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ABSTRACT

The extracellular matrix of tissues is governed and maintained by cells and a number of 

associated proteins. The extracellular matrix of the skeleton is highly specialized, in 

that it is mineralized and contains matrix-specific proteins with unique functions. 

Recent advances in mineralized tissue research have identified novel functions for the 

extracellular matrix molecules; from mere structural components to regulators of tissue 

maintenance and endocrine homeostasis. Osteoblasts and odontoblasts, the mineral 

matrix-forming cells of the skeleton and teeth, differentiate from mesenchyme 

progenitors. In signaling of differentiation into mature cells, the main switch towards 

osteoblast and odontoblast differentiation and bone formation is achieved by the 

signaling of bone morphogenetic proteins. Inhibitory or stimulatory signaling by 

several factors result in the expression of proteins and factors which are necessary for 

the progression towards the mature cellular phenotype. Mature mineralized tissue 

producing cells secrete the collagen matrix which later becomes mineralized by 

hydroxyapatite. In addition, these cells also secrete the non-collagenous proteins of the 

mineralized tissue matrix that become incorporated into the matrix. The function of 

many of these proteins has been studied extensively and an understanding of their 

effect on matrix and cellular maintenance is now emerging. 

Two proteins that are produced and secreted by osteoblasts and/or odontoblasts were 

investigated within the scope for this thesis: osteoadherin and ADAMTS-1. With an 

emphasis on regulation and function, it was possible to determine that osteoadherin is 

upregulated by terminally differentiated osteoblast and that osteoadherin affects cellular 

migration, proliferation and differentiation. The regulation of osteoadherin by 

neurotrophins in both osteoblasts and dental pulp cells suggests that a complex 

signaling network occurs during the development of tissue maturation. ADAMTS-1 is a 

multifunctional enzyme with disintegrin, thrombospondin and metalloproteinase 

domains. It was determined that ADAMTS-1 is upregulated by parathyroid hormone 

and associates with collagen and degrades it, and further that the catalytically active 

enzyme promotes cellular colonization of the 3D environment.  

In summary, the work presented in this thesis provides novel understandings for the 

role of extracellular matrix proteins in determining the behavior of mineralized tissue 

cells. 
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1 INTRODUCTON 

1.1 MINERALIZED TISSUES 

The mineralized tissues comprise the axial and appendicular skeleton, which is mostly 

made of bone, but also the teeth [reviewed in (Marks and Odgren 2002)]. The skeleton 

provides structural support for muscle tissues enabling locomotion. But it also protects 

the soft tissues such as the brain, and serves as a reservoir for calcium. The teeth have 

the specialized function for masticating food stuff. 

Bone is a mineralized connective tissue deposited by the bone-forming osteoblasts, that 

secrete the collagenous, non-collagenous and mineral components that constitutes the 

tissue [reviewed in (Robey and Boskey 2006)]. Calcium, magnesium and phosphate 

ions chemically combine to form the mineral salt hydroxyapatite (HAP) embedded 

between the collagen fibers. The combination of collagen and mineral makes bone hard 

without being brittle [reviewed in (Seeman and Delmas 2006)]. The HAP constitutes 

about two-thirds of the bone dry weight. Of the remaining organic matrix, collagen type 

I is the major component (~90%) and the rest is comprised of non-collagenous proteins 

(NCP, ~10%) and cells. 

1.1.1 Bone 

Bones are classified as long or flat based on their gross appearance. Long bones are 

those found in the axial skeleton while flat bones include the scull bones, sternum, 

scapula and pelvis [reviewed in (Schenk et al. 1993; Karaplis 2002)]. All bone is 

characteristically comprised of a dense outer sheet of compact bone and a central 

medullar cavity filled with bone marrow. At the ends of long bone, the marrow cavity 

is interrupted by the trabecular bone which supports the outer cortical crust of compact 

bone. 

Typically, the long bone consists of the shaft, diaphysis, and epiphyses at the ends. The 

metaphyses link the diaphysis and epiphyses. Longitudinal bone growth occurs at the 

interphase between the metaphyses and diaphysis in the growth plate, where cartilage 

and chondrocytes are replaced by osteoblasts and bone. 
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Microscopically, the compact bone 

consists of repeated units called 

Haversian systems, or osteons, 

oriented in parallel to the long axis of 

the bone [reviewed in (Einhorn 

1996)]. Each osteon is organized in 

concentric lamellae around a central 

canal lined with a single layer of 

bone cells that covers the bone 

surface. Interstitial lamellae fill the 

spaces between the concentric 

lamellae. The central canals are 

interconnected by Volkmann canals 

creating a network containing blood 

vessels and nerves within the bone. 

An osteogenic connective tissue 

membrane, periosteum, surrounds all 

compact bone. This membrane is 

divided into two layers, with the 

innermost layer containing bone 

precursor cells and a rich vascular 

supply and the outermost being more 

fibrous. All internal surfaces of bone 

are covered by a single layer of bone 

cells called endosteum, which 

separates the bone from the bone 

marrow. 

Figure 1 Overview of the human adult skeleton 



  3 

1.1.1.1 Bone development 

There are three mechanisms through which bone forms: 1) Endochondral, which takes 

place when cartilage is replaced by bone, typically in the longitudinal growth of long 

bones. 2) Intramembraneous, which occurs in condensating mesenchyme, typically in 

the flat bones of the skull. 3) Sutural, which is the special case of bone formation along 

sutural margins. The field has been extensively reviewed [see for instance (Karaplis 

2002; Marks and Odgren 2002)].  

