast are required for their differentiation. Macrophage colony
stimulating factor (M-CSF) and the RANKL, the two cytokines produced by osteoblasts are
essential and sufficient for osteoclastogenesis (82). These soluble proteins are produced by
both mesenchymal progenitors in marrow and osteoblasts. M-CSF contributes to the
proliferation, survival and differentiation of osteoclast precursors as well as the survival and
cytoskeletal rearrangement required for efficient bone resorption. Formation of macrophage
requires an interaction of M-CSF ligand with receptor present on the surface of mononuclear
precursor. The M-CSF-receptor interaction also induces the expression of receptor activator
of nuclear factor-kB (RANK) on the surface of macrophage (82). The second cytokine
produced by osteoblasts is the RANK-ligand (RANKL). Once linked to its receptor, RANK
on the surface of macrophage, it induces their fusion and differentiation. Thus the bone
microenvironment is essential for two components of osteoclastogenesis. 1) maturation and
fusion of the mononuclear precursor to the multinucleated osteoclast and 2) regulation of the
activity of the functional osteoclast.

Osteoblast also produces osteoprotegrin (OPG), a high affinity ligand and physiologic
inhibitor of RANKL (83). OPG is secreted by cells of mesenchymal origin both basically
and in response to other regulatory signals including cytokines and bone targeting steroids.
Pro-inflammatory cytokines suppress OPG expression while simultaneously enhancing that
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of RANKL, with the net effect being a marked increase in osteoclast formation and function.
Thus circulating OPG modulates the bone resorptive acitivity of RANKL. Gene deletion of
OPG in both human and mice leads to profound osteopetrosis, whereas overexpression of
OPG results in sever osteoporosis.

Another factor that influences bone mass is prostaglandins. Excess prostaglandins stimulate
bone loss by increasing expression of RANKL and suppressing that of OPG in stromal and
osteoblastic cell (84). This increase in OPG/RANKL ratio is sufficient for increased
osteoclast activity. Therefore, the balance between RANKL and OPG determines the
formation and activity of osteoclasts.

Finally, sex steroids are central to maintenance of bone mass and bone remodeling. This
action indirectly relates to the regulation of the production of multiple cytokines by different
cell types in the bone marrow microenvironment. Estrogen mediates its effect by
suppression of cytokines that are involved in the regulation of osteoclast formation. For
example estrogen inhibits production of IL1 and TNFa by monocyte and IL6, GM-CSF and
MCSF by osteoblasts (85). Estrogen can also suppress osteoclastogenesis by enhanced
production of osteoprotegrin and decreased RANKL production by osteoblast (86).
Similalry, testosterone is shown to decrease osteoclast formation and resorption through
increased production of OPG by osteoblast (87). Thus osteoprogenitors and osteoblast are
essential regulator of the cellular and molecular events involved in bone remodeling.

Bone is of crucial importance for the human body, providing skeletal support, and serving as
a home for the formation of hematopoietic cells and as a reservoir for calcium and
phosphate. Over the years we have come to understand how large number of morphogens,
signaling molecules, and transcriptional regulators forms the complex tissue of bone. Key
factors that regulate the gene expression program that underlies the induction, proliferation,
differentiation, and maturation of osteoblasts are presented here. Secreted growth factors and
hormones determine the competency of osteoblast for establishing and maintaining the
structural and functional properties of bone. It has become increasingly clear that these
diverse transcription factors cannot be viewed as discrete, separate signaling pathways;
rather they form a highly interconnected, cooperative network to allow progression of
osteoblast differentiation. Bone is also continuously remodeled by hematopoietic lineage
osteoclasts. Osteoblasts produced factors are essential regulators of osteoclasts differentation
and their bone resorbing function. A better understanding of molecular mechanisms behind
osteogenic differentiation and bone remodeling would not only help us to identify
pathogenic causes of bone and skeletal diseases but also lead to the development of targeted
therapies for these diseases.
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Figure 1. Ontogeny of osteoblast and regulatory control of osteoblast lineage progression and
phenotypic features

Sequence and stages of the osteoblast lineage from a self-renewing, pluripotent
mesenchymal stem cell to terminally differentiated osteocyte is diagrammatically illustrated.
The characteristic feature of each developmental stage is indicated below the cell
morphology. Next row summarizes the key transcription factor and co-regulatory protein
involved in genetic control of osteoblast differentiation. Factors that negatively regulate
Runx2 activity and osteoblast differentiation are indicated in red. Several physiologic
mediators influencing osteoblast development, including transforming growth factor 3
(TGFB), the bone morphogenetic proteins (BMPs), and fibroblast growth factors (FGFs),
Whnt/B-catenin signaling and hormones are also indicated. Secretory molecules, receptor and
signal transducer that inhibit osteoblast maturation are highlighted in red. Last row
summarize phenotypic marker genes expressed at different developmental stages of
osteoblast differentiation.
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