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OSTEOBLAST-STIMULATING FACTOR-1 (OSF-1): A PEPTIDE WITH 
DIVERSE ROLES IN BONE DEVELOPMENT 

by Rahul Shrikant Tare 

In search for anabolic agents that enhance osteoblast activity, the role of a 136-amino 
acid cytokine, referred to as osteoblast-stimulating factor-1 (OSF-1), was examined in 
transgenic mice over-expressing the human osf-1 gene, and its effects analysed in 
vitro. In keeping with earlier reports on the function of OSF-1 in stimulating new 
bone formation, the protein was found localised at sites of new periosteal and 
endochondral ossification in bones of control and transgenic mice. OSF-1 was 
synthesized by osteoblasts during early stages of osteogenic differentiation and 
secreted into the bone matrix. Although over-expression did not result in larger 
animals, calcium content/ unit dry bone weight in transgenic mice was 10% higher 
than in control mice. 

A distinct effect of osf-1 over-expression was the synthesis of the OSF-1 protein by 
growth plate and articular chondrocytes of only transgenic mice. Articular 
chondrocytes of transgenic mice were also found to synthesize Type I collagen, a 
bone-type protein. To confirm that over-expression of osf-1 had provided the 
stimulus, cartilaginous explants were cultured with recombinant OSF-1, which in turn 
induced Type I collagen synthesis by chondrocytes in vitro. 
Expression of osf-1 was demonstrated by in situ hybridization in human and mouse 

bone marrow cell cultures. In vitro, recombinant OSF-1 enhanced osteogenic 
differentiation of mouse bone marrow cells at an appreciably low (10 pg/ml) 
concentration in comparison to recombinant bone morphogenetic protein-2 (rhBMP-
2), which served as the positive control. However unlike BMP-2, OSF-1 was not 
osteoinductive as it failed to divert the multipotent, pre-myoblastic C2C12 cells along 
the osteogenic lineage. Interactions with BMP-2, studied using C2C12 cells, revealed 
OSF-1 to be a BMP-2 antagonist if added together with BMP-2. However, if added to 
the cultures after osteoinduction by BMP-2 had been achieved, OSF-1 (at pg/ml 
concentrations) enhanced the osteogenic phenotype of cell populations that had been 
primed to differentiate along the osteogenic lineage. 

Thus functions of OSF-1 in bone development ranged from enhancing bone mineral 
content and osteogenic differentiation of bone marrow cells to, perhaps, stimulating 
differentiation of chondrocytes along the osteogenic lineage. Not only were the effects 
of OSF-1 dependent on its concentration, the timing of its presence also played a 
crucial role. The factor can be considered as an accessory signaling molecule, which 
modulates primary signals of growth factors like BMPs. 
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J. J. 2 .Eĵ cz^ q/ (̂95F-7 o/z o^fgoggyzzc (/^rg/zf̂ zafzoM q/^moz^g 6o/zg /wznrow cg//f 

J. 3.3 j^^c/ q/̂  0<SF-7 on eg// /pro/^m/zo/z z/z cw/fz/rgĵ  q/^moz^g 6o/zg marrow cg//f 
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INTRODUCTION 



1.1 The skeletal system 

The skeletal system, a framework that supports and protects organs and allows 

movement, consists primarily of bone tissue, cartilage, red and yellow bone marrow, 

and the periosteum, the membrane around bones. The skeletal system performs 

several basic functions, including: 

1. 

Serves as a framework for the body by supporting soft tissues and providing 

points of attachment for many skeletal muscles. 

2. 

Bones of the skeletal 6amework form a system of levers that multiply forces 

generated during skeletal muscle contraction and transform them into bodily 

movements. 

3. 

Protects many internal organs 6om injury eg. cranial bones protect the brain, 

vertebrae surround the spinal chord, the rib cage encloses the heart and lungs, and 

the hip bones guard internal reproductive organs. 

4. M/rngmZ Ao/Mgoa'ffzyM 

Bone matrix serves as a reservoir of several minerals, especially calcium and 

phosphorus, which are important in muscle contraction and nerve impulse 

transmission amongst other functions. Under a complex endocrine control, the 

stored mineral is released from bone into circulation to maintain critical mineral 

homeostasis and distribution to other parts of the body. 

Within certain parts of bones is a connective tissue called red bone marrow, which 

produces red blood cells, white blood cells and platelets by the process of 
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haematopoiesis. 

6. Fafrg-ygrvo/r 

Lipids stored in adipocytes of the yellow bone marrow are an important chemical 

energy reserve. 

Remarkably strong but light-weight, bone is a dynamic ever-changing tissue, 

understanding the structure and fimction of which, will ofler novel insights into the 

pathophysiology of bone disorders. 

1.2 Bone 

Bone is a remarkable organ with unique self-organizational capability, by virtue of 

which, it remodels its shape and mass in accordance with the surrounding physical 

and chemical environs. Osteology ( osteon - bone; logos - study) is the study of bone 

structure and applying the knowledge gained from it to the treatment of bone 

disorders. Bone is a specialized connective tissue composed of cells and the 

intercellular calcified material, the bone matrix. 

7.27 MofyAo/ogy a /owg 

The morphology of a bone may be studied by considering the parts of a long bone, 

one that has greater length than width. 

а. 

The shaft or long main portion of the bone. 

б. 

The distal and proximal extremities of the bone. 

c. 

The region in a mature bone where the diaphysis joins the epiphysis. In a growing 

bone, it is the region of the epiphyseal growth plate where cartilage is replaced by 

15 



bone. The epiphyseal growth plate is a layer of hyaline cartilage that allows the 

diaphysis of bone to grow in length. 

A thin layer of hyaline cartilage that covers the epiphysis, where the bone forms an 

articulation (joint) with another bone. This cartilage absorbs shock and reduces 

friction at freely movable joints. 

g. Pgnw/gwfM 

The periosteum is a membrane around the surface of bone not covered by articular 

cartilage. It consists of two layers, the outer fibrous layer of fibroblasts and collagen 

fibres containing blood vessels, lymphatics and nerves that pass into bone, and the 

inner more cellular layer of flattened, spindle-shaped osteoprogenitor cells with a 

potential to divide by mitosis and differentiate into osteoblasts. The periosteum is 

essential for bone growth in diameter, repair and nutrition. It also serves as a point of 

attachment for ligaments and tendons. 

The marrow or medullary cavity is the space within the diaphysis containing the bone 

marrow. The cell population of the bone marrow consists of stem cells, the 

mesenchymal stem cells (Caplan, 1991) and the haematopoietic stem cells (Ogawa er 

a/., 1983). The mesenchymal stem cells are distinct from the haematopoietic stem 

cells as these give rise to those cells that form mesenchymal tissues. Mesenchymal 

stem cells can differentiate as osteoblasts (bone forming cells), chondrocytes 

(cartilage cells), myoblasts (muscle cells), adipocytes (fat cells), reticulocytes 

(reticular Gbroblasts) or fibroblasts (Friedenstein, 1976; Owen and Friedenstein, 

1988; Beresfbrd, 1989), with an apparent degree of plasticity between the hneages 

(Bennett ef a/., 1991; Beresfbrd ef aA, 1992; Oreffb a/., 1997). The haematopoietic 
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stem cells give rise to cells of the haematopoietic lineage and the osteoclasts (bone 

resorbing cells) (Owen, 1985; Nijweide etal., 1986; Osdoby etal, 1987). 

g. Endosteum 

Lining the medullary or marrow cavity is the endosteum, a membrane that contains 

osteoprogenitor cells and a very small amount of connective tissue. The endosteum is 

therefore considerably thinner than the periosteum. 

Figure 1. Structure of a long bone 

Proximal 
epiphysis 

Mefaphysis 

Diaphysis 

Metaphysis 

Distal 
epiphysis 

Articular cartilage 

\w,y,y; i^)V} jv • Spongy (cancellous) bone 
— \ (contains red bone marrow) 

• Endosteum 

• Compact (dense) bone 

• Periosteum 

• Medullary (marrow) cavity 
(contains yellow bone 
marrow in adult) 

• Nutrient artery 
in nutrient foramen 

• Articular cartilage 

(a) Partially sectioned humerus (arm bone) 
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7.22 wofrk 

Bone matrix is made up of 25% water, 25% organic matter and 50% inorganic or 

mineral salts (Bourne, 1972). 

a. OrggMzc 

Almost 90% of the organic bone matrix is constituted by type I collagen, and the 

remainder by non collagenous glycoproteins and amorphous ground substance, the 

proteoglycan aggregates. Tissues other than bone, containing type I collagen, are not 

normally calcified. But then these tissues lack the specific non collagenous proteins, 

characteristic of bone tissue, which are implicated in the calcification process, 

i) Type I collagen 

Although more than 12 distinct types of collagen have been identiGed in mammalian 

tissues, bone tissue is particularly enriched in type I collagen. It has a typical triple 

helical structure composed of three polypeptide chains, each of which has 

approximately 1000 amino acid residues and is twisted into a helix. In turn, these 

three chains are wound into a super-helix to form a rod-like molecule. A striking 

characteristic of collagen is the occurrence of glycine residues at every third position 

in the polypeptide chains, it being the only amino acid small enough to be 

accommodated in the limited space of the central core of the triple helix. The 

repeating sequence of (Gly-X-Y)^ is an absolute requirement for the triple helix 

formation. While X and Y can be any other amino acid, about 100 of the X positions 

are proline and 100 of the Y positions are hydroxyproline (Byers, 1989). Like 

reinforcing metal rods in concrete, the collagen fibres provide bone with tensile 

strength. 

18 



ii) Non collagenous proteins 

About 10 % of the organic bone matrix is composed of non collagenous proteins, the 

m^or ones being: osteocalcin (also known as bone gla protein), osteonectin, 

osteopontin and bone sialoprotein. Since these proteins were identiGed in osteoblasts 

and mineralized bone matrix of humans (Bianco gf a/., 1991), it was suggested that 

these proteins have a role in matrix mineralization. It is well established that the Grst 

mineral crystals form in the "gap region" of the bone collagen fibres, but collagen on 

its own is a very slow initiator of mineralization (Glimcher, 1989). It is therefore 

possible that one or more of these non collagenous proteins act as nucleators. A 

substance necessary fbr the initiation of mineralization should always be present at the 

"mineralization &onf' i.e. just ahead of the mineralized matrix. The distribution of 

osteopontin and bone sialoprotein not only corresponds to the area of mineralization, 

but extends slightly ahead of that region, to the sites within the osteoid where the 

initial mineral foci might be expected (Roach, 1994). In mineralizing cell cultures, 

bone sialoprotein is associated both with hydroxyapatite and the collagenous matrix 

(satisfying the criteria fbr a potential crystal nucleator), whereas osteopontin is 

associated with hydroxyapatite only (Kasugi a/., 1991). Inhibiting the synthesis of 

osteopontin in rat cultures results in increased mineralization (Sodek a/., 1992), 

suggesting that osteopontin may prevent the premature precipitation of calcium 

phosphate crystals that do not have the well-coordinated structure of hydroxyapatite 

(Roach, 1994). Osteocalcin and osteonectin are always confined to the very centre of 

the mineralized core (Roach, 1994). Excessive mineralization of growth plates in rats 

treated with warfarin to inhibit osteocalcin synthesis, suggests that osteocalcin is 

required fbr regulating the quantity of mineral (Price and Williamson, 1981). In cell-

6ee in vitro systems, osteonectin inhibits de novo formation of apatite (Boskey, 1989) 
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and slows down crystal growth by blocking growth sites (Doi g/ a/., 1992). Therefore, 

osteonectin serves to slow down crystal growth and plays a role in regulating the size 

of hydroxy apatite crystals. 

6. //zorga/zfc ZMmera/ 

The hardness of bone depends upon the inorganic mineral salts. Calcium and 

phosphorus are the m^or inorganic minerals, although bicarbonate, citrate, 

magnesium, potassium and sodium are also found. Calcium and phosphorus form 

crystals of hydroxyapatite {Caio(P04)6(OH)2}, appearing as plates alongside the 

collagen fibrils. Significant quantities of amorphous calcium phosphate are also 

present. 

7.2^ Bowg cg/6 

а. 

Progenitor populations, derived 6om mesenchymal stem cells, which undergo mitosis 

and differentiate into osteoblasts. These are found in the inner periosteal layer, the 

endosteum and within canals in bone that contain blood vessels, where they are 

referred to as stromal osteoprogenitor cells. 

б. 

Osteoblasts synthesize organic bone matrix and are exclusively located adjoining the 

surfaces of bone tissue in a palisade that resembles simple epithelium. When they 

are actively engaged in matrix synthesis, osteoblasts have a cuboidal to columnar 

shape and a basophilic cytoplasm. During matrix synthesis, osteoblasts have the 

ultrastructure of cells actively synthesizing proteins for export. Osteoblasts are 

polarized cells and secretion of matrix components occurs at the cell surface in 

contact with older bone matrix, resulting in a layer of new (but not yet calciGed) 

matrix called osteoid. 
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Stages in the differentiation of mesenchymal stem cells along the osteogenic lineage 

(and resultant formation of mineralized bone matrix) are characterized by the 

temporal expression of specific osteogenic markers. Expression of these osteogenic 

markers is regulated in a defined manner along the differentiation route to a 

terminally differentiated osteoblast phenotype. Core-binding factor 1 ( c ^ / ) , an 

osteoblast-specific transcription factor, is the earhest and most specific marker of the 

osteogenic lineage (Ducy a/., 1997). During embryonic development, 

expression is initiated in a cell type that has characteristics of both, a future osteoblast 

and a chondrocyte, but later on its expression is restricted to osteoblast progenitors 

and differentiated osteoblasts (Karsenty, 2000). Binding sites for have been 

identified in the promoter regions of the genes for bone sialoprotein and osteocalcin, 

both of which are markers of terminally differentiated osteoblasts (Ducy e/ aZ. 1997). 

Alkaline phosphatase expression is high during early stages of osteogenic 

differentiation, the enzyme being synthesized by early osteoblasts together with the 

collagenous bone matrix, into which it is then extruded prior to matrix mineralization 

(Bernard, 1978; Bronckers ef a/., 1987; Strauss era/., 1990). Type I collagen is 

another marker which is upregulated during initial stages of osteoblast differentiation 

(Sandberg and Vuorio, 1987; Strauss a/., 1990). Non collagenous proteins like bone 

sialoprotein, osteonectin, osteopontin are secreted by more differentiated osteoblasts, 

while terminally differentiated osteoblasts secrete osteocalcin, the only known bone-

specific protein (Lian and Gundberg, 1988). 
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Figure 2. Osteoblasts 

c. Osteocytes 

Osteocytes are the most numerous of bone cells present in all living bones. Once 

embedded in the bone matrix, the osteoblast is referred to as an osteocyte. Osteoblasts 

have cytoplasmic processes that bring them into contact with neighbouring 

osteoblasts. These processes are more evident when the cell begins to surround itself 

with matrix and becomes an osteocyte. Lacunae and canaliculi appear because the 

matrix is formed around a cell and its cytoplasmic extensions. Osteocytes lie in 

lacunae situated between the lamellae of bone matrix, one osteocyte in each lacuna, 

and the canaliculi house cytoplasmic processes of the osteocytes. Processes of 

adjacent cells make contact via gap junctions, and molecules are passed via these 

projections from cell to cell. Some molecular exchange is believed to occur between 

osteocytes and blood vessels through the small amount of extracellular substance 

located between the osteocytes (and their processes) and the bone matrix. When 

compared with the osteoblasts, the flat, almond-shaped osteocytes exhibit a 

significantly reduced rough endoplasmic reticulum and Golgi complex, and a more 

condensed nuclear chromatin. Osteocytes serve as mechanoreceptors, the sensory 

22 



cells that detect changes in mechanical forces. These signals are then transmitted by 

osteocytes to the effector cells, the osteoblasts and osteoclasts, which form or take 

away the bone matrix depending upon the mechanical load. 

Figures. Osteocytes 

d. Bone lining cells 

Once active bone formation ceases at a particular site, osteoblasts flatten out and 

become bone lining cells, which cover all endosteal bone surfaces. Although 

relatively inactive, these cells have an important function in protecting bone surfaces 

from resorption. 

g. Offgoc/ayff 

Osteoclasts are large, motile, multinuclear cells that resorb mineralized bone matrix. 

These are specialized macrophage polykaryons, formed by the fusion of blood-

derived mononuclear progenitors of the monocyte/ macrophage family. Macrophage 

colony-stimulating factor (M-CSF) and receptor for activation of nuclear factor kappa 

B ligand (RANKL), two molecules expressed by osteoblasts are essential for 

osteoclastogenesis (Shalhoub et ah, 2000). In areas of bone undergoing resorption, 

osteoclasts are found to lie within enzymatically etched depressions in the matrix 
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known as Howship's lacunae. Osteoclasts usually have acidophilic cytoplasm, and 

active cells are with their bone matrix-facing surface folded into irregular, subdivided 

projections constituting a ruffled border. Surrounding the ruffled border is a 

cytoplasmic zone, the clear zone, devoid of organelles, yet rich in actin filaments 

(microfilaments). This zone is an adhesion site for the osteoclast to bone matrix and 

creates a microenvironment for bone resorption. Some rough endoplasmic reticulum, 

abundant mitochondria and a well-developed Golgi complex are found in addition to a 

great number of lysosomes within the cell. 

Figure 4. Osteoclasts 

1.2.4 Types of bone 

a. Compact bone 

Compact (dense/ lamellar) bone forms the external layer of all bones and the bulk of 

the diaphyses of long bones. Compact bone tissue provides protection and support, 

and helps long bones resist the stress of weight placed on them. Adult compact bone 

has a concentric-ring structure. Blood vessels, lymphatic vessels and nerves from the 

periosteum penetrate the compact bone through perforating canals called Volkmanns' 
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canals. There are central canals running longitudinally through the bone called 

Haversian canals, around which are concentric rings of hard, calciGed matrix or the 

concentric lamellae. Between the lamellae are small spaces called lacunae containing 

osteocytes. Radiating in all directions from the lacunae are tiny canals called 

canaliculi GUed with extracellular fluid and slender finger-like processes of the 

osteocytes. The canaliculi connect lacunae with one another and eventually with the 

central canals. As materials cannot difhise adequately through the calcified matrix, 

the branching canaliculi provide many routes for nutrients and oxygen to reach the 

osteocytes, and wastes to diffuse away. Osteocytes from neighbouring lacunae also 

form gap junctions with each other, facilitating movement of materials 6om cell to 

cell. Thus, there exists an intricate, miniature canal system throughout the bone. Each 

central canal, with its surrounding lamellae, lacunae, osteocytes and canaliculi, forms 

an osteon or Haversian system. Adult compact bone tissue is the only connective 

tissue which has a basic structural unit associated with it, the osteon. The areas 

between osteons contain interstitial lamellae. These also have osteocytes and 

canaliculi. Interstitial lamellae are fragments of older osteons, which have been 

partially destroyed during bone rebuilding or growth. Individual osteons are aligned 

parallel to the long axis of the diaphysis on a slightly spiral course. It is likely that the 

structure confers an evolutionary advantage. One hypothesis is that any microcracks 

will be deflected around the outer edge of the osteon, rather than propagating through 

the whole bone. 
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Figure 5. Structure of compact bone 
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b. Spongy bone 

Spongy (cancellous/ trabecular) bone consists of lamellae arranged in an irregular 

lattice-work of thin plates called trabeculae. The macroscopic spaces between the 

trabeculae of some bones are filled with red bone marrow. Within the trabeculae are 

osteocytes that lie in lacunae, with radiating canaliculi. Osteocytes in the trabeculae 

receive nourishment directly fi-om blood circulating through marrow cavities. Osteons 

are therefore not necessary in spongy bone as osteocytes are not deeply buried (as in 

compact bone) and have access to nutrients directly from blood. Spongy bone makes 

up most of the bone tissue of short, flat and irregularly shaped bones, and most of the 

epiphyses of long bones. 

Figure 6. Spongy bone 
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1.3 Cartilage 

Cartilage can be looked upon as a permeable, hydrated gel, the main function of 

which is to resist compression. Cartilage is particularly rich in extracellular matrix, 

which makes up almost 90% of the dry weight, while only 5% is constituted by 

chondrocytes or cartilage cells (Hardingham and Fosang, 1992). The cartilage matrix 

is primarily composed of proteoglycans, constituting around 60 % of the total matrix; 

while the remaining 40% is constituted by collagen. These macromolecules play an 

important role in the maintenance of a variety of functions including tissue strength, 

architecture and cell to cell interactions. Abnormal molecules in the cartilage matrix 

can compromise its fimctional integrity by disrupting the organized arrangement of 

chondrocytes (cartilage cells), their closely regulated proliferation and biosynthesis. 

Such abnormalities are called chondrodysplasias. 

The main structural component of the cartilage matrix is proteoglycan. Proteoglycans 

are proteins with one or more attached glycosaminoglycan side chains. The main 

proteoglycan is aggrecan, a macromolecule composed of approximately 90% 

chondroitin sulfate chains. Synthesis of aggrecan is a specific marker of the 

chondrocyte phenotype (Doege er aZ., 1990). Type n collagen is the most abundant of 

collagens, and since it is found almost exclusively in cartilage, it is a specific 

phenotype marker for chondrocytes (Dessau ef aA, 1980). Type X collagen has a 

restricted tissue distribution within the hypertrophic calcifying region of the cartilage, 

where it makes up 45% of total collagen (Leboy gf a/., 1989; Kirch and Von der 

Mark, 1992). It is proposed that type X collagen may have a role in regulating 

mineralization of hypertrophic cartilage. Another important matrix component is 

alkaline phosphatase, which is synthesized by hypertrophic chondrocytes and 

exported to the extracellular matrix, where the enzyme is associated with matrix 
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vesicles, the sites of initial calcification (Register a/., 1986; deBemard gf a/., 1986; 

Harrison ef a/., 1995). 

When bone tissue at the secondaiy ossification centre occupies the epiphysis, cartilage 

is restricted to two places: articular cartilage (at the end of the epiphysis where the 

bone forms an articulation/ joint with another bone) and the epiphyseal cartilage or 

epiphyseal growth plate, connecting the epiphysis to the diaphysis. The articular 

cartilage, which persists throughout adult hfe, does not contribute to bone formation. 

As the cartilage of the epiphyseal plate grows, it is continuously replaced by newly 

formed bone matrix. No further longitudinal growth of the bone takes place after 

growth of the epiphyseal plate ceases. 

Growth plate chondrocytes are organized into different zones, with each cell 

population being a part of a different maturation stage in the endochondral sequence 

(Brighton, 1978). 

Cells exist singly or in pairs separated by an abundant extracellular matrix. 

Chondrocytes in the germinal layer divide less frequently than the cells in the 

proliferative zone and are considered to be the stem cells or progenitors of epiphyseal 

chondrocytes (Kember, 1960; Ohlsson a/., 1992). However, Price gf a/. (1994) do 

not agree with the term 'germinal zone' to describe this region as the cells here do not 

transcribe type 11A collagen, the marker of pre-chondrocytic cells (Sandell gf a/., 

1991). These cells have already differentiated into chondrocytes i.e. this is not the 

germinal layer of "mother cartilage cells". The matrix consists of randomly oriented 

fibrils of type n collagen and proteoglycans. The type 11 collagen inhibits calcification 

and acts as a barrier to the advancing 6ont of the secondaiy ossification centre in the 
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epiphysis (Robertson, 1990). Since these cells have a high lipid and vacuole content, 

it has led to the suggestion that this zone functions for storage of nutrients (Brighton, 

1978). This is the zone with highest ratio of matrix volume to cell volume. 

6. f ro/z/emfzvg zo/ze 

The chondrocytes in the proliferative zone take on a flattened appearance and are 

organized in columns parallel to the longitudinal axis of the bone. The function of the 

proliferative zone is matrix production and cell division that results in longitudinal 

growth. Some believe that this zone is the true germinal layer of tbe growth plate, 

with actively dividing cells (Kember, 1978). Type H collagen synthesis and its mRNA 

expression increases in this zone, as does that of aggrecan (Kosher gf a/., 1986). The 

ratio of matrix volume to cell volume is lower in this zone as compared to the reserve 

zone. The type n collagen fibrils are longitudinally oriented and surround the columns 

of chondrocytes. 

c. zone/ AAiAvrf/zg 

The cell size abruptly increases in the upper hypertrophic zone and the columnar 

arrangement is less regular. Although, not proliferating, hypertrophic zone cells retain 

the full complement of cytoplasmic components, and light microscopy reveals 

increasing vacuolation of these cells. Hypertrophic chondrocytes are metabolically 

active cells, with overall matrix synthesis per cell increased approximately three-fold 

compared to the proliferative zone (Hunziker ef a/., 1987). The main matrix 

components synthesized are type II, type X collagen and a^ecan . 

This is the zone of terminal chondrocytes. The end of this zone is marked by the last 

intact transverse cartilage septum. Matrix calciGcation occurs in the longitudinal 

septae between the columns of chondrocytes, and this calciEed matrix becomes the 
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scaffolding for bone deposition in the metaphysis. The hypertrophic zone contains the 

highest levels of alkaline phosphatase, assisting in matrix calcification. The traditional 

view was that these cells were metabolically very inactive, and increasing vacuolation 

indicated death by hypoxia. However, these cells are clearly actively involved in 

synthesis of type X and type 11 collagen (Kirch and Von der Mark, 1992). This fully 

viable cell then dies by apoptosis, a distinct biological form of ceU death, lasting 

approximately 18% of the terminal chondrocyte's life span (Famum and Wilsman, 

1989). A detailed study of the ultrastructure of terminal chondrocytes suggests a 

different mechanism of programmed cell death in these cells, clearly distinct from 

classical apoptosis (Roach and Clarke, 2000). These condensed chondrocytes have a 

convoluted nucleus with patchy chromatin condensations, while the cytoplasm is dark 

with excessive amounts of endoplasmic reticulum. Such a terminal chondrocyte is 

termed as 'dark chondrocyte'. It is possible that conGnement of chondrocytes within 

their lacunae, which would prevent phagocytosis of apoptotic bodies, necessitates 

mechanisms of elimination different from classical apoptosis. 

At the vascular &ont, where the transition 6om cartilage to bone occurs, chondrocyte 

lysis is evident from the empty lacunae invaded by vascular endothelial loops. The 

struts of longitudinal calcified cartilaginous septa serve as scaffolding onto which the 

osteoblasts lay down bone. Metaphyseal bone formation is associated with type I 

procollagen mRNA expression in the empty lacunae and osteoid (Reichenberger gf 

a/., 1991), while types X and n collagen have restricted localization to the calcified 

cartilage trabecular remnants. Newly formed woven metaphyseal bone is gradually 

replaced by lamellar bone following osteoclastic degradation of bony matrix and 

chondroclastic removal of the remaining cartilage trabeculae. 
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Figure 7. Cellular organization of the mammalian growth plate (Courtesy of 

Dr. Toshimi Aizawa, Tohoku University, Sendai, Japan). Tibial growth plate from 

5-week-old rat, stained with H/E, exhibiting the various zones. Arrowheads indicate 

condensed chondrocytes in the hypertrophic zone. 
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1.4 Bone development 

Bone formation/ ossification can occur along two distinct pathways, endochondral 

ossification and intramembranous ossification. 

Endochondral ossification is principally responsible for the formation of short and 

long bones. This form of ossification utilizes a cartilaginous scaffold (such as the 

growth plate) and consists of two phases. The Grst phase involves hypertrophy and 

elimination, largely by apoptosis, of the growth plate chondrocytes/ cartilage cells, 

thereby leaving behind empty lacunae. During course of the second phase, blood 

capillaries penetrate the spaces left by the degenerating chondrocytes. Transverse 

cartilaginous septa, separating these empty lacunae, are then resorbed by the vascular 

mononuclear resorbing cells, leaving behind unresorbed longitudinal septa of calcified 

cartilage matrix. Osteoprogenitors/ osteoblasts, brought in by the invading blood 

vessels, deposit bone matrix onto the uniiesorbed longitudinal cartilaginous septa, 

which serve as templates/ supports for the beginning of ossiGcation. 

Intmmembranous ossification, the source of most flat bones, does not rely on a 

cartilaginous template. The mesenchymal progenitor cells differentiate directly into 

osteoblasts synthesizing the bone matrix. Mandibles, maxillae, parts of the occipital 

and temporal bones and the clavaiiae/ flat skull bones are formed by intramembranous 

ossification. This process also contributes to the growth of short bones and thickening 

of long bones. In the mesenchymal condensation layer, the starting point for 

ossification is called a primary ossification centre. The process begins when groups of 

cells difkrentiate into osteoblasts. New bone matrix is formed and calcification 
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follows, resulting in the encapsulation of some osteoblasts, which then become 

osteocytes. These islands of developing bone are known as spicules, ^ ^ c h arise 

almost simultaneously at the ossification centre and Aise to give the bone a spongy 

structure. Several ossification centres grow radially and Gnally fuse together, 

replacing the original connective tissue. The fbntanelles of new-bom infants are soft 

areas in the skull that correspond to parts of connective tissue not yet ossified. The 

portion of the connective tissue layer that does not undergo ossification gives rise to 

the endosteum and periosteum of intramembranous bone. 

Osteoclasts are attracted to mineralized surfaces that are not covered by bone lining 

cells. The resorption of bone by osteoclasts is initiated when these attach to the 

mineralized bone surface via the rufDed border, which by a tight sealing creates an 

area of low pH needed for dissolution of the mineral. Osteoclasts secrete acid 

phosphatase, collagenase and other proteolytic enzymes that attack bone matrix, 

liberate the calcified ground substance, and are actively engaged in elimination of 

debris formed during bone resorption. The role of tartrate-resistant acid phosphatase 

(TRAP) in osteoclastic bone resorption is well known (Zaidi gf a/., 1989). TRAP also 

plays a regulatory role in osteoclastic bone resorption, as it partially dephosphorylates 

bone matrix phosphoproteins like osteopontin and bone sialoprotein, which are then 

incapable of supporting osteoclast attachment to the bone surface (Ek-Rylander ef a/., 

1994). Cathepsin K is a lysosomal cysteine protease expressed selectively and at high 

levels in osteoclasts, with enzymatic properties suited for degrading type I collagen 

(Bossard gr aZ., 1999). Additional cysteine proteases, also active at low pH, are 

important for the digestion of non-collagenous proteins. Matrix metalloproteinases 
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exert their activity when the pH has increased slightly. Osteoclasts move along the 

bone, creating resorption pits until they are eliminated by apoptosis. 

^.^.3 Bowg rg/ModleZmg 

Bone remodeling is a dynamic physiological process that continues throughout life 

with losses from osteoclast resorption made good by osteoblast bone formation. The 

human skeleton is completely replaced by the remodeling process every 10 years. 

Remodehng of bone throughout life represents a m^or advantage for animals that 

have a long life-span, because 

1. it enables adaptation to changes in mechanical load 

2. it provides a mechanism to renew bone matrix continually and thus prevent or 

reduce 'bone fatigue' 

3. it permits shape of the bone to be maintained while it grows 

4. it plays a role in fracture healing 

Cellular mechanism of remodeling: 

1. Osteoclast precursors are attracted by chemotaxis to sites where osteoblasts or bone 

lining cells have moved away 6om the bone surface. The precursors fuse to 

become osteoclasts and attach to bone with their ruffled border. 

2. Osteoclasts proceed to lesorb packets of bone. After having received signals to 

cease resorption, osteoclasts undergo apoptosis and lift off. 

3. Osteoprogenitor cells are attracted to the site vacated by osteoclasts, differentiate 

into osteoblasts, which then start to synthesize new bone matrix. 

4. Normally, osteoblasts continue to lay down bone matrix until the resorption pit 

created by osteoclasts is filled in. 

5. Osteoblasts get embedded in the bone matrix synthesized by them and are referred 

to as osteocytes. 
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6. Bone lining cells cover the inactive bone surfaces, and those osteoblasts that did 

not become either osteocytes or bone lining cells, undergo apoptosis. 

Figure 8. The bone remodeling process 

Bone remodeling, under physiological conditions, is characterized by an equilibrium 

between osteoclast bone resorption and osteoblast bone formation. This balanced 

process is described as coupling (Frost, 1964), and it is the uncoupling of resorption 

from formation that leads to skeletal diseases like osteoporosis. The reduction in bone 

mass and deterioration in bone architecture after the age of 40, which is characteristic 

of osteoporosis, results in an increase in the fragility of bone and its susceptibility to 

fractures. The net loss of bone, characteristic of osteoporosis, is a consequence of 

either too much resorption by osteoclasts or too early apoptosis of osteoblasts. The 

most common cause of osteoporosis in women is the decrease in estrogen that 

accompanies menopause. Estrogen inhibits bone resorption by suppressing the 

production of cytokines that promote osteoclast differentiation. Thus, most successful 

therapies in the anti-osteoporosis regimen have targeted osteoclasts. A class of 
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compounds termed tisphosphonates' reduce bone resorption, lower bone turnover and 

restore the equilibrium between bone resorption and formation, by inhibiting 

osteoclast activity and compromising osteoclast survival. Alendronate, a nitrogen-

containing bisphosphonate, has been the drug of choice in the treatment of 

postmenopausal osteoporosis. However, there is a need for non-toxic anabolic agents, 

which will substantially increase bone formation in people who have already suffered 

significant bone loss. Although, results do looking promising with a class of 

compounds termed 'statins' (Mundy ef a/., 1999), there are no currently approved 

drugs that significantly augment bone mass due to their stimulatory effects on 

osteoblasts. In the search for anabohc agents that increase osteoblast activity, the 

present study examined the role of a novel peptide termed osteoblast-stimulating 

factor ! (OSF-1) 
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1.5 Osteoblast-stinmlating factor ! (OSF-1) 

An 18k-Da neurite outgrowth-promoting protein (pi 8), expression of which peaked in 

the brain tissue during the perinatal stage of rapid axon growth and synapse 

formation, was isolated from perinatal rat brain (Rauvala, 1989). Although the protein 

closely resembled fibroblast growth factors in its molecular mass and its high affinity 

to bind heparin, it was found to have a distinct structure and was shown to be 

immunochemically distinct from the basic fibroblast growth factor. Molecular cloning 

and sequencing of pi 8 confirmed that it had a novel sequence, and the protein was 

named "heparin-binding growth-associated molecule" (HB-GAM) due to its high 

affinity for binding heparin and its association with axon growth (Merenmies and 

Rauvala, 1990). 

Deuel and co-workers also isolated a 17k-Da heparin-binding growth factor (HBGF-

8) from bovine uterus, which was shown to be mitogenic for Gbroblastic cells 

(Milner, Deuel er aA, 1989). Cloning of this mitogenic protein revealed the same 

sequence as HB-GAM, thereby confirming that the two proteins were identical (Li, 

Deuel a/., 1990). The protein was also found to possess a neurite outgrowth activity 

and its expression was developmentally regulated. To reflect the diversity of its 

expression during early development, the protein was designated "pleiotrophin" 

(PTN) (Li, Deuel er a/., 1990). 

Attempts by Tezuka and co-workers, in the search for possible factors imphcated in 

the growth and differentiation of skeletal tissues, involved cloning cDNAs which 

were specifically expressed by osteoblasts (Tezuka a/., 1990). Using a differential 

hybridization screening technique between the mouse osteoblastic cell line, MC3T3-

E1 and fibroblastic cell line, NIH3T3, a new cDNA clone was reported. It encoded a 

lysine-rich basic protein termed "osteoblast-stimulating/ specific factor-1 (OSF-1)" 



and was expressed by osteoblastic, but not fibroblastic cells. Interestingly, OSF-1 had 

the same sequence as HB-GAM. 

Thus, it has now been accepted that heparin-binding growth-associated molecule, 

pleiotrophin and osteoblast-stimulating factor-1, are synonyms designating the same 

protein, which has also been referred to as heparin-binding neurotrophic factor 

(HBNF; Kovesdi et al., 1990), heparin affin regulatory peptide (HARP; Courty et al, 

1991) and heparin-binding neurite outgrowth promoting factor (HBNF; Kretschmer et 

aA,1991). 

1.5.1 Developmentally-regulated osf-1 gene expression 

The human osf-1 gene was identified on chromosome 7, band q33 (Li et al., 1992), 

while the mouse osf-1 was found to be located on chromosome 6 (Katoh et al., 1992). 

The human osf-1 gene was found to be expressed during mid to late gestation, highest 

levels being detected at birth in many tissues; while post-natal expression declined 

rapidly in many tissues, maximal expression was observed in adult brain (Kretschmer 

et al., 1991). A high-level expression of the osf-1 gene was detected by in situ 

hybridization in the spinal chord, brain, choroid plexus and bones of developing 

mouse embryos (Li et al., 1992). In adult mice, expression of the osf-1 gene was 

detected by Northern blotting analysis in calvarial osteoblasts and brain tissues, but 

not in thymus, spleen, kidney, lung, liver, testis or heart (Tezuka et al., 1990). On the 

other hand, expression of osf-1 mRNA in adult mice was shown to be ubiquitous, 

although maximal expression was observed in brain and bone tissues, such as the 

calvariae (Sato et al., 1997). 

Expression of the osfl gene was found to be regulated by two promoters in humans 

(Lai et al., 1992; Lai et al., 1995) and mice (Katoh et al., 1992), namely, the proximal 

(promoter I) and distal (promoter II) promoters. Sato and co-workers (Sato et al.. 

39 



1997) demonstrated that not only did the usage of promoter I predominate during 

embryonic development in mice, but it was also the predominant promoter regulating 

the expression of the gene in adult tissues. The usage of promoter II was found 

to be rare in murine development, and only a few tissues including brain (embryonic 

as well as adult) and calvariae (during early development - till 0.5 months of age and 

not later on) exhibited relatively high degree of expression of the promoter E-specific 

transcript. 

Human, bovine, rat, mouse and chick 0 ^ 7 which were cloned and sequenced 

(Li a/., 1990; Merenmies and Rauvala, 1990), encoded a 168-amino acid OSF-1 

protein (inclusive of a 32-amino acid signal recognition sequence). The signal 

recognition sequence was cleaved upon rapid secretion of the protein from cells 

(Raulo a/., 1992), yielding a 136 amino-acid mature OSF-1 protein. The protein 

was made up of abundant (24%) cationic residues, mainly lysine and cysteine 

residues, and Gve intra-chain disulphide bonds (Merenmies and Rauvala, 1990). 

A homology of more than 90% was reported among the OSF-1 amino acid sequences 

of human, bovine, rat, mouse and chick (Merenmies and Rauvala, 1990). This degree 

of sequence conservation for OSF-1 among species was found to be highest among 

any of the known cytokines (Deuel g/ a/., 2002). The OSF-1 sequence was clearly 

distinct 6om fibroblast growth factors, but it shared a 50 % homology with the 

sequences of the mouse midkine protein (MK) (Kadomatsu gf a/., 1988) and the MK-

type chicken protein, retinoic acid-induced heparin-binding protein (RIHB) (Vigny 

a/., 1989). Thus, OSF-1, MK and RIHB constitute a new family of secreted, heparin-

binding proteins, which are structurally unrelated to any other growth factor family. 
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Structural studies carried out using heteronuclear magnetic resonance spectroscopy 

(NMR), demonstrated that OSF-1 was made up of two heparin-binding P-sheet 

domains connected by a flexible linker (Kilpelainen aA, 2000). The two domains 

were relatively independent and ^ee to move with respect to each other, suggesting 

that the linker region between the domains was quite flexible. Three antiparallel |3-

strands constituted each domain. Search of sequence databases showed that the (3-

sheet domains of OSF-1 were homologous to the thrombospondin type I repeat (TSR) 

motif^ which was found to mediate cell surface binding in a number of extracellular 

matrix and cell surface proteins (Klar gf a/., 1992; Iwasaki ef a/., 1997). TSR repeats 

have been shown to bind heparin and heparan s u l f ^ (Guo ef a/., 1992), and the 

fmding that P-sheet domains of OSF-1 mediated heparin binding agreed with the view 

that these domains corresponded to the TSR sequence motifs. The main conserved 

features in TSR sequences were the cysteines, closely spaced tryptophans and a 

cluster of basic residues, which were also reflected in the P-sheet domains of OSF-1. 

The arrangement of intradomain cysteine bridges/ disulphide bonds in OSF-1 was 

consistent with that predicted for the TSR motif In addition to this domain structure, 

OSF-1 contained the N-terminal and C-terminal polylysine-type sequences that lacked 

a detectable structure and formed random coils. The polylysine tails did not display 

heparin-binding activity and remained unstructured. Thus, OSF-1 was composed of 

two TSR domains, connected by a short linker, and short N and C-terminal polylysine 

tails. 

41 



PLEiOTROPHIN AMINO ACID SEQUENCE 
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Figure 9. Amino acid sequence and schematic structure of OSF-1/Pleiotrophin 

(Adapted from Deuel et uL, 2001). The predicted amino acid sequence of human 

OSF-1 protein illustrating underlined sequences representing the thrombospondin 

type 1 repeat domains (A). Schematic structure of OSF-1 illustrating the signal 

recognition sequence, the two p-sheet structures with thrombospondin type I repeat 

domains and the lysine-rich N- and C-terminals, in reference to the amino acid 

sequence. 

1.5.3 Localization of the OSF-1 protein and its mRNA expression in bone and 

cartilage 

Relatively large amounts (3.5 mg protein/ kg wet weight of bone) of OSF-1 were 

isolated from bovine adult tibial bone (Zhou et al., 1992), indicating that OSF-1, like 

other bone growth factors, was stored in the bone matrix. On the other hand, almost 

15 mg OSF-1/ kg wet weight of cartilage was isolated from dissociative extracts of 
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