Figure 2 Endochondral bone formation 

During endochondral bone formation, mesenchymal cells first aggregate to define the 

shape and location of the future skeletal elements. The cells of the mesenchyme 

condensate then differentiate into chondrocytes to form a template for future bone 

formation. During the growth of the long bones, hypertrophic chondrocytes direct the 

mineralization by secreting a matrix that becomes mineralized and attracts blood 

vessels by secreting vascular endothelial growth factor (Gerber et al. 1999). The 

marrow cavity is established by the ingrowths of blood vessels and the bone becomes 

polarized with the epiphyses at both ends bordered by the growth plates. Following the 

induction of blood vessels, the periosteum becomes mineralized by intramembraneous 
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bone formation to form the bone collar. Longitudinal growth is achieved by 

proliferation of chondrocytes towards the epiphyses. Hypertrophic chondrocytes and 

mineralized cartilage are continuously replaced with bone formed by osteoblasts 

migrating through blood vessels in the vascular invasion zone (Chung et al. 2001). In 

the epiphyses, which at the early stages are comprised of the mesenchymal 

condensation, a secondary ossification zone forms as blood vessels are attracted with 

the subsequent recruitment of osteoblasts. 

The secreted growth factor Indian hedgehog (Ihh) seems essential in the formation of 

an organized growth plate by regulating chondrocyte differentiation and initiation of 

endochondral bone formation by activation of osteoblasts, but also in the patterning of 

limbs in the developing vertebrate skeleton [reviewed in (Kronenberg 2003)]. Although 

Ihh signaling is essential for developmental patterning and differentiation of osteoblasts 

during endochondral bone formation, Ihh knockout mice show undisturbed 

intramembraneous bone formation and ossification of the cranium (St-Jacques et al.

1999). 

Intramembraneous bone formation occurs by ossification directly within the connective 

tissue [reviewed in (Olsen 2006)]. Increased vascularisation at the sites of condensed 

mesenchyme is accompanied by osteoblast differentiation and de novo synthesis of 

bone matrix (Zelzer et al. 2002). The process is initiated at simultaneous sites within 

each bone of the cranial vault, maxilla and mandible. Bone formation progresses 

rapidly and the individual segments fuse to form crude structures, albeit after 

polarization and the establishment of the marrow cavity, proper structures form. While 

the endosteum essentially becomes a resorbing surface, the periosteum forms most of 

the new bone. The initiation of bone formation without the cartilage precursor is 

Figure 3 

Intramembraneous bone 

formation 
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achieved by the signaling of bone morphogenetic proteins (BMPs) expressed by head 

epidermis that instructs cells to become osteoblasts directly by the upregulation of runt-

related transcription factor-2 (Runx-2) (Ducy et al. 1997). 

1.1.1.2 Bone cells 

Osteoblasts have since long been recognized as the cells responsible for the synthesis of 

bone tissue. They differentiate from mesenchymal stem cells, which also can give rise 

to adipocytes, myoblasts and chondroblasts [reviewed in (Deans and Moseley 2000)]. 

At sites of bone formation, preosteoblasts are recruited and differentiate into osteoblasts 

[reviewed in (Aubin 2001)], where they form a cellular layer. The tight layer achieved 

by junctions between the osteoblasts creates a compartment towards which cellular 

protein trafficking is directed and subsequently secreted. The osteoblasts secrete 

collagen and NCPs necessary for bone synthesis [reviewed in, (Nanci 1999)]. Such 

proteins include proteoglycans, Gla proteins, sialoproteins, phosphoproteins and matrix 

metalloproteinases (MMPs). Alkaline phosphatase (ALP), a cytochemical marker 

which distinguishes osteoblasts from fibroblasts, is expressed at the cell surface and 

facilitates the release of inorganic phosphates required for HAP crystal formation.  

As the bone is laid down, residual osteoblasts at the bone surface become flattened, 

low-activity lining cells that covers a thin layer of unmineralized collagen matrix. They 

control the flux of ions to and from the bone, and participate in general maintenance. 

They also have a role in the initiation of resorption by enzymatic removal of the 

collagen by secretion of collagenases which enables osteoclasts to bind the bone 

surface [reviewed in (Blair et al. 2002)]. 

During the formation of bone, osteoblasts become trapped inside the matrix and mature 

into osteocytes in lacunae of the bone matrix. They form an extensive network through 

canaliculi, long channels into which osteocytic processes extend and connect to other 

osteocytic processes by gap junctions [reviewed in (Aarden et al. 1994; Nijweide et al.

2002)]. Osteocytes are mechanosensory, as well as being able to detect microfractures 

in the bone structure. They regulate bone turnover process by communicating with 

other osteocytes and lining cells. In the mature osteocytes, the ALP expression declines 

(Stein and Lian 1993) and dentin matrix protein-1 (DMP-1) expression is initiated 

(Kalajzic et al. 2004) as the osteocytes become resting, non-secreting cells. 
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Osteoclasts are multinucleated cells of the hematopoietic lineage which resorb bone. 

They are formed by cellular fusion of circulating monocytes as they become attached to 

the exposed bone surface [reviewed in (Chambers 2000)]. In order for osteoclasts to 

mature, they are dependent on the signaling of macrophage-colony stimulating factor 

(M-CSF) and receptor activator of nuclear factor- B (RANK) ligand (RANKL). M-

CSF is secreted from osteoblasts (Felix et al. 1989) whereas RANKL is expressed at 

the osteoblast cell-surface (Udagawa et al. 1999). A physical contact between 

osteoblasts and immature osteoclasts is thus required for complete formation of 

functional osteoclasts (Fuller and Chambers 1989). As osteoclasts attach to the bone 

surface, a sealing zone isolating the resorption area result from v 3 integrin binding to 

exposed arginine-glycine-aspartate (RGD) motifs of incorporated bone matrix proteins 

and the formation of an actin cytoskeleton attachment ring [reviewed in (Dresner-

Pollak and Rosenblatt 1994)]. Inside this isolated compartment, called Howship’s 

lacunae, osteoclasts form the ruffled border which is typically characteristic of actively 

resorbing osteoclasts. Osteoclasts secrete protons and degrading enzymes, such as 

cathepsin K and MMPs, which resorb the bone and form the resorption pit. 

1.1.1.3 Osteoblast differentiation from mesenchymal stem cells 

Bone marrow stroma contains a self-renewing population of cells with the capability to 

differentiate into several different lineages [(Friedenstein et al. 1976), see also reviews 

by (Aubin 2001; Chamberlain et al. 2007)]. These cells are called mesenchymal stem 

cells based on their mesoderm origin in germ layer patterning. Mesenchymal stem cells 

can be isolated and expanded in vitro, and subsequently differentiated when stimulated 

with the appropriate constituents. In addition to osteoblasts, it is possible to obtain 

adipocytes, chondrocytes and myoblasts by such stimulation. Osteogenic differentiation 

in vitro can be achieved by culturing confluent monolayers in the presence of -

glycerophosphate and ascorbic acid (Bellows et al. 1986). 

Through the differentiation process, the cells pass through several morphologically and 

functionally distinct developmental stages, which can be summarized into 1) 

proliferating, 2) extracellular matrix (ECM) secreting and 3) mineralizing cells [see 

(Aubin 2001)]. During these events, differentiating osteoblast are subjected to several 

different growth factors, the most important being BMPs. Other major growth factors 

in osteoblast differentiation are fibroblast growth factor (FGF), insulin-like growth 
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factor (IGF) and transforming growth factor- s (TGF- s). The specific roles of these 

factors will be discussed in more detail later in this thesis. 

Figure 4 Transcription factors that promote ( ) or inhibit ( ) the progression of osteoblast differentiation, 

as well as stage marker proteins expressed by the cells.  

The process by which mesenchymal stem cells differentiate into osteoblasts is initiated 

by the upregulation of the transcription factor Runx-2 (Ducy et al. 1997). Activation of 

Runx-2 is proposed to be initiated by transcriptional co-activator with PDZ-binding 

motif (TAZ) which is expressed in bi-potent mesenchymal stem cells, and the 

inhibition of the adipocyte inducing transcription factor peroxisome proliferator-

activated receptor  (PPAR ) (David et al. 2007). Runx-2 is essential for this 

maturation, and gene knockout in mouse results in complete absence of the mineralized 

skeleton and osteoblasts [reviewed in (Aubin 2001)]. Osterix (Osx) is the downstream 

target of Runx-2 and is also essentially required for osteoblast differentiation and the 

formation of the ossified skeleton (Nakashima et al. 2002). As the cells proceeds 

through osteoblast differentiation, transcription factors that are not absolutely required 

for the progression further along the osteoblast lineage are upregulated [reviewed in 

(Aubin 2001; Katagiri and Takahashi 2002)]. These include Msx-2, Dlx-5, and the 

activator protein complex-1 (AP-1) family of transcription factors. At specific stages 

of differentiation, certain expressed proteins are used as phenotypical markers for the 

progression. For instance, committed osteoblasts are recognized by the onset of ALP 

expression. The next stage, pre-osteoblasts, is recognized by the upregulation of bone 

sialoprotein (BSP) and parathyroid hormone/parathyroid hormone related protein 
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(PTH/PTHrP) receptor (PTH-R), and the increase in collagen I expression. Finally, 

mature osteoblasts are recognized by their expression of osteoadherin (OSAD) and 

osteocalcin (OC).  

Since mesenchymal stem cells are easily expanded in culture, readily differentiate and 

also seem to possess an immunosuppressive ability [reviewed by (Le Blanc 2003)], 

these cells have become attractive in clinical cell transplantation applications. Infusion 

of mesenchymal stem cells have been used to reduce graft-versus-host disease 

(Ringden et al. 2006), and successful use of mesenchymal stem cell transplantation has 

been performed to treat skin wounds (Yoshikawa et al. 2008), improving the status of 

myocardial infarction patients (Chen et al. 2004; Mohyeddin-Bonab et al. 2007), and 

treatment of osteogenesis imperfecta (Horwitz et al. 1999). 

1.1.1.3.1 Transcription factors

In any cell, the ultimate effector of signaling is a transcription factor, which associates 

with regulatory elements of the genes in chromosomes [see for example, review by 

(Franceschi and Xiao 2003), and for further reading (Whitmarsh and Davis 2000)]. 

Transcription factors act by either stimulating or inhibiting the recruitment of 

ribonucleic acid (RNA) polymerases or inhibiting the proper association of the same. 

Transcription factors may also bend the deoxyribonucleic acid (DNA) structure to bring 

distant regulatory elements into proximity which may enhance or inhibit the further 

progression of gene transcription. Transcription factors may also alter the packaging 

status of the DNA and unwind its coiled structure, thus making the genetic template 

further accessible for other factors. The net effects of transcription factor actions are 

never easily predicted and depend on numerous circumstances, like positioning of the 

transcription factor binding site relative to the transcription start site. Both the distance 

and whether the transcription factor binding site is positioned on the forward or lagging 

strand is of great matter in gene regulation. In addition, whether the transcription factor 

binding site is positioned in the minor or major groove of the helical structure 

determines the efficacy of its regulatory purpose. In gene regulation, several 

transcription factors simultaneously confer regulation; some are constitutive, cell- or 

tissue specific. Most important are the regulated transcription factors which determine 

the cellular phenotype and function at any given time. Cellular regulation and the sheer 

number of transcription factors are too complex to be described in detail within this 

thesis, but classical entities such as AP-1, homeodomain (HD), activating transcription 



  9 

factor (ATF) and CCAAT enhancer binding protein (C/EBP) are crucial components 

for osteoblast development [reviewed in (Lian et al. 2006)] 

In osteoblasts, especially two transcription factors play an essential role in tissue 

development, Runx-2 and Osx. Genetic knockout of both these genes results in loss of 

mineralized skeleton. Knockout of Runx-2 resulted in a complete loss of osteoblasts 

and mice pups died shortly after birth. Runx-2 induces the transcription of most of the 

osteoblast-specific genes, including Osx which act downstream of Runx-2. 

Runx-2 promotes osteoblastogenesis from the mesenchymal stem cell after induction 

by BMP-2 by suppressing the adipogenic, chondrogenic and myogenic differentiation 

through inhibition of the respective transcription factors PPAR , Sox-9 and MyoD 

[reviewed in  (Lian et al. 2006; Komori 2008)]. Runx-2 regulates several genes in 

osteoblast differentiation, such as collagen I, osteopontin (OPN), BSP, fibronectin 

(FN), OC, MMP-13 and Osteoprotegerin (OPG) (Ducy et al. 1997; Harada et al. 1999; 

Jimenez et al. 1999; Lee et al. 2000; Thirunavukkarasu et al. 2000; Kern et al. 2001). 

During the later stages of osteoblast differentiation, Runx-2 expression levels are 

reduced, and only participate in maintaining the expression levels of proteins as 

regulated by other transcription factors. Runx-2 expression is induced by TGF- 1,

BMP-2, PTH and estrogen, which highlights its role in mediating bone formation in 

response to bone resorption and recruitment of osteoprogenitors. It does seem however, 

that the main responsibility of Runx-2 lies in osteoblast commitment, since later stages 

in differentiation is inhibited by Runx-2 signaling as evidenced by experiments with 

Runx-2 being expressed under the control of the Col1a1 promoter (Liu et al. 2001). 

This is however overcome by the Runx-2-mediated upregulation of Osx 

Osx is a zinc-finger transcription factor of the Sp family upregulated by Runx-2 in 

preosteoblasts and its expression is required for the proper terminal differentiation of 

osteoblasts (Nakashima et al. 2002; Nishio et al. 2006). Osx induces the expression of 

bone matrix specific genes such as BSP and collagen as well as Dlx5 which inhibits the 

inhibitory effects of Runx-2 in osteoblast terminal differentiation (Kurata et al. 2007; 

Wu et al. 2007).  
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1.1.1.4 Bone remodeling 

Bone is a dynamic tissue under constant remodeling by the actions of bone producing 

osteoblasts and bone degrading osteoclasts. The process by which the amount of bone 

remains constant in the adult body is termed coupling and is dependent on the 

communication between osteoblasts and osteoclasts but also through the signaling of 

systemic factors. Imbalances in this system can have serious consequences with 

osteopenia or osteopetrosis as a result [for reviews on osteoclasts and remodeling, see 

(Takahashi et al. 2002; Väänänen and Zhao 2002; Nakamura et al. 2007)]. 

Figure 5 Osteoclast resorption and activation via an interaction with osteoblasts. 

The remodeling cycle is divided into four distinct events; 1) osteoclastic bone 

resorption, 2) osteoclast release and cleaning of the resorption pit, 3) osteoblast 

recruitment and osteoid formation and 4) mineralization of the osteoid. One essential 

system of direct communication is the OPG/RANK/RANKL system (Lacey et al.

1998; Nakagawa et al. 1998; Yasuda et al. 1999). Osteoblasts express RANKL on their 

surface, which upon binding to RANK expressed on the surface of osteoclasts causes 
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differentiation and activation of the mature osteoclast. Conversely, the expression of 

OPG which is a decoy for RANK inhibits this formation and prevents bone from being 

degraded by osteoclasts.  

Osteoblast to osteoclast cross-talk is mainly accomplished by signaling through growth 

factors, including interleukin-1, estrogen, tumor necrosis factor- , TGF- , PTH and 

vitamin D. For example, TGF-  incorporated into the bone matrix in its inactive form 

(latency associated peptide, LAP/TGF- 1 complex) by osteoblasts is released by 

osteoclasts, and activated by the acidic environment (Oreffo et al. 1989). TGF-

decreases RANKL expression, increases OPG expression and attracts chemotaxic 

migration and proliferation of preosteoblasts, ultimately promoting new bone formation 

(Lerner 1996; Dallas et al. 2002). 

1.1.2 Teeth 

Teeth are the specialized part of the skeleton specially designed for crude shearing of 

food stuff. The morphology of the teeth reflects the diet of the animal; herbivores have 

many molars required for grinding of the hard to digest plant matter, while carnivores 

have canines to hold prey and shear meat, and omnivores have a mixture of both. 

Mammals are generally diphyodont, meaning they develop two set of teeth. The first 

set of teeth, deciduous teeth, are formed at the embryonic stage of life, but erupts in 

human infants at about the age of 6-30 months and are replaced by permanent teeth as 

they approach puberty in a process called exfoliation. 

Anatomically, the tooth is separated into the crown and root. The crown is exposed in 

the oral cavity and is covered by the enamel, while the root is embedded into and firmly 

attached to the bone of the jaw and skull by a layer of cementum and the periodontal 

ligament. Dentine composes most of the tooth both in the crown and the root; the core 

of the tooth is the dental pulp, which is composed of soft connective tissue, cells, blood 

vessels and neurons. 

Enamel is acellular and devoid of collagen, but rich in HAP (~85%) thus making it 

more brittle than bone or dentine, yet hard and relatively resistant to decay [reviewed in 

(Hu et al. 2007)]. Instead of collagen, enamel contains amelogenins and enamelins 

acting as framework for HAP formation.  
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Dentine is the substance between enamel or cementum, and the dental pulp [reviewed 

in (Marshall et al. 1997). It supports the enamel of the crown. Dentine consists of ~70% 

HAP, 20% collagenous and NCPs and 10% water. The odontoblasts that are 

responsible for dentine formation and maintenance are found at the border of the 

dentine and dental pulp.  

Cementum serves as an attachment medium for the root to the periodontal ligament 

[reviewed in (Grzesik and Narayanan 2002)]. It consists of ~45% HAP, 33% 

collagenous and NCPs and 22% water. Cementum is the softest of the mineralized 

tissues due to its low HAP content. Two-thirds of the cementum is acellular, in the 

region closest to the cemento-enamel junction, while the softer and more permeable 

cellular cementum covers the last third towards the root apex. 

1.1.2.1 Tooth cells 

There are essentially three cell types responsible for tooth formation and maintenance; 

ameloblasts which generate enamel, odontoblasts which generate dentine and 

cementoblasts, which generate the cementum. 

The cells of the tooth have different origins. Odontoblasts are derived from the neural 

crest cells of the neuroectoderm, which during embryonic development migrate and 

differentiate into ectomesenchyme under the influence of BMP, fibroblast growth 

factor (FGF) and Wnt signaling [reviewed in (Cobourne M. T. 2006)]. Apart from 

odontoblasts, these cells also give rise to the bones of the scull, cartilage and nerves, 

among others. Ameloblasts differentiate from the ectoderm epithelium, induced by the 

signaling from the ectomesenchyme cells of the dental papilla. The origin of 

cementoblasts is unclear [reviewed in (Hammarstrom et al. 1996)], but circumstantial 

evidence point towards an induction by epithelial cells or a component thereof to 

induce differentiation of dental follicle to cementoblasts.  

1.1.2.2 Tooth development 

During tooth development, the stages after initiation are divided into the bud stage, cap 

stage and bell stage, based on their morphological appearance. Tooth development 

starts with the aggregation of ectomesenchyme cells as signaled by the epithelium 

[reviewed in (Thesleff and Sharpe 1997)]. Polarity is achieved by interaction between 
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BMP-4 (Vainio et al. 1993), which is expressed distally and FGF-8 (Kettunen and 

Thesleff 1998), which is expressed proximally, giving rise to molars and incisors. In the 

bud stage, the induction of the transcription factor Pax-9 by FGF-8 progresses tooth 

morphogenesis. The space between the teeth is achieved by inhibition of Pax-9 by 

BMP-4.  

Figure 6 Tooth development 

Further condensation of the ectomesenchyme cells in the cap stage results in the 

formation of the dental papilla. At this stage, the epithelia no longer possesses any 

odontogenic potential, and subsequently the expression of BMP-4 has shifted from the 

epithelia to the ectomesenchyme. In addition, FGF-3, BMP-3, hepatocyte growth factor 

(HGF), and Activin are expressed to further progress the differentiation of tooth 

structures, including most importantly the enamel knot which forms in the epithelium. 

The enamel knot secretes BMPs, FGF-4 and Sonic hedgehog (Shh) and directs the cusp 

morphogenesis (Jernvall et al. 1994). The ectomesenchyme cells now start to 

differentiate into odontoblasts, accompanied by the upregulation of Tenascin and ALP. 

In the late bell stage, the enamel knot disappears by apoptosis triggered by autokrine 

BMP-4 signaling, and the emergence of differentiated odontoblasts is marked by the 

secretion of osteonectin (ON) and collagen I. 

After complete tooth formation, the tooth erupts. Tooth eruption is achieved by a series 

of events involving resorption of the bone, in which the tooth has formed, and 

breakdown of the mucosal connective tissue. A canal forms through the epithelium, 

allowing crown eruption without hemorrhage. 

As the tooth develops, it becomes innervated and vascularised. In the adult structure, 

the pulp is highly vascularised and sensitive. Increased density of vascular supply and 
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the presence of nerve terminals seem to define the position of initial ectomesenchyme 

condensation. Innervation of the pulp coincides with the mineralization of dentine, and 

completes as the tooth erupts. The presence of vasculature and nerves thus seem to 

induce the tooth formation, and factors secreted from nerves also seem important for 

the progression of tooth development [Paper II, (Mizuno et al. 2007)]. The opposite 

may also be true as factors secreted from the pulp or odontoblasts may promote its 

innervation (Lillesaar et al. 1999) 

1.1.2.3 Stem cells in teeth 

Although teeth are not remodeled like bone, there exist odontoblast precursors in the 

tooth pulp which can differentiate into mineralizing cells in response to damage 

[reviewed in (Sloan and Smith 2007)]. It has been reported that pulp cells extracted 

from third molars can be used for tissue engineering of bone (d'Aquino et al. 2008) and 

teeth (Prescott et al. 2008). The cells can be expanded in vitro and possess stem cell 

properties with continued self-renewal and the ability to differentiate into several tissue 

types. 
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1.2 REGULATORS OF BONE METABOLISM 

In the simplest model, calcium homeostasis and bone metabolism is managed through 

the PTH/calcitonin system, which regulates the rate of bone resorption and bone 

formation [reviewed in (Raisz 1981)]. PTH released from the parathyroid gland 

increases serum calcium by increasing the resorption rate by osteoclasts, while 

calcitonin released from the thyroid mobilizes calcium to the skeleton. In reality, 

however, the regulatory processes are the result of complex interactions, involving 

different systemic and local hormones, cytokines and growth factors interacting with 

distinct cell-surface receptors, which lead to mobilization or upregulation of 

transcription factors. 

1.2.1 Hormones, cytokines and their receptors 

1.2.1.1 Parathyroid Hormone and its related protein 

PTH increases osteoclastic resorption of bone by mobilizing immature osteoclasts in an 

osteoblast-dependent manner [reviewed in (Canalis et al. 1991; Matsuzaki et al. 1999)], 

when stimulated for extended time periods by upregulating RANKL. [(Martin et al.

2006), reviewed in (Boyce et al. 2003)]. Mature osteoclasts do not express the 

PTH/PTHrP receptor, but it is found in the precursor population (Kanatani et al. 1998). 

The mechanism in PTH calcium mobilization thus seems to be a dual mechanism by 

which initially osteoblasts are triggered to synthesize bone, and later to mobilize 

osteoclast precursors to differentiate and subsequently release calcium through 

resorption. PTH is a systemic hormone, and as such it affects target cells by its 

receptor, PTH-R, inducing different responses in various tissues and cell types. In 

osteoblasts, PTH increases the expression of IGF, which promotes progenitor cell 

proliferation and in the mature cells increases collagen synthesis and prevents 

apoptosis. 

A structurally similar protein with affinity for the same receptor is PTHrP [reviewed in 

(Karaplis 2001; Kronenberg 2006)]. It is expressed by osteoblasts and exerts paracrine 

signaling to both chondroblasts and osteoblasts during the developmental stages of 
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bone formation. Furthermore, it is induced by Ihh signaling. In many aspects, PTHrP 

regulate osteoblast function in a similar manner as PTH 

1.2.1.2 Insulin-like Growth Factor  

IGFs exist in two isoforms, IGF I and II and both stimulate preosteoblast cell 

proliferation and collagen production (McCarthy et al. 1989). Its expression is induced 

by PTH and it acts in many instances as a mediator of PTH signaling. IGF I, acting 

through its receptor IGF1R, also play a central role in postnatal growth independent 

of PTH. Signaling through the IGF1R tyrosine kinase receptor not only promotes cell 

proliferation, but also mediates anti-apoptotic actions (Baserga et al. 1997; Nakae et 

al. 2001), enhancing differentiation and promotes the production of osteoblastic 

matrix production [reviewed in (Canalis 1993)]. IGF1R is responsive to both IGF and 

insulin and when the receptor was knocked out specifically from osteoblasts, bone 

formation was significantly impaired (Zhang et al. 2002). IGF1R interacts with 

insulin receptor and inhibits its signaling, as shown by increased insulin sensitivity 

when IGF1R was deleted from osteoblasts in culture (Fulzele et al. 2007) 

1.2.1.3 Transforming Growth Factor  family 

BMPs and TGF-  [reviewed in (Cao and Chen 2005; Janssens et al. 2005)] belong to 

the same family of cytokines and are essential molecules for bone development. TGF-

1 is the founder of the family of TGF-  with three closely related mammalian 

isoforms, TGF- 1, - 2, and - 3, that arose by duplication of a common ancestor. 

Similarity between them is most striking at the C-terminal domain with nine 

conserved cysteine residues forming four intrachain and one interchain disulfide 

bond. Despite this high sequence homology, analysis of the in vivo functions of the 

three isoforms by gene knockouts revealed striking differences, illustrating their 

nonredundancy. Overall, TGF- 1 is the most abundant isoform with the largest 

sources of TGF- 1 coming from platelets and bone.  

The osteogenic potential of BMP-2 is particularly essential for bone development 

[reviewed in (Wozney 1998)], as seen with the development of ectopic mineralization 

when injected intramuscularly. Mineralization of periost follows BMP-2 treatment 

without the formation of a cartilage phase (Chen et al. 1997). BMP-2 not only induces 

bone formation, but also activates osteoclasts and induces transcription of cathepsin K 
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(Kaneko et al. 2000). TGF- 1 regulation of osteoclast activation is more complex, 

seemingly by modulating various steps in the cascade of osteoclast development, 

recruitment and activation with stimulatory effects on mature osteoclasts, but inhibitory 

effects on the recruitment of progenitors (Dieudonne et al. 1991).  

TGF-  family cytokines signal through their receptors, TGF-  receptor (T R) I-III, that 

exist on the cell surface as homodimers [reviewed in (Janssens et al. 2005)]. Upon 

ligand binding of T R II, T R I associates and a heterotetrameric complex is formed. 

The T R III participates in stabilizing and presenting the ligand to the receptor. T R II 

is a serine/threonine kinase receptor which upon tetramerization activates the T R I 

by phosphorylation. The complex activates either the smad pathway or the mitogen-

activated protein kinase (MAPK) pathway with subsequent nuclear translocation of 

R-smads, co-smads and AP-1 transcriptional regulators. 

1.2.1.4 Fibroblast Growth Factor 

Two forms of FGF found in bone are the acidic and basic FGFs [reviewed in (Canalis

et al. 1991)]. basic FGF (bFGF or FGF-2) especially regulate the expression of several 

ECM molecules, and is very important for preosteoblast expansion. FGF binds to 

heparin and is stored in the ECM. Upon its release in response to injury or resorption, 

FGFs can bind its receptor, FGFR, which is a tyrosine kinase, and induces intrinsic 

tyrosine phosphorylation and activation of signal transduction pathways such as Raf, 

MAPK, extracellular signal-regulated kinases (ERKs), src, phospholipase C  (PLC ), 

and protein kinase C (PKC), among other signaling pathways [reviewed in (Marie et 

al. 2002)]. The intracellular signaling mediated by FGF/FGFR leads to activation of 

genes involved in cell proliferation, migration, differentiation and survival. 

1.2.1.5 Estrogen

Estrogen has since long been used treat or prevent bone loss in post-menopausal 

women. Estrogen exerts its function by  inhibiting osteoclast function and increasing 

osteoblast proliferation [reviewed in (Tobias and Compston 1999)]. The role of the 

estrogen receptors (ER) subtypes  or  seem to be gender-related (Sims et al. 2002). 

Only ER  regulates bone turnover in male mice, while in female mice both receptor 

subtypes participates in this process. 
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1.2.1.6 Neurotrophins 

Although neurotrophins are not classically associated with bone metabolism, they serve 

an important function in bone and tooth development [reviewed in (Mitsiadis and 

Luukko 1995; Kjaer 1998)]. Treatment of cultured osteoblastic or dental pulp cells with 

neurotrophins results in the development of mature cellular phenotypes, with 

upregulation of tissue-specific differentiation markers [Paper II, (Yada et al. 1994; 

Mizuno et al. 2007)]. Also, there seems to be a profound effect of neurotrophins in 

fracture healing (Asaumi et al. 2000). Neurotrophins do not appear to be involved in 

the maintenance of mineralized tissues, but rather to influence the developmental stages 

of tissue development. Neurotrophins are however secreted from mature cells, and the 

autokrine/paracrine signaling of nerve growth factor (NGF) prevents apoptosis of 

mature osteoblasts (Mogi et al. 2000).  

Other factors that influence bone metabolism also include interleukins, glucocorticoids, 

growth hormone (GH) and androgens. 
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1.3 EXTRACELLULAR MATRIX  

The ECM of mineralized tissues is mainly composed of collagen. The collagen serves 

as a structural support for the HAP, but also gives flexibility to the structure. In addition 

to collagen, there also exist NCPs, which may or may not be structural components. 

There are also cytokines, hormones and growth factors entrapped in the matrix. which 

affect cellular behavior upon their release. 

1.3.1 Connective tissue proteins in mineralized tissues 

1.3.1.1 Collagen

Collagen is the major protein constituent of bone, comprising ~90% of the matrix 

organic compartment [reviewed in (Burgeson and Nimni 1992)]. There are 28 

subclasses of collagen (collagen I-XXVIII), with collagen I being the most 

predominant not only in bone, but also throughout the human body (Di Lullo et al.

2002). Collagen I is found also in scar tissue, tendons, skin, artery walls, the 

endomysium of myofibrils and fibrocartilage. Collagens II and IX-XI are found in 

cartilage. Diseases associated with improper collagen synthesis or assembly are for 

example osteogenesis imperfecta (Barsh et al. 1982), which results in bone brittleness 

due to low bone elasticity, and scurvy (Chojkier et al. 1983), that develops from 

improper collagen formation due to the lack of ascorbic acid as a cofactor. 

Autoimmune diseases where immune cells attack and degrade collagen include Lupus 

erythematosus and rheumatoid arthritis (Al-Hadithy et al. 1982). 

Collagen is a fibrillar protein organized as a right-handed tri-helix of polypeptides 

(Ramachandran and Kartha 1954). For collagen I, the most predominant variant, two 

pro-peptides of type I 1 combine with one type I 2, rendering the type I procollagen. 

Following enzymatic processing, most typically the hydroxylation of proline into 

hydroxyproline by prolyl hydroxylase, these procollagen fragments polymerize into 

tropocollagen with the aid of the enzyme procollagen peptidase outside of the cells, and 

arrange themselves into thin fibrils that crosslink into fibers [reviewed in (Kielty and 

Grant 2002)]. The amino acid sequence of collagen is typically organized into triplets 
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of glycine-proline-X or glycine-X-hydroxyproline. Glycine is a critical component of 

collagen because of its small side-chain; a single hydrogen atom. The helical structure 

of collagen puts glycine in the interior of its axis, while the side-chains of proline and 

hydroxyproline are directed outwards. Proline and hydroxyproline thermally stabilizes 

the fibrillar structure.  

Figure 7 Structure of collagen I and collagen peptide. Notice the left-handed turn of the amino-acids 

(usually triplets of Gly-Pro-Y or Gly-X-Hyp) in the peptide sequence. The right-handed polypeptide 

helices (procollagen) organize into triple helices prior to exocytosis. 

The mature collagen is deposited between cells and interacts with cells through 

collagen binding proteins such as FN, which bridges collagen with integrins [reviewed 

in (Uitto and Larjava 1991)]. In bone, collagen is laid down in parallel arrays, with 

small gaps between the tropocollagen units that serve as sites for HAP crystal 

deposition and further crystallization. 
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1.3.1.2 Collagen turnover 

Collagen turnover in bone is mainly achieved by the degrading activity of osteoclasts. 

After the bone has been decalcified by the released protons, a large array of proteinases 

released by the osteoclast degrades the organic constituents of the remaining matrix 

[reviewed in (Delaisse et al. 2003)]. The most important proteinase from osteoclasts is 

Cathepsin K, a cysteine proteinase, with collagen I and II as its main substrate. 

Cathepsin K cleaves the native triple helix of collagen at multiple sites (Garnero et al.

1998), unlike the unspecific proteinases (including Cathepsin L, B and S) which cleave 

collagen only at the telopeptides or the interstitial proteinases (such as several MMPs) 

that cleave collagen at a single site between amino acids 775-776 in the triple helix. 

Due to the presence of the many cleavage sites for collagen by Cathepsin K, fragments 

of multiple sizes are released upon degradation. After Cathepsin K cleavage of the 

collagen helix, it unwinds and becomes available for any gelatinolytic proteinase. 

There appears to be site-specific differences in the repertoire of secreted proteinases. 

For instance, while long bone osteoclast remodeling is highly dependent on Cathepsin 

K, calvarial bone remodeling by osteoclasts makes use of other, hitherto unidentified, 

members of the cysteine proteinases as well as a more extensive collagen degradation 

by MMPs than the long bone osteoclasts (Everts et al. 2006). 

In the collagen processing events, it is not just osteoclasts that participate in the 

secretion of degrading enzymes, but osteoblasts also participate as they populate the 

resorbed areas left by the osteoclasts. Interestingly, osteoblasts secrete Cathepsin K, 

and osteoblast-derived Cathepsin K may serve a purpose in bone maintenance of 

exposed or improperly folded collagen (Mandelin et al. 2006). Osteoblasts cover the 

surface of bone trabeculae and may locally reduce pH, allowing for optimized 

conditions for collagen processing. Osteoblasts otherwise secrete a rich array of 

proteinases active at neutral pH that participate not only in collagen processing, but also 

in post-translational modifications of the secreted NCPs [reviewed in (Einhorn and 

Majeska 1991)].  

Perhaps the most important collagenolytic activity by osteoblasts is the breakdown of 

the unmineralized osteoid, which allows for osteoclast attachment to the exposed bone 

surface [reviewed in (Delaisse et al. 2003)]. This collagen breakdown is mainly 

accomplished by the release of MMPs, which are secreted as catalytically inactive 
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propeptides. A conserved cysteine in the prodomain interacts with the catalytically 

important zinc ion of the catalytic core. Cleavage of this prodomain by other 

proteinases exposes the catalytic cavity of the proteinase. Extensive screening 

demonstrated the expression pattern of MMPs in dental tissues (Palosaari et al. 2003) 

and cartilage (Kevorkian et al. 2004). To date, 28 members of this family have been 

described, but only four mouse models have so far been demonstrated to affect the 

skeletal system. The MMP-3 knockout exhibits normal collagen-induced arthritis 

development (Mudgett et al. 1998); the MMP-9 knockout mice present with delayed 

endochondral bone formation and defective osteoclast recruitment (Vu et al. 1998; 

Engsig et al. 2000); MMP-13 is described to be important in bone metabolism and bone 

homeostasis [reviewed in (Leeman et al. 2002)]; and MMP-14 knockout mouse have 

inadequate collagen turnover, coupled with severe bone abnormalities, such as 

impaired endochondral ossification (Zhou et al. 2000).  

1.3.1.3 A Disintegrin And Metalloproteinase with ThromboSpondin repeats-1  

Another group of proteinases are the ADAMTS protein family [reviewed in (Tang and 

Hong 1999)]. Currently, there are 19 members of this family with described functions 

in several tissues. These functions include collagen processing, cleavage of matrix 

proteoglycans, inhibition of angiogenesis and functions in blood coagulation 

homoeostasis [reviewed in (Porter et al. 2005; Flannery 2006)]. 

The name, A Disintegrin And Metalloproteinase with Thrombospondin repeats, 

describes the functional domains of the protein with homology to the functional 

sequences in the respective protein families: disintegrins disrupt cellular matrix 

attachment by interfering with integrins (Kini and Evans 1992); metalloproteinase 

domain allows for enzymatic processing (Kuno et al. 1999); thrombospondins 1 and 2 

are multifunctional ECM proteins, with roles in cell adhesion, motility and growth 

(Tang and Hong 1999); thrompospondin-1 binds to and activates TGF-  (Crawford et 

al. 1998). The founding member of the family is ADAMTS-1 and was cloned as an 

inflammatory response gene (Kuno et al. 1997).  
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Figure 8 Structural motifs and their sizes by amino acid number in ADAMTS-1 (accession no Q9UHI8, 

US National Library of Medicine). Zinc ion-binding aminoacids in the catalytic core and N-linked 

glycosylation sites are shown. The thick arrow indicates cleavage site to produce the mature, active 

peptide. 

In addition to the autocatalytic properties of the enzyme, which is required for its 

activation, collagenolytic activity of ADAMTS-1 was shown in gelatin zymogram 

assays (Lind et al. 2006), which stresses its function in the processing of already 

unwound collagen. ADAMTS-1 is expressed by osteoblasts and is strongly upregulated 

by the resorption inducer PTH (Paper III), which highlights a role for ADAMTS-1 in 

collagen processing in relation to remodeling. Furthermore, the collagen degrading 

properties of ADAMTS-1 in combination with its autocatalytic abilities seem to 

influence the behavior of osteoblasts in their population of exposed demineralized 

compartments of bone 

.

Figure 9 Predicted 3D structure of the 

ADAMTS-1 catalytic domain [SWISS-MODEL, 

(Guex and Peitsch 1997; Schwede et al. 2003; 

Arnold et al. 2006)] 
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1.3.2 Mineralized tissue matrix proteins 

Apart from the main constituent collagen, mineralized tissues also contain a large 

subset of NCPs. A major group of NCPs in bone and dentine are proteoglycans, a group 

of proteins with the common feature of being post-translationally modified to carry 

carbohydrate side chains, glycosaminoglycans, to the core protein (reviewed in (Iozzo 

and Murdoch 1996)]. The composition of these glycosaminoglycans vary, but seven 

major groups are identified; chondroitin sulphates, dermatan sulphate, keratan sulphate 

I and II, heparan sulphate, heparin and hyaluronan [reviewed in (Hardingham and 

Fosang 1992)]. Hyaluronan separates from the other glycosaminoglycans by not being 

covalently linked to the core peptide of proteoglycans, but rather acting as a scaffold for 

attaching several proteins through non-covalent interactions into macromolecules 

(Hardingham 1979).  

In skeletal tissues, several proteoglycans and glycoproteins are found, including 

members of the small leucine-rich proteoglycans (SLRPs) [reviewed in (Hocking et al.

1998)] and small integrin-binding ligand, N-linked glycoproteins (SIBLING) [reviewed 

in (Qin et al. 2004)] families. Examples of such small, secreted matrix proteins that are 

expressed at high levels in mineralized tissues, but are also expressed in non-skeletal 

tissues are decorin (DCN), lumican and fibronectin.  

Other proteins that can be found in bone are serum proteins brought to the mineralizing 

bone through the circulation and include albumin (Okamura 1983), 2HS-glycoprotein 

(Leaver et al. 1977) and prothrombin (Lecrone et al. 2000). In this thesis, I will address 

the NCPs with specific functions in mineralized tissues, and with respect to their 

functionality in bone and tooth. 

1.3.2.1 Small Integrin-Binding Ligand, N-linked Glycoproteins 

SIBLINGs are small, secreted proteins with the common feature of binding integrins 

through a conserved RGD amino-acid motif, which mediates attachment and signaling 

between the matrix and the cells [reviewed in (Qin et al. 2004)]. SIBLING proteins are 

principally found in bone and dentin, in which they all go through the same extensive 

post-translational modifications before they are secreted into the ECM at time of 

formation and mineralization of these tissues. The post-translational modifications of 

these proteins include phosphorylation, glycosylation, proteolytic processing, 
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sulphation and transglutaminase cross-linking. This protein family includes OPN, BSP, 

dentin matrix protein-1 (DMP-1), matrix extracellular phosphoglycoprotein (MEPE) 

and dentin sialophosphoprotein (DSPP) which is cleaved into dentin sialoprotein 

(DSP), dentin phosphoprotein (DPP) and dentin glycoprotein (DGP). 

Functionally, SIBLINGS associate with numerous proteins, which is possible because 

of its flexible structure (Fisher et al. 2001). By binding to Factor H, SIBLINGs 

protect cells from lysis (Jain et al. 2002), and by associating with proMMPs, 

SIBLINGs confer a conformational change in the MMPs, allowing for their activation 

by proteolytic cleavage (Fedarko et al. 2004). These features may facilitate the 

migration and survival of osteoprogenitors (Karadag and Fisher 2006), but has also 

been connected with the development of several cancers (Karadag and Fisher 2006). 

OPN, although expressed in a variety of tissues, is found in large quantities in bone. 

The name OPN reflects its potential in bridging HAP to cