
  

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

G. R. Kirkham and S. H. Cartmell* 

Summary 

S 

keletal tissue is exposed to mechanical forces throughout a vertebrate life span, and bone 

mass is adjusted in response, either absorbing existing skeletal material or synthesising 

new bone in a site-specific manner. The precise cellular signalling mechanisms by which 

bone synthesis is controlled within developing osteoblasts and progenitor cells remains 

undefined. The process is likely to include early electrophysiological responses, possibly 

mediated by integrins and stretch activated ion channels, followed by activation of 

intracellular signalling pathways. These mechanisms can then act to regulate the actions 

and transcription levels of various transcription factors involved in the regulation of the 

osteoblast phenotype, which in turn regulate the genes that code for bone matrix proteins. 

This review will briefly discuss role of the key genetic regulators of the osteoblast 

phenotype, starting with various transcription factors, moving on to some key matrix 

proteins. 
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Transcription factors 

Runx2 

Runt-related transcription factor 2 (Runx2, (Cbfa1/PEBP2αA/AML-3/Osf2)) is considered to 

be the central control gene within the osteoblast phenotype. Numerous studies have indicated 

its importance in the skeletal development of numerous mammalian organisms. Mutations in 

the gene have been shown to have dramatic, even life threatening, physiological 

consequences. Inactivating mutations can cause the condition known as Cleidocranial 

dysplasia (CCD), an autosomal dominant condition, characterised by abnormal skeletal 

genesis and the arrest of osteoblast development (Mundlos, et al., 1997). Cbfa1 -/- mice have 

also been shown to have a higher rate of proliferation (Pratap, et al., 2003), indicating its 

possible role as a growth regulator. Furthermore, the ability of Cbfa1 to redirect a committed 

pre-muscle cell into an osteoblast lineage (Lee, et al., 2000, Lee, et al., 1999), and its ability 

to inhibit the adipogenic phenotype (Gori, et al., 1999), reinforce the key role of Cbfa1 in 

osteoblast development. Mutations resulting in overexpression of the Cbfa1 protein have been 

linked to skeletal cancer development (Perinpanayagam, et al., 2004), and ectopic breast 

cancer (Barnes, et al., 2003, Brubaker, et al., 2003). These dramatic effects illustrate the 

importance of this gene in skeletal development and regulation. It should be noted however 

that although the importance of Cbfa1 within the osteoblast phenotype has been clearly 

established, the gene is not osteoblast specific. Its expression has been observed in the early 

development of numerous cell types, a key example is its role in chondrocyte differentiation 

(Lian and Stein, 2003). 

In earlier studies Runx2 regulation of osteocalcin was more widely recognised, but in recent 

years numerous investigations have indicated its role in the regulation of a broad spectrum of 

osteoblast specific genes. The Runx2 transcript has the ability to facilitate the convergence of 

numerous osteogenic signalling pathways. Factors produced as a consequence of these 

extracellular signals are recruited by Runx2-specific subnuclear domains, producing a multi-

component transcriptional complex. Runx2 has also be shown to interact with other native 

proteins: C/EBPδ, the tumour suppressor protein pRB, homeodomain proteins, Ets1, Smad 

factors and LEF-1 (Kahler and Westendorf, 2003, Westendorf and Hiebert, 1999), along with 

its binding partner CBFβ (Yoshida, et al., 2002, Kundu, et al., 2002, Miller, et al., 2002). It is 

this multi-component complex that interacts with the promoter regions of most major 
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osteoblast specific genes. This enables Cbfa1 to directly stimulate genes such as: osteocalcin, 

osteopontin, collagen I, collagenase 3 (matrix metaloproteinase 1), bone sialoprotein, alkaline 

phosphatase (ALP) TGFβ receptor 1, C/EBPδ, and RANKL (receptor activator of nuclear 

factor kappa B ligand (see Figures 1 and 2)) (Ducy, et al., 1997, Selvamurugan, et al., 1998, 

Kern, et al., 2001, Harada, et al., 1999, Shimizu-Sasaki, et al., 2001, Newberry, et al., 1997, 

Otto, et al., 2003).  

  

 

 

 

 
 

 
Figure 1. Examples of transcriptional regulation of the Runx2 gene. Transcription factors that have an 
up-regulatory action are shown green. Transcription factors that have an inhibitory action are shown in 
red with truncated arrows. Finally growth factors are shown in blue. 
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Figure 2. The actions and regulation of the Runx2 transcript. Transcription factors that have an up-
regulatory action are shown in green. Transcription factors that have an inhibitory action are shown in 
red with truncated arrows. Gene abbreviation stand for the following: Alkaline Phosphatase (ALP), 
Collagen I (Coll I), Osteocalcin (OCN), Osteopontin (OPN), Bone Sialoprotein (BSP) and matrix 
metalloproteinase I (MMPI). 
 
 

The mechanisms responsible for the regulation of the Runx2 gene itself have only recently 

begun to be understood. It was previously assumed that Runx2 regulation of osteogenic genes 

was mediated solely by levels of Runx2 protein, and therefore mRNA levels. This assumption 

was based on data gathered from non-human (usually mouse) models. Recent studies have 

shown that levels of Runx2 during in vitro differentiation of primary human osteoblasts 

showed no major changes, whereas levels of downstream genes such as bone sialoprotein and 

alkaline phosphatase were dramatically increased (Xiao, et al., 1998). The data indicated that 

Runx2 mRNA levels were constitutively expressed, with a distinct lack of correlation 

between Runx2 mRNA/protein levels and the acquisition of the osteoblast phenotype. 

Furthermore, in a recent study by Shui et al (Shui, et al., 2003) real time PCR and western 

blot analyses indicated that there was no significant increase in the levels of Cbfa1 protein or 

mRNA during human osteoblast differentiation. This contradicts data obtained from rodent 

samples, indicating that human Runx2 may be regulated at multiple levels, including changes 
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in mRNA and protein levels (Banerjee, et al., 2001, Prince, et al., 2001, Sudhakar, et al., 

2001). Immonoprecipitation experiments indicated a high degree of Runx2 protein 

phosphorylation as osteoblastic differentiation continued. The binding of the Runx2 protein to 

Runx regulatory elements was monitored using electrophoretic mobility shift assays (EMSA), 

binding efficiency increased with the onset of differentiation, suggesting the activity of the 

Runx2 transcript be involved in the regulation of osteogenic genes (see figure 3). 

  

 
 

 

 
Figure 3. A proposed model of Cbfa1 based regulation of osteoblast differentiation. The actions of the 
gene may be mediated by either up-regulation of protein levels or activation of the Runx2 transcript, or 
a combination of the two mechanisms. 
 

 

Osteoblast cells respond to and differentiate as a consequence of two main factors: chemical 

signals and physical stress application, activating specific signalling pathways. One such 

pathway is the MEK extra-cellular regulated kinase (MEK/ERK) branch of the mitogen-

activated protein kinase (MAPK) pathway, this provides a link between mechanosensitive cell 
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surface integrin interactions with the ECM and activation of Runx2 (Xiao, et al., 2002). This 

was confirmed by U0126 (inhibitor) inactivation of the integrin mediated MAPK pathway, 

selectively blocking the extracellular matrix (ECM) mediated up-regulation of osteocalcin. 

Furthermore, over activity of the MAPK pathway, by the transfection of constitutively active 

MAPK genes, significantly increased the levels of Runx2 phosphorylation and ostreocalcin 

mRNA (Xiao, et al., 1998, Xiao, et al., 2002). This data is further reinforced by the actions of 

MAPK in adipogenic fibroblasts, in vivo endogenous Runx2 was phosphorylated and 

ultimately potentiated by the actions of the pathway. Protein kinase A (PKA) is another 

signalling system implicated in the regulation of Runx2 activity. 
 

 

Osterix 

Osterix (Osx) is one of the few characterized osteoblast specific genes. The gene was first 

identified within murine models, and later the human homologue Sp7 in a variety of bone cell 

types (fetal and carniofacial cells, and in cell lines (MG63 and HOS) (although not in adult 

femoral cells (Milona, et al., 2003)). Osx -/- mice die at birth, due to the inability of their rib 

cage to sustain breathing. These same mice also demonstrated the presence of an intact and 

perfectly patterned skeleton, although this was composed entirely of cartilage (Nakashima, et 

al., 2002, Otto, et al., 1997, Komori, et al., 1997). This clearly indicates that the presence of 

Osx is vital to the development of the mature skeleton within murine fetal development. 

