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ABSTRACT 

Osteoactivin (OA) is a glycoprotein required for the differentiation of osteoblasts. 

In osteoblasts, Bone Morphogenetic Protein-2 (BMP-2) activated Smad1 signaling 

enhances OA expression. However, the transcriptional regulation of OA gene expression 

by BMP-2 is still unknown. The aim of this study was to characterize BMP-2-induced 

transcription factors that regulate OA gene expression during osteoblast differentiation.  

The stimulatory effects of BMP-2 on OA transcription were established by cloning the 

proximal 0.96kb of rat OA promoter region in a luciferase reporter vector in various 

osteogenic cell types. Further, by deletion and mutagenesis analyses of the cloned OA 

promoter, key binding sites for osteogenic transcription factors namely, Runx2, Smad1, 

Smad4 and homeodomain proteins (Dlx3, Dlx5 and Msx2) were identified and 

characterized. Utilizing specific siRNAs to knock down Runx2, Smad1, Smad4, Dlx3, 

Dlx5 or Msx2 proteins in osteoblasts, we found that Runx2, Smad1, Smad4, Dlx3 and 

Dlx5 proteins up-regulate OA transcription, whereas, Msx2 down-regulated OA gene 

expression. These specific effects of transcription factors on OA promoter regulation 

were confirmed by forced expression of transcription factors. Most notably, BMP-2-

stimulated cooperative and synergistic interactions between Runx2-Smad1 proteins and 

Dlx3-Dlx5 proteins that up-regulate OA promoter activity. Electrophoretic mobility shift 

and supershift assays demonstrated that BMP-2 stimulates interactions between Runx2, 

Smad1 and Smad4 and homeodomain transcription factors with the OA promoter regions 

flanking the -585 Runx2 binding site, the -248 Smad binding site and the region between 

the -852 and the -843 homeodomain binding sites relative to transcription start site. The 
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OA promoter region was occupied by Runx2 and also Dlx3 transcription factors during 

proliferation stages of osteoblast differentiation. As the osteoblasts progress from 

proliferation to matrix maturation stages of differentiation, the OA promoter was 

predominantly occupied by Runx2 and to a lesser extent Dlx5 in response to BMP-2. 

Finally, during matrix mineralization stages of osteoblast differentiation, BMP-2-induced 

a robust recruitment of Dlx5, Smad1, Dlx3 and Msx2 proteins with simultaneous 

dissociation of Runx2 from the OA promoter region. In conclusion, the BMP-2-induced 

osteogenic transcription factors Runx2, Smad1, Smad4, Dlx3, Dlx5 and Msx2 provide 

key molecular switches that regulate OA transcription during osteoblast differentiation. 
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CHAPTER 1 

                                GENERAL INTRODUCTION 

Osteoactivin (OA) promotes the differentiation and functions of bone forming 

cells know as osteoblasts (Abdelmagid et al., 2007). In vitro studies on osteoblast cells 

have demonstrated that OA stimulates expression and activity of osteoblast 

differentiation markers including alkaline phosphatase and osteocalcin expression as 

well as mineral deposition (Abdelmagid et al., 2007). BMP-2, a key osteogenic growth 

factor responsible for osteoblast commitment and differentiation, promotes OA 

expression through Smad1 signaling (Abdelmagid et al., 2007). However, not much is 

known on the transcriptional regulation of OA gene.  

In this dissertation, we have identified and characterized the roles of key 

osteogenic transcription factors in OA transcriptional regulation during osteoblast 

differentiation. We spectulate that understanding the molecular mechanisms that 

regulate OA transcription during osteoblast differentiation could explain the molecular 

events associated with the osteoblast differentiation and function. This information 

could also be used in the development of potential anabolic factors that promote bone 

formation in treating osteoporosis. In the latter sections of this introduction, bone 

formation is described and factors involved in commitment and differentiation of 

osteoblast cells are discussed. Also, the key osteogenic transcription factors involved in 

osteoblast differentiation and gene regulation in eukaryotes are also described.  
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1.1 CHARACTERISTIC FEATURES OF BONE 

Bone is a connective tissue that provides mechanical support and protects vital 

organs from external injury (Rodan and Noda, 1991). It is also a site for muscle 

attachment and hematopoiesis (Rodan, 1992). It also acts as a metabolic reservoir for 

ions, especially calcium and phosphate, to maintain serum homeostasis (Glimcher, 

1984). The bone tissue consists of bone cells embedded in an extracellular matrix 

(ECM). ECM is composed of collagenous and noncollagenous proteins. Type I collagen 

is the most prevalent collagenous protein in bone. Also present in the bone are four 

kinds of bone cells namely, osteoblasts, bone lining cells, osteoclasts, osteocytes 

(Dudley and Spiro, 1961) 

An osteoblast secretes and synthesizes collagen, mainly type I and non-

collagenous proteins (Reddi and Anderson, 1976). Osteoblasts originate from 

pluripotent mesenchymal stem cell (MSC) lineage and can differentiate into osteoblasts, 

fibroblasts, myoblasts and adipocytes (Puzas et al., 1987). Bone marrow stromal cells 

are source of MSCs that differentiate into osteoblasts (Hughes et al., 1995). Osteoblasts 

are polarized, mononuclear cuboidal cells with a very well-developed rough 

endoplasmic reticulum and golgi complex (Doty and Schofield, 1976). The plasma 

membrane of osteoblasts is rich in alkaline phosphatase (ALP), an early marker for 

bone formation (Henrichsen, 1956b). Osteoblast cells function in clusters and secrete 

ECM proteins that are calcified during later stages of development. A newly laid ECM 

by an osteoblast cell is referred to as an osteoid, which becomes mineralized during 
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later stages of development (Collin et al., 1992). As the mature osteoblast cell becomes 

surrounded by the mineralized matrix, it forms a flat bone lining cell or an osteocyte 

(Collin et al., 1992).  

  An osteocyte cell is considered the most mature or terminally differentiated cell 

of the osteoblastic lineage. It has numcerous microfilaments rich long cell processes 

that are in contact with the cell processes of other osteocytes and osteoblasts. These 

processes allow the exchange of ions in the bone matrix. The morphology of osteocytes 

varies according to their age and functional activity. Like osteoblasts, osteocytes 

synthesize bone matrix proteins that are calcified during later stages of development. 

Osteocytes also play a role in the bone remodeling and bone resorption, though this 

function of osteocytes is still controversial. During bone resorption, older osteocytes are 

phagocytized by osteoclasts (Baylink and Wergedal, 1971).  

Osteoclasts are cells that resorb mineralized bone matrix. They are found in 

contact with the calcified bone surface or within bone lacuna created by their resorptive 

activity (Suda et al., 1992). They originate from hematopoietic stem cells in the bone 

marrow, and have a common monocytic/macrophage differentiation pathway until the 

final differentiation steps (Kerby et al., 1992). Monocytic precursor cells fuse to form 

these giant multinucleated osteoclast cells that contain four to twenty nuclei (Matsunaga 

et al., 1999).  
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Figure 1.1 Schematic of three different types of bone cells and their location in 
bone. Osteoblasts originate from mesenchymal stem cells (MSC) within the bone. 
During their differentiation, osteoblasts secrete ECM, undergo calcification and 
eventually differentiate into osteocytes. Osteocytes are embedded within the bone 
matrix. Osteoclasts are bone eroding cells that arise from hematopoietic stem cells 
(HSC) and can be identified as multinucleated cells found in resorption pits on bone 
lacunae.  
 

1.1.1 Processes of Bone development 

Bone development occurs through two distinct processes namely; endochondral and 

intramembranous ossification (Prele et al., 2003).  

Intramembranous ossification occurs during the development of the flat bones 

of the skull. During this process, neural crest-derived MSCs proliferate and condense 

into compact nodules. The MSCs undergo condensentation and most of these cells 

develop into osteoblasts (Dimitriou et al., 2005). Osteoblasts secrete a collageneous 

proteoglycan matrix that binds calcium salts and is responsible for calcification of 

osteoid matrix. Finally, the developing osteocytes are trapped in calcified matrix (Rice 
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and Rice, 2008). As calcification proceeds, bony spicules radiate out from the region of 

ossification and this region of calcified spicules become surrounded by compact MSCs 

that form periosteum. The cells on the inner surface of the periosteum develop into 

osteoblasts that form lamellar cortical bone pattern (Rice and Rice, 2008).  

Endochondral ossification involves differentiation of mesenchymal cells into 

chondrocytes that produce a framework of cartilage on which bone is developed with 

the removal of the cartilage (Sevastikoglou, 1957). Endochondral ossification is 

observed in the vertebral column, pelvis and appendicular skeleton that include limbs. 

 

 

Figure 1.2 Schematic representation of endochondral ossification. (A, B) During the 
process of endochondral ossification, the mesenchymal cells migrate to the sites where 
bone will form and condense and differentiate into chondrocytes that deposit 
extracellular matrix composed of type II b, type IX and type X1 collagen, aggrecan and 
other cartilage specific matrix proteins. (C) The proliferating chondrocyte cells in the 
center of the shaft undergo hypertrophy (Hanada et al., 2001). The hypertrophic stage of 
chondrocytes is characterized by decreased expression of type II collagen, expression of 
type X collagen and calcification of extracellular matrix. (D) The cartilage model grows 
in length by continuous cell division of chondrocytes and is accompanied by secretion 
of extracellular matrix. This is called interstitial growth. The process of appositional 
growth occurs when the cartilage model grows in thickness, which is due to the addition 
of more extracellular matrix on the periphery of the cartilage surface and is 
accompanied by new chondroblasts that develop from the perichondrium. (E) The first 
site of ossification occurs in the primary center of ossification, which is in the center of 
diaphysis. Subsequently, the perichondrium becones perisoteum, which contains a layer 
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of undifferentiated osteoprogenitor cells that later form osteoblasts. The osteoblast cells 
secrete osteoid against the shaft of the cartilage model and form a bony collar, which 
serves a support for the new bone. The chondrocytes in the center of ossification begin 
to grow (hypertrophy). They stop secreting collagen and begin secreting alkaline 
phosphatase, an enzyme essential for mineral deposition. Then calcification of the 
matrix occurs, followed by apoptosis of the hypertrophic chondrocytes. This creates 
cavities within the bone. The hypertrophic chondrocytes before apopotosis secrete 
Vascular Endothelial Cell Growth Factor that induces the sprouting of blood vessels 
from the perichondrium. (F) Blood vessels forming the periosteal bud invade the cavity 
left by the chondrocytes and branch in opposite directions along the length of the shaft. 
(G) The blood vessels carry hemopoietic cells, osteoprogenitor cells and other cells 
inside the cavity. The hemopoietic cells during later stages form the bone marrow. The 
osteoblast cells that have differentiated from the osteoprogenitor cells enter the cavity 
via the periosteal bud, use the calcified matrix as a scaffold and secrete osteoid, which 
forms the bone trabecula. Osteoclasts are formed from the macrophages and they resorb 
the spongy bone to form the bone marrow. Notably, during the time of birth, a 
secondary ossification center appears in each end (epiphysis) of the long bones. 
Periosteal buds carry mesenchyme and blood vessels in and this process is similar to 
that occurring in a primary ossification center. The cartilage between the primary and 
secondary ossification centers is called the epiphyseal plate, and it continues to form 
new cartilage, which is evetually replaced by bone, a process that results in an increase 
in length of the bone. Growth continues until the individual is about 21 years old or 
until the cartilage in the plate is replaced by bone. The point of union of the primary and 
secondary ossification centers is called the epiphyseal line (Picture used from 
Developmental Biology, 8th Edition). 

 

1.1.2 Differentiation of Osteoblast Cells in Culture 

A large number of cell culture models are available to study the expression of 

osteoblast-related genes in vitro. These include primary cells derived from calvaria or 

trabecular bone from several mammalian species, osteosarcoma-derived cell lines and 

experimentally immortalized cell lines such as MC3T3-E1 osteoblast-like cells (Stein et 

al., 1990). Calvaria-derived cells undergo changes that mimic osteoblastic 

differentiation in vivo (Owen et al., 1990). Calvarial primary osteoblasts undergo three 

distinct stages of differentiation namely, cell proliferation (from 0-7 days), matrix 

deposition and maturation (from 7-14 days) and finally they undergo matrix 

mineralization (from 14-21 days) (Li, 2008).  
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Figure 1.3 Differentiation of osteoblast cells in cultures. The osteoblast 
differentiation can be divided into four distinct stages based on different markers 
expressed at each stage. Proliferation of osteoblasts is marked by the induction of 
various cell cycle markers that include histones; extracellular matrix maturation is 
characterized by the expression of extracellular matrix-related proteins that include 
collagen; mineralization of osteoblasts requires induction of osteocalcin and other 
genes. Eventually, osteoblasts undergo apoptosis.  

 

A temporal pattern of gene expression reflecting progressive differentiation of 

the osteoblast could be mapped in these cells starting from early stages of proliferation 

to fully mature osteocytes. For instance, a committed pre-osteoblast cell is positive for 

Runx2 (Henrichsen, 1956a) and alkaline phosphatase (ALP). Genes supporting cell 

cycle progression (e.g., histones), cell growth (e.g., c-fos, c-jun) and ECM biosynthesis 

(e.g., collagen, fibronectin and TGF-β) are expressed during the initial proliferation 
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period. Actively proliferating osteoblast is highly enriched in ALP and ECM proteins 

primarily consisting of collagen type I. During later stages of differentiation, collagen 

fibers that support mineral deposition and integrins receptors develop. Integrin receptors 

support osteoblast cell-matrix and cell-cell interactions essential for osteoblast 

differentiation and mineralization. During final stages of differentiation, osteoblasts 

stop proliferating and secrete ECM proteins, including osteocalcin and BSP that help in 

mineralization and support the maintenance of fully differentiated bone cells (Malaval 

et al., 1994). Cell culture methods provide an excellent tool to determine the roles of 

various regulatory factors under controlled culture conditions. However, a caveat of the 

results obtained from studies using cell culture is that these may not always be 

predictive of the in vivo situation.  

 

1.2 GENE REGULATION IN EUKARYOTES 

        Gene expression in eukaryotes is a complex process that involves coordination of a 

network of transcription factors with spatially organized genes and regulatory proteins 

within the nuclear architecture. Unlike prokaryotes, the eukaryotic genomic DNA is 

highly organized at different levels of nuclear architecture that include the sequence 

which contains cis-regulatory elements, chromatin structure, nucleosome and nuclear 

domains that constitute a higher order organization of transcriptional regulatory 

machinery.  

 

1.2.1 Genomic DNA Organization in Eukaryotes 

The sequence organization in gene promoters provides a framework for transcriptional 
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machinery to respond to a broad spectrum of regulatory cues that support gene 

expression. Overlapping recognition elements enhance the options for responsiveness to 

signaling cascades that mediate protein-DNA and protein-protein interactions. 

Transcription factors recognize specific consensus DNA sequences on the promoter 

regions of genes and initiate the expression of genes.  This linear order of genes and 

flanking regulatory elements is necessary but not sufficient to support gene expression. 

A coordination of multiple regulatory signals occurring at the promoter region is 

essential for the activation or suppression of gene expression. Notably, the promoter 

region and genes are not organized into a linear fashion. Rather, eukaryotic genes are 

organized into a highly complex and compact chromatin structure and nucleosomes. 

This reduces the distance between promoter elements and supports interactions between 

DNA sequences that are spatially separated. Eukaryotic DNA is enclosed in the nucleus 

and largely packaged into the chromatin. The chromatin is composed of nucleosomes, 

which in turn consists of DNA tightly packed with histone proteins.  
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Figure 1.4 Schematic representation of organization of DNA in eukaryotes. The 
DNA is bound by histone proteins to form a structure called nucleosome. The core of the 
nucleosomes structure appears as beads-on a string. The nuclesome structures further coil 
into a solenoid shaped structure that further compact the DNA. The solenoid is 
compacted further into the characteristic chromatin observed in a chromosome during 
metaphase. The picture is taken from Lodish et.al., 2000. 
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The nucleosome structure plays role in activation and repression of basal 

promoter activity and proper regulation of inducible genes (Svaren and Horz, 1996). 

Differences in nucleosomal positioning regulate the ability of activators and repressors 

to bind to nucleosomes (Li et al., 1994). Post-translational modifications of histones 

including acetylation, methylation, phosphorylation and ubiquitination affect 

nucleosomal structure (Owen-Hughes and Workman, 1994). Acetylation status of 

conserved lysines in the histones plays role in the regulation of transcription (Hebbes et 

al., 1992). In general, hyperacetylation of the chromatin domains correlates with 

transcriptional activation, whereas hypoacetylated histones are accumulated within 

transcriptionally silenced domains of the chromosomes (Espinos et al., 1999). A class of 

enzymes histone acetyl transferases (HAT) and histone deacetylases (HDACs) function 

together with activators or repressors, respectively, to ensure timely acetylation or 

deacetylation of histones and to modulate chromatin structure of gene promoters. 

Histone phosphorylation contributes to modifications in histone-DNA and histone-

histone interactions that influence nucleosome placement and chromatin organization. 

Kinases that mediate histone phosphorylation respond to regulatory information 

transduced through signaling pathways. DNA methylation is associated with 

transcriptional repression (Cedar, 1988). Consequently, gene promoters are made 

accessible or inaccessible for transcription factors to bind and regulate gene expression. 

The SWI/SNF family of ATP-dependent chromatin-remodeling complexes facilitates 

gene expression by helping transcription factors gain access to their target chromatin. 

They contain SW12/SNF2-like ATPase and use the energy of ATP-hydrolysis to disrupt 
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nucleosomes. The SWI/SNF proteins are homologous to chromatin-remodeling 

complexes initially discovered in yeast. The higher order of nuclear DNA organization 

include nuclear matrix with chromosome scaffolds and nuclear subdomains. The higher 

order chromatin structure further reduces nucleotide distances between regulatory 

sequences. Folding of nucleosome arrays into solenoid-type structures provides milieu 

for interactions that support synergism between promoter elements and responsiveness 

to multiple signaling pathways.  

 

1.2.2 Transcriptional machinery at the Eukaryotic Promoter  

In comparison to prokaryotes, eukaryotes have a complex and multi-protein regulated 

machinery that mediates the transcriptional process. Unlike prokaryotes, initiation of 

eukaryotic gene transcription (encoding mRNA) is mediated by RNA polymerase II and 

a group of general transcription factors that interact at specific sites in the promoter.  

Initiation of gene transcription is regulated by gene specific transcription factors that 

bind to both proximal and distal control elements. The promoter in eukaryotic genes 

consists of the core promoter and distal regulatory elements called enhancers or 

silencers, depending upon their influence on the transcription. The core promoter is the 

minimal DNA sequence that is both necessary and sufficient for initiation by the 

general transcription factors. The most common core element is the TATA Box, found 

about 30bp upstream from the transcription initiation site (+1) and a less well defined 

element called an initiator element (Inr), which is a short, weakly conserved DNA 

sequence that encompasses the transcription start site and is present both in TATA-less 

(Lee et al., 1991) and TATA-containing promoters (Tjian and Maniatis, 1994). The 
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major general transcription factors include Transcrption factor (TF) IIA, TFIIB, TFIID, 

TFIIE, TFIIF, TFIIH and RNA polymerase II.  

 

Figure 1.5 Illustration of eukaryotic transcriptional complex. The eukaryotic 
transcriptional complex consists of atleast six general (basal) transcription factors 
(TFIIA, TFIIB, TFIID, TFIIE, TFIIF, TFIIH). In the presence of these transcription 
factors, the RNA polymerase II enzyme initiates transcription at promoters. In addition 
to the general transcription factors, the trasncriptional complex is also be affected by the 
presence of promoter-proximal regulatory sequences and the presence of transcription 
factors bind that to those sequences. Such factors including enhancers may be tissue 
specific.  

 

A large number of different proteins, including transcriptional activators and 

suppressors bind to the immediate promoter region in eukaryotic genes. Although the 

promoter is considered to extend upstream from the transcription start site, regulatory 

sequences are not restricted to this region and can be found in the intervening sequences 

(introns) that separate exons and downstream to start site of a gene. Also, transcription 

factor binding sequences can be found several thousands of base pairs away from the 

transcription start site. In combination these sequences regulate the transcription of each 
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gene (Tjian, 1994). In short, transcriptional regulation in eukaryotes is a highly complex 

process that is mediated via multiple regulatory transcription factors, activators, 

silencers, repressors and adapter proteins that form a multiprotein complex around the 

chromatin. It is both DNA binding and protein-protein interactions that regulate 

transcription of a specific gene at a specific time in a tissue. 

 

1.3 REGULATION OF OSTEOBLAST COMMITMENT AND 

DIFFERENTIATION  

Osteoblast commitment and differentiation is associated with a cascade of 

signals that involve sequential activation of successive genes in response to growth 

factors and transcription regulators (Aubin et al., 1995). The initial steps of the cascade 

are stimulated by morphogens including BMPs and a hierarchy of transcription factors, 

which affect fate and movement of precursor cells, and their development into pre-

osteoblast cells. Once committed into the osteoblast lineage, the early stages of 

proliferation and differentiation are regulated by systemic hormones, local factors and a 

network of transcription factors that induce expression of genes that stimulate osteoblast 

differentiation and functions (Qi et al., 2003). 

Local factors synthesized by bone cells include cytokines, prostaglandins and 

growth factors (Kasperk et al., 1990). Generally, osteoblasts synthesize these local 

factors; however, stromal cells and immune cells also secrete cytokines. These 

cytokines include interleukins, tumor necrosis factor (TNF) and colony-stimulating 

factor (CSF). Local factors could have effects on cells of the same type (autocrine 

factors) or on cells of different types within a tissue (paracrine factors). These local 
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factors regulate recruitment of osteoprogenitor cells, their development from pre-

osteoblast into osteoblasts, and promote their differentiation into fully functional 

mineral laying osteoblasts (Hanada et al., 2001; Nakahara et al., 1990). Growth factors 

are polypeptides that regulate proliferation and differentiation of osteoblast cells. 

Localized growth factors may have autocrine or paracrine effects. However, they may 

also present in the circulation and may act as systemic regulators of skeletal 

metabolism. Locally their activity can be modulated by changes in their synthesis, 

activation, receptor binding, and receptor recycling. Polypeptide skeletal growth factors 

include the insulin-growth factors (IGFs), the transforming growth factor-β (TGF-β) 

family of peptides including the bone morphogenetic proteins (BMPs), the fibroblast 

growth factor (FGF) and the platelet-derived growth factor (PDGF) (Hauschka et al., 

1988). Osteotrophic growth factors play significant roles in osteoblast development and 

function. Members of the TGF-β superfamily are derived from inactive secreted 

precursor proteins that are activated by proteolytic cleavage (Robey et al., 1987). TGF-β 

stimulates proliferation of osteoblast progenitor cells and stimulates collagen synthesis. 

It also inhibits bone resorption by inducing apoptosis of osteoclasts. BMPs are 

osteoinductive growth factors that share amino acid sequence homology with TGF–β 

(Arnott et al., 2007; Arnott et al., 2008). They induce endochondral bone formation and 

share some activities with TGF–β (Suttapreyasri et al., 2006). However, BMPs have 

separate receptors from the TGF-β family and induce differentiation of osteoblasts. 

 

1.3.1 Role of BMP-2 in Osteoblast Differentiation  

Discovery of Bone morphogenetic protein-2: Bone morphogenetic protein -2 (BMP-
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2) is one of the most crucial osteogenic growth factors of the TGF-β superfamily 

(Tateyama et al., 2001). TGF-β superfamily comprises of over 20 members and 

represents largest family of molecules in the TGF-β superfamily of ligands. The activity 

of BMPs was first identified in the1960s (Urist, 1965), but proteins responsible for bone 

induction remained unknown until the purification and sequencing of bovine BMP-3 

(osteogenin) and the cloning of human  BMP-2 and BMP-4  (Hollinger et al., 1998). 

BMPs are produced as precursor molecules that can either form homodimers or 

heterodimers of 30-38 KDa. These large precursor molecules are proteolytically cleaved 

at a conserved amino acid sequence (RXXR) to form the biologically active molecule. 

BMP proteins have a characteristic highly conserved seven cysteine residue at the C-

terminus.  

Functions of BMP-2: BMP2 was the first discovered BMP to play a role in bone and 

cartilage formation (Hollinger et al., 1998). However, later BMPs were also shown to 

play roles in developmental processes including embryonic tissue patterning, 

organogenesis and generation of primordial germ cells. BMP-2 plays critical roles in 

heart, neural, bone and cartilage development. Also, BMPs play important roles in 

postnatal bone formation. 

BMP-2 signaling: Functions of BMP-2 are initiated by signaling through specific type I 

and type II serine-threonine kinase receptors. Binding of the BMP-2 ligand-dimer to the 

BMP type II receptor causes auto-phosphorylation of BMP type II receptor. The 

activated BMP receptor type II then phosphorylates the BMP-receptor type I, which 

then phosphorylates and activates the Receptor-regulated Smads. Receptor-Smads 

include Smad1, Smad5 and Smad8. BMP receptors phosphorylate Receptor-Smads at 



17 
 

an SSXX-motif located on their C-terminal. These phosphorylated Receptor-Smads 

then oligomerize with co-stimulatory Smad namely, Smad4. This complex of 

phosphorylated Receptor-Smads and Smad4 enters the cell nucleus, and regulates 

transcription of osteoblast specific genes. Reports indicate that Smads are mediators of 

BMP signaling that inhibit the myogenic differentiation and induce osteoblast 

differentiation in the mesenchymal C2C12 cell line (Knockaert et al., 2006; Liu et al., 

1995).  

Inhibitory Smads negatively regulate Receptor-Smad-mediated pathway by 

inhibiting formation and or activity of the Receptor-Smad-Smad4 complex. Inhibitory 

Smads include Smad6 and Smad7. They lack the C-terminal SSXX-motif for BMP 

receptor-mediated phosphorylation found in Receptor-Smads. Smad6 competes with 

Smad4 for interaction with BMP receptor-activated Smad1, and forms inactive Smad1-

Smad6 complexes. This sequesters receptor-activated Smad1 and prevents it from 

forming active complexes with Smad4. On the other hand, inhibitory Smad7 binds to 

activated BMP receptors and competes with binding and phosphorylation of Receptor-

Smads. Also, Smad 6 and Smad 7 regulate BMP-2 signaling by inducing ubiquitination 

of BMP receptors via Smad ubiquitin regulator factor (Smurf) ubiquitin ligases like 

Smurf1 and Smurf2. Smurfs bind to Smad6 and Smad7 and form a smurf-Smad6/7 

complex, which in turn binds to the BMP receptor to promote its ubiquitination and 

hence down regulates BMP-2 signaling (Yamashita and Miyazono, 1999). 
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Figure 1.6 Schematic representation of BMP-2 signaling in osteoblasts. Binding of a 
BMP-2 dimers to its type II receptor recruits type I receptors, so that a heterotetramer is 
formed with two receptors of each type. Proximity of the receptors allows the type II 
receptor to phosphorylate the type I receptor. Phosphorylated-BMP receptors in turn 
phosphorylate Receptor-Smads (R-Smads) and Smad1 at their C-terminal. 
Phosphorylated Smad1 forms complex with co-stimulatory Smad4 and this complex are 
recruited to the nucleus, where they act as transcription factor to regulate the expression 
of genes involved in osteoblast differentiation including type I collagen and osteocalcin 
in osteoblasts.  
 

Animal models for studying the function of BMPs: Homozygous BMP2 null die 

between embryonic day 7.5 (E7.5) to 10.5 (E10.5) and display defects in cardiac 

development (Yamashita and Miyazono, 1999). Homozygous deletion of the BMP 

receptor type IA causes embryonic lethality in mice at embryonic stage E9.5. These 

mutant embryos lack mesoderm, indicating that BMP receptor type IA is required for 

the formation of mesoderm during gastrulation (Mishina et al., 1995). Mice lacking 

BMP receptor type IB are viable and exhibit defects in the appendicular skeleton (Yi et 
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al., 2000). BMP receptor II null mice die during embryonic stages 9.5 of development. 

BMP signaling plays critical roles in heart, neural and cartilage development with major 

effects on bone formation (Chen et al., 1997). During early stages of embryogenesis, 

BMP-2 enhances expression of osteogenic transcription factors namely, Runx2 (Lee et 

al., 2000), homeodomain proteins including Dlx3 (Park and Morasso, 2002) and Dlx5 

transcription factors (Ulsamer et al., 2008). BMP-2 induced signaling cascade 

stimulates expression and /or activation of various osteogenic transcription factors and 

signaling molecules that promote osteoblast differentiation and function.  

 

1.3.2 Transcription Factors Involved in Osteoblast Differentiation 

Mammalian cells respond to a vast array of extracellular signals that play critical roles 

in determining cell fate (Nakashima and de Crombrugghe, 2003). These regulatory 

signals (for instance, binding of BMP to its receptor) are transmitted from the plasma 

membrane into the nucleus by proteins capable of nucleocytoplasmic shuttling activity 

(Smads). Inside the nucleus, transcription factors and chromatin remodeling complexes 

associate with RNA polymerase and stimulate transcription of osteoblast specific genes. 

The key osteogenic transcription factors that regulate early stages of commitment and 

promote their differentiation into osteoblast cells are Runx2, Homeodomain proteins 

(Dlx3, Dlx5, Msx2) and Osterix.  
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Figure 1.7 Schematic representation of BMP-2 induced transcription factors that 
regulate committemnt and differentiation of osteoblasts.  
 

1.3.2.1 Runx2 Transcription Factor 

 Runx2 or core binding factor-1 (cbfa1) is generally refered as a master transcription 

factor for osteoblast differentiation and bone formation due to its absolute requirement 

for osteoblast development (Hassan et al., 2009; Lee et al., 2000; Ziros et al., 2008). 

Runx2 regulates the commitment, proliferation and differentiation of MSCs into 

osteoblasts. Multiple studies on Runx2 demonstrate its role in the expression of 

osteogenic genes, including collagen type I, osteocalcin, osteopontin, BSP and alkaline 

phosphatase (Kern et al., 2001). 

Structure of Runx2: Runx2 belongs to the Runt family of transcription factors that 

contain a highly conserved DNA binding Runt domain. Runx2 protein is a dimeric that 
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consists of α and β subunit. The α subunit binds weakly to DNA by recognizing the 

sequence Pu/TACCPuCA, also described as osteoblast specific element (OSE2) in the 

promoter region of genes involved in osteoblast differentiation like BSP (Javed et al., 

2001) and osteocalcin (Frendo et al., 1998). The β subunit, CbFβ/ Pebp2b does not 

directly interact with DNA, but associates with α subunit and increases the affinity of α 

subunit to DNA. Alternative splicing of Runx2 transcript from two different promoters 

(P1 and P2) of the same gene results in expression of three isoforms of Runx protein 

namely; Runx1, Runx2 and Runx3. All three mammalian Runx proteins are more than 

50% identical at the amino-acid level, and greater than 93% identical within the 

functional runt homology domain (RHD), which is responsible for the DNA binding 

activity and Cbfβ interactions.  

Runx1/AML1 is involved in hematopioesis and in intramembranous bone 

formation during the early stages of osteoblastogenesis, Runx2/AML3 has an exclusive 

role in endochondral bone formation and osteoblast maturation, and lastly 

RUNX3/AML2 regulates neural and gastrointestinal cell differentiation. Translocation 

or mutations in Runx1 results in leukemogenesis (Lian et al., 2003a), however 

disruption or loss of Runx2 gene causes skeletal defects and Runx3 leads to stomach 

cancer (Yoda et al., 2004). Mice with null mutation of Runx1 die during the early stages 

of embryonic development due to the hemorrhage in the central nervous system and 

disruption of fetal liver hematopoiesis (Okuda et al., 1996). Runx3 knockout mice are 

born in Mendelian ratios. However, they display hyperplasia of the gastric epithelium 

and die within 24 hours of birth due to low glucose levels in the blood stream 

(Yamashiro et al., 2002). 
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Figure 1.8 Schematics of the functional domains of Runx2. Domains in the N 
terminus (N) conserved are: the runt homology/DNA binding domain (RHD) and the 
nuclear localization signal (NLS). The C terminus (includes the nuclear matrix targeting 
signal (NMTS).  
 

Function of Runx2: Runx2 is expressed during early stages in skeletal development. 

Studies on mice indicate that Runx2 is first expressed during embryonic day 12.5 at 

sites of mesenchymal condensations that are destined to become bone and it persists at 

those locations throughout subsequent stages of bone development (Ducy et al., 1997). 

During cartilage development, Runx2 expression is suppressed by chondrocyte-specific 

transcription factors Sox8/9 (Akiyama et al., 2005). However, with progressing 

chondrocyte condensations, Runx2 expression is enhanced and it plays role in cartilage 

hypertrophy, and persists in active osteoblasts and osteocytes through the adult life 

(Hoffmann et al., 2000).  

 

Animal models for studying the function of Runx2: Mice with homozygous deletions 

of Runx2 fail to develop hypertrophic chondrocytes and osteoblasts (Gao et al., 1998). 

These embryos exhibit no sign of cartilage hypertrophy, bony collar development, 

vascular invasion or marrow formation. Runx2 knock out mic undergo neonatal death 

possibly due to respiratory failure (Komori et al., 1997). However, mice with 

heterozygous deletions in Runx2 gene display skeletal abnormalities similar to 
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Cleidocranial Dysplasia (CCD) in humans (Bae et al., 2007). CCD patients have 

heterozygous mutations in the Runx2 gene (Mundlos et al., 1997).  It is a dominantly 

inherited autosomal skeletal disorder that is characterized by open cranial sutures due to 

a delay in the closure of sutures, short stature, dental anomalies and delayed skeletal 

development (Lou et al., 2009). Mice with mutation in C-terminus domain of Runx2 are 

phenotypically similar to Runx2 knock mice, are smaller in size, lack osteoblasts and 

hypertrophic chondrocytes and die in utero, indicating the requirement of C-terminal 

domain of Runx2 for its activity.  

 

Regulatory activities of Runx2: Runx2 protein can act to stimulate or repress 

transcription of multiple osteogenic genes due to the ability of its C-terminus to interact 

with other transcriptional co-activators including, histone acetylase, transcription 

regulatory proteins including p300, Androgen Receptor (AR), Glucocoticoid Receptor 

(GR), PU.1, Smad1, Hairy and Enhancer of Split1 homologue (HES-1) (Jeon et al., 

2006) or transcriptional co-repressors like histone deacetylases that regulate 

transcription of multiple osteogenic genes (Jeon et al., 2006). Runx2 protein can interact 

with Groucho/TLE class of co-repressors through the conserved VWRPY C-terminal 

sequence motif or can alternatively repress transcription by a Groucho-independent 

mechanism (Levanon et al., 1998). Runx2 also interacts with CBP (CREB-binding 

protein or histone acteylase transferase), which function as a transcriptional adapter. Cre 

binding protein (CBP) associates with transcriptional activators and forms a 

multiprotein complex that up-regulates Runx2-dependent transcription. Thus, Runx2 

protein functions as context dependent regulators, which activate or represse 
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transcription depending on the organization of a particular promoter/enhancer in a 

specific cell type at a certain time. For instance, the C-terminus domain of Runx2 

promotes osteoblast proliferation by interacting with co-repressor histone deacetylase-6 

and inhibiting transcription of cyclin dependent kinase (CDK) inhibitor-p21 in 

mesenchymal stromal cells and osteoblasts. The functional activity of Runx2 is also 

sensitive to post-translation modifications of Runx2 protein like phosphorylation, 

acetylation (Jeon et al., 2006) and methylation. Phosphorylation at the proline, serine 

and threonine amino acid rich PST region located in C-terminus stimulates 

transcriptional activity of Runx2. For instance, phosphorylation of Ser-451 at PST 

region of Runx2 by cell division control protein 2 (cdc2) enhances Runx2 activity 

(Galindo et al., 2007; Rajgopal et al., 2007). Runx2 is also regulated at the level of 

protein stability. The ubiquitin ligase Smurf1 interacts with C-terminus of the Runx2 

protein and promotes its degradation by proteasome pathway (Zhao et al., 2003).  

Schnurri-3 protein (homolog of drosphila Shh protein) promotes degradation of Runx2 

protein through recruitment of ubiquitin ligase WWP1 to Runx2 protein. WWP1 is an 

E3 ubiquitin ligase that contains 4 tandem WW domains, which is involved in protein 

degradation.  
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Figure 1.9 Schematics of subnuclear domains of Runx2. Top panel illustrates sites at 
which protein-protein interactions between Runx2 and other transcription factors 
occurs. For instance, CBFβ interacts with DNA binding Runt domain of Runx2, 
Homedomain proteins and Smads bind to the nuclear matrix targeting sequence 
(NMTS) found on the C-terminus of Runx2. Lower panel shows the chromatin related 
transcription factors, co-repressors and co-activators that interact with Runx2.  

 

Studies on the transcriptional regulation of Runx2 indicate that BMPs function 

through Smads and homeodomain proteins including Dlx5 (distal-less) to activate the 

Runx2 promoter. Runx2 is a nuclear protein and has been shown to associate with the 

nuclear matrix, a network of fibers and filaments found at active sites of nuclear 

transcription (Berezney and Coffey, 1975)). Association of Runx2 with the nuclear 

matrix increases activity of various promoters (Chen et al., 1998). The subnuclear 

localization of Runx2 protein is achieved by atleast two trafficking signals. The first 
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signal aids in the nuclear import (nuclear localization signal) and the second signal is 

the nuclear matrix-targeting signal (NMTS). The NMTS signal includes C-terminal 31-

38 amino acid residues that direct Runx2 to transcriptionally active nuclear matrix 

associated sites.  

Runx2 forms stage-specific complexes with varying sets of co-activators, co-

repressors and other transcription factors that initiate key signaling cascades to promote 

osteoblast differentiation (Akech et al., 2009). In summary, Runx2 functions as a 

scaffolding platform that operates as a molecular endpoint to integrate multiple 

osteogenic regulatory signals for the formation of bone tissue and osteoblast 

differentiation (Lian et al., 2006; Prince et al., 2001). 

Runx2-Smad1 Interactions: The C-terminal NMTS region of Runx2 also associates 

with MH2 domain of Smads (at C-terminus of Smad) and is referred to as Smad 

interaction domain (SMID). Due to its SMID, Runx2 is suggested to recruit Smad1to 

subnuclear foci. Mice with nonsense mutation in Runx2 gene display a truncated Runx2 

protein that lacks C-terminus NMTS region or SMID region. These mice fail to form 

mineralized skeleton and have a phenotype similar to the CCD patients. This truncated 

Runx2 protein fails to interact with Smads and results in impaired BMP-2/TGFβ-1 

signaling during bone formation. BMP-2 enhances RUNX-2 expression (Phimphilai et 

al., 2006; Stein et al., 2004). BMP-2 induced Smads do not directly induce Runx2 

expression; rather Smad-induced JunB stimulates Runx2 expression. In addition to 

Smad, p38-MAPK signaling also promotes Runx2 activity by posttranslational 

modifications including phosphorylation of Runx2 (Lee et al., 2003). 
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Figure 1.10 Schematics of BMP-2-induced-Smad1-Runx2 interactions. BMP-2-
induced Smad1 promotes osteoblast differentiation by both stimulating Runx2 gene 
expression as well as forming regulatory complexes with Runx2. BMP-2-induced 
Smad1-Runx2 complexes could either bind to Runx2 binding sites or Smad binding site 
or both to stimulate osteoblast differentiation as shown in (2). Also, BMP-2-induced 
Smad1 up-regulates Runx2 gene expression as shown in (1). 
 

1.3.2.2 Smad Transcription Factors 

 Smad proteins are homologs of the drosophila protein, mothers against decapentaplegic 

(MAD) and the C. elegans protein SMA (Savage et al., 1996). The name Smad is 

derived from the combination of both proteins. The first evidence that Smads can 

directly bind to DNA was reported for the drosophila MAD protein. MAD protein was 

found to be bound to the enhancer region of gene at GCCG motif with GCCGnGCG 
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consensus binding site (Kim et al., 1997). Another study identified Smad binding 

elements (SBE) as an eight base pair (bp) DNA sequence that contains two copies of the 

Smad box (5'-GTCT-3') arranged in a palindromic manner (Jonk et al., 1998). Later, 

GCCG motif was identified as a general BMP-responsive motif in invertebrates and 

vertebrates (Johnson et al., 1999). Upon entering the nucleus, Smads form complexes 

with sequence-specific DNA binding proteins, transcriptional co-activators and co-

repressors (Knockaert et al., 2006). Although Smads can directly bind to DNA, they 

have low affinity for DNA. Interaction of Smads with other sequence specific DNA 

binding proteins and other transcription factors like Runx2 contributes to the stable 

binding of Smads to DNA (Lopez-Rovira et al., 2002; Stroschein et al., 1999). A study 

on the mesenchymal precursor cell line, C2C12 indicated that Runx2 functions 

synergistically with Smad1 and Smad5 to regulate expression of bone-specific genes 

(Lee et al., 2000). 

Structure of Smad Proteins: The Smad proteins are a highly conserved family of 

transcription factors that contain three distinct domains namely, MH1-, MH2- and a 

divergent linker region. The amino-terminal MH1 domain has a DNA-binding motif 

that associates with the DNA. The MH2 domain is the transactivation domain that can 

associate with other transcription factors and is responsible for homo or 

heterodimerization. The linker region joins the two domains and contains MAPK and 

other phosphorylation sites that affect the nuclear translocation activity of Smad 

proteins.  

Animal model for Smad1 and Smad4: Studies on Smad1 null mice indicate that they 

die during embryonic stages due to defects in chorioallantoic placenta fusion (Wu et al., 
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2002). However, Smad1 heterozygous mice live a normal life. Smad4 knockout mice 

die before embryonic day 7.5 with gastrulation defect and abnormal visceral endoderm 

(Sirard et al., 1998). In contrast, Smad4 heterozygous mice display colorectal and 

pancreatic cancers.  

 

1.3.2.3 Homeodomain Transcription Factors 

Structure of Homeodomain transcription factors: These proteins belong to a family 

of transcription factors with a characteristic DNA binding homeodomain. This 

homeodomain consists of a 60 amino acids region that is highly conserved between 

different species (Kessel et al., 1988). Out of hundreds of homeodomain proteins with 

different functions, the distal-less (Dlx) and meshless (Msx) family of homedomains are 

reported to be involved in osteoblast differentiation.  

 

 

Figure 1.11 Schematics of homeodomain gene and protein structure. The 
homeodomain or hemotic gene consists of a conserved 180bp sequence among various 
species. The members of homedomain transcription factor family consist of a DNA 
binding homeodomain, which binds to TAAT motif on DNA, and a transactivation 
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domain. Transactivation domain interacts with other transcription factors and regulates 
activity of homeodomain protein.  
 

Function of Homedomain transcription factors: There are six Dlx and three Msx 

genes that function to promote craniofacial, axial and appendicular skeletal formation. 

Homeodomain transcription factors bind to consensus TAATT sequence and this 

sequence is found on the promoter region of osteogenic genes including osteocalcin 

(Hassan et al., 2004), Runx2 (Shirakabe et al., 2001), bone sialoprotein (Roca et al., 

2005) and regulate their transcription. Through their transactivation domain, 

homeodomain proteins may recruit other transcriptional activators or repressors that 

induce transcriptional activation or repression of osteogenic genes. Homeodomain 

proteins show a tissue specific pattern of expression (Li et al., 2008). 

Dlx3 and Dlx5 proteins are mammalian homologs of drosophila distal-less (Dlx) 

proteins. Dlx genes are expressed in spatially and temporally restricted patterns. For 

instance, Dlx3 is involved in craniofacial bone development; however Dlx5 regulates 

development of jaw, axial and appendicular bones. Also, homeodomain transcription 

factors exhibit distinct temporal expression during osteoblast differentiation, with Dlx3 

expressed maximally in osteoprogenitors. However, Dlx5 expression is enhanced in 

more mature osteoblasts and has stimulatory effects on mineralization of bone matrix 

(Hassan et al., 2004; Hassan et al., 2009; Lee et al., 2005).   

 

Dlx3 homeodomain protein: BMP-2 enhances expression of Dlx3 (Hassan et al., 

2006). A study demonstrated that over expression of Dlx3 in osteoblast progenitor cells 

stimulated osteoblast differentiation with enhanced expression of type I collagen, 
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alkaline phosphatase and osteocalcin. Dlx3 has complex roles. It has both positive and 

negative effects on osteoblast differentiation markers depending on the various stages of 

osteoblast development. These effects of Dlx3 are proposed to be mediated through the 

interaction of Dlx3 protein with other proteins like Runx2.  

 

Dlx5 homeodomain protein: Dlx5 is expressed in perichondrial cells, but not in 

chondrocytes (Robledo et al., 2002). Dlx5 is expressed in osteoblasts; however, the 

abnormalities in Dlx5 -/- mice are restricted to craniofacial bones. Dlx5 null mice exhibit 

severe craniofacial abnormalities including delay in ossification of the calvaria. Dlx5 

null mice die shortly after birth due to respiratory defects. Dlx3 null mice are embryonic 

lethal and die of placenta failure. However, mice with heterozygous mutations in Dlx3 

or Dlx5 genes live normally. A study indicated that Dlx5 regulates expression and 

promoter activity of type II Runx2 (Lee et al., 2005). Dlx5 is shown to enhance 

expression of osteoblast mineralization markers, BSP and Osteocalcin (Ryoo et al., 

1997).   

 

Msx2 homeodomain protein: The negative regulatory role in the process of 

embryogenesis is usually played by the products of muscle segment homeotic genes 

(Msh or Msx) (Satokata et al., 2000). In mammals, the Msx family contains three 

members: Msx1, Msx2 and Msx3, with Msx2 known to play a crucial role in 

osteoblastogenesis (Liu et al., 1996). Msx2 knockout mice show defects in construction 

of the skeleton with characteristic premature suture fusion. However, mice with 

heterozygous mutations in the Msx2 gene show delays in skull ossification with 
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decreased Runx2 expression. Parietal foramina in humans are caused by 

haploinsufficiency of Msx2. An activating mutation in Msx2 causes Boston-type 

craniosynostosis, which is characterized by premature cranial suture fusion (Ma et al., 

1996).  

The expression level of Msx2 varies during osteoblast differentiation, with 

maximal expression of Msx2 in MSCs that is subsequently down-regulated in mature 

osteoblasts. The function of Msx2 in osteoblasts is still controversial. One study 

suggested that Msx2 inhibits differentiation of osteoblast precursor and immature 

osteoblasts, resulting in an increased population of pre-osteoblastic cells (Cheng et al., 

2003). However, other studies demonstrated that Msx2 promotes osteoblast 

differentiation and/or proliferation (Ichida et al., 2004). An antagonistic role of Msx2 

has been demonstrated in relation to Dlx5 during osteoblast differentiation. Dlx5 

expression is enhanced during later stages of osteoblastogenesis, which is correlated 

with increasing levels of proteins characteristic of terminally differentiated osteoblasts, 

such as osteocalcin, while Msx2 inhibits cell differentiation. Msx2 inhibits Runx2 

activity and it decreases expression of genes required during later stages of 

differentiation (Zhou et al., 2000). In vitro, Msx2 induces apoptosis of osteoblasts, 

again suggesting a stage specific action of Msx2. In vivo, however, Msx2 is a positive 

regulator of bone formation (Liu et al., 1994).  

 

Runx2-Homeodomain Interactions in Osteoblast Development: Runx2 and HD 

transcription factors are the key osteogenic transcription factors induced with BMP-2 

signaling. There are reports demonstrating interactions between both Runx2 and HD 
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proteins. Study on Runx2 promoter demonstrated that Dlx3 and Dlx5 proteins stimulate 

osteoblast development through regulation of the Runx2 promoter, but at different 

stages of osteoblast differentiation, Dlx3 regulates the Runx2 promoter during early 

stages of osteoblastogenesis (Hassan et al., 2006), while Dlx5 regulates Runx2 in 

mature osteoblasts. Dlx5 binds to the Runx2 promoter only after removal of Msx2 

protein, which acts as a transcriptional repressor (Shirakabe et al., 2001). 

Several models have been proposed to explain Runx2 promoter regulation by 

Msx2-Dlx5 proteins. According to the first model, Runx2-Msx2 forms a complex that 

inactivates expression of Runx2 and hence inhibits expression of Runx2-dependent 

genes. With increasing levels of Dlx5, a Dlx5-Msx2 complex is formed and free Runx2 

protein can then activate osteogenic genes (Shirakabe et al., 2001). However, another 

model indicates that Dlx5 and Msx2 proteins compete for binding to common binding 

sites in the Runx2 promoter region, such as other osteogenic genes including BSP and 

osteocalcin (Newberry et al., 1998). Also, Dlx3, Dlx5 and Msx2 proteins regulate each 

other at the transcription level. In both cases, a balance between the level of Msx2 and 

Dlx5 is critical for osteoblast differentiation. Thus, HD proteins along with Runx2 

transcription factor function as transcriptional switches that mediate expression of 

osteogenic genes involved in development of osteoblasts. 

 

1.4 OSTEOACTIVIN IN BONE  

 

1.4.1 Osteoactivin Homology and Protein Structure  

OA was first isolated and cloned from the long bones of a rat with osteopetrosis (Safadi 

et al., 2001). The protein coding region of the OA cDNA is composed of 1716 base 
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pairs. Sequence comparison of OA revealed 77% homology to the glycoprotein NMB 

(gpnmb) (Weterman et al., 1995), human hematopoietic growth factor inducible 

neurokinin (HGFIN) protein (Bandari et al., 2003)  and mouse dendritic cell heparin 

sulfate proteoglycan integrins dependent ligand (DC-HIL) (Shikano et al., 2001). OA 

also has a homology to quail neuroretina protein-71 (QNR-71) (65% homology) 

(Turque et al., 1996) and human Pmel-17/gp100 melanocyte specific protein (60% 

homology) (Adema et al., 1996). A study indicated that the mouse gpnmb protein 

(Bachner et al., 2002) is homologous to human and mouse OA sequences. Comparison 

of rat and mouse OA protein sequences revealed 88% identity (Safadi et al., 2001). 

The OA gene was mapped on different chromosomes in different species; chromosome 

4 for rat, chromosome 6 for mouse and chromosome 7 for human OA, respectively 

(Owen et al., 2003). Due to its high homology to gpnmb and pmel17, OA was 

suggested to belong to the Pmel17 gene family (Owen et al., 2003). Based on the 

predicted protein sequence, OA is classified as a type I transmembrane protein 

consisting of three main domains: an N-terminal extracellular domain (ECD) or luminal 

domain (amino acids 23-500), a middle short transmembrane domain rich in 

hydrophobic residues (amino acids 501-521) and C-terminal cytoplasmic domain 

(amino acids 522-572). The first 22 amino acids at the N-terminal domain constitute a 

signal peptide that aids in the entry of OA into the secretory pathway. The extracellular 

domain can be divided into three subdomains including an Arg-Gly-Asp (RGD) 

domain, a polycystic kidney disease–like domain (PKD) and a proline rich repeat 

domain (PRRD) and each of these domains have specific functions. The RGD domain is 

present in mouse and human OA but absent in rat OA. RGD domain is suggested to 
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function as an attachment site for integrin receptors and mediates integrin-mediated cell 

attachment and cell spreading (Abdelmagid et al., 2008; Safadi et al., 2001; Shikano et 

al., 2001). The PKD domain has an immunoglobulin-like folding structure that plays a 

role in protein-protein and protein-carbohydrate interactions (Scheffers et al., 2002). 

The PRRD domain function is not clear in OA but has been linked to O-linked glycans 

of Pmel-17 (Hoashi et al., 2006). The transmembrane domain has an alpha helical 

structure and is suggested to play a role in anchoring OA protein to the cell membrane. 

OA also contains a di-leucine amino acid sorting signal sequence in close proximity to 

the C-terminal domain, with a potential role in sorting the protein through the rough 

endoplasmic reticulum (RER) (Piccirillo et al., 2006; Setaluri, 2000; Theos et al., 2006; 

Zerivitz and Akusjarvi, 1989).  

The roles of the different domains of OA have not yet been determined 

experimentally, however, one study showed that the PKD and, to a lesser extent, the 

PRRD domains negatively regulate T-cell proliferation (Chung et al., 2007). The roles 

of different domains of Pmel-17 have been well characterized in melanocytes (Brunberg 

et al., 2006; Helip-Wooley et al., 2007; Hoashi et al., 2006; Kemp et al., 2001; Lally et 

al., 2001; Nichols et al., 2003; Sensi et al., 2002; Theos et al., 2006; Yasumoto et al., 

2004).  

 

1.4.2 Role of Osteoactivin in Osteoblast differentiation  

OA is required for differentiation and functioning of both types of bone cells; 

osteoblasts (Abdelmagid et al., 2007) and osteoclasts (Sheng et al., 2008). The high 

level of OA expression in bone was initially described in a model of osteopetrosis in the 
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rat and its expression was shown to increase during osteoblast differentiation (Safadi et 

al., 2001). In primary rat osteoblast cultures, OA expression increases during their 

development with maximal expression during final stages of differentiation i.e. matrix 

mineralization stage (day 17-21). In order to identify the specific role of OA during 

osteoblast development, osteoblast cells at different stages of development were treated 

with either anti-OA functional blocking antibody or OA antisense oligonucleotides to 

neutralize secreted OA protein or to down regulate OA expression, respectively. Both 

anti-OA antibody and OA antisense treatment blocked osteoblast differentiation and 

functions.  Likewise both treatments inhibited matrix maturation and calcium deposition 

by osteoblast cells in culture. This effect was independent of cell proliferation 

(Abdelmagid et al., 2008; Owen et al., 2003). Another study demonstrated that over-

expression of OA induces osteoblast differentiation and function and has no effect of 

cell proliferation, confirming an important role for OA in osteoblast differentiation 

(Abdelmagid et al., 2008).  

More targeted studies were then performed to further elucidate the roles of the 

functional domains of OA during osteoblast differentiation. A study to delineate 

whether the N- or C-terminus of the OA protein is involved in osteoblast differentiation 

used function blocking antibodies directed against either the N- or C-terminus region of 

the protein. This study revealed a crucial role for the C-terminus of OA in osteoblast 

differentiation (Selim et al., 2007). These results are in agreement with the observation 

of a significant decrease in differentiation of osteoblast progenitor cells obtained from 

mice that lacked C-terminus domain of OA (Abdelmagid et al., 2008). Interestingly, C-

terminus of OA contains the integrin binding RGD-motif. Generally, integrin receptors 
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interact via RGD motif on the adhesion ligand (Buck and Horwitz, 1987); however, 

RGD-independent interactions also exist (Rahman et al., 1998). In order to characterize 

the role of RGD motif, a study used short synthetic peptides with the C-terminal OA 

sequence containing either RGD motif or RGE motif (conserved aspartic acid (D) 

mutated to glutamic acid (E). OA-derived peptides were then used to examine whether 

these peptides stimulate osteoblast differentiation in an RGD-dependent manner or not 

(Selim et al., 2007). Both peptides with RGD motif and RGE motif showed similar 

results on osteoblast differentiation and function, suggesting that the effect of OA-

derived peptides is RGD-independent. The information gained from the above study on 

OA-derived peptide is important; however, these findings cannot be completely 

correlated with the role of RGD motif in the full length OA protein. Further studies 

using mutations in the RGD motif and/or their flanking sequences in full-length OA 

will help in establishing a clear understanding of role of RGD motif of OA in bone cell 

differentiation and function. In vivo studies on OA expression were investigated during 

active bone regeneration using a model of fracture repair in the rat. Secreted OA protein 

was detected within the newly synthesized cartilage matrix and unmineralized osteoid 

tissue (Abdelmagid et al., 2010). This suggests that OA plays an important role in bone 

formation and could serve as a positive regulator of fracture healing (Abdelmagid et al., 

2010).  

 

1.4.3 Animal Models for Studying of Osteoactivin 

 With many promising research avenues to pursue OA functions, to date only a 

few animal models have been generated that demonstrate its novel function in various 
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tissues. Transgenic mice that overexpress OA under the CMV promoter showed 

increased muscle mass and enhanced expression of MMP-3 and MMP-9 in fibroblasts 

in a model of denervated skeletal muscle (Ogawa et al., 2005). Another study in 

transgenic rats that over express OA in the liver showed that OA attenuates the 

development of hepatic fibrosis by suppressing platelet-derived growth factor receptor-

α (PDGFR-α) and tissue inhibitor of metalloproteinase-1 (TIMP-1), the key genes 

required for disease pathogenesis (Abe et al., 2007). 

  Another animal model of OA is the DBA2J mice. These mice have a natural 

stop codon mutation in the OA gene resulting in a premature truncation of the OA 

protein with only 150 amino acids (Anderson et al., 2006; Anderson et al., 2002; 

Anderson et al., 2001; Ott et al., 2003). A study used DBA2J mice and identified an eye 

phenotype associated with the mutation. DB2AJ mice with truncated OA/Gpnmb show 

iris pigmentary dispersion and iris stromal atrophy and develop pigmentary glaucoma 

and have increased macrophage function (Ripoll et al., 2007).  Our laboratory has 

generated mice that over express OA ubiquitously. These mice develop skeletal 

phenotype that is associated with a decrease in bone mass (unpublished observations). 

With the development of these animal models, there has been an emerging focus on OA 

and its effects on different cellular and pathological processes. However, there is still a 

lot of research that needs to be done to further elucidate the functions of OA and its 

mechanism of action. 
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1.4.4 Transcriptional Regulation of Osteoactivin Gene Expression 

 
Both osteoblast and osteoclast cells require OA for their differentiation. Previous 

studies from our laboratory indicated that OA expression is enhanced during osteoblast 

differentiation and BMP-2 further enhances the expression of OA in osteoblasts. Similar 

studies on osteoclasts have shown that receptor activator of nuclear factor Kappa-B 

ligand (RANKL) induces OA expression during osteoclast differentiation (Sheng et al., 

2008). Also, involvement of micropthalmia associated transcription factor (MITF) in 

RANKL induced OA expression in osteoclast has been reported (Ripoll et al., 2008). 

However, the transcriptional regulation of OA in osteoblasts is still not known.   
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1.5 SIGNIFICANCE OF THE DISSERTATION 

 

The significance of the work embodied in this dissertation is to understand the 

events/processes transcribing the expression of osteoactivin. Osteoactivin has been 

demonstrated to play a role in bone formation and consequently, its potential for the 

treatment of bone disorders, such as osteoporosis. This could serve as a novel 

pharmacotherapeutic intervention. Osteoporosis is a debilitating disease characterized 

by thinning of the bone tissue and loss of bone density over time leading to bone 

fragility. It is the most common form of bone disease. One out of every eight men and 

one in five women age 50 and older have osteoporosis-related fractures in their lifetime 

(http://www.niams.nih.gov/Health_Info/Bone/Osteoporosis/ ). About half of all women 

over the age of 50 have an increased risk of fractures of hip, spine and wrist (Shapiro, 

2008). It is a major public health threat for 40 million Americans, of which 68 percent 

are women. United States has about 10 million individuals with osteoporosis and 34 

million that have low bone mass, placing them at risk for this disease. Every year 1.5 

million osteoporosis-associated bone fractures are reported in the US 

(http://www.nlm.nih.gov/medlineplus/ency/article/000360.htm). Estimated national 

direct expenditures for osteoporosis and related fractures totals $14 billion each year. In 

the last few decades, substantial progress has been made in pharmacological treatment 

of patients with metabolic bone diseases such as Paget’s disease, osteoporosis and 

cancer that has metastasized to the skeleton. Although the present available 

pharmacotherapies are effective, these have limitations in efficacy during the treatment 

http://www.niams.nih.gov/Health_Info/Bone/Osteoporosis/�
http://www.nlm.nih.gov/medlineplus/ency/article/000360.htm�
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and are associated with side effects. Use of potential anabolic growth factors to promote 

differentiation of osteoblasts from their progenitor cells could enhance the efficacy of 

the presently available treatment. Thus, studies on both discovery of osteoblast 

promoting-anabolic factors and understanding their mechanism of their action, 

expression and regulation could serve as a potential therapeutic target for treating 

osteoporosis and fracture healing. In this aspect, Osteoactivin is an emerging target for 

treating osteoporosis due to its anabolic functions on bone formation as demonstrated 

by OA stimulated osteoblast differentiation and its role in femur fracture repair in 

studies on rodents. Taken together, this might lead to the development of novel 

therapeutic strategies like recombinant OA treatment for bone-loss associated diseases. 
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1.6 HYPOTHESIS AND OBJECTIVE OF THE DISSERTATION 

The involvement of Osteoactivin (OA) in osteoblast differentiation was first 

demonstrated in 2001 (Safadi et al 2001). Subsequently, BMP-2 was identified to up-

regulate OA expression via Smad1 signaling. However, the mechanism of BMP-2 

modulated OA gene expression is poorly understood. Recent studies from our laboratory 

have demonstrated the importance of OA in fracture repair by detecting the up-regulation 

of mRNA and protein levels at the sites of fractured rat femur in comparison to intact 

femur. Due to its anabolic effects in bone formation and osteoblast differentiation, OA is 

a potential therapeutic target to promote bone formation in treating debilitating diseases 

like osteoporosis. This study was aimed at defining the mechanism of OA gene 

transcription in response to BMP-2 treatment. The specific aim of the study was to 

identify and characterize the roles of BMP-2-induced key osteogenic transcription 

factors namely Runx2, Smad1, Smad4 and homeodomain proteins (Dlx3, Dlx5, Msx2) 

in the regulation of OA transcription during osteoblast differentiation. 

The main focus of this dissertation is on OA, which appears to have fundamental 

importance in development of osteoblast cells and hence bone formation. Consequently, 

studies on regulated expression of OA gene could help in better understanding of the 

molecular processes involved in bone formation and might lead to the development of 

potential anabolic targets that promote bone formation. 

We hypothesize that BMP-2-induced OA transcription is regulated by Runx2, Smad1, 

Smad4 and homeodomain proteins (Dlx3, Dlx5 and Msx2) during osteoblast 

differentiation. 
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To test the above hypothesis, the proximal promoter region (0.96kb) of rat OA gene from 

Rattus norvegicus was PCR amplified. The PCR amplified proximal OA promoter region 

was sub-cloned into a luciferase reporter vector and the effects of BMP-2 treatment on 

OA promoter activation was tested in osteogenic and non osteogenic cell types including, 

rat primary osteoblasts. BMP-2 stimulated OA promoter activity by 6.5-fold in rat 

primary osteoblasts. After demonstrating that BMP-2 stimulates OA promoter activation, 

the next goal of this study was to identify and characterize the roles of key osteogenic 

transcription factors in OA gene expression during osteoblast development, which has 

been discussed in following sections: 

 

Chapter 2: Functions of Runx2, Smad1 and Smad4 Transcription Factors in BMP-2 

induced Osteoactivin Transcription in Osteoblasts.

 

 This section describes the putative 

binding sites of Runx2, Smad1 and Smad4 on the proximal 0.96kb OA promoter region. 

By engineering deletion constructs and site-directed mutants of the Runx2 and Smad1/4 

binding sites in the OA promoter, we have characterized the roles of these transcription 

factor binding sites in BMP-2 activated OA promoter response. Subsequent results in this 

section demonstrate that Runx2, Smad1 and Smad4 proteins are required for maximal 

BMP-2-induced OA transcription in osteoblasts. Finally, BMP-2-induced recruitment of 

Runx2, Smad1 and Smad4 proteins to the OA promoter region during osteoblast 

development are discussed. 

Chapter 3: Regulatory Roles of Homeodomain Transcription Factors in BMP-2 Induced 

Osteoactivin Transcription in Osteoblasts. In this section, the roles of potential 
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homeodomain binding sites in the proximal 0.96kb OA promoter region are characterized 

by deletion and mutation studies in the homeodomain binding sites of the OA promoter. 

Dlx3 and Dlx5 were found to stimulate OA gene expression, whereas Msx2 is shown to 

act as a transcription repressor for OA transcription. A temporal pattern of Dlx3, Dlx5 

and Msx2 recruitment to the OA promoter region in response to BMP-2 induction 

indicates that homeodomain proteins provide a tightly regulated mechanism for OA 

transcription. 

 

Chapter 4: The findings of the thesis and future directions of the study are discussed that 

will help in better understanding of the molecular mechanisms that regulate OA 

expression during osteoblast differentiation. 
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CHAPTER 2 

 
RUNX2 AND SMAD1/4 ARE REQUIRED FOR BMP-2-INDUCED 

OSTEOACTIVIN TRANSCRIPTION IN OSTEOBLASTS 

 

2.1 ABSTRACT 

 

Osteoactivin (OA) plays a key role in BMP-2 stimulated osteoblast differentiation. BMP-

2 activated Runx2 and Smad1/4 signaling are required for osteoblast differentiation and 

disruption of Runx2-Smad1 interactions inhibit the effects of BMP-2 on osteoblasts. 

BMP-2 activated Smad1 up-regulate OA protein expression. The role of Runx2 in BMP-

2-induced OA expression and Runx2-Smad1 interactions in OA transcription is not 

known. Interestingly, Runx2 knockout osteoblasts express OA at very low levels. 

Consensus Runx2 and Smad1/4 binding sites were identified in the proximal 0.96kb OA 

promoter region and crucial Runx2 and Smad1/4 binding sites that regulate BMP-2-

induced expression of OA gene were determined by OA promoter deletion and 

mutagenesis studies. The roles of Runx2, Smad1 and Smad4 proteins in activation of OA 

gene transcription was validated by over expression and siRNA knockdown studies. 

Furthermore, Runx2 and Smad1 exhibit cooperative interactions and synergistically up-

regulate the OA transcription in response to BMP-2. In vitro DNA-protein binding assays 

demonstrated that BMP-2 stimulates the binding of Runx2 and Smads1/4 proteins to the 

OA promoter region. Using Chromatin immunoprecipitation assay, we show that BMP-2 

enhanced the recruitment of Runx2 during the proliferation and matrix maturation stages 
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of osteoblast differentiation. Simultaneous dissociation of Runx2 and increased Smad1 

and Smad4 occupancy on the OA promoter was observed during matrix mineralization 

stages of osteoblast differentiation. Collectively, our results demonstrate that Runx2, 

Smad1 and Smad4 transcription factors are required for BMP-2-induced OA promoter 

activation and these proteins regulate OA expression at different stages of osteoblast 

differentiation. 

 

2.2 INTRODUCTION 

 

Osteoactivin (OA) also known as glycoprotein nonmelanoma protein B 

(GPNMB) was initially identified in the long bones of osteopetrotic rats (Safadi et al., 

2001). OA expression is enhanced during osteoblast differentiation with maximal 

expression in terminally differentiating osteoblasts (Abdelmagid et al., 2007). Our group 

has demonstrated that OA stimulates differentiation of osteoblasts in vitro (Abdelmagid 

et al., 2008) and is also expressed during fracture repair (Abdelmagid et al.). OA is 

involved in regulation of cell proliferation, differentiation, adhesion and in biosynthesis 

of extracellular matrix proteins in bone cells, osteoblasts (Abdelmagid et al., 2007) and 

osteoclasts (Sheng et al., 2008), as well as in muscle (Ogawa et al., 2005), liver (Onaga et 

al., 2003), immune cells (Ripoll et al., 2007) and is reported to be associated with cancer 

progression (Ghilardi et al., 2008; Rich et al., 2003; Rose et al., 2007). We have 

previously reported that Bone morphogenetic protein-2 (BMP-2), stimulates OA protein 

expression and that this effect is mediated by Smad-1. Using functional blocking 

antibody to OA or an OA antisense, we found that OA acts as a downstream mediator for 
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BMP-2-induced osteoblast differentiation (Abdelmagid et al., 2007; Abdelmagid et al., 

2008; Selim et al., 2003).  

BMP-2 promotes osteoblast differentiation through Smad1/4 signaling 

(Yamamoto et al., 1997) and by stimulating expression and activity of Runx2 

transcription factor (Bae et al., 2007). The role of Runx2 in osteoblast differentiation is 

well established, since the mice with homozygous deletion of Runx2 fail to form 

osteoblasts and a mineralized skeleton (Bae et al., 2007; Komori, 2005; Otto et al., 1997). 

Runx2 binds to the consensus sequence PuACCPuCA or its complement sequence 

TGPyGGTPy on the promoter regions of collagen type I (Kern et al., 2001), osteocalcin 

(Ducy and Karsenty, 1995; Frendo et al., 1998; Hoffmann et al., 2000; Javed et al., 1999; 

Shin et al., 2006; Sierra et al., 2003; Yu et al., 2008; Zaidi et al., 2001) and bone 

sialoprotein (Barnes et al., 2003; Javed et al., 2001; Lamour et al., 2007; Prince et al., 

2001), as well as on its own gene for auto-regulation (Hassan et al., 2006). Runx2 

stimulates commitment and differentiation of osteoblast cells by inducing expression of 

genes involved in osteoblast differentiation including alkaline phosphatase, osteocalcin 

and bone sialoprotein (Banerjee et al., 2001; Gersbach et al., 2007; Jeon et al., 2006; Lee 

et al., 2002; Lee et al., 2000; Lee et al., 1999; Lee et al., 2003; Miyazono et al., 2004; 

Phimphilai et al., 2006). Smad1 and Smad4 transcription factors through their DNA 

binding domain interact with Smad binding elements (SBE) and BMP responsive 

elements (BREs). SBE and BRE are GC rich sequences that include CAGAC, GCAT, 

AGNC and GTCT (Dennler et al., 1998; Hullinger et al., 2001; Johnson et al., 1999; 

Kusanagi et al., 2000; Lopez-Rovira et al., 2002; Shi et al., 1998; Stroschein et al., 1999; 

Zawel et al., 1998). These regulatory elements are found in the promoter regions of genes 
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activated by Smad1 signaling (Ghosh-Choudhury et al., 2006; Henningfeld et al., 2000; 

Jonk et al., 1998; Katagiri et al., 2002; Lopez-Rovira et al., 2002). Although Smads have 

an intrinsic DNA binding affinity, their  interactions with other transcription factors, 

transcriptional co-activators and co-repressors through their transactivation domain 

increase the affinity and specificity of Smad1-induced transcriptional regulation (Lian et 

al., 2003b; Nojima et al.). Following stimulation with BMP-2, Smad1 forms co-

regulatory complexes with Runx2 and these BMP-2-induced-Smad1-Runx2 interactions 

are reported to be major regulators of osteoblast differentiation (Afzal et al., 2005; Hanai 

et al., 1999; Phimphilai et al., 2006; Schroeder et al., 2005). In the absence of Runx2-

Smad1 interactions, BMP-2 fails to stimulate osteoblast differentiation (Afzal et al., 

2005; Choi et al., 2001; Javed et al., 2009; Zhang et al., 2000). In addition, Runx2 

enhances osteogenic effects of BMP-Smad1 signaling by forming Runx2-Smad1 

complexes that can either bind to Smad1, Runx2 binding sites or both sites 

simultaneously on the promoter region of osteogenic genes and stimulate osteoblast 

differentiation (60, 61). 

OA expression is regulated by factors including BMP-2 in osteoblasts (2), 

receptor activator of nuclear factor kappa-B ligand (RANKL) in osteoclasts (5), and 

interferon gamma (IFN-γ) in macrophages (62).We have previously reported that OA 

promoter consists of multiple Smad1 binding sites, however the mechanism of 

transcriptional regulation of OA expression is not yet known (2). Here, we hypothesized 

that OA transcription in osteoblasts is regulated by BMP-2-induced Runx2 and Smads1/4 

transcription factors. In this study, we demonstrate that BMP-2 induces transcriptional 

activation of the OA promoter in various osteogenic cell types and that the stimulatory 
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effect of BMP-2 is more profound in rat primary osteoblasts and minimal in Runx2 

knockout osteoblasts. We also showed that regulation of OA by BMP-2 is mediated by 

Smad1, Smad4 and Runx2 transcription factors. Classical Smad1/4 and Runx2 binding 

sites were identified and characterized in the cloned OA promoter region. Using over-

expression and knockdown methods, we established the requirement of Runx2, Smad1 

and Smad4 proteins for BMP-2-induced OA promoter activation. Furthermore, we have 

demonstrated that Smad1, Smad4 and Runx2 transcription factors are recruited 

differentially to the OA promoter during different stages of osteoblast differentiation. 

These findings provide novel insights into the molecular regulation of OA transcription 

by BMP-2-induced osteoblast differentiation. 

 

2.3 MATERIALS AND METHODS 

 

Cell Cultures: Primary osteoblast cells were isolated from the calvaria of neonatal 

Norway-Hooded rats (4-5 days old) by five sequential digestions with collagenase P 

(0.1%, Roche Applied Science, IN) and trypsin (0.25%, Mediatec, VA) at 37°C as 

described previously (Abdelmagid et al., 2007). Osteoblast enriched cell populations 

obtained from the fifth digestion were plated at a density of 5X105 cells/100mm dish in 

α- minimal essential medium (MEM) (Mediatec) supplemented with 10% fetal calf serum 

(FCS) and 10 international units (IU) penicillin/streptomycin (P/S) per ml. Osteoblasts 

were fed every third day with α-MEM containing 10mM β-glycerol phosphate and 

50µg/ml ascorbic acid for the osteoblast differentiation studies. MC3T3-E1 subclone 4 

osteoblasts were maintained in α-MEM media, while C2C12 osteoblasts were cultured in 
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Dulbecco’s modified Eagle’s medium (DMEM, Mediatec, VA). Both α- MEM and 

DMEM were supplemented with FCS (10%) and P/S (10 IU/ml). Runx2 knockout 

osteoblast cells and their wild type osteoblasts were kindly provided by Dr. Jane Lian, 

Department of Cell Biology, University of Massachusetts Medical School, 

Massachusetts. They were cultured in α-MEM without ascorbic acid (Hyclone, VA) 

containing 1% L-glutamine, 1% P/S and 10% FBS as previously described (Liu et al., 

2007). 

 

OA Promoter Luciferase Vectors: The Rat OA promoter -962/+50 (p962) was 

amplified from the BAC clone CH230-65K1 that contains the 5’ flanking sequence of rat 

OA gene (Gene Bank TM accession number: AB218617) using primers cited in Table 1A. 

Rat genomic DNA was used as a template. The OA promoter was cloned into a promoter-

less pGL3 basic luciferase (LUC) vector (Promega, MI). Forward and reverse primers 

were flanked by KpnI and BglII restriction sites, respectively, to insert the OA promoter 

into the pGL3-basic-LUC vector. Deletion mutants of the OA promoter vector p835 (-

835/+50), p685 (-685/+50), p285 (-285/+50), p135 (-135/+50), p105 (-105/+50) were 

synthesized using p962 promoter region as a template DNA.  Similar to the primers used 

for p962, the primers used for OA promoter deletion constructs (shown in Table 1A) 

contained KpnI restriction sites in the forward primer and a common reverse primer with 

a BglII restriction site. The nucleotide sequence of the OA promoter inserted into pGL3-

basic vector was confirmed by sequencing. QuickChange Lightning Site-directed 

mutagenesis kit (Stratagene, CA) was used to generate site-directed mutagenesis in 

Runx2 binding sites at -779, -746, -735, and 585 and in Smad binding site at -248 of the 
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OA gene using OA promoter- LUC as a backbone. The primers (Table 1B) for site-

directed mutagenesis were designed as per the manufacturer’s instructions (Sigma, MO). 

The nucleotide sequence of the mutated clones was confirmed by sequencing. 

 

Protein Isolation, Western Blotting and Immunohistochemistry analyses: Cell 

monolayers were washed with ice-cold-PBS and lysed in RIPA buffer (50mM Tris-HCl 

(pH 7.5), 135mM NaCl, 1% Triton X-100),1% sodium deoxycholate, 2mM EDTA, 

50mM NaF, 2mM sodium orthovanadate, 10µg/ml aprotonin, 10 µg/ml leupeptin and 

1mM PMSF over night at 4°C with gentle shaking. Total protein concentration was 

quantified using a BCA Protein Assay Reagent Kit (Pierce, IL) according to the 

manufacturer’s instructions. Samples were subjected to sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE) on 10% acrylamide gel and transferred 

to an Immobilon-PSQtransfer membrane (Millipore, MA) using semi-dry transfer 

apparatus. The membranes were  blocked in Odyssey Blocking buffer (Licor Biosciences, 

NE) for 1hour at room temperature and then incubated overnight at 4°C with primary 

antibodies specifically, anti-HA-Tag (6E2) antibody (Cell Signaling, MA), anti-Smad4 

antibody (Cell Signaling) and anti-Runx2 Antibody (Sigma), anti-Smad1 antibody (Cell 

Signaling), anti-Smad4 (Cell Signaling), anti-Runx2 (Sigma) antibodies or anti-β-Actin  

(Sigma) antibody (used to as a loading control). The next day, membranes were 

incubated at room temperature for 1hour with gentle shaking with host specific 

fluorescent secondary antibodies, specifically IRDye 800CW Goat anti-Rabbit (Licor 

Biosciences) and IRDye 680LT Goat anti-Mouse IgG (Licor Biosciences). Subsequently, 
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the fluorescent signal was assayed using an Odyssey Infrared Imaging system (Licor 

Biosciences).  

For measuring OA protein levels, a primary anti-OA antibody that was raised against 

peptide corresponding to amino acids 551-568 of rat OA protein in chicken (Cambridge 

Research Biochemicals, UK) was used, as previously described (2). Subsequently, the 

membrane was incubated with HRP- conjugated donkey anti-chicken IgY (Jackson 

Immunoresearch, PA) secondary antibody for 1 hour and the signal was visualized by 

adding chemiluminescent substrate (Pierce, IL) and detected on XL-exposure films 

(Pierce, IL). For OA immunohistochemistry, wild type and Runx-2 knockout limb 

sections harvested at E17.5 were de-paraffinized, antigen retrieved in a pressure cooker 

for 5' in pH 8.0 EDTA solution, stained with mouse anti-human OA (R&D Systems, MN) 

using Vector Laboratories M.O.M Kit (CA) and visualized using DAB chromogen 

(Sigma, MO).  Sections were lightly counterstained with hematoxylin (Surgipath, IL). 

 

Over-expression of proteins: MC3T3-E1 cells cultured in 6-well plates (75% confluent) 

were transfected with Smad1 vector (pCMV-HA-Smad1) (generously provided by Dr. C. 

Labrie, Oncology and Molecular Endocrinology Research Center, Laval University, 

Quebec, Canada), Smad4 vector (pCMV5-Smad4) (kindly provided by Dr. Rik Derynck, 

Department of Growth and Development, University of California at San Francisco, 

California) and Runx2-Isoform type II  vector (pSG5-Runx2-II) (kindly provided by Dr. 

Masahiro Iwamoto, Department of Orthopaedic Surgery, Thomas Jefferson Medical 

College, Philadelphia, PA) or their respective empty vectors using Fugene HD 

transfection reagent  (Promega). Cell lysates were harvested forty-eight hours post-
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transfection and protein levels of Smad1, Smad4 and Runx2 were analyzed by Western 

blotting methods. 

 

RNA interference (siRNA): Nearly confluent (75%) MC3T3-E1 osteoblasts were 

transfected with varying concentrations (50, 100 and 150nM) of mouse Smad1 siRNA 

(sc-36507, Santa Cruz) or Smad1 scrambled siRNA-A (sc-37007, Santa Cruz); mouse 

Smad4 siRNA (sc-29485, Santa Cruz) or Smad4 scrambled siRNA (sc-44230, Santa 

Cruz); RUNX2 siGENOME SMARTpool (Dharmacon, CO) or Runx2-scrambled 

siGENOME Non-Targeting siRNA #1 (Dharmacon) using a Fugene HD transfection 

reagent (Promega). Knock-down efficiency was analyzed by Western blotting 48 hours 

after transfection. 

 

Luciferase Reporter Assay: Cells grown in 6-well plates were transfected when they 

were 70% confluent with a pGL3-Basic vector containing OA promoter insert (0.5µg) 

and pRTK4-SV40 renilla luciferase expression vector (50ng) (used a transfection control, 

Promega) using the Fugene HD transfection reagent (Promega). The following day, cells 

were treated with BMP-2 (100ng/ml, R&D Systems, MN) for different time points (4, 8, 

12, 24, 48 hours) and cell lysates were collected in Passive cell lysis buffer (Promega). 

Luciferase activity in cell lysates was assayed using Dual-Glo TM Luciferase reporter 

Assay Kit (Promega) in a single tube luminometer Model 20/20 (Turner BioSystems, 

WI). Luciferase activity was normalized against renilla luciferase activity to determine 

relative promoter activity. Control vector; pGL3-basic vector (Promega) and pGL3-
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control vector (Promega) were treated in a similar manner as described for a pGL3-Basic 

vector with a cloned OA promoter.   

 

Nuclear Extraction: Nearly confluent (85%) osteoblasts were serum starved overnight 

and treated with BMP-2 (100ng/ml) for 90 min, harvested and resuspended in low salt 

buffer (10mM HEPES, pH 7.9; 10mM KCl; 2mM MgCl2, 1mM DTT and complete 

Protease inhibitor cocktail (Roche Applied Sciences, IN)) for 15 minutes at 4ºC in an 

orbital shaker. 10% NP-40 was added to rupture the cell membranes, nuclei were pelleted 

and incubated in a high salt buffer (10mM HEPES, pH 7.8; 2mM MgCl2; 1mM DTT, 

50mM KCl, 300mM NaCl, 0.1mM EDTA, 1mM DTT, 10% glycerol and protease 

inhibitor cocktail (Roche Applied Sciences) for 20 min at 4ºC with gentle agitation. The 

samples were centrifuged at 12,000Xg for 10min and the nuclear fraction (supernatant) 

was collected. The protein concentration of the nuclear fraction was determined using 

Bradford’s assay (BioRad). 

 

Electrophoretic mobility shift assays (EMSA): Double stranded wild type (W) and 

mutant (M) oligonucleotide sequences (Fig 4B and D) were synthesized with 3’sticky 

ends (Integrated DNA Technology, IO). The 3’sticky ends of the oligonucleotide were 

labeled with Biotin using the Biotin 3’-end DNA labeling kit (Pierce Chemical, IL) 

according to the manufacturer’s instruction. Nuclear extract from rat primary osteoblasts 

(6µg) for Smad EMSA and Runx2-type II isoform over-expressing MC3T3E1-subclone 4 

(8µg) were incubated in 1X-binding buffer (50% glycerol, 100mM MgCl2, 1ug/ul Poly 

(dI-dC), 1% NP-40, 1M KCl, 200mM EDTA and 50pmol DNA probe) for 20 min at 
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room temperature. The reaction mixture was loaded onto 6% native polyacrylamide gels 

and run at 100V in 0.5X Tris borate-EDTA. The protein-DNA complex was then 

transferred to Hybond-N+nylon membrane (Pierce Chemicals) using the Trans-Blot 

semi-dry method (BioRad, CA) and cross-linked (Spectrolinker XL-1000UV crosslinker, 

Spectroline, NY). Biotin labeled DNA was detected by LightShift chemiluminescent 

EMSA Kit (Pierce Chemicals) and visualized using charge-couple device camera 

(Fujifilm LAS 3000, USA). For competition assay, reaction mixture was pre-incubated 

with 100-fold excess of the cold non-labeled probe. Gel-supershift assays were performed 

by pre-incubating the nuclear extract with anti-Smad1 antibody (Santa Cruz), Smad4 

(Santa Cruz) and Runx2 (Santa Cruz) or control IgG antibody (Santa Cruz) for 20 min 

before addition of Biotin-oligonucleotide for another 15 min at room temperature. 

Reaction mixture was run on a 6% native polyacrylamide gel and visualized as described 

above.  

 

Chromatin immunoprecipitation assay: Rat primary osteoblast (2X107) cells were 

cultured in osteoblast differentiation media on 150mm dishes and the cultures were 

harvested at day 7, day 14 and day 21. The three time points were derived from the same 

osteoblast isolations. Upon stimulation with BMP-2 (100ng/ml) for 2 hours, osteoblast 

cells were cross-linked with formaldehyde (1% final concentration) for 15 min at room 

temperature with gentle agitation. After cross-linking, the cells were washed in ice-cold 

PBS containing complete mini protease inhibitor cocktail (Roche Applied Sciences) and 

harvested in lysis buffer (50mM HEPES-KOH pH 8.0, 0.1mM EDTA, 0.5M EGTA, 

140mM NaCl, 10% glycerol, 0.5% Nonidet P-40, 0.25% Triton X-100 and complete mini 
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protease inhibitor cocktail (Roche Applied Sciences) at 4ºC for 10 min on a rocker. The 

nuclei were centrifuged and resuspended in RIPA buffer (10mM Tris-HCl pH 8.0, 1% 

Triton-100, 0.1% SDS, 0.1% sodium deoxycholate, 1mM EDTA, 0.5mM EGTA, 140mM 

NaCl and mini protease inhibitor cocktail (Roche Applied Sciences). Nuclei were 

sonicated (Sonifier Cell disrupter 350, Branson Sonic Power, CT) and centrifuged. At 

this step, 5% of the supernatant was saved as input at -20°C, while the rest of the 

supernatant was pre-cleared with protein G beads/sonicated salmon sperm DNA slurry 

and subsequently immunoprecipitated with 10µg of  Smad1 (Santa Cruz), Smad4 (Santa 

Cruz) and Runx2 (Santa Cruz) antibodies. Rabbit IgG (Santa Cruz) and Polymerase II 

(Santa Cruz) were used as control. Immunocomplex was precipitated with a Protein G 

beads/sonicated salmon sperm DNA slurry, and washed sequentially with buffers from 

ChIP kit (Upstate-Millipore, MA). Antibody-bound chromatin fragments were eluted 

from the beads with 1% SDS in 0.1M NaHCO3. Cross-links were reversed by incubating 

samples overnight in water bath at 65°C and DNA was recovered by phenol-chloroform 

extraction and precipitated. DNA was then subjected to quantitative Real-Time PCR 

(7500 Applied Biosystems, CA) with OA primers (Table 1C). PCRs (in triplicates) for 

each sample were mixed with 2XSYBR Green PCR master mix (Applied Biosystems, 

CA) and a standard curve of known target DNA (GAPDH) was run in parallel to 

calculate the relative amount of target DNA in the sample. Control ChIP assay with non-

specific IgG and Polymerase II was performed in each experiment. ChIP data is presented 

as relative promoter occupancy calculated using the following equation: (amount of DNA 

immunoprecipitated by antibody of interest) – (amount of DNA immunoprecipitated by 
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control IgG) / (amount of Input DNA), where DNA input was an aliquot of sheared 

chromatin sample collected before immunoprecipitation.  

Statistical analysis: One way analysis of variance (ANOVA) with Bonferroni post-hoc 

tests were used to compare the statistical difference between BMP-2 treated and untreated 

cultures and adjusted p-values are reported. In some cases, data is expressed as 

percentage of OA promoter activity (p962) in BMP-2 treated osteoblasts. Relative OA 

promoter activity and data for ChIP assay are expressed as mean ± SEM for five 

independent experiments with three replicates per experiment.  
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Table. Primers Used for Runx2 and Smad1/4 study 

2.1 OA promoter deletion constructs for Runx2 and Smad1/4 binding sites 

Construct Forward Primer Reverse Primer 

p962 5’-GGGGTACCCCTGAGTGTCCGTTTTTA-3’ 5’- AAGATCTTCCTGCGATGCCTCTCTGT-3’ 

p835 5’-GGGGTACCCCTACTTTGTGGTTGTACA-3’ 5’- AAGATCTTCCTGCGATGCCTCTCTGT-3’ 

p685 5’-GGGTACCCCAGCATTCCACACTTGCT-3’ 5’- AAGATCTTCCTGCGATGCCTCTCTGT-3’ 

p285 5’-GGGGTACCCCAGGTTTCACTTGGTGAA-3’ 5’- AAGATCTTCCTGCGATGCCTCTCTGT-3’ 

p105 5’-GGGGTACCCAGATGCCAGGAGCAAGT-3’ 5’- AAGATCTTCCTGCGATGCCTCTCTGT-3’ 

 

2.2 OA promoter constructs with mutation in Runx2 sites 
 

Construct Forward Primer Reverse Primer 

   pMR1 

(-779 Runx2) 

5’-TGAACTAGAGACTTTTGCTACTTTG

TGTACAGAAGCCTCCAGTTCTCCTC-3’ 

CATG 5’GAGGAGAACTGGAGGCTTCTGTACA

CAAAGTAGCAAAAGTCTCTAGTTCA-3’ 

CATG 

   pMR2  

(-746 Runx2) 

5’-CCTCCAGTTCTCCTCCATG

CCACACACAAGCTC-3’ 

CTAGTTTCCC 5’- GAGCTTGTGTGTGGGGGAAACTAG

GAGGAGAACTGGAGGC-3’ 

CATG 

   pMR3 

(-735 Runx2) 

5'-CAGTTCTCCTCCATGTGGTTTTCCCTAGT

CACAAGCTCTATTCCCTGAATTAC-3' 

A 5'-GTAATTCAGGGAATAGAGCTTGTGT

GGGAAAACCACATGGAGGAGAACTG-3' 

ACTA 

   pMR4 

(-585Runx2) 

5'-GGCAATGCGACCTGTGCTTCCTGAG

ACTGCAGCTATTCTGAG-3' 

AGCC 5'-CTCAGAATAGCTGCAGTGGCTCTCA

GCACAGGTCGCATTGCC-3' 

GGAA 

 

2.3 OA promoter construct with mutation in -248 Smad1/4 binding site 

Construct Forward Primer Reverse Primer 

pMSBE 

(-248 SBE) 

5’-GGGACACAAAAGAGGAACCACGATTTCCA 

CCAACGACCAGGTTTCACTTGGTG-3’ 

5’- CACCAAGTGAAACCTGGTCGTTGGTG 

GAAATCGTGGTTCCTCTTTTGTGTCCC-3’ 

 

2.4 Primers used for ChIP for Runx2 and Smad1/4 binding sites 

OA Promoter Region Forward Primer Reverse Primer 

-780 to -575 5’-GGCTGGGCTTGAACTTAGAGACAT-3’ 5’- TCTGTCTGCTTGTTTACACACATG-3’ 
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2.4 RESULTS 

 

2.4.1 BMP-2 mediated transcription of OA requires Runx2. Our previous work has 

shown that BMP-2 enhances the expression of OA protein during osteoblast 

differentiation (Abdelmagid et al., 2007). To investigate the effects of BMP-2 on OA 

transcription, we cloned the proximal 0.96kb rat OA promoter region into a luciferase 

reporter vector and examined the effects of BMP-2 on OA promoter activity in rat 

primary osteoblasts. A significant increase in OA promoter activity was observed upon 

treatment with BMP-2 in a dose-dependent manner (Fig 1A). The maximum response 

was observed at a concentration of 100ng/ml of BMP-2 (6.5-fold increase compared to 

untreated osteoblasts). The response on OA promoter was specific to BMP-2, since the 

osteoblast cells expressing luciferase vector alone or SV-40 promoter did not elicit a 

response (Fig 1A). Next we established the time-dependent effect of BMP-2 on OA 

promoter activity with BMP-2 (100ng/ml) for time periods ranging from 2-48 hours (Fig 

1B).  
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Figure 2.1 Regulation of Osteoactivin (OA) promoter by BMP-2. A. OA promoter-
LUC vector was co-transfected with renilla vector in rat primary osteoblasts. Osteoblasts 
were serum starved over night and then treated with BMP-2 at doses ranging from 1-
300ng/ml. The next day, promoter activity was quantified and is expressed as relative 
promoter activity that represents luciferase activity normalized against renilla expression. 
Promoter-less-LUC vector (pGL3-Basic) and constitutively active SV-40 promoter-LUC 
vector were treated as described for OA-LUC vector. *p-value <0.001 represent OA 
promoter activity with BMP-2 (10ng/ml, 50ng/ml, 100ng/ml and 300ng/ml) treated 
osteoblasts compared to BMP-2 untreated (control) osteoblasts. B. Rat primary 
osteoblasts were co-transfected with OA-LUC vector and renilla vector as described in A. 
Twenty four hours post-transfection, osteoblasts were treated with BMP-2 (100ng/ml) for 
4, 8, 12, 24, 48 hours and relative promoter activity was quantified.*p-value < 0.001 
represents OA promoter activity with BMP-2 treatment for 12, 24 and 48 hours compared 
with 0 hours treatment. C. Rat primary osteoblasts, MC3T3-E1 subclone-4, C2C12, 
C3H10T1/2, Runx2 knockout osteoblasts and HEK293 cells were co-transfected with OA 
promoter-LUC vector and renilla vector as described in A. Relative OA promoter activity 
in different cell types were quantified as above D. Western blot for OA and β-actin in 
Runx2 knockout (KO) and their wild type (WT) osteoblasts untreated or treated with 
BMP-2 (100ng/ml) for 24 hours. E. OA immunohistochemistry (brown signal) in the 
bones harvested from E18.5 WT and Runx2 KO mice. The osteoblast rich region is 
shown in a black inset in 10X magnification. 
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A temporal increase in OA promoter activity was observed with a maximal 

response achieved after 24 hours of BMP-2 treatment. For our subsequent experiments, 

we treated osteoblasts with 100ng/ml of BMP-2 for 24 hours. Next we established BMP-

2-induced OA transcription in osteogenic and non-osteogenic cell types and found that 

increasing concentrations of BMP-2 resulted in gradual increment of OA promoter 

activity with a maximal response at 100ng/ml of BMP-2 in various osteogenic cell types 

(Fig1C). Interestingly, rat primary osteoblasts exhibited a maximal induction of OA 

promoter activity with BMP-2 treatment compared to the other cell types (Fig1C). In 

order to determine the role of Runx2 in OA transcription, OA promoter activity was 

assayed in Runx2 knockout osteoblasts. Runx2 knockout osteoblasts showed a 25% 

decrease in BMP-2-induced OA promoter activity in comparison to their wild type 

osteoblasts, indicating that Runx2 is required for OA promoter regulation. Next by 

Western blotting, we established the high expression of OA in wild type osteoblasts, 

while little or no expression was observed in Runx2 knockout osteoblasts, even with 

BMP-2 stimulation (Fig1E). Similarly, decreased Runx2 staining (brown stain in 

osteoblasts and chondrocytes) was observed in the bones harvested at E18.5 from Runx2 

knockout mice in comparison to wild types mice. However, there was not much change 

in Smad1 and Smad4 protein levels between Runx2 knockout and their wild type 

osteoblasts. Taken together, these results suggest that BMP-2 stimulates OA transcription 

and that Runx2 plays a role in OA transcription and protein expression. 

 

2.4.2 Requirement of Smad1/4 and Runx2 binding sites in OA promoter activation. 

To determine whether Smad1, Smad4 and Runx2 transcription factors are involved in OA 
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transcription, we analyzed the proximal 0.96kb OA promoter region for consensus 

Smad1, Smad4 and Runx2 binding sites. Twenty-two Smad (both Smad1 and Smad4) 

binding sites and four Runx2 binding sites are present in the proximal 0.96kb OA 

promoter sequence. To characterize the roles of Smad1/4 and Runx2 binding sites, a 

series of 5’ deletions of OA promoter were made (Fig 2A and B) and analyzed for the 

OA promoter activity. Interestingly, BMP-2 stimulated the activity of all OA promoter 

deletion constructs, except p105-OA promoter construct (Fig 2C). Loss of all four Runx2 

and distal eighteen Smad1/4 binding sites (p285-OA promoter construct) from the 

proximal 0.96kb OA promoter region  decreased the BMP-2 activated OA promoter 

activity by  approximately 80%, suggesting  that Smad1/4 and Runx2 response elements 

are located between -962 to -285 of the OA gene. In comparison to p285, p135 showed a 

68.5% decrease in BMP-2-induced OA promoter activity with loss of -248 SBE, 

indicating that -248 SBE is crucial for BMP-2 stimulated OA promoter activation (Fig 

2C).  
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Figure 2.2 Role of Runx2 and Smad1/4 binding sites on OA promoter activation. A. 
Schematics of 5’ deletions of OA-promoter construct namely p962, p835, p685, p285, 
p135, p105. Nucleotides are numbered relative to the transcription start site shown with 
an arrow. Each of the OA promoter construct contains +50 nucleotides of the OA gene. 
B. Table illustrating the number of Runx2 and Smad1/4 binding sites in the OA promoter 
deletion mutants. Also, the number of Runx2 and Smad1/4 binding sites lost with 
deletion of OA promoter (p962) is shown. C. p962 or deletion mutants (p835, p685, 
p285, p135, p105) of OA promoter-LUC vector were co-transfected with renilla vector 
and treated with BMP-2 (100ng/ml) for 24 hours as described in Fig1. D. Top panel is the 
schematics representing position of Runx2 binding sites (R1, R2, R3 and R4) on the OA-
promoter shown as wild type (W). Runx2 mutant (M) sequences show substituted 
nucleotides are underlined. In bottom  panel, OA promoter-LUC vector (W, p962) or OA 
promoter LUC vector with mutations at Runx2 binding sites (pMR1, pMR2, pMR3 and 
pMR4) were treated as described in C. E. Top panel, location of -248 SBE on the OA 
promoter region is shown. Consensus SBE sequence is shown as wild type (W) 
oligonucleotide. Mutated nucleotides in -248 SBE are underlined. Bottom panel, OA 
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promoter (p962) or OA promoter with mutation in -248 SBE (pMSBE) was transfected 
and treated as described above in C. Data is represented as relative promoter activity and 
percentage decrease in activity of OA promoter (p962) relative to OA promoter mutants 
in BMP-2 treated cultures is shown. Schematics of 5’ deletions of OA-promoter construct 
namely p962, p835, p685, p285, p135, p105, respectively. Nucleotides are numbered 
relative to the transcription start site depicted with an arrow. Each of the OA promoter 
construct contains +50 nucleotides of OA gene. B. Table illustrating number of Runx2 
and Smad binding sites in OA promoter deletion mutants. Also, the number of Runx2 and 
Smad binding sites lost with deletion of full-length OA promoter (p962) is indicated. C. 
Full-length (p962) or deletion mutants (p835, p685, p285, p135, p105) of OA promoter-
LUC construct (0.5µg) were co-transfected with renilla vector (50ng). Over-night serum-
starved osteoblasts were treated with BMP-2 (100ng/ml) for 24 hours. Data is represented 
as relative luciferase activity for each condition. Data represents mean ± SEM for five 
independent experiments done in triplicates. Percentage decrease in the activity of OA 
promoter deletion constructs relative to the full-length OA promoter (p962) in BMP-2 
treated cells (red color) is shown. D. Schematic of Runx2 binding sites (R1, R2, R3 and 
R4) on the full-length OA-promoter represented as wild type (W). Runx2 mutant (M) 
sequences indicate substituted nucleotides in pink and are underlined. Arrow indicates 
start codon of OA gene upstream of LUC gene. E. Full-length OA promoter-LUC vector 
(W, p962) or OA promoter LUC vector with mutations at Runx2 binding sites (pMR1, 
pMR2, pMR3 and pMR4) (0.5µg) treated as described in C. Relative promoter activity is 
shown as mean ± SEM for five independent experiments, with three replicates per 
experiment. Percentage decrease in activity of OA promoter (p962) relative to Runx2 
mutant OA promoter constructs in BMP-2 treated (red) conditions is shown. F. Location 
of -248SBE on OA promoter region with wild type (W) is indicated. Mutated nucleotides 
in -248SBE is in pink and are underlined. Arrow depicts the start codon of the OA gene. 
G. Wild type OA promoter (p962) or OA promoter with mutation in -248SBE (pMSBE) 
was transfected in rat primary osteoblasts and promoter activity was assayed as described 
above in C. Relative promoter activity for p962 and pMSBE in basal and BMP-2 treated 
conditions is shown on Y-Axis. Data represents mean ± SEM of five independent 
experiments with three replicates per experiment. Percentage decrease in activity of OA 
promoter (p962) relative to pMSBE in BMP-2 treated (red) and conditions is indicated.  
 

  Next, we investigated the specific roles of four consensus Runx2 binding sites and 

-248 SBE in the proximal 0.96kb OA promoter region by creating point mutations in four 

Runx2 binding sites and -248 SBE (Fig 2D, E). Mutations in -779 (pMR1), -746 (pMR2), 

-735 (pMR3), -585 (pMR4) Runx2 binding sites decreased the BMP-2-stimulated OA 

promoter activity, especially mutation in -585 Runx2 binding site (pMR4) showed a 71% 

decrease in BMP-2-induced OA promoter activity (Fig 2D). Similarly, mutation in -248 
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SBE (pMSBE) reduced the BMP-2 activated OA promoter activity of wild-type (p962) 

OA vector by 63% (Fig 2E). Mutation and deletion studies in the OA promoter region 

suggest that all four Runx2 binding sites, especially -585 Runx2 and -248 SBE are 

required for BMP-2-induced OA promoter activation. 

 

2.4.3 Role of Smad1, Smad4 and Runx2 proteins in OA transcription. To confirm the 

involvement of Smad1, Smad4 and Runx2 proteins in the regulation of OA gene 

expression, we knocked-down endogenous Smad1, Smad4 and Runx2 proteins using 

specific siRNAs and assayed for their effects on OA promoter activity and OA protein 

expression in MC3T3-E1 osteoblasts. A dose-dependent decrease in Smad1, Smad4 and 

Runx2 proteins was observed with increasing concentrations of corresponding siRNAs 

(Fig 3A-C). Smad1 (100nM), Smad4 (150nM), Runx2 (100nM) were the most effective 

concentrations of siRNAs for down-regulating Smad1, Smad4 and Runx2 protein levels, 

respectively, which were used for OA promoter assays described in Fig 3D-F. The 

knock-down of Smad1, Smad4 and Runx2 proteins significantly reduced the BMP-2-

induced OA promoter activity (Fig 3D-F). Runx2-siRNA and Smad4-siRNA caused the 

maximal decrease in BMP-2-induced OA promoter activity. Furthermore, simultaneous 

knock-down of Runx2 and Smad4 proteins showed a 90% decrease in BMP-2-induced 

OA promoter activity. Also, specific siRNAs for Smad1, Smad4 and Runx2 resulted in 

decreased expression of OA protein (Fig 3A-C). In addition to knock-down, the specific 

effects of Smad1, Smad4 and Runx2 proteins on OA transcription were determined by 

analyzing the effect of over expression of these proteins on BMP-2-induced OA promoter 
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activity in MC3T3-E1 osteoblasts. The over expression of Smad1, Smad4 and Runx2 

proteins was confirmed by western blotting (Fig 3G-I). 

 

Figure 2.3 Roles of Smad1, Smad4 and Runx2 proteins on OA promoter activation. 
A-C. MC3T3-E1 cells were transfected with Smad1-siRNA, Smad4-siRNA, Runx2-
siRNA or their respective Scrambled (Sc)-siRNAs. The cell lysates were collected 
48hours after transfection and analyzed for knock-down of proteins by immuno-blotting 
for Smad1, Smad4 or Runx2 proteins, OA and β-actin. D-F. MC3T3-E1 osteoblasts were 
co-transfected with Sc-siRNAs or Smad1-siRNA (100nM), Smad4-siRNA (150nM), 
Runx2-siRNA (100nM) or combination of any two siRNAs and OA-promoter-LUC 
vector. Renilla vector was also transfected. The next day, serum starved osteoblasts were 
treated with BMP-2 (100ng/ml) for 24 hours and relative promoter activity was 
determined. Transfection of Sc-siRNA for Smad1, Smad4 and Runx2 did not affect the 
OA promoter activity (data not shown). Percentage decrease in OA promoter activity 
(p962) with transfection of specific siRNAs in BMP-2 treated cultures is shown. D-F. 
MC3T3-E1 osteoblasts were transfected with HA-tagged Smad1, Smad4, Runx2-Isoform 
II over-expression vectors or their respective empty vectors (EV) namely, pCMV, 
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pCMV5 and pSG5 vector. Cell lysates were collected 48 hours after transfection and 
immuno-blotted for HA, Smad4, Runx2, OA and β-actin. Control (Con) represents 
untransfected cells. G-I. MC3T3E1 cells were co-transfected with either empty vector 
(1µg), Smad1 (1µg), Smad4 (1µg), Runx2 over-expression vector (1µg) or a combination 
of any two over-expression vectors and the OA-promoter-LUC vector. Transfected 
osteoblasts were treated with BMP-2 (100ng/ml) as described above and are expressed as 
relative promoter activity. Empty vector did not affect the OA promoter activity (data not 
shown). Percentage increase in OA promoter activity with transfection of over-expression 
vector/s in BMP-2 treated conditions is shown.  
 

Smad1, Smad4 or Runx2 over expression increased the BMP-induced OA 

promoter activity (Fig 3J-L). Interestingly, co-expression of Smad1 and Runx2 proteins 

displayed a synergistic increase (191%) in BMP-2-induced OA promoter activity in 

comparison to 87% increase with Smad1 over expression and 108% increase with Runx2 

over expression (Fig 3K). Taken together, both knock-down and over expression studies 

suggest that Smad1, Smad4 and Runx2 proteins are required for BMP-2-induced OA 

transcriptional regulation. 

 

2.4.4 BMP-2 stimulates binding of Smads1/4 and Runx2 proteins to the OA 

promoter. To determine the role of -248 SBE site in Smad1 and Smad4 regulated effects 

on BMP-2-induced OA transcription, -248 SBE in the OA promoter region was disrupted 

and the effects of Smad1 or Smad4 over expression on BMP-2-induced OA promoter 

activity was analyzed in MC3T3-E1 osteoblasts (Fig 4A). Disruption of -284 SBE 

significantly decreased both Smad1 and Smad4 up-regulated OA promoter activity, 

suggesting that -248 SBE is a crucial site for both Smad1 and Smad4 mediated effects on 

OA promoter activation.  In vitro association of Smad1 and Smad4 proteins with the OA 

promoter region was visualized by EMSA (Fig 4B).  
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Figure 2.4 Effect of BMP-2 on binding of Smad1, Smad4 and Runx2 proteins to 
Smad binding site and Runx2 binding site, respectively on the OA promoter region. 
A. OA promoter-LUC vector (W, p962) or OA promoter LUC vector with mutation in -
248 SBE (pMSBE) was co-transfected with the Smad1 over-expression vector (1µg) or 
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its empty vector (1µg). Transfected osteoblasts were treated as described in (3D) with 
BMP-2 and relative promoter activity was determined. Percentage increase in OA 
promoter activity (p962 and pMSBE) with Smad1 or Smad4 over expression in 
comparison to empty vector transfected osteoblasts in BMP-2 treated osteoblasts is 
shown. B. Upper panel schematics shows location and sequence of wild type, W 
oligonucleotide used for Smad1 and Smad4 mobility shift assay with consensus -248 
SBE sequence underlined. The sites of mutation in -248 SBE in mutant oligonucleotide 
(M) are in grey. Lower panel is a representation of mobility shift assay. Controls: Lane 1, 
Biotin-W-SBE without nuclear extract, Lane 2 and Lane 3, Biotin-W-SBE with no 
nuclear extracts incubated with Smad1 or Smad4 antibody, respectively. Gel-Shift: Lanes 
4 and 5, mutant SBE (M) incubated with BMP-2 untreated and treated nuclear extracts, 
respectively. Lane 6, untreated nuclear extract with Biotin-W-SBE. Lane 7, BMP-2 
treated nuclear extracts with Biotin-W- SBE. Lane 8, competition with 100-fold excess 
(100X) of unlabeled cold-W-SBE added to nuclear extracts before addition on Biotin-W-
SBE. Super-shift:  Lane 9 and Lane 10 contained BMP-2 treated nuclear extracts pre-
incubated with Smad1 and Smad4 antibodies, respectively for 20min and then incubated 
with Biotin-W-SBE for another 15 min. Position of shift and supershift indicated with 
arrow. C. Wild type OA promoter-LUC vector (W, p962) or OA promoter LUC vector 
with mutations in Runx2 binding sites (pMR1, pMR2, pMR3, pMR4 ) was co-transfected 
with Runx2 over expression vector (1µg) or Empty vector (1µg) in MC3T3-E1 
osteoblasts. Renilla expression vector was transfected and osteoblasts were treated with 
BMP-2 as described in (A) and the relative promoter activity was determined. Percentage 
increase in activity of OA promoter vectors (p962, pMR1, pMR2, pMR3, pMR4) with 
Runx2 over expression in comparison to empty vector transfected cultures with BMP-2 
treatment is shown. D. Position and sequence of Runx2 oligonucleotide (W) on OA 
promoter is shown. The consensus Runx2 binding site 4 (R4) is underlined and Runx2 
mutant (M) oligonucleotide has substituted nucleotides in grey. The MC3T3-E1 
osteoblasts over-expressing Runx2-isoform II as described in (4C) were treated with 
BMP-2 (100ng/ml), nuclear proteins were extracted and gel shift was performed. 
Controls: Lane 1, Biotin-W-Runx2 oligonucleotide without nuclear extracts and lane 2, 
Biotin-W-Runx2 incubated with Runx2 antibody without nuclear extracts. Shift: Lane 3 
and Lane 4, Biotin-M-Runx2 was incubated for 20 min with untreated or BMP-2 
(100ng/ml) treated nuclear extracts, respectively. Lane 5 and Lane 6, Biotin-W-Runx2 
incubated with untreated or BMP-2 treated nuclear extracts, respectively. Arrow shows 
the observed gel-shift. Lane 7, 100X-Cold-W-Runx2 was pre-incubated with nuclear 
extracts prior to addition of Biotin-W-Runx2 oligonucleotide. Lane 8 contains BMP-2 
treated nuclear extracts incubated with Biotin-W-Runx2 oligonucleotide as described for 
Lane 6. Lane 9 was treated similar to Lane 6 and Lane 8, the only difference was the pre-
incubation of Runx2 antibody to the BMP-2 treated nuclear extracts 20 min before 
addition of Biotin-W-Runx2 probe. 
 

Wild type (W) and mutant (M) oligonucleotides were made from the region 

spanning -248 SBE of the OA promoter region (Fig 4B top panel). BMP-2 treatment 
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stimulated the association of Smad1 and Smad4 proteins to W-SBE (-248 SBE probe, Fig 

4B top panel) observed from a dark mobility shift (Fig 4B, Lane 7). In contrast, 

interaction of Smad1 and Smad4 proteins with W- SBE in untreated nuclear extracts was 

negligible as evident by the faint band (Fig 4B, Lane 6). However, no interaction 

indicative of Smad1/4 association was observed with M-SBE in basal (Fig 4B, Lane 4) 

and BMP-2-treated (Fig 4B, Lane 5) nuclear extracts. The specificity of the complex was 

tested by competition and supershift assays. Addition of 100X-cold-W-SBE competed 

with Biotin-W-SBE for binding to Smad1 and Smad4 proteins in nuclear extracts and 

resulted in decreased shift band intensity (Fig 4B, Lane 8). To further confirm specific 

binding of Smad1 and Smad4 proteins to W-SBE, a supershift assay was performed using 

anti-Smad1 or anti-Smad4 antibodies in BMP-2 treated nuclear extracts. The appearance 

of high molecular weight supershift complex confirmed the binding of Smad1 and Smad4 

proteins to -248 SBE in OA promoter region (Fig 4B, Lane 9 and lane 10, respectively). 

The regulatory roles of Runx2 binding sites (R1, R2, R3 and R4) in mediating 

BMP-2-induced OA promoter activation was examined by comparing the activity of the 

wild type p962-OA promoter vector with OA promoter vectors containing mutations in 

Runx2 binding sites (pMR1, pMR2, pMR3, pMR4) in Runx2 over expressing MC3T3-

E1 osteoblasts (Fig 4C). Runx2 over expression was confirmed by western blotting as 

indicated in Fig 3C. Runx2 over expression enhanced BMP-2-induced activity of all OA 

promoter constructs. Disruption of R3 and R4 Runx2 binding sites (in pMR3 and pMR4, 

respectively) decreased the Runx2 activated promoter activity in BMP-2 treated 

osteoblasts (Fig 4C). These results indicated that all Runx2 binding sites are required, 
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especially R3 and R4 Runx2 binding sites are crucial for mediating the effects of Runx2 

on OA promoter activation.  

Next, we performed EMSA with OA promoter oligonucleotide sequences 

flanking either R3 or R4 Runx2 binding site. R3 Runx2 binding site did not show any 

binding to Runx2 in BMP-2 treated and untreated MC3T3-E1 osteoblasts (data not 

shown). Below, we have described the binding of Runx2 to R4 Runx2 binding site in the 

OA promoter region (Fig 4D). Wild type and mutant R4 oligonucleotides used in 

mobility shift assay are shown in Fig 4D, top panel. Due to low expression levels of 

endogenous Runx2 in rat primary osteoblasts that made the detection of Runx2 by shift 

assays technically challenging, we over expressed the Runx2 isoform II in MC3T3-E1 

cells and isolated their nuclear lysates. The binding of Runx2 to W-Runx2 (Fig 4D, Lane 

5) was abolished by mutation in -585 Runx2 (M-Runx2) as shown in lane 3. BMP-2 

treatment enhanced binding of Runx2 to W-Runx2 (Fig 4D, Lane 6); however, Runx2 did 

not bind to M-Runx2 (Fig 4D, Lane 4). Displacement of biotin-W-Runx2 with a 100-fold 

excess of cold-W-Runx2 (Fig 4D, Lane 7) shows the specificity of the W-Runx2 

oligonucleotide. Furthermore, appearance of a band shift (Fig4D, Lane 8) was abolished 

by incubation with anti-Runx2 antibody (Fig 4D, Lane 9), confirming that the shifted 

band was Runx2. Mobility shift assays demonstrated that BMP-2 induced binding of 

Smad1 and Smad4 protein binding to -248SBE, as well as Runx2 binding with -685 

Runx2 (R4) of the OA promoter region. 

 

2.4.5 Occupancy of Smad1, Smad4 and Runx2 proteins to the OA promoter during 

osteoblast differentiation. To gain further insight into the physiological roles of Smad1, 
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Smad4 and Runx2 on the OA promoter regulation during osteoblast differentiation, ChIP 

assays were performed. Smad1, Smad4 and Runx2 occupancy was determined in -780 to 

-575 region of the OA promoter (Fig 5A). This region contains five potential Smad1/4 

and four Runx2 binding sites.  

 

Figure 2.5 Occupancy of Smad1, Smad4 and Runx2 proteins on OA promoter 
during different stages of osteoblast differentiation. A. Schematic representation of 
position of primers shown with arrows used to amplify the OA promoter region that 
contains five Smads1/4 binding sites (black boxes) and four Runx2 binding sites (green 
boxes). B. At days 7, 14 and 21, respectively primary osteoblasts in differentiating media 
were untreated or treated with BMP-2 (100ng/ml) for 2 hours and chromatin 
immunoprecipitation was performed. *p-value < 0.001 represents relative promoter 
occupancy with BMP-2 (100ng/ml) treatment in comparison to untreated osteoblast 
cultures.  
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Figure 2.6 Occupancy of IgG and Polymerase II on OA promoter during different 
stages of osteoblast differentiation. A. Schematic representation of position of primers 
shown with arrows used to amplify the OA promoter region that contains five Smads1/4 
binding sites (black boxes) and four Runx2 binding sites (green boxes). B and C. 
Primary osteoblasts in differentiating media were untreated or treated with BMP-2 
(100ng/ml) for 2 hours at day 7, 14 and 21 and chromatin immunoprecipitation was 
performed. DNA associated with the immunocomplexes of IgG and Polymerase II was 
purified and assayed as described in Figure 5B. 

 

In BMP-2 untreated osteoblasts, association of Smad1 with the OA promoter was 

enhanced during osteoblast differentiation until day 14, a point showing maximal 

occupancy of OA promoter with Smad1. Subsequently, at day 21 a modest decrease in 

Smad1 binding was observed. BMP-2 treatment in proliferating osteoblasts significantly 

enhanced the recruitment of Smad1 to the OA promoter. However at day 14, BMP-2 

decreased the affinity of Smad1 to the OA promoter relative to day 7. Also BMP-2 
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treatment at day 14 caused a 3.8-fold reduction in Smad1 occupancy relative to untreated 

osteoblast cultures. Terminally differentiated osteoblasts (day 21) showed an 11-fold 

increase in Smad1 occupancy with BMP-2 treatment. BMP-2 untreated osteoblasts 

displayed a modest increase in Smad4 occupancy on the OA promoter region during 

osteoblast differentiation. However, treatment with BMP-2 enhanced the Smad4 OA 

promoter occupancy and showed a similar temporal binding pattern as observed with 

Smad1 (Fig 5B). 

In comparison to Smad1 and Smad4 proteins, Runx2 showed differential association To 

gain further insight into the physiological roles of Smad1, Smad4 and Runx2 on OA 

promoter regulation during osteoblast development, chromatin immunoprecipitation 

(ChIP) assay was performed. We tested for Smad1/4 and Runx2 occupancy in -780 and -

575 of the OA gene (Fig 5A). This region contains five potential Smad1/4 and four 

Runx2 binding sites. We assayed for the effects of BMP-2 treatment (100ng/ml) on 

recruitment of Smad1, Smad4 and Runx2 proteins to the OA promoter region in 

osteoblasts during proliferation (day 7), matrix maturation stage (day 14) and matrix 

mineralization stage (day 21), the latter being representative of osteoblasts terminal 

differentiation (Fig 5B). Under basal conditions, association of Smad1 with the OA 

promoter was enhanced during osteoblast differentiation until day 14, a point showing 

maximal occupancy of OA promoter with Smad1. Subsequently, at day 21 a modest 

decrease in Smad1 binding was observed. BMP-2 treatment in proliferating osteoblasts 

significantly enhanced the recruitment of Smad1 to the OA promoter. However at day 14, 

BMP-2 decreased the affinity of Smad1 to the OA promoter relative to day 7. Also BMP-

2 treatment at day 14 caused a 3.8-fold reduction in Smad1 occupancy relative to 
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untreated osteoblasts. Mineral laying osteoblasts (day 21) showed a 11-fold increase in 

Smad1 occupancy with BMP-2 treatment. A modest increment in Smad4 occupancy with 

the OA promoter was observed during osteoblast development in basal conditions. BMP-

2 treatment resulted in a similar temporal binding pattern for Smad4 as observed for 

Smad1 (Fig 5B).  

In comparison to Smad1 and Smad4 proteins, Runx2 showed differential association of 

kinetics with the OA promoter in BMP-2-treated and untreated osteoblasts (Fig 5B). 

BMP-2 untreated osteoblasts showed a minimal Runx2 promoter occupancy at day 7 and 

14 (Fig 5B). Subsequently at day 21, a 9-fold increase in Runx2 recruitment was 

observed in comparison to osteoblast cultures terminated at days 7 and 14. BMP-2 

treatment at day 7 and day 14 resulted in 171-fold and 673-fold increase in Runx2 

occupancy, respectively relative to BMP-2 untreated cultures (Fig 5B). However, at day 

21 BMP-2 did not affect Runx2 occupancy relative to untreated osteoblast cultures. 

BMP-2 treatment had no significant affect on binding of non-specific controls IgG and 

Polymerase II during osteoblast differentiation (Supplemental Fig 1B and C). 

Collectively, OA ChIP studies show a temporal pattern for OA promoter occupancy by 

Smads1/4 and Runx2 proteins during osteoblast differentiation. 

 

2.5 DISCUSSION 

 

BMP-2-induced mechanism for transcription of OA in osteoblasts. Our results 

demonstrated that BMP-2-induced maximal stimulation of OA promoter in rat primary 

osteoblasts and minimal in Runx2 knockout osteoblasts, suggesting that Runx2 is 
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essential for BMP-2-induced OA transcription (Fig 1C).   The elements of OA promoter 

between -962 and -285 bp are crucial for regulation of OA transcription (Fig 2C) and 

contain multiple Runx2 and Smad1/4 binding sites (Fig 2D, E). However, the promoter 

region between -125 to +50 of the OA gene did not respond to BMP-2 stimulation, 

indicating that this region has little to minimal functional control of the promoter region 

(Fig 2C). Knock-down of Runx2, Smad1 and Smad4 proteins significantly reduced OA 

transcription, suggesting that all three proteins contribute in OA transcription (Fig 3D-F). 

A more pronounced decrease in BMP-2-induced OA promoter activity was observed with 

knockdown of Runx2 or Smad4 proteins in comparison to Smad1 down regulation (Fig 

3F, H). These results strongly suggest that loss of Smad4 could inhibit nuclear 

translocation of all Receptor regulated Smads (1, 5 and 8), as Smad4 is required for their 

nuclear translocation (Chen et al., 2004). A residual (10%) promoter activity in BMP-2-

treated osteoblasts was observed even with the loss of both Smad4 and Runx2 proteins 

(Fig 3F), which we hypothesize is due to contribution of other transcription factors like 

Dlx3 and Dlx5 that function independently or in combination with Smad1–Runx2 co-

regulatory complex. Similar observations are reported for contribution of Dlx3 and Dlx5 

in the regulation of osteocalcin promoter (Hassan et al., 2006). Smad1 and Runx2 

proteins showed functional cooperation and synergy in the regulation of OA transcription 

in response to BMP-2 (Fig 3K). Supporting evidences for BMP-2-stimulated associations 

between PEB2αC (a member of the Runx family of proteins) and R-Smad has been 

reported for the transcriptional activation of the germline IgCα promoter (Takaichi et al., 

1999). However, no synergistic interactions were observed between Smad4 and Runx2 
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proteins for the OA promoter activation. These results support the previous reports of 

specific interactions between Smad1and C-terminal domain of Runx2 (Afzal et al., 2005). 

 

Dynamic interactions between Smads1/4 and Runx2 with the OA promoter during 

osteoblast differentiation. BMP-2 treated proliferating osteoblast cultures displayed a 

high occupancy of Smad1, Smad4 and Runx2 to the OA promoter; however during 

matrix maturation stage BMP-2 reduced binding of Smad1 and Smad4 to the OA 

promoter (Fig 5B). We hypothesize that the decreased Smad1 binding in matrix 

maturating osteoblasts could be due to interactions of BMP-2-induced Smad1 with other 

regulatory proteins like Tob, an anti-proliferative protein reported to co-localize with 

Smad1 following BMP-2 stimulation, also Tob-Smad1 interactions have been shown 

suppress activity of BMP-2-stimulated Smad1 in osteoblasts (Yoshida et al., 2000). Cas-

interaction zinc finger protein (CIZ) is another regulatory protein that has been shown to 

negatively regulate BMP-2-induced Smad1 activity in osteoblasts (Shen et al., 2002). 

There is also a possibility of protein-protein interactions between Smad1 and co-repressor 

proteins including Smad1 interacting protein (SIP-1) (Verschueren et al., 1999), FAST-2 

(Yeo et al., 1999) and ubiquitin-mediated degradation of Smad1 and Smad4 by Smurf1 

(Zhao et al., 2004) and Jab1 (Wan et al., 2002), that could down-regulate Smad1 activity 

and expression. Finally, histone deacetylase (HDAC) and /mSin3A induced changes in 

chromatin conformation could decrease the binding of Smad1 and Smad4 proteins from 

transcriptionally active sites (Kim and Lassar, 2003). A similar recruitment pattern for 

BMP-2-induced Smad1 and Smad4 proteins to the OA promoter region was observed 

during osteoblast differentiation (Fig 5B) and binding of both Smad1 and Smad4 to the -



78 
 

248SBE on the OA promoter region (Fig 4B), indicates that both the proteins are 

recruited as Smad1/4 complex, that binds the common SBEs on the OA promoter region. 

BMP-2 robustly recruited Runx2 to the OA promoter region in proliferating and matrix 

maturating osteoblasts (Fig 5B). Likewise, enhanced association of Runx2 with the 

promoter regions of collagen type I (Kern et al., 2001), osteocalcin (Hoffmann et al., 

2000) and also Runx2 (Hassan et al., 2006) gene are reported during proliferation and 

matrix maturation stages of osteoblast differentiation. We believe that this enhanced 

Runx2 occupancy at OA promoter could be due to high expression levels of Runx2 

protein during matrix maturating stage. Evidence indicates that recruitment of 

homeodomain proteins namely, Dlx3 and Dlx5 to the Runx2 promoter stimulates Runx2 

expression (Hassan et al., 2006). Interestingly, during terminal stages of osteoblast 

differentiation, BMP-2 induced a striking dissociation of Runx2 with simultaneous robust 

association of Smad1 and Smad4 proteins with the OA promoter region (Fig 5B). We 

propose that the decrease in Runx2 recruitment to the OA promoter region could be due 

to multiple reasons described below. Runx2 is shown to regulate its expression by 

binding to its own promoter and by this auto-regulatory mechanism decreased Runx2 

expression is observed in terminally differentiated osteoblasts (Hassan et al., 2006). Also, 

protein-protein interactions between Runx2 and transcription factors including 

homeodomain protein Msx2 result on sequestration of Runx2 by Msx2 (Shirakabe et al., 

2001) and dissociation of Runx2 from Osteocalcin promoter (Sierra et al., 2004). 

Transcriptional co-repressors like histone deacteylase (HDAC) (Schroeder et al., 2004; 

Westendorf et al., 2002), transducin-like enhancer of split (TLE) protein (Javed et al., 

2000; Westendorf, 2006), mSin3a (Fenrick et al., 1999) and yes-associated proteins 
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(YAP) (Zaidi et al., 2004) are reported to alter the chromatin structure and decrease the 

affinity of Runx2 for DNA. Additional studies are warranted to examine the effects of 

Msx2 and other transcriptional co-repressors in the OA promoter regulation during 

terminal stages of osteoblast differentiation. Alternatively, cytoplasmic sequestration of 

Runx2 by STAT1 could decrease amount of Runx2 protein available at the 

transcriptionally active nuclear foci (80). Degradation of the Runx2 protein via Smurf1 

ubiquitin-mediated proteosome could also reduce Runx2 expression levels in terminally 

differentiated osteoblasts (69). Both cAMP-dependent and independent Smad ubiquitin 

regulatory factor1 (Smurf1) mediated ubiquitination of Runx2 has been reported (81). 

Finally, the activity of Runx2 is modulated by phosphorylation/dephosphorylation events 

controlled by MAPK (82, 83) and PI3-K-AKT signaling pathways (84, 85). Taken 

together, any of the above suggested mechanisms could sequester Runx2 from the OA 

promoter during terminal stages of osteoblast differentiation.  

 

BMP-2-induced Smad1/4 and Runx2 regulatory interactions. BMP-2-induced Smad1 

signaling is required for osteoblast differentiation however; this generic pathway for its 

complete functionality requires association of other transcription factors, transcriptional 

co-activators and co-repressors. BMP-2 induced interactions of Smad1 with Runx2 have 

been demonstrated to synergistically stimulate osteoblast differentiation in C2C12 

mesenchymal progenitor cells (33). Also, this interaction between Smad1 and Runx2 is 

observed in response to BMP-2 stimulation (58). Runx2 protein has been shown to 

mediate transport of Smad1 to transcriptionally active nuclear foci through specific 

Runx2-Smad1 interactions (33, 55, 56, 58-60). Finally, BMP-2 stimulates Runx2 
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expression by recruitment of homeodomain proteins and Smads to the Runx2 promoter 

region (30). Collectively, the above mentioned evidence indicate that osteoblast 

differentiation occurs through BMP-2-activated pathways that involve independent 

binding of Runx2 and Smad1/4 transcription factors and/ through coupled interactions 

between Runx2-Smad1. 

 

Figure 2.7 Proposed models for BMP-2-stimulated recruitment of Smad1/4 and 
Runx2 transcription factors on OA promoter. BMP-2 signals through transmembrane 
serine/threonine kinase BMP receptors (BMPRs), type I (BMPRI) and type II (BMPRII). 
Binding of BMP-2 to the BMPRII brings it in close proximity to the BMPRI that result in 
phosphorylation of BMPRI. The activated BMPRI then phosphorylates downstream 
effector Smad1. Phosphorylated Smad1 associates with Smad4 and this complex of 
Smad1-Smad4 is translocated into the nucleus, where it functions as a transcription 
factor. Smad1 and Smad4 through their DNA binding domain (MH1 domain) interact 
with Smad binding elements (SBE) on the OA promoter region. Inside the nucleus, BMP-
2 activated Smad1/4 complex and Runx2 transcription factors up-regulate OA 
transcription.  
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Our earlier findings indicated a vital role of OA in mediating BMP-2-induced 

osteoblast differentiation (Abdelmagid et al., 2007). In our present study, we investigated 

the mechanism of OA gene expression by BMP-2. Our overall results demonstrate that 

Runx2 and Smad1/4 regulation of OA gene is dependent on both Runx2 and Smad1/4 

transcription factors (Fig 7), also a possibility of coupled interactions between them 

regulate OA gene expression, since we co-expression of Smad1 and Runx2 

synergistically up-regulated the BMP-2-induced OA promoter activity (Fig 3). However, 

future studies are warranted to characterize the existence of BMP-2-induced Runx2-

Smad1/4 interactions in OA gene regulation Further studies to elucidate the role of other 

transcription factors, co-activators and co-regulators/co-repressors that function along 

with and/ independent of Smad1/4 and Runx2 transcription factors in OA transcription 

are required. This study for the first time demonstrates molecular mechanisms that 

regulate OA transcription and could help in the development of potential therapeutics that 

promote osteoblast differentiation for treatment of osteoporosis.   
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CHAPTER 3 

 

DLX3, DLX5 AND MSX2 HOMEODOMAIN TRANSCRIPTION FACTORS 

REGULATE BMP-2-INDUCED OSTEOACTIVIN TRANSCRIPTION IN 

OSTEOBLASTS 

 
 
3.1 ABSTRACT 

 

Osteoactivin (OA) is required for the differentiation of osteoblast cells. During 

osteoblast differentiation, OA expression is stimulated by BMP-2. BMP-2-induced 

homeodomain transcription factors namely, Dlx3, Dlx5 and Msx2 selectively activate or 

repress transcription of osteogenic genes and hence tightly regulate their transcription 

during osteoblast differentiation. Considering the key roles of Dlx3, Dlx5 and Msx2 in 

osteoblast differentiation, here we hypothesize that the homeodomain proteins regulate 

BMP-2-induced OA transcription in osteoblasts. Four classical homeodomain binding 

sites were identified in the proximal 0.96kb region of the rat OA promoter. Deletions and 

mutagenesis studies of the OA promoter region indicated that all four homeodomain 

binding sites are crucial for BMP-2-induced OA promoter activity. Simultaneous 

disruption of homeodomain binding sites at -852 and -843 of the OA gene significantly 

decreased the BMP-2-induced OA transcription and inhibited binding of Dlx3, Dlx5 and 

Msx2 proteins to the OA promoter. Dlx3 and Dlx5 proteins were found to activate the 

OA transcription, whereas, Msx2 suppressed BMP-2-induced OA transcription. Using 
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chromatin immunoprecipitation assay, we demonstrated that the OA promoter is 

predominantly occupied by Dlx3 and Dlx5 during the proliferation and matrix maturation 

stages of osteoblast differentiation, respectively. However, during the matrix 

mineralization stage, BMP-2 robustly enhanced the recruitment of Dlx5 and to a lesser 

extent of Dlx3 and Msx2 to the OA promoter region. Collectively, our results 

demonstrate that the BMP-2-induced OA transcription is differentially regulated by Dlx3, 

Dlx5 and Msx2 during osteoblast differentiation. 

 

3.2 INTRODUCTION 

 

Osteoactivin (OA) is essential for the differentiation and functioning of osteoblast 

cells (Safadi et al., 2001). Osteoblast cells express increasing levels of OA protein during 

their differentiation (Selim et al., 2003). Bone morphogenetic protein-2 (BMP-2), an 

osteogenic growth factor further enhances OA expression in osteoblasts (Abdelmagid et 

al., 2007). Despite its vital roles in osteoblast differentiation, the regulation of OA gene 

expression in osteoblasts is poorly understood.  

Dlx3, Dlx5 and Msx2 transcription factors belong to a regulatory class of homeodomain 

proteins essential for osteoblast differentiation (Gehring et al., 1994a; Ghoul-Mazgar et 

al., 2005; Hassan et al., 2004; Jabs et al., 1993; Samee et al., 2007). Dlx3 and Dlx5 

proteins are mammalian homologs of drosophila distal-less (Dlx) proteins (Acampora et 

al., 1999; Cohen et al., 1989; Feledy et al., 1999b) and Msx2 belongs to drosophila 

muscle segment (Msx) family of homeodomain proteins (Alappat et al., 2003; Satokata et 

al., 2000; Zhang et al., 1996). The DNA binding domain of homeodomain of Dlx3, Dlx5 
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and Msx2 transcription factors binds to consensus TAATT sequence found on the 

promoter region of osteogenic genes including osteocalcin (Hassan et al., 2004), Runx2 

(Shirakabe et al., 2001), bone sialoprotein (Benson et al., 2000; Gopalakrishnan et al., 

2003; Roca et al., 2005) and regulate their transcription. However, through their 

transactivation domain, homeodomain proteins recruit other transcriptional activators or 

repressors that regulate expression of osteogenic genes during osteoblast differentiation 

(Gehring et al., 1994b; Harris et al., 2003; Newberry et al., 1997a). Differentiating 

osteoblasts display a distinctive pattern for homeodomain protein expression with 

maximal Dlx3, Msx2 and Dlx5 expression in osteoprogenitor, proliferating and mature 

matrix secreting and mineral depositing osteoblasts, respectively (Bendall and Abate-

Shen, 2000; Hassan et al., 2004; Hassan et al., 2009; Lee et al., 2005; Ryoo et al., 1997). 

BMP-2 stimulates the expression of Dlx3, Dlx5 and Msx2 proteins during osteoblast 

differentiation (Miyama et al., 1999). Generally, Dlx3 and Dlx5 stimulate the expression 

of osteogenic genes (Feledy et al., 1999a; Hassan et al., 2006), however Msx2 can up-

regulate or down-regulate transcription, depending on the cell type, stage of osteoblast 

differentiation or target gene (Newberry et al., 1997b; Satokata et al., 2000; Zhang et al., 

1996). Since, Dlx3, Dlx5 and Msx2 compete for binding to common TAATT sequence 

on the promoter region of osteogenic genes; they provide a tightly regulated mechanism 

for their expression during osteoblast differentiation (Hassan et al., 2006; Zhang et al., 

1997). Also, protein-protein interactions play essential role in modulating the actions of 

homeodomain proteins (Zhang et al., 1997). Msx2 and Dlx3/5 proteins form heterodimers 

via their homeodomain and reciprocally inhibit osteogenic properties of each other during 

osteoblast differentiation (Kim et al., 2004). This functional antagonism through 
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heterodimer formation further regulates the transcriptional actions of Msx2 and Dlx3/5 

proteins. Taking into consideration the regulatory roles of homeodomain proteins in 

expression of osteogenic genes, in the present study we investigated the roles of Dlx3, 

Dlx5 and Msx2 proteins in BMP-2-induced OA transcription in osteoblasts. Our results 

have shown that Dlx3 and Dlx5 up-regulate OA transcription, whereas Msx2 functions as 

transcriptional repressor for the OA gene expression. In addition, here we have 

demonstrated that homeodomain proteins regulate OA transcription in response to BMP-

2 during osteoblast differentiation.  

 

3.3 MATERIAL AND METHODS 

 

Cell Cultures: Primary rat osteoblast cells were isolated from the calvaria of neonatal 

Norway-Hooded rats (4-5 days old) by five sequential digestions with collagenase P 

(0.1%, Roche Applied Science, IN) and trypsin (0.25%, Mediatec, VA) at 37°C as 

described previously (Abdelmagid, Barbe et al. 2007). Osteoblast enriched cell 

populations obtained from the fifth digestion and were plated at a density of 5X105 

cells/100mm dish in α- minimal essential medium (MEM) (Mediatec, VA) supplemented 

with 10% fetal calf serum (FCS) and 10 international units (IU/ml) 

penicillin/streptomycin (P/S). Osteoblasts were fed every third day with α-MEM 

containing 10mM β-glycerol phosphate and 50 µg/ml ascorbic acid for the osteoblast 

differentiation studies using chromatin immunoprecipitation (ChIP) assay. MC3T3-E1 

subclone 4 osteoblasts were maintained in α-MEM media supplemented with FCS (10%) 

and P/S (10 IU).  
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OA Promoter Luciferase Vectors: Rat OA promoter -962/+50 (p962) was amplified 

with primers generated from BAC clone CH230-65K1 that contains 5’ flanking sequence 

of rat OA gene (Gene Bank TM accession number: AB218617). Rat genomic DNA was 

used as a template. The OA promoter was cloned into a promoter-less pGL3 basic 

luciferase (LUC) vector (Promega, WI). Forward and reverse primers were flanked by 

KpnI and BglII restriction sites, respectively, to insert the OA promoter into the pGL3-

basic-LUC vector. OA promoter deletion mutants p835 (-835/+50), p685 (-685/+50), 

p285 (-285/+50), p135 (-135/+50), p105 (-105/+50) were generated using p962 promoter 

region as a template DNA. Similar to the primers used for p962, the primers used for OA 

promoter deletion constructs (indicated in Table 1A) contained KpnI restriction sites in 

the forward primer and a common reverse primer with a BglII restriction site. The 

nucleotide sequence of the OA promoter inserted into pGL3-basic vector was confirmed 

by sequencing. 

QuickChange Lightning Site-directed mutagenesis kit (Stratagene, CA) was used 

to generate site-directed mutagenesis in homeodomain binding sites at -852, -843, -710 

and -553 of the OA gene using OA promoter-LUC as a backbone. The primers (Table 

1B) for site-directed mutagenesis were designed as per the manufacturer’s instructions 

(Sigma, MO). The nucleotide sequence of the OA mutated vectors were confirmed by 

sequencing. 

 

Protein Isolation and Western Blot Analysis: Cell monolayers were washed with ice-

cold-PBS and lysed in RIPA buffer (50mM Tris-HCl (pH 7.5), 135mM NaCl, 1% Triton 

X-100), 1% sodium deoxycholate, 2mM EDTA, 50mM NaF, 2mM sodium 
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orthovanadate, 10µg/ml aprotonin, 10 µg/ml leupeptin and 1mM PMSF over night at 4°C 

with gentle shaking. Total protein concentration was quantified using a BCA Protein 

Assay Reagent Kit (Pierce) according to the manufacturer’s instructions. Samples were 

subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) on 

10% acrylamide gel and transferred to a Immobilon-PSQtransfer membrane (Millipore, 

MA) using semi-dry transfer apparatus. The membranes were  blocked in Odyssey 

Blocking buffer (Licor Biosciences, NE) for 1hour at room temperature and then 

incubated overnight at 4°C  with anti-Dlx3 antibody (Sigma, MO), anti-Dlx5 antibody 

(Sigma, MO) and anti-Msx2 Antibody (Sigma, MO) or anti-β-Actin  (Sigma, MO) 

antibody (used to as a loading control). The next day, membranes were incubated with 

IRDye 800CW Goat anti-Rabbit (Licor Biosciences, NE) and IRDye 680LT Goat anti-

Mouse IgG (Licor Biosciences, NE) at room temperature for 1h with gentle shaking. The 

fluorescent signal was assayed using an Odyssey Infrared Imaging system (Licor 

Biosciences, NE). Dlx3, Dlx5 and Msx2 protein signals were normalized to the β-Actin 

signals. 

 

Over-expression of proteins: MC3T3-E1 osteoblasts cultured in 6-well plates (75% 

confluent) were transfected with Dlx3 vector (kindly provided by Dr. Maria I. Morasso, 

Developmental Skin Biology Section, NIAMS, NIH), Dlx5 vector (pCMV-Dlx5) 

(generously provided by Dr. Gary Stein, Department of Cell Biology, University of 

Massachuesetts),  Msx2 (Msx2-pET) (kindly provided by Dr. Corey Largman, 

Department of Medicine and Dermatology, Northern California Institute Research and 

Education, CA) or their respective empty vector using Fugene HD transfection reagent  
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(Promega, WI). Cell lysates were harvested forty-eight hours post-transfection and 

protein levels of Dlx3, Dlx5 and Msx2 were analyzed by Western blotting, as described 

above. 

 

RNA interference (siRNA): Nearly confluent (75%) MC3T3-E1 were transfected with 

specific siRNAs for rat Dlx3 siGENOME SMARTpool (Dharmacon, CO), rat Dlx5 

siGENOME SMARTpool (Dharmacon), mouse Msx2 siGENOME SMARTpool 

(Dharmacon) or scrambled siGENOME Non-Targeting siRNA #1 (Dharmacon) using a 

Fugene HD transfection reagent (Promega, WI). Knock-down efficiency was analyzed by 

Western blotting 48 hours after transfection.  

 

Luciferase Reporter Assay: Osteoblasts grown in 6-well plates  were transfected when 

they were 70% confluent with a pGL3-Basic vector  containing OA promoter inserts 

(0.5µg) and pRTK4-SV40 renilla luciferase expression vector (50ng) (transfection 

control, Promega) using the Fugene HD transfection reagent (Promega). The following 

day, serum starved osteoblast cells were treated with BMP-2 (100ng/ml) for 24 hours and 

cell lysates were collected in Passive cell lysis buffer (Promega). Luciferase activity in 

cell lysates was assayed using Dual-Glo TM Luciferase reporter Assay Kit (Promega) in 

a single tube luminometer Model 20/20 (Turner BioSystems, MI). Luciferase activity was 

normalized against renilla luciferase activity to determine relative luciferase activity.  

 

Nuclear Extraction: Nearly confluent (85%) osteoblasts were serum starved overnight 

and treated with BMP-2 (100ng/ml, R&D systems) for 90 min, harvested and 
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resuspended in low salt buffer (10mM HEPES, pH 7.9, 10mM KCl, 2mM MgCl2, 1mM 

DTT and complete Protease inhibitor cocktail (Roche Applied Sciences, IN) for 15 

minutes at 4ºC in an orbital shaker. 10% NP-40 was added to rupture the cell membranes, 

nuclei were pelleted and incubated in a high salt buffer (10mM HEPES, pH 7.8, 2mM 

MgCl2, 1mM DTT and 50mM KCl, 300mM NaCl, 0.1mM EDTA, 1mM DTT, 10% 

glycerol and protease inhibitor cocktail (Roche Applied Sciences) for 20 min at 4ºC with 

gentle agitation. The samples were centrifuged at 12,000Xg for 10min, and the nuclear 

fraction (supernatant) was collected. The protein concentration of the nuclear fraction 

was determined using Bradford’s assay (BioRad, CA). 

 

Electrophoretic mobility shift assays (EMSAs): The wild type (W) and mutant (M) 

oligonucleotides were synthesized with 3’ sticky ends (Integrated DNA Technology, 

IO).The 3’ sticky ends of oligonucleotide were labeled with Biotin using the Biotin 3’-

end DNA labeling kit (Pierce Chemicals, IL). For Dlx3, Dlx5 and Msx2 gel shift assay, 

nuclear extract from rat primary osteoblasts (6 µg) were incubated in 1X-reaction binding 

buffer (50% glycerol, 100mM MgCl2, 1µg/µl Poly (dI-dC), 1% NP-40, 1M KCl, 200mM 

EDTA and 50pmol DNA probe) for 20 min at room temperature. For the Msx2 supershift 

assay, 8 µg of nuclear extracts were used. The reaction mixtures were loaded onto 6% 

native polyacrylamide gels and run at 100V in 0.5X Tris borate-EDTA buffer. The 

protein-DNA complex was then transferred to Hybond-N+nylon membrane (Pierce 

Chemicals) using the Trans-Blot semi-dry method (BioRad, CA) and crosslinked 

(Spectrolinker XL-1000UV crosslinker, Spectroline, NY). Biotin labeled DNA was 

detected by LightShift chemiluminescent EMSA Kit (Pierce Chemicals) and visualized 
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using a charge-couple device camera (Fujifilm LAS 3000, USA). For competition assays, 

reaction mixture was pre-incubated with 100-fold excess of the cold oligonucleotide. 

Supershift assays were performed by pre-incubating the nuclear extract with anti-

Dlx3antibody (Santa Cruz), Dlx5 (Santa Cruz) or Msx2 (Santa Cruz) for 20 min before 

addition of Biotin-oligonucleotide for another 15 min at room temperature. Reaction 

mixtures were run on a 6% native polyacrylamide gel and detected as described above.  

 

Chromatin Immunoprecipitation assay (ChIP): Osteoblast cells (2X107) were cultured 

in differentiation media on 150mm dishes and ChIP assay was performed on day 7, day 

14 and day 21. The three time points were derived from the same osteoblast isolations. 

Upon stimulation with BMP-2 (100ng/ml, R&D systems) for 2 hours, osteoblasts were 

cross-linked with formaldehyde (1% final concentration) treatment for 15 min at room 

temperature with gentle agitation. After crosslinking, the cells were washed in ice-cold 

PBS containing complete mini protease inhibitor cocktail (Roche Applied Sciences) and 

harvested in lysis buffer (50mM HEPES-KOH pH 8.0, 0.1mM EDTA, 0.5M EGTA, 

140mM NaCl, 10% glycerol, 0.5% Nonidet P-40, 0.25% Triton X-100 and complete mini 

protease inhibitor cocktail) at 4ºC for 10 min on a rocker. The nuclei were centrifuged 

and resuspended in RIPA buffer (10mM Tris-HCl pH 8.0, 1% Triton-100, 0.1% SDS, 

0.1% sodium deoxycholate, 1mM EDTA, 0.5mM EGTA, 140mM NaCl and mini 

protease inhibitor cocktail).  

 Nuclei were sonicated (Sonifier Cell disrupter 350, Branson Sonic Power, CT) and 

centrifuged. At this step, 5% of the supernatant was saved as input at -20°C, while the 

rest of the supernatant was pre-cleared with protein G beads/sonicated salmon sperm 
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DNA slurry and immunoprecipitated over night at 4°C with 10µg  of Dlx3 (Santa Cruz), 

Dlx5 (Santa Cruz) or Msx2 (Santa Cruz) antibodies. Rabbit IgG (Santa Cruz) and 

Polymerase II were used as control antibodies. The antibody-bound complex was 

precipitated with a Protein G beads/sonicated salmon sperm DNA slurry, and washed 

sequentially in buffers from ChIP kit (Upstate-Millipore, MA). Antibody-bound 

chromatin fragments were eluted from the beads with 1% SDS in 0.1M NaHCO3. Cross-

links were reversed by incubating samples overnight in water bath at 65°C and DNA was 

recovered by phenol-chloroform extraction and precipitated. DNA was then subjected to 

quantitative Real-Time PCR (7500 Applied Biosystems, CA) with OA primers (Table 

1C.). Triplicate PCRs for each sample were mixed with 2XSYBR Green PCR master mix 

(Applied Biosystems) and a standard curve of known target DNA was run in parallel to 

calculate the relative amount of target DNA in the sample. Control CHIP assays with 

non-specific IgG and Polymerase II were performed in each experiment. ChIP data is 

presented as relative promoter occupancy calculated using the following equation: 

(amount of specific DNA immunoprecipitated by antibody of interest) – (amount of DNA 

immunoprecipitated by control IgG) / (amount of Input DNA), where DNA input was an 

aliquot of sheared chromatin sample before immunoprecipitation.  

 

Statistical analysis: One way analysis of variance (ANOVA) with Bonferroni post-hoc 

tests were used to compare the statistical difference between BMP-2 treated and untreated 

cultures and adjusted p-values are reported. In some cases, data is expressed as 

percentage of OA promoter activity (p962) in BMP-2 treated osteoblasts. Relative OA 
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promoter activity and data for ChIP assay are expressed as mean ± SEM for five 

independent experiments with three replicates per experiment.  
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Table. Primers Used for Homeodomain Proteins study 

3.1 OA promoter deletion constructs for homedomain binding sites 

Construct Forward Primer Reverse Primer 

p962 5’-GGGGTACCCCTGAGTGTCCGTTTTTA-3’ 5’- AAGATCTTCCTGCGATGCCTCTCTGT-3’ 

p835 5’-GGGGTACCCCTACTTTGTGGTTGTACA-3’ 5’- AAGATCTTCCTGCGATGCCTCTCTGT-3’ 

p685 5’-GGGTACCCCAGCATTCCACACTTGCT-3’ 5’- AAGATCTTCCTGCGATGCCTCTCTGT-3’ 

p285 5’-GGGGTACCCCAGGTTTCACTTGGTGAA-3’ 5’- AAGATCTTCCTGCGATGCCTCTCTGT-3’ 

p105 5’-GGGGTACCCAGATGCCAGGAGCAAGT-3’ 5’- AAGATCTTCCTGCGATGCCTCTCTGT-3’ 

 

3.2 OA promoter constructs with mutation in Runx2 binding sites 

Construct Forward Primer Reverse Primer 

   pMH1 

(-852 HD) 

5’-TGAGAGTGAAAAGCAGACAGAACTCTAT 

TACATTATTTGCATTACACAAAAGCAG TTC-3’ 

5’GAACTGCTTTTGTGTAATGCAAATAATG 

TATAGAGTTCTGTCTGCTTTTCACTCTCA-3’ 

   pMH2 

(-843 HD) 

5’-TGAGAGTGAAAAGCAGACAGAACTCTAT 

TACATTATTTGCATTACACAAAAGCAG TTC-3’ 

5’-AACTGCTTTTGTGTAATGCAAATAATGT 

ATAGAGTTCTGTCTGCTTTTCACTCTCA-3’ 

   pMH3 

(-710 HD) 

5'-CCACACACAAGCTCTATTCCCTGAATT 

ACACTGGACTGTAAGTC-3' 

5'-GACTTACAGTCCAGTGTAATTCAGGGAA 

TAGAGCTTGTGTGTGG-3' 

   pMH4 

(-553 HD) 

5'-GCCACTGCAGCTATTCTGAGCAGCTATTAT 

AGAGAAGTTACCGG -3' 

5'-CCGGTAACTTCTCTATAATAGCTGCTCA 

GAATAGCTGCAGTGGC-3' 

 

3.3 Chromatin immunoprecipitation for homedomain binding sites 

Promoter Forward Primer Reverse Primer 

-871 to -672 

 

5’-CGTCTGTCTTGAGATATGTAATAAACG-3’ 5’- GCCTGTTTTCTGGGCAGGAGAAATC -3’ 

 

 

 

 



94 
 

 

3.4 RESULTS 

 

3.4.1 Requirement of homeodomain binding sites in the OA promoter region. To 

determine the role of homeodomain transcription factors in OA gene regulation, the 

proximal 0.96kb rat OA promoter region was analyzed for classical homeodomain 

binding sites. Four consensus homeodomain transcription factor binding sites were 

identified in the OA promoter region (Fig 1A). To characterize the role of homeodomain 

binding sites, a series of 5’ deletions of the 0.96kb rat OA promoter region cloned into 

luciferase reporter vector were performed and tested for OA promoter activity (Fig 1A). 

The maximal OA promoter (p962) response was obtained with 100ng/ml of BMP-2 

treatment for 24 hours (unpublished data). For subsequent luciferase assays, osteoblasts 

were treated with BMP-2 (100ng/ml) for 24hours. The untruncated proximal 0.96kb OA 

promoter construct, p962 that contained all four homeodomain binding sites showed a 

maximal transcriptional activity following BMP-2 treatment (Fig 1B). In contrast to 

p962, loss of both -852 and -843 homeodomain binding sites, which are five nucleotides 

apart in the OA promoter region, decreased the BMP-2-induced OA promoter activity by 

50%. A 60% reduction in BMP-2-induced OA promoter activity was observed with loss 

of distal three homeodomain binding sites (-852, -843, -710 homeodomain binding sites). 

Finally, deletion of all four homeodomain binding sites reduced the BMP-2-induced OA 

promoter activity by 80%, indicating that all four homeodomain binding sites are crucial 

for BMP-2-induced OA transcription in osteoblasts (Fig 1B).  
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The specific role of each homeodomain binding sites was characterized by 

disrupting homeodomain binding sites (namely H1, H2, H3 and H4 in the cloned p962-

OA promoter region, Fig 1C). Since, H1 and H2 sites are in close proximity, we 

constructed OA promoter mutant construct (pMH1+2) with mutations in both H1 and H2 

sites. Mutations in H1, H2, H3 and H4 sites decreased the BMP-2-induced OA promoter 

activity (Fig 1D). A simultaneous disruption of H1 and H2 sites showed the maximal 

reduction in BMP-2-induced OA promoter activity, indicating that the OA promoter 

region requires both H1 and H2 sites for its response. Both deletion and mutation 

analyses in the homeodomain protein binding sites decreased the responsiveness of 

proximal 0.96kb OA promoter region to BMP-2 stimulation, indicating that all four 

homeodomain binding sites are required for BMP-2-induced OA promoter activation in 

osteoblasts (Fig 1B and D). 
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Figure 3.1 Role of homeodomain protein binding sites on OA promoter activation. 
A. Illustration of 5’ deletion OA-promoter constructs namely p962, p835, p685, p285 
with nucleotides upstream of the transcription start site (marked with arrow). Position of 
homeodomain protein binding sites relative to transcription start site in the cloned OA 
promoter region is depicted. Each of the OA promoter construct contains +50 nucleotides 
of OA gene. B. Full-length (p962) or deletion mutants (p835, p685, p285) of the OA 
promoter-LUC vector were co-transfected with renilla vector in rat primary osteoblasts. 
Transfected osteoblasts were serum starved over night and then treated with BMP-2 
(100ng/ml) for 24 hours. The next day, the promoter activity was quantified and is 
expressed as relative luciferase activity that represents luciferase activity normalized 
against renilla expression for each OA promoter deletion vector construct.  C. Schematic 
of the OA promoter-LUC vector (W) with position of homeodomain binding sites (H1, 
H2, H3 and H4) relative to the transcription start site indicated. Consensus homeodomain 
binding sites are indicated in the W-construct. Nucleotides mutated in homeodomain 
binding sites are shown in pink and are underlined in the OA promoter mutant (M) 
vectors. Arrow indicates the transcriptional start site. D. Full-length OA promoter-LUC 
vector (W, p962) or OA promoter LUC vector with mutations at homeodomain binding 
sites (pMH1, pMH2, pMH3 and pMH4) was co-transfected with renilla expression 
vector. Osteoblasts were treated as described above in B. with BMP-2 (100ng/ml) and 



97 
 

luciferase activity was quantified. Data represents relative promoter activity. Percentage 
decrease in activity of OA promoter (p962) relative to homeodomain mutant OA 
promoter construct in BMP-2 treated cultures is shown.  
 

3.4.2 Contribution of Dlx3, Dlx5 and Msx2 proteins in OA transcription. To test the 

specific roles of Dlx3, Dlx5 and Msx2 proteins on OA transcription, we either knocked 

down or over expressed the homeodomain proteins in MC3T3-E1 osteoblasts and 

analyzed the effect of knockdown or over expression on the OA promoter activity. 

Transfection of osteoblasts with Dlx3-siRNA (150nM), Dlx5-siRNA (100nM) and Msx2-

siRNA (150nM) resulted in maximal knockdown of Dlx3, Dlx5 and Msx2 protein, 

respectively (Fig 2A-C). These concentrations of specific siRNAs were used for 

subsequent luciferase assays (Fig 2D). Transfection with scrambled siRNA did not show 

any effect on OA promoter response (unpublished data). In comparison to control 

osteoblasts, knockdown of Dlx3 and Dlx5 proteins resulted in 31% and 49% reduction in 

BMP-2-stimulated OA promoter activity, respectively (Fig 2D). In contrast, knock down 

of Msx2 enhanced the BMP-2-induced OA promoter activity by 16.8% relative to control 

osteoblasts. These results suggest that Dlx3 and Dlx5 proteins up-regulate BMP-2-

induced OA promoter activity, however, Msx2 acts as a transcriptional repressor for OA 

gene expression in osteoblasts(Fig 2D). 

The over expression of Dlx3, Dlx5 and Msx2 proteins in MC3T3-E1 osteoblasts 

was confirmed by Western blotting (Fig 2 E-G). Maximal expression of Dlx3, Dlx5 and 

Msx2 protein levels were observed at DNA concentrations of 1µg, 0.5µg and 1µg, 

respectively. For subsequent luciferase experiments, these DNA concentrations were 

used for Dlx3, Dlx5 and Msx2 over expression (Fig 2H). Transfection with empty vectors 

for Dlx3 or Dlx5 or Msx2 did not affect the OA promoter response.  The over expression 
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of Dlx3 and Dlx5 proteins increased BMP-2-induced OA promoter activity by 20% and 

39%, respectively (Fig 2H). However, Msx2 over expression decreased the OA promoter 

activity by 24%. These observations are in agreement with the knockdown results (Fig 

2D) and suggest that Dlx3 and Dlx5 up-regulate; however Msx2 down-regulates BMP-2-

induced OA promoter activity. OA promoter responded robustly to Dlx5 over expression 

(15% more) than to Dlx3 over expression in BMP-2-treated osteoblast cultures. 

Simultaneous over expression of Msx2 with Dlx3 decreased the Dlx3 enhanced OA 

promoter activity by 14% (Fig 2H). Likewise, the co-expression of Msx2 with Dlx5 

reduced the Dlx5 enhanced OA promoter activity by 19% in BMP-2 treated osteoblast 

cultures. In contrast, the co-expression of Dlx3 and Dlx5 proteins synergistically 

enhanced the BMP-2-induced OA promoter activity relative to Dlx3 or Dlx5 over 

expression alone (Fig 2H). Taken together, these results indicate that Msx2 antagonizes 

the stimulatory effects of Dlx3 and Dlx5 on OA promoter activation (Fig 2H).  

In order to evaluate the responsiveness of homeodomain binding sites to Dlx3, Dlx5 or 

Msx2 proteins, we co-transfected the OA promoter deletion vectors with Dlx3, Dlx5 or 

Msx2 over expression vector assayed for the OA promoter activity in BMP-2-treated 

osteoblasts (Fig 3A-C). Dlx3 over expression enhanced the BMP-2-induced promoter 

activity of untruncated p962 OA promoter vector by 24%. In comparison to p962, a 

simultaneous loss of H1 and H2 homeodomain binding sites in p835 showed a dramatic 

reduction in Dlx3-activated promoter activity in BMP-2 treated cultures. Likewise, p685 

and p285 OA promoter deletion vectors that lacked three or all of the homeodomain 

binding sites did not show such a pronounced increase in promoter activity with Dlx3 

over expression (Fig 3A). Dlx5 over expression showed a maximal stimulation in the 
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promoter activity of p962 in comparison to truncated p835, p685 and p285 OA promoter 

vectors in BMP-2-treated osteoblast cultures (Fig 3B). Msx2 over expression decreased 

the p962 OA promoter activity vector by 24% relative to empty vector transfected 

osteoblasts.  Deletion of homeodomain binding sites did not show such a pronounced 

decrease in OA promoter activity with Msx2 over expression (Fig 3C).  

Next, the transcriptional role of specific homeodomain binding sites (namely H1, 

H2, H3 and H4) for Dlx3, Dlx5 or Msx2 regulated OA promoter activity was evaluated in 

BMP-2 treated osteoblasts (Fig 3D-F). Dlx3 over expression enhanced the activity of OA 

promoter mutant constructs in comparison to empty vector transfected osteoblast cultures 

(Fig 3D). Simultaneous mutation in H1and H2 homeodomain binding sites showed a 

minimal increase with Dlx3 over expression, indicating that both H1 and H2 

homeodomain binding sites are crucial for Dlx3 up-regulated OA promoter response (Fig 

3D). Likewise, Dlx5 over expression increased the activity of OA promoter mutants in 

BMP-2 treated osteoblasts in comparison to empty vector transfected cultures (Fig 3E). 

Again, Dlx5 up-regulated promoter activity of pMH1+2 vector minimally. Unlike Dlx3 

and Dlx5, Msx2 over expression decreased the activity of OA promoter mutants relative 

to empty vector transfected osteoblast cultures (Fig 3F). pMH1+2 OA promoter vector 

with mutations in both H1 and H2 sites responded minimally to Msx2 over expression. 

Taken together, our results show that all four homeodomain binding sites in the OA 

promoter region are responsive to Dlx3, Dlx5 and Msx2 regulated OA transcription (Fig 

3A-F).   
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Figure 3.2 Involvement of Dlx3, Dlx5 and Msx2 proteins on OA gene expression. A-
C. MC3T3-E1 cells were transfected with Dlx3-siRNA, Dlx5-siRNA, Msx2-siRNA or 
their respective Scrambled (Sc)-siRNAs. The cell lysates were collected 48 hours after 
transfection and analyzed for knock-down of proteins by immuno-blotting for Dlx3, Dlx5 
or Msx2 proteins and β-actin. D.MC3T3-E1 cells were co-transfected with Dlx3-siRNAs 
(150nM) or Sc-Dlx3-siRNA (150nM), Dlx5-siRNA (100nM) or Sc-Dlx5-siRNA 
(100nM), Msx2-siRNA (150nM) or Sc-Msx2-siRNA (150nM) and OA-promoter-LUC 
vector. Renilla vector was also transfected. Transfected osteoblasts were serum starved 
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for 24 hours and then treated with BMP-2 (100ng/ml) for additional 24 hours. Luciferase 
expression was quantified. Data are  presented as Relative luciferase activity for each 
condition. Transfection with Sc-siRNAs for Dlx3, Dlx5 and Msx2 did not affect the OA 
promoter activity (data not shown). Percentage decrease in OA promoter activity with 
transfection of specific siRNAs in BMP-2 treated conditions is shown. E-G. MC3T3-E1 
osteoblasts were transfected with Dlx3, Dlx5, Msx2 over-expression vectors or their 
empty vectors (EV) pCMV, pCMV5, pET-28c vector, respectively. Cell lysates were 
collected 48 hours after transfection and immuno-blotted for Dlx3, Dlx5, Msx2 proteins 
and β-actin. Control (Con) represents untransfected cells. H. MC3T3E1 cells were co-
transfected either with Dlx3 (1µg), Dlx5 (0.5µg), Msx2 (1µg) over-expression vectors or 
combination of any two over-expression vectors or their respective empty vectors and 
OA-promoter-LUC vector (0.5µg). Promoter activity was normalized by co-transfection 
with renilla expression vector (50ng). Transfected cells were treated as described above 
in D, treated BMP-2 (100ng/ml) and analyzed for luciferase expression. Renilla 
normalized luciferase activity is plotted on Y-Axis. Co-transfection with the empty vector 
did not affect the activity of OA-promoter-LUC vector. Percentage increase in the OA 
promoter activity with transfection of over-expression vectors in BMP-2 treated 
conditions is shown.  
 

 

Figure 3.3 Effect of Dlx3, Dlx5 and Msx2 over expression on OA promoter deletion 
constructs and OA promoter homeodomain mutant constructs. A-C. Full-length OA 
promoter-LUC vector (p962) or deletion constructs of OA promoter-LUC vector 
(p835M, p685M, p285M) was co-transfected with Dlx3 (1µg), Dlx5 (0.5µg) or Msx2 
(1µg) over expression vector or their respective empty vectors (EV) in MC3T3-E1 
osteoblasts. Renilla expression vector was also transfected and osteoblasts cultures were 
treated with BMP-2 as described in (2D). Y-Axis represents relative promoter activity. 
Percentage increase in the activity of OA promoter deletion vector constructs with Dlx3, 
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Dlx5 or Msx2 over expression relative to the empty vector transfected osteoblasts in 
BMP-2 treated conditions is indicated. D-F. OA promoter LUC vector constructs either 
W (p962) or homeodomain mutants (pMH1, pMH2, pMH1+2, pMH3, pMH4) were co-
transfected with Dlx3 (1µg), Dlx5 (0.5µg) or Msx2 (1µg) over expression vector or their 
respective empty vectors in MC3T3-E1 osteoblasts as described previously in (3D). 
Transfected cells were treated with BMP-2 relative luciferase activity is plotted on Y-
Axis. Percentage increase in activity of OA promoter constructs with Dlx3, Dlx5 or Msx2 
over expression relative to empty vector transfected osteoblasts in BMP-2 treated 
osteoblasts is shown.  
 

3.4.3 BMP-2 stimulates binding of Dlx3, Dlx5 and Msx2 proteins to the OA 

promoter region. The studies with the OA promoter mutants for homeodomain protein 

binding sites suggest that simultaneous disruption of H1 and H2 binding sites show a 

minimal BMP-2-induced OA promoter activity (Fig 1D) and significantly reduced the 

responsiveness of the OA promoter to Dlx3, Dlx5 and Msx2 proteins (Fig 3D-F). Thus, 

in vitro binding of the homeodomain proteins to the OA promoter was assayed using wild 

type (W) and mutant (M) oligonucleotides that contained H1 and H2 sequences (Fig 4A). 

The M-oligonucleotide contained mutations in both H1 and H2 sites. A gel shift was 

observed in BMP-2 treated osteoblasts (Fig 4B, Lane 5), and fainter gel shift was 

observed in BMP-2 untreated osteoblasts (Fig 4B, Lane 4). Simultaneous disruption of 

H1 and H2 homeodomain binding sites inhibited interactions between homeodomain 

proteins and the OA promoter region shown by the absence of band shift in basal (Fig 

4B, Lane 2) and BMP-2 (Fig 4B, Lane 3) treated nuclear lysates. The specificity of the 

observed interactions was assayed by competition and supershift assays. Pre-incubation 

of BMP-2 treated nuclear extracts with 100X (Fig 4B, Lane 6) or 150X (Fig 4B, Lane 7) 

unlabeled (Cold (H (1+2)) oligonucleotide inhibited the binding of Biotin-H (1+2) 

oligonucleotide evident from disappearance of the shifted band.  
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Figure 3.4 Binding of Dlx3, Dlx5 and Msx2 proteins to homeodomain binding sites 
on OA promoter region. A. Schematic depicts location and sequence of wild type probe 
(W) used for homeodomain protein mobility shift assay. Consensus -852 and -843 
homeodomain binding sequences in W-probe are  underlined. Mutated nucleotides in -
852 and -843 homeodomain binding sites in mutant probe (M) are shown. Arrow 
represents the transcription start of the OA gene. B. Mobility shift assay. Controls: Lane 
1, Biotin-H (1+2)-W without nuclear extract. Gel-Shift: Lane 2 and lane 3, Biotin–H 
(1+2)-M was incubated with BMP-2 untreated and treated nuclear extracts, respectively. 
Lane 4 and lane 5, Biotin-H (1+2)-W probe were incubated with BMP-2 untreated and 
BMP-2 treated nuclear extracts, respectively. Competition assay: Lane 6 and lane 7, 
BMP-2 treated nuclear extracts were incubated with 100X or 150X cold-H (1+2)-W 
probes, respectively. C. Dlx3 and Dlx5 Supershift Assay. Controls: Lane 1, Biotin-H 
(1+2)-W without nuclear extract. Lane 2 and lane 3, Biotin-H (1+2)-W probe (with no 
nuclear extracts) was incubated with Dlx3 and Dlx5 antibody, respectively. Supershift: 
Lane 4, Biotin-H (1+2)-W probe incubated with BMP-2 treated nuclear extract. Lane 5 
and lane 6, BMP-2 treated nuclear extracts pre-incubated for 20 min with Dlx3 and Dlx5 
antibody, respectively, were incubated with Biotin-H (1+2)-W probe for another 15 min. 
Position of shift and supershift is shown with arrow. D. Msx2 Supershift Assay. Control: 
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Lane 1, Biotin-H (1+2)-W without nuclear extract. Lane 2, Biotin-H (1+2)-W probe (with 
no nuclear extracts) was incubated with Msx2 antibody. Lane 3 contains BMP-2 treated 
nuclear extracts incubated with Biotin-W-H (1+2) probe. Lane 4, Msx2 antibody was pre-
incubated with BMP-2 treated nuclear extracts for 20min, before addition of Biotin-W-H 
(1+2) probe.  
 

Addition of Dlx3 antibody (Fig 4C, Lane 5) or Dlx5 antibody (Fig 4C Lane 6) to 

BMP-2 treated nuclear lysates resulted in formation of high molecular weight supershift 

complex. Incubation of BMP-2 treated nuclear lysates with Msx2 antibody resulted in 

disappearance of the shifted band (Fig 4D Lane4), confirming that the shifted band 

contains Msx2. To further confirm the specificity of the supershifted bands, Biotin-H 

(1+2)-W oligonucleotide was incubated with Dlx3 (Fig 4C Lane 2), Dlx5 (Fig 4C Lane3) 

or Msx2 antibody (Fig 4D, Lane 2) in the absence of nuclear lysates. These antibodies 

did not bind to the Biotin-H (1+2)-W oligonucleotide in the absence of nuclear proteins 

suggesting that supershifted bands were specifically observed with Dlx3 (Fig 4C, Control 

lane 2), Dlx5 (Fig 4C, Control lane 3) and Msx2 (Fig 4D, Control lane 2) proteins.  

 

3.4.4 Occupancy of Dlx3, Dlx5 and Msx2 proteins to the OA promoter during 

osteoblast differentiation.  Having demonstrated that BMP-2 stimulates the binding of 

Dlx3, Dlx5 and Msx2 proteins to the OA promoter in osteoblasts in vitro (Fig 4 B-D), we 

next investigated the physiological roles of Dlx3, Dlx5 and Msx2 on the OA promoter 

occupancy during osteoblast differentiation by ChIP assay. The OA promoter region (-

871 to -672 of the OA gene) that contains three consensus homeodomain binding sites 

was amplified using primers (Fig 5A). BMP-2-treated and untreated osteoblast cultures 

were terminated at day 7, 14 and 21 that represents osteoblasts in proliferation, matrix 

maturation and matrix mineralization stages, respectively (Fig 5B).  
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Figure 3.5 In vivo associations of Dlx3, Dlx5 and Msx2 proteins with the OA 
promoter region during osteoblast differentiation. A. Illustration of OA promoter 
region for ChIP assay. Orientation of primers with nucleotides upstream of the start 
codon of the OA gene is shown with arrow. The positions of three homeodomain protein 
binding sites (black boxes) in the OA promoter region are  shown. B. Osteoblast cells 
cultured in differentiating media for  7, 14 and 21 days were untreated or treated with 
BMP-2 (100ng/ml) for 2hours and ChIP was performed. *p-value < 0.001 corresponds to 
relative promoter occupancy with BMP-2 (100ng/ml) treatment compared with 
corresponding untreated osteoblasts. 
 

 

 



106 
 

 

 

Figure 3.6 Occupancy of IgG and Polymerase II on OA promoter during different 
stages of osteoblast differentiation. A. Schematic representation of position of primers 
shown with arrows used to amplify the OA promoter region that contains three 
homeodomain binding sites (filled boxes) is shown. B and C.  Rat primary osteoblasts in 
differentiating media were untreated or treated with BMP-2 (100ng/ml) for 2 hours at day 
7, 14 and 21 and chromatin immunoprecipitation was performed. DNA associated with 
the immunocomplexes of IgG and Polymerase II was purified and assayed as described in 
Figure 5B. 
 

 

OA promoter was primarily occupied by Dlx3 in proliferating osteoblasts, 

however during matrix maturating and matrix mineralization stages Dlx3 binding was 

significantly decreased in untreated osteoblast cultures. Treatment of osteoblast cultures 

with BMP-2 stimulated the binding of Dlx3 by 7.5-fold and 33-fold at day 7and day 21, 

respectively in comparison to untreated osteoblast cultures. However, BMP-2 treatment 

at day 14 did not significantly affect the binding of Dlx3 to the OA promoter region in 

comparison to untreated osteoblast cultures. Dlx5 showed a differential pattern for 
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association with the OA promoter in comparison to Dlx3 both in basal and BMP-2-

treated cultures. Under basal conditions, a strong association of Dlx5 to the OA promoter 

region was observed at day 7, however this binding was significantly reduced in matrix 

secreting osteoblasts (day 14). Terminally differentiated osteoblast cultures at day 21 

displayed a 10-fold increase in Dlx5 binding relative to day 14. In comparison to 

untreated cultures, BMP-2 stimulated the binding of Dlx5 to the OA promoter region at 

day 7, 14 and 21 by 7.4-fold, 64.5-fold and 110-fold, respectively.  

Under basal conditions, Msx2 showed a similar OA promoter association pattern as 

described above for Dlx5. As the osteoblast cells progress from proliferation to matrix 

maturation stages, Msx2 recruitment to the OA promoter was reduced. However, Msx2 

was robustly recruited to the OA promoter region in matrix mineralizing osteoblasts at 

day 21. BMP-2 treatment in proliferating osteoblast cultures enhanced the binding of 

Msx2 to the OA promoter. However, at day 14 and day 21 BMP-2 treatment did not 

affect Msx2 binding to the OA promoter region. BMP-2 treatment did not affect the 

binding of control IgG and POlyermase II to the OA promoter during osteoblast 

differentiation (Supplemental Fig 1B and C). Taken together, our ChIP results show that 

BMP-2 differentially recruits Dlx3, Dlx5 and Msx2 proteins to the OA promoter during 

osteoblast differentiation.  

 

3.5 DISCUSSION 

 

Previous work from our laboratory demonstrated the requirement of OA in 

osteoblast differentiation via BMP-2-induced Smad1 signaling (Abdelmagid et al., 2007). 

Homeodomain proteins are an extensively studied family of transcription factors which 
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stimulate osteoblast differentiation through the expression of multiple osteogenic genes 

including, osteocalcin (Hassan et al., 2004), bone sialoprotein (Benson et al., 2000; 

Gopalakrishnan et al., 2003; Roca et al., 2005) and Runx2 transcription factor (Lee et al., 

2003; Shirakabe et al., 2001). The members of homeodomain proteins namely, Dlx3, 

Dlx5 and Msx2 can act as transcriptional activators or suppressors and hence provide a 

tightly regulated mechanism for expression of genes involved in osteoblast differentiation 

(Hassan et al., 2006). In the present study, we have characterized the roles of Dlx3, Dlx5 

and Msx2 transcription factors in the regulation of OA gene expression.  

The proximal 0.96kb region of OA promoter was found to contain four 

homeodomain binding sites (Fig 1A). Loss or disruption of homeodomain binding sites 

reduced the BMP-2-induced OA promoter activity indicating that all four homeodomain 

binding sites are required for OA transcription (Fig 1B and D). Simultaneous mutations 

in -852 and -843 homeodomain binding sites significantly decreased the responsiveness 

of the OA promoter for Dlx3, Dlx5 or Msx2 regulated OA transcription, indicating that 

both of these homeodomain binding sites are essential for OA transcriptional regulation 

(Fig 3D-F). Since, -852 and -843 homeodomain binding sites are in very close proximity, 

there is a possibility that the homeodomain proteins could bind to these sites as 

homodimers or heterodimers either through protein-DNA interactions and / or protein-

protein interactions between Dlx3, Dlx5 and Msx2 proteins to regulate OA transcription. 

Similar observations of Dlx3/Dlx5 interactions are reported for the Runx2 promoter 

regulation (Hassan et al., 2006). Hassan et al, indicated that Dlx3 binds to the Runx2 

promoter through protein-DNA interactions and also Dlx3/Dlx5 heterodimers are formed 

through protein-protein interactions (Hassan et al., 2006). 
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In addition to providing strong evidence for the functionality of -852 and -843 

homeodomain binding sites, we have also shown by mobility shift assay that BMP-2 

treatment induces interaction between Dlx3, Dlx5 and Msx2 proteins and the OA 

promoter region containing -852 and -843 homeodomain binding sites (Fig 4B-D). 

Simultaneous disruption of both -852 and -843 homeodomain binding sites inhibited the 

interactions between the homeodomain proteins and the OA promoter region (Fig 4B). 

Utilizing Dlx3, Dlx5 and Msx2 antibodies, we have demonstrated the presence of the 

homeodomain proteins in the osteoblast nuclear extracts (Fig 4C, D).  

Homeodomain proteins displayed a differential binding pattern with the OA 

promoter during osteoblast differentiation (Fig 5B). OA promoter region was primarily 

occupied by Dlx3 transcription factor both in basal and BMP-2 treated cultures during 

osteoblast proliferation stage (day 7) (Fig 6A). As the osteoblast progress from 

proliferation to matrix mineralization stages of osteoblast differentiation, the OA 

promoter region was predominantly occupied by Dlx5 (Fig 5B, 6B). Since, Dlx5 over 

expression stimulated OA transcription more than Dlx3 (Fig 2H), the enhanced Dlx5 

recruitment to the OA promoter region at day 14 (Fig 5B) could be responsible for the 

increased OA expression in matrix maturating osteoblasts as reported in our previous 

studies (Abdelmagid et al., 2007). Similar observations of enhanced association of Dlx5 

with the alkaline phosphatase (Kim et al., 2004), Runx2 (Hassan et al., 2006; Lee et al., 

2003; Lee et al., 2005) and osteocalcin promoter (Hassan et al., 2004) are reported during 

matrix maturation and matrix mineralizing stages of osteoblast differentiation. During the 

terminal stages of osteoblast differentiation (day 21), BMP-2 robustly recruited Dlx5 to 

the OA promoter, which could further stimulate OA expression in comparison to day 7 



110 
 

and day 14 as reported earlier by Abdelmagid et al. in mineral laying osteoblasts 

(Abdelmagid et al., 2007). Likewise, Dlx5 protein is reported to stimulate transcription of 

osteogenic genes that are expressed during terminal stages of osteoblast differentiation 

including osteocalcin (Newberry et al., 1997b), bone sialoprotein (Roca et al., 2005). 

Therefore, we believe that maximal OA expression in terminally differentiated 

osteoblasts is regulated by Dlx5 interactions with the OA promoter (Fig 6C). Because our 

over expression studies demonstrated a synergistic increase in OA promoter activity with 

simultaneous expression of Dlx3 and Dlx5 proteins (Fig 2H). And BMP-2 treatment 

resulted in enhanced Dlx5 as well as Dlx3 association with the OA promoter at day 21 

(Fig 5B). Thus, it is tempting to speculate that the increased OA expression at day 21 

could be due to simultaneous enhanced association of Dlx3 and Dlx5 proteins with the 

OA promoter (Fig 6C).  

Terminally differentiated osteoblasts show an enhanced recruitment of Msx2 to 

the OA promoter (Fig 5B). This enhanced Msx2 binding could be either due to increased 

expression of Msx2 or enhanced recruitment of Msx2 to the OA promoter region. Msx2 

has been reported to be involved in apoptosis of terminally differentiated osteoblasts 

(Ferrari et al., 1998). Enhanced Msx2 binding at day 21 could also be due its interaction 

with other proteins specifically Msx2 interacting nuclear matrix target (MINT) (Sierra et 

al., 2004) and Runx2 (Hassan et al., 2006) through protein-protein interactions that 

integrate multiple osteogenic transcriptional responses. Additional studies are warranted 

to understand the role of Msx2 in the OA promoter regulation during terminal stages of 

osteoblast differentiation. 
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 In conclusion, here we have shown for the first time that the BMP-2-induced 

homeodomain transcription factors regulate OA transcription and have characterized four 

homeodomain response elements between -962 and -285bp of the OA promoter region. 

Our results demonstrated that Dlx3 and Dlx5 up-regulate OA transcription, whereas, 

Msx2 acts as a transcriptional repressor for OA gene expression. The present study also 

provides explanation for our earlier observations of maximal OA mRNA and protein 

expression in BMP-2-treated terminally differentiated osteoblast cultures. Considering 

our recent observations of BMP-2-induced robust recruitment of Dlx5 and Dlx3 to the 

OA promoter region during matrix mineralization stage, here we propose that the 

interactions between Dlx5-Dlx3 transcription factors regulate maximal OA expression 

during later stages of osteoblast differentiation (Fig 6C). Taken together, our results have 

demonstrated that BMP-2-induced differential recruitment of Dlx3, Dlx5 and Msx2 

proteins to the OA promoter region tightly regulate OA transcription in osteoblasts.  
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Figure 3.7 Proposed model for BMP-2-induced OA promoter regulation by 
homeodomain proteins during osteoblast differentiation. A. OA promoter occupancy 
during the proliferation stage of osteoblast differentiation (day 7). BMP-2 treatment 
stimulated the recruitment of Dlx3, Dlx5 and Msx2 transcription factors to the OA 
promoter at day 7. The OA promoter was primarily occupied by Dlx3 transcription factor 
during osteoblast proliferation stage. B. OA promoter occupancy during the matrix 
maturating stage of osteoblast differentiation (day 14). As the proliferating osteoblasts 
differentiate into matrix maturating stage, the Msx2 is dissociated from the OA promoter 
region and the OA promoter was predominantly occupied by Dlx5 in response to BMP-2 
stimulation. However, BMP-2 treatment did not affect Dlx3 binding to the OA promoter 
at day 14. C. OA promoter occupancy during the matrix mineralization stage of 
osteoblast differentiation (day 21). BMP-2 robustly recruited Dlx5 and Dlx3 to the OA 
promoter in terminally differentiated osteoblasts. Interestingly, Msx2 is associated with 
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the OA promoter during terminal stages of osteoblast differentiation both in basal and 
BMP-2 treated conditions. BMP-2 did not affect Msx2 binding to the OA promoter 
region at day 21. Thus, the OA promoter is differentially regulated by Dlx3, Dlx5 and 
Msx2 transcription factors during osteoblast differentiation in response to BMP-2 
stimulation. 
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CHAPTER 4 

DISCUSSION, CONCLUSIONS AND FUTURE DIRECTIONS 

 

Previous studies from our laboratory showed that Osteoactivin is highly 

expressed in matrix producing and mineral laying osteoblasts, and indicated that OA 

promotes differentiation and functioning of osteoblast cells (Safadi et al., 2001). In 

osteoblast cells, OA expression was found to be up-regulated by BMP-2-induced 

Smad1 signaling (Abdelmagid et al., 2007).  Recently, OA was reported to be expressed 

in differentiating osteoclasts (Sheng et al., 2008). Studies in osteoclast progenitor cells 

indicated that osteoclast differentiation factor called receptor activator for nuclear factor 

kappa-B ligand (RANKL) stimulated OA expression via MITF during osteoclast 

differentiation (Ripoll et al., 2008). Based on these cellular studies, OA is considered as 

a vital anabolic factor for the differentiation and functioning of both type of bone cells 

namely osteoblasts and osteoclasts. In vivo studies on rat femur fracture repair and using 

recombinant OA protein have demonstrated the anabolic roles of OA in fracture repair 

and bone formation, respectively (Abdelmagid et al., 2010). Despite its potential 

osteoinductive functions, there is not much information on the regulation of OA gene in 

osteoblast cells. The aim of this dissertation was to describe the mechanism for BMP-2 

stimulated OA gene transcription in osteoblasts. 

We first questioned whether BMP-2 had the ability to stimulate the transcription of 

OA? Our results demonstrated that BMP-2 increased the activity of proximal 0.96kb rat 

OA promoter region in both osteogenic and non-osteogenic cell types (Chapter 2, Fig 
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1C). In comparison to other cell types, rat primary osteoblasts showed a maximal 

increase in BMP-2-induced OA promoter activity. A minimal OA promoter response 

was found in Runx2 knock out osteoblasts and low to no expression of OA protein in 

Runx2 knock out osteoblasts (Chapter 2, Fig 1D). This led us to hypothesize that Runx2 

transcription factor could be involved in OA transcription regulation.  Also, we earlier 

reported that Smad1 mediates OA expression. Since, BMP-2 activated Smad1 requires 

Smad4 for its nuclear translocation, we hypothesized that Smad4 could also be involved 

in OA transcription.  In addition, BMP-2 induced homeodomain proteins are reported to 

stimulate osteoblast differentiation by expression of multiple osteogenic genes 

including, osteocalcin, bone sialoprotein and Runx2 transcription factor also. In the 

subsequent chapters, the roles of Runx2, Smad1, Smad4 and homeodomain proteins 

(Dlx3, Dlx5 and Msx2) in BMP-2 induced OA transcription are investigated.  

 

Chapter 2. In this section, the roles of transcription factors Runx2, Smad1 and 

Smad4 in BMP-2 induced OA transcription have been investigated. I have 

identified and characterized the function of potential Runx2 and Smad1/4 transcription 

factors binding sites in the proximal 0.96kb rat OA promoter region (Chapter 2, Fig 2C, 

E, G). The results suggest that Runx2, Smad1 and Smad4 proteins up-regulate BMP-2 

induced OA transcription. Furthermore, Runx2 and Smad1 transcription factors were 

found to synergistically stimulate BMP-2-induced OA promoter activity. This study 

demonstrated that BMP-2 induced physical interactions between Runx2, Smad1 and 

Smad4 proteins and the OA promoter region. In addition, we have shown that BMP-2 

stimulated differential recruitment of Runx2, Smad1 and Smad4 to the OA promoter 
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region during various stages of osteoblast development by ChIP assay (discussed later).  

 

Chapter 3.  This section describes the involvement of homeodomain proteins 

namely Dlx3, Dlx5 and Msx2 in the transcriptional regulation of the OA gene. The 

four potential homeodomain binding sites in the proximal 0.96 kb OA promoter region 

were assayed for their responsiveness to Dlx3, Dlx5 and Msx2 transcription factors in 

BMP-2 stimulated osteoblasts. The results demonstrate that out of four homeodomain 

binding sites, -852 and -843 homeodomain binding sites are more responsive to 

homeodomain protein regulated OA transcription. Furthermore, Dlx3 and Dlx5 were 

found to be up-regulated; however, Msx2 repressed the BMP-2-induced OA promoter 

activity. Simultaneous mutations in -852 and -843 homeodomain binding sites disrupted 

the physical interaction between OA promoter region and Dlx3, Dlx5 and Msx2 

proteins, indicating that both these homeodomain binding sites are essential for 

interacting and mediating effects of homeodomain proteins in BMP-2 induced OA 

transcription. Temporal association of Dlx3, Dlx5 and Msx2 proteins with OA promoter 

region was demonstrated by ChIP assay. 

ChIP assay detects the physiological interactions between chromatin and nuclear 

proteins that are preserved by formaldehyde cross-linking of living cells. It can be used 

to identify multiple transcription factors associated with a specific region of the 

genome. Also, it can explain the spatial and temporal relationship of a particular 

transcription factor-DNA interaction. This assay can help to determine the specific 

order of recruitment of various transcription factors to DNA and measure the relative 

amount of particular transcription factor bound to the promoter region. DNA sequences 
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that are associated with the transcription factor (protein) are co-immunoprecipitated, 

and the DNA sample is isolated and quantitated by quantitative Real Time PCR 

(qPCR). Despite, being an amplification technique, qPCR procedure accurately 

measures the target protein-DNA levels in different conditions, since there is a direct 

correlation between the amounts of the immunoprecipitated complex and bound DNA.  

ChIP assay were undertaken for this study because it provides information on the 

temporal association of the OA promoter region with Runx2, Smad1, Smad4, Dlx3, Dlx5 

and Msx2 proteins during various stages of osteoblast development. Based on the results, 

we have proposed a mechanism for BMP-2 induced OA gene expression via the above 

mentioned transcription factors. The results demonstrate that BMP-2 treatment enhanced 

the recruitment of Runx2 and Dlx3 transcription factors to the OA promoter region in 

proliferating osteoblasts (at day 7). The proximal OA promoter region was predominantly 

occupied with Runx2 and to lesser extent with Dlx5 transcription factor in BMP-2 

stimulated matrix maturating osteoblasts (day 14). Finally, BMP-2 treated osteoblasts in 

matrix mineralization stages (day 21) showed an increased Dlx5 and to lesser extent 

Smad1, Dlx3 and Msx2 recruitment along with simultaneous dissociation of Runx2. A 

possible cause for the significant dissociation of Runx2 could be its interaction with 

Msx2 proteins, which has been earlier reported to inhibit Runx2 binding and activity (Lee 

et al., 2003). Also, Dlx3 and Dlx5 proteins are shown to attenuate transcription activity of 

Runx2 at Osteocalcin reporter (Hassan et al., 2004).  
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Figure 4.1 Proposed model for BMP-2-induced OA promoter regulation by 
Smad1/4, Runx2 and homeodomain proteins during osteoblast differentiation.  

 

We therefore reasoned that the enhanced occupancy of the OA promoter with 

Dlx3, Dlx5 and Msx2 proteins could also inhibit Runx2 binding (see Chapter 2). And OA 

transcription during terminal stages of osteoblast differentiation is predominantly 
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regulated by homeodomain proteins. Taken together, this work has demonstrated a 

highly regulated mechanism for BMP-2-induced OA gene expression by Runx2, 

Smad1, Smad4 and homeodomain proteins namely Dlx3, Dlx5 and Msx2 in 

osteoblasts (Fig 1).To increase our understanding of these intricate mechanisms, many 

questions still need to be addressed. The role of other transcriptional co-activators like 

C/EBP and co-repressors need to be further studied. Our data shows that the 

simultaneous disruption of homeodomain binding sites located at -852 and -843 of the 

OA gene severely decreased the OA promoter response. We hypothesized that 

homeodomain proteins could be binding to these sites either as homodimers or 

heterodimers due to protein-protein interaction or protein-DNA interactions. Further 

characterization of the interactions between Dlx3, Dlx5 and Msx2 porteins will be helpful 

in understanding the role of homeodomain proteins for OA transcriptional regulation.  

 

Also, we hypothesized that interactions between Runx2 and different members of 

homeodomain proteins namely, Dlx3, Dlx5 and Msx2 could be responsible for the 

dissociation of Runx2 from the OA promoter region during terminal stages of osteoblast 

development. This needs to be further investigated. Do Runx2 and Msx2, Dlx3 and/or 

Dlx5 interact with each other at the OA promoter? Whether the interaction between 

Runx2 and homeodomain proteins Dlx3, Dlx5 or Msx2 is due to protein-DNA 

interactions or protein-protein interactions? Do these interactions regulate the OA 

promoter transcription, especially during terminal stages of osteoblast differentiation, 

when maximal OA expression is observed? 
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In the present work, we have characterized the role of Runx2 in OA transcription 

using Runx2 knock out osteoblast cells. Further studies on OA transcription regulation 

in osteoblasts knocked out for Smad,1 Smad4, Dlx3, Dlx5 and Msx2 proteins will provide 

insightful details on the roles of specific transcription factors in OA gene expression. 

Also, we found five potential binding sites for osteogenic transcription factor, Osterix in 

the proximal 0.96kb OA promoter region. Osterix is a member of Sp1 family of 

transcription factors that is essential for osteoblast differentiation (Nakashima et al., 

2002). Osterix is known to function via both Runx2-dependent and Runx2-independent 

pathway that involves homeodomain proteins and regulates osteoblast differentiation 

(Matsubara et al., 2008). Future studies could be targeted to understand the roles of 

Osterix in OA expression. This would provide information on the function of Osterix and 

its interactions with Runx2, Smad1 and homeodomain proteins in the OA gene expression 

in osteoblasts.    

 

Activation of osteogenic transcription factors including Runx2, Dlx3, Dlx5 by 

signaling mediators like MAPK family members like p-38-MAPK (Lai and Cheng, 

2002), PI3-Kinase-pAKT (Boergermann et al., 2000; Vinals et al., 2002), Src-family of 

proteins (Marie et al., 2002) are reported. Future studies directed at understanding the 

roles of signaling mediators like p-38 MAPK in BMP-2 induced OA transcription in 

relation to these transcription factors will be informative. In addition, understanding 

downstream signaling pathways of OA protein will help in better understanding of the 

mechanism of OA protein functioning in osteoblast cells. To date there is no information 

available on the receptors of OA protein on osteoblasts cells. Identifying receptor for OA 
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protein in osteoblasts cells and characterizing other proteins (adaptor protein, signaling 

molecules and integrin receptors) that interact with OA during osteoblast differentiation 

could help in developing potential therapeutic targets in treating bone diseases like 

osteoporosis.   
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