 

Osx is thought to act in the regulation of numerous osteoblast genes that including: 

osteocalcin, osteonectin, osteopontin, bone sialoprotein and collagen type I (see figure 4) 

(Ducy, et al., 1996, Karsenty, 2000). The gene may also act in conjunction with other known 

regulators, such as; pNmp4 (Torrungruang, et al., 2002), Aj18 (Jheon, et al., 2002, Jheon, et 

al., 2001) Runx2, and cox-2 (Zhang, et al., 2002), although any such interactions remain 

undefined. Removal of the Osx gene from mouse models results is a complete lack of 

ossification; the mice also lack the presence of osteoblasts although they do have partially 

differentiated mesenchymal stem cells (MSCs) (Nakashima, et al., 2002, Huang, et al., 2004). 

Interestingly the levels of Runx2 expression within the Osx -/- mice remain unaffected by the 

genes absence, indicating that Osx may act downstream or independently of Runx2 (Harada, 

et al., 1999, Nakashima, et al., 2002, Komori, et al., 1997). Furthermore, the removal of 

Runx2 (but with BMP-2 treatment) has no affect on the levels of Osx expression (Lee, et al., 
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2003), this provides further indications that Osx acts independently of Cbfa1. It should be 

noted that although Osx/Sp7 is widely thought to be osteoblast specific in nature, its 

expression has been detected within early chondrocyte cells. However, this seems to be of 

little consequence as the expression is weak and transient, and the removal of the Osx gene 

incur no obvious cartilagonous defect (Ducy, et al., 1997, Nakashima, et al., 2002, Takeda, et 

al., 2001). 

  

 

 

 

 

 
 

 

 
Figure 4. The regulation and actions of osterix. Genes responsible for osterix/Sp7 regulation are shown in light 
green. Genes thought to be up-regulated by the osterix protein are shown in lightly dark green. Osterix has been 
indicated in the regulation of the listed genes, although it has not yet been determined if these are due to direct 
regulation as apposed to indirect mechanisms. 
 

Osx is a comparatively new gene to be identified within the osteoblast phenotype and as a 

consequence very little is known about the control mechanisms that govern its expression. 

Early experiments seem to indicate the gene Dlx5 in the control of Osx, as its inactivation (by 

antisense blocking) completely abrogated the expression of Osx (Lee, et al., 2003). Dlx5 must 

therefore play a key role in the regulation of Osx expression within differentiating 
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osteoblastic cells. The chemical and mechanical regulatory mechanisms that control Osx are 

not currently fully understood. 

 

Dlx5 

It should be mentioned at the outset that distal-less homeobox protein 5 (Dlx5) is not 

osteoblast specific, although it is thought to play a key role in the differentiation and 

maturation of the osteoblast phenotype, having been observed in tissues that undergo both 

intramenbranous and endochondral ossification (Simeone, et al., 1994, Zhao, et al., 1994, 

Chen, et al., 1996, Davideau, et al., 1999, Ferrari, et al., 1995, Davideau, et al., 1999).  The 

function of the gene and its affects in terms of osteoblastic gene promotion are highly 

ambiguous in nature, with numerous studies providing contradictory data. In the first instance 

Dlx5 may not act alone, it may work in conjunction with other transcription factors such as 

Dlx6 and Msx-2 (Shirakabe, et al., 2001, Ducy, 2000). In the case of Msx-2 the Dlx5 

transcript may act as an indirect negative regulator, down-regulating the Msx-2 transcript as 

the osteoblasts cease to proliferate (Ryoo, et al., 1997).  

 

The levels of Dlx5 expression seem to increase with the progression of the osteoblast 

phenotype. Low levels of the transcript are observed in the early differentiation (skull 

clavarial cells), higher levels develop after the osteoblasts reach confluency (may provide 

further evidence for Dlx5 regulation of Msx-2), the levels of transcription then increase 

steadily over time (Ryoo, et al., 1997). Forced expression of Dlx5 leads to an increased rate 

of mineralised matrix production in culture (Lee, et al., 2003), but the effect of the protein on 

other osteoblast genes (such as osteocalcin) is highly contradictory. Studies have indicated; an 

activation of osteocalcin gene expression (Lee, et al., 2003, Miyama, et al., 1999), a 

repression of expression (Ryoo, et al., 1997), or little effect on the levels of osteocalcin 

(Newberry, et al., 1998). The role of mechanical forces in the regulation of Dlx5 remains 

unknown. 

 

Alkaline Phosphatase 

Alkaline phosphatase (ALP) is a ubiquitous cellular protein and consequently cannot be 

considered bone specific. The function of ALP is not well defined, acting within a prolifery of 

different cells types. Numerous studies have indicated that ALP may act as an early indicator 

of cellular activity and differentiation. The protein levels have also been shown to be up-



G.R. Kirkham & S.H. Cartmell                                                                           Genes and Osteogenesis 

Topics in Tissue Engineering, Vol. 3, 2007. Eds. N Ashammakhi, R Reis & E Chiellini © 2007  
 

9

regulated in response to mechanical force application. Levels of ALP mRNA have been 

shown to increase as little as 2 days post stimulation with steady increases with the 

progression of osteoblastic differentiation (up to 14 days) (Shui, et al., 2003, Qi, et al., 2003). 

Various types of force and the in vitro method of application have also been shown to illicit 

this response (Shui, et al., 2003, Qi, et al., 2003, Roelofsen, et al., 1995, D'Addario, et al., 

2003, Jagodzinski, et al., 2004, Yoshikawa, et al., 1997, Klein-Nulend, et al., 1997, Pavlin, et 

al., 2000, Pavlin and Gluhak-Heinrich, 2001, Pavlin, et al., 2001, Yuge, et al., 2003) 

 

Msx-2 

Msx-2 (Hox-8) is another transcription factor that cannot be considered bone specific, 

although recent studies have indicated the role of Msx-2 in the differentiation and regulation 

of the osteoblast phenotype. In murine models removal of the Msx-2 gene enduces a 

significant down-regulation of both Cbfa1 and osteocalcin, bone growth is delayed and the 

overall bone mass of the mouse decreases (Ducy, et al., 2000). A separate study indicated that 

Msx-2 does indeed have a positive affect on osteocalcin transcription (Hoffmann, et al., 

1996), binding to the Oc-box homeodomain motif of the osteocalcin gene (Ryoo, et al., 

1997). The gene may also play a role in the regulation of bone sialoprotein (Barnes, et al., 

2003). In a recent study by Chen et al (Chen, et al., 2003) myofibroblasts (which are capable 

of undergoing osteoblastic differentiation under certain conditions) were transfected with a 

virus encoding high levels of Msx-2. The levels of osterix expression increased 10-fold, ALP 

transcription levels concomitantly increased 50-fold, and mineralised nodule formation was 

also increased by a factor of 30. The decreased levels of adipocyte markers does not seem to 

involve Msx-2 binding, rather it seem in part to occur due to protein-protein interaction with 

C/EBPδ (Davideau, et al., 1999). The mode of action by which Msx-2 elicits this response is 

not fully understood. The gene may act through osterix (see osterix section) or may act 

independently. Due to the comparatively recent indication of the role of Msx-2 in osteoblast 

differentiation, the exact regulatory systems (including mechanical stimulation) that 

determine Msx-2 function are not currently known. 

 

NF-κB 

Nuclear factor of kappa light polypeptide gene enhancer in B-cells (NF-κB) is a member of 

the Rel family which control the expression of numerous genes involved in; immune and 
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inflammatory responses, cell adhesion, and cell growth (Kurokouchi, et al., 2001). The gene 

is a down-stream promoter of osteoclastogenesis and may be involved in the activation of 

later osteoclast genes such as tartate resistant acid phosphatase, and carbonic anhydrase II. 

The NF-κB gene has been shown to be activated by many extra-cellular simuli including; 

viral infection, bacterial products, oxidative stress and physical stress (Kurokouchi, et al., 

2001). Physical stress has been shown to inhibit the actions of the NF-κB gene, most likely by 

regulation of protein binding efficiency. The gene is down-regulated during osteoblastic 

differentiation as a result of the Smad regulatory pathway (see figure 3) (Qi, et al., 2003), 

therefore providing a further indicator of osteoblastic differentiation. 

 

Osteoprotegerin 

Osteoprotegerin (OPG) is a member of the TNF super-family and is an excretory protein 

produced by the osteoblast phenotype. The protein acts as a soluble decoy receptor by binding 

with RANKL and thus preventing the subsequent activation of NF-κB and JNK (Lian and 

Stein, 2003), blocking osteoclastic bone resorption (Rubin, et al., 2002). The protein seems to 

be produced by developing osteoblasts, arresting bone resorption and therefore enhancing the 

synthesis bone matrix. 

 

c-fos 

C-fos is expressed during vertebrate growth, differentiation and development and is one of the 

earliest mechano-sensitive genes within the osteoblast phenotype (Moalli, et al., 2000). 

Studies within developing foetuses have shown that c-fos expression in vivo is associated with 

areas of foetal bone that have the highest growth potential during embryonic bone formation 

and fracture healing. Murine models have further reinforced these findings, with the 

development of bone tumors within c-fos transgenic mice (Closs, et al., 1990) and a block in 

osteoblastic and osteoclast differentiation within mutant animals (Grigoriadis, et al., 1994). 

Clearly c-fos plays a key role in the development and maintenance of human bone tissue. The 

gene encoding the c-fos protein has been shown to be induced by numerous pathways 

including; tyrosine kinase, p21 ras, MAPK, PKA, cAMPs, and possibly PKC (Fitzgerald and 

Hughes-Fulford, 1999). For example PKA regulation of c-fos and c-jun (a similar 

transcription factor) has been shown to act via the up-regulation of cAMP response element 

binding protein (CREBP) (Franceschi and Xiao, 2003).  
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It should be noted however, that the gene is not osteoblast specific with induction in response 

to load observed in numerous cell types. These include: vascular smooth muscle (Li and Xu, 

2000), cardiac myocytes (Komuro, et al., 1990, Komuro, et al., 1990, Sadoshima, et al., 

1992), endothelial cells (Ranjan and Diamond, 1993, Hsieh, et al., 1993). The pattern of 

response between the various cell types is conserved and has been observed in response to: 

shear stress (Pavalko, et al., 1998), tension (Kawata and Mikuni-Takagaki, 1998), 

gravitational loading (Fitzgerald and Hughes-Fulford, 1996), vibration (Tjandrawinata, et al., 

1997), and hypertonic swelling (Sadoshima, et al., 1996). The response of the gene is rapid 

and large, with transcriptional responses typically observed within 30-60 minutes post-

stimulation (Moalli, et al., 2000, Kawata and Mikuni-Takagaki, 1998, Lean, et al., 1996), 

both in vitro (Glanstchnig, et al., 1996) and in vivo (Lean, et al., 1996). The response is also 

short, with levels of expression returning to basal levels within 12 hours post stimulation 

(Moalli, et al., 2000, Kawata and Mikuni-Takagaki, 1998). The long term response of c-fos 

not full understood, one study by Moalli et al (Moalli, et al., 2000) has indicated the response 

of the c-fos gene may be biphasic, with a further up-regulation at 24 hours post stimulation. 

 

The mechanisms of action of the c-fos protein on various major osteoblast genes are not fully 

understood, however it is thought to act in conjunction with numerous other promotion 

factors (e.g. c-jun) ultimately acting in conjunction with the AP-1 complex. This complex is a 

multifaceted transcription factor that plays a regulatory role within numerous gene regulatory 

systems. Its role within the osteoblast phenotype and its interactions with c-fos in the 

regulation of osteoblastic genes remains undefined. AP-1 binding sites have been detected in 

a number of osteoblast gene promoters including: osteocalcin (Goldberg, et al., 1996, Aslam, 

et al., 1999, Owen, et al., 1990), osteopontin (Bidder, et al., 2002) alkaline phosphatase 

(Owen, et al., 1990, Matsuura, et al., 1990), matrix metalloproteinase I and bone sialoprotein 

(Sodek, et al., 1996). 

 

Mechanical activation of the c-fos promoter requires the activation of multiple intra-cellular 

signalling pathways. Experiments involving cell types other than bone and also using 

chemical stimulation of osteoblasts (Bowler, et al., 1999, Fitzgerald, et al., 2000) indicate that 

multiple c-fos response element are involved in the transcriptional regulation of c-fos. 
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Cox-2 

Cytochrome c oxidase subunit (Cox) 1 and 2 encode cyclooxygenases and are known to play 

a rate limited step in the control of prostaglandin production. The exact role of cox-2 in the 

regulation of bone formation is not fully understood but seems to affect both the osteoblasts 

and osteoclast lineages. Cox-2 negative mice have demonstrated a decrease in bone density 

(Okada, et al., 2000), as well as significantly reduced levels of Cbfa1 and osterix (Zhang, et 

al., 2002). Addition of BMP-2 increased levels of Cbfa1 and osterix in both cox-2 -/- and wild 

type cultures, PGE2 has a similar affect (Zhang, et al., 2002). Furthermore studies have 

shown that increased laminar bone formation in response to strain may be mediated by cox-2 

(Forwood, 1996, Duncan and Turner, 1995). Other mice models have also shown decreased 

levels of bone resorption in response to parathyroid hormone or 1.25-hydroxyl vitamin D 

(Okada, et al., 2000), and in an in vitro mouse clavaria models the gene has been indicated as 

a candidate for the control of wear induced osteoclastogenesis and osteolysis (Zhang, et al., 

2001).  

 

Clearly cox-2 plays a key role in the regulation of bone formation and resorption. The 

evidence also suggests that this may not be limited to the osteoblast phenotype and that the 

gene does not control solely bone deposition. The gene seems to play a role in osteogenisis be 

considered as a candidate in any assessment of very short-term osteogenic differentiation. 

Studies in various cell types have demonstrated an increase in the mRNA levels of cox-2 in 

response to mechanical force application. Fluid flow has been shown to induce increased 

levels of expression with a peak in expression at varying time point post stimulation. For 

example, peak levels of Cox-2 expression where observed in: primary murine osteoblasts 60 

minutes after force application by pulsed fluid flow (PFF) (Bakker, et al., 2003), MC3T3-E1 

cells 4-5 hours after 10 and 12dynes/cm2 of fluid flow (Wadhwa, et al., 2002), and MC3T3-

E1 cells 30 minutes after 10dynes/cm2. 

 

FGF2 

It should be noted at the outset that basic fibroblast growth factor 2 (FGF2) is a not a bone 

specific transcription factor, having been detected in numerous cell types (Carreras, et al., 

2001). However, an increase in the levels of expression of FGF2 has been shown to cause 

premature mineralisation and shortening of the long bones, while a decrease in transcription 

levels encured a significant decrease in bone mass and formation (Coffin, et al., 1995, 
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Montero, et al., 2000). The exact mechanisms of action associated with FGF2 are not fully 

understood although several key osteoblastic genes have been indicated. For example, 

activating mutations of the FGF2 gene can cause an up-regulation of Cbfa1 (Zhou, et al., 

2000). Increased levels of osteocalcin can also be stimulated by the actions of FGF2 in 

preosteoblast cells, as well as treatment with the FGF2 protein (as mentioned in the Cbfa1 

section of this review) (Boudreaux and Towler, 1996). Other osteoblastic genes known to be 

stimulated by the action of FGF2 include bone sialoprotein and matrix MMPI (Shimizu-

Sasaki, et al., 2001, Newberry, et al., 1997), although it is not known if this response is 

mediated by the Cbfa1 gene. 

 

Bapx1 

Homo sapiens bagpipe homeobox homolog 1 (Drosophila) (Bapx1) is the human homologue 

of the Drosophila, bagpipe homeobox gene. This transcription factor is a member of the NK 

homeobox superfamily, detected in higher vertabrate organisms. Lower organisms such as 

phyla cnidaria and platyhelmintes show no evidence of Bapx1 (Tribioli, et al., 1997). Loss of 

the gene in murine models has been shown to cause a down-regulation of both Cbfa1 and 

osteocalcin. The loss of the Bapx1 gene also affects the distribution of sclerotomal cells, 

intervertebral disks and centra of the vertebral bodies fail to form, as well as abnormalities in 

the basal skull (Tribioli, et al., 1997). 

 

Matrix Proteins 

Collagen I 

Collagen I is an important component of bone extra-cellular matrix, forming connections with 

cell surface integrins and other ECM proteins. The protein cannot be considered bone specific 

having been identified in numerous unrelated cell types. The protein has been shown to play a 

role in cell adhesion, proliferation and differentiation of the osteoblast phenotype. Up-

regulation of the collagen I gene has been observed in response to a number of different 

methods of in vitro force application (Jagodzinski, et al., 2004, Klein-Nulend, et al., 1997), 

with mRNA levels increasing as little as 2 days post stimulation (Pavlin and Gluhak-Heinrich, 

2001, Pavlin, et al., 2001). The protein would therefore seem to play a key role within the 

osteoblast phenotype and can be considered as an early indicator of osteoblastic 

differentiation. A related protein known as collagen III is also produced by developing 
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osteoblasts. The protein has shown increases in its levels of expression as little as 4 to 7 days 

post mechanical stimulation. 

 

Osteocalcin 

Osteocalcin is one of the few osteoblast specific genes (Lian, et al., 1989) and is one of the 

most abundant proteins present in bone, second only to collagen type I (Lian and Stein, 2003). 

It is thought to play an important role in the differentiation of osteoblast progenitor cells, with 

significant up-regulation observed in both matrix synthesis and mineralisation (Ryoo, et al., 

1997). The gene seems to be regulated by numerous intracellular factors, having numerous 

receptor binding sites specific for many different hormones. Two main OSE promoter regions 

have been identified, OSE 1 and 2. The most understood of these two promoter regions is 

OSE2, the promoter to which the Cbfa1 protein binds and incurs the gene’s up-regulation 

(figure 5). OSE1 activity may also be required for OSE2 promoter activity (Schinke and 

Karsenty, 1999). Blocking of α2-integrin-ECM interactions has been shown to block ascorbic 

acid dependent OSE2 activation, indicating that integrin interactions may play a key role in 

the regulation of the osteocalcin gene. 

  

 
Figure 5. The regulation of the osteocalcin gene. Transcription factors that have an up-regulatory 
action are shown in green. Transcription factors that have an inhibitory action are shown in red with 
truncated arrows. Binding partner proteins are shown in yellow. 
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Numerous extra-cellular factors have been identified that regulate the expression of the 

osteocalcin protein. Studies have also indicated the role of mechanical force in the regulation 

of osteocalcin mRNA levels. Up-regulation of the genes has been observed as little as 1-2 

days post force application (Pavlin and Gluhak-Heinrich, 2001), with steady increases as 

osteoblastic differentiation progresses (Shui, et al., 2003, Jagodzinski, et al., 2004). Based on 

established data, the regulation of osteocalcin by mechanical force is most likely mediated by 

the action of the Cbfa1 protein. 

 

Osteopontin 

Osteopontin is a secreted adhesive glycophosphoprotein that has been detected within; bone, 

teeth, kidneys, epithelial lining tissues, blood plasma, and breast milk. As a consequence 

osteopontin cannot be considered bone specific, although it does perform important bone 

related functions. Within bone tissue it plays key functions in cell; adhesion, migration and 

survival. Malfunctions within the gene encoding osteopontin can lead to tumorigenisis 

(Standal, et al., 2004, Standal, et al., 2004). 

 

It has also been established that the gene encoding the osteopontin protein responds to 

mechanical forces. Numerous studies have demonstrated the up-regulation of the gene after 

the application of in vitro artificial mechanical forces. This significant increase in mRNA 

levels has been observed as little as 9-24 hours post stimulation (You, et al., 2001, Toma, et 

al., 1997). However, the mechanotransductive mechanisms involved in the force based up-

regulation of osteopontin are not fully understood. The signaling pathways that have been 

indicated thus far include tyrosine kinase (s) and protein kinase A. It has also been postulated 

that these pathways may initially be activated by cell surface integrins, this may in tern 

activate the focal adhesion kinase (FAK) (Schaller and Parsons, 1994, Wang, et al., 1993). 

The subsequent phophorylation cascade includes paxillin and tensin (Schaller and Parsons, 

1994). 

 

Bone Sialoprotein 

Bone sialoprotein (BSP) is a highly sulfated, phosphorylated, and glycosylated protein present 

within bone matrix. The protein is characterised by its ability to bind to hydroxyapetite 

through polyglutamic acid sequences and to mediate cell attachment through an RGD 

sequence (Oldberg, et al., 1988, Ogata, et al., 1995, Ganss, et al., 1999). The presence of BSP 
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within the extracellular matrix and its ability to nucleate hydroxyapatite crystal formation, 

indicates a potential role of the protein in the early mineralization of osteoblasts (Hunter and 

Goldberg, 1993). In addition, it has been reported that BSP is mitogenic for pre-osteoblast 

cells and can promote their differentiation into mature osteoblasts, ultimately stimulating 

bone mineralization (Zhou, et al., 1995). 

 

As with other osteoblast genes BSP is regulated by both chemical and physical cues. Levels 

of BSP mRNA and protein have been shown to be significantly upregulated in response to 

mechanical load in vitro in Saos-2 (Mitsui, et al., 2005), and in vitro mouse models (Sasaguri, 

et al., 1998). Investigations have indicated that BSP expression is upregulated within 1-3 days 

post force application. 

 

Other Genes 

The genes mentioned thus far form only part of the complex regulatory systems involved in 

osteoblast differentiation. Although this process remains largely undefined there are 

numerous other genes involved in the control process. LIM mineralised protein 1 (LMP-1) is 

an essential positive regulator of osteoblast differentiation and when over-expressed is highly 

osteoinductive (Liu, et al., 2002). The LMP-1 protein mediates BMP-6 induction of bone 

nodule formation (Boden, et al., 1998). Another important osteoblast regulatory gene is 

erythroblastosis virus E26 oncogene homologue 1 (avian) (Ets1). This transcription factor 

activates the expression of alkaline phosphatase and osteopontin, it can also up-regulate 

PthR1 which plays an important role in the control of osteoblast intracellular calcium levels 

(Qi, et al., 2003) (Figure 6). This action may in part be achieved by the ability of Ets1 to bind 

with Cbfa1, affecting the resulting down-stream pathways for the previously mentioned 

genes. If this is the case the gene may also have an indirect regulatory role on numerous other 

osteoblastic genes. 
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Figure 6. Ets regulation of osteoblastic genes. Transcription factors that have an up-regulatory action 
are shown in green. Genes that are/may be regulated by Ets1 are shown in circles, light green arrows 
represent possible regulatory events. 

 
 

The actions of the Cbfa1 gene have been previously discussed, but the function of Cbfa2 and 

3, which are closely related to the Cbfa1 protein, are an important consideration in any review 

of early osteoblastic genes. Cbfa2 (Runx1/AML1/PEBP2αB) is essential for definitive 

hematopoietic differentiation, but does correlate with the early stages of 

chondrocyte/osteoblast differentiation . Cbfa3 (Runx3/AML2/PEBP2αC) is necessary for 

nerve development and is a tumor suppressor gene in gastric cancer. The gene is also 

expressed in pre-hypertrophic and hypertrophic chondrocytes (Lian and Stein, 2003) and has 

been detected osteogenic bone regions (Yamashiro, et al., 2002). It should also be noted that 

the expression of Cbfa1 and 2 seems to overlap in initial skeletal element formation, later 

Cbfa1 increases in osteogenic cells. 

 

Fra1 may also play an important role in osteoblast differentiation, its over-expression 

significantly increases bone mass but has no affect on Cbfa1 expression indicating it may be a 
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down-stream factor or act independently (Zambotti, et al., 2002). The mechanical and 

interferon induced expression of Best 5 has also been observed approximately 28 days after 

initial stimulation (Grewal, et al., 2000). Matrix metalloproteinase I (MMPI) (collagenase 3) 

may also play a role in differentiating osteoblasts. The gene has been shown to have Cbfa1 

and AP1 binding sites (Selvamurugan, et al., 1998, D'Alonzo, et al., 2002, Hess, et al., 2001) 

and mutations abrogated c-fos/c-jun respectively (Franceschi and Xiao, 2003). 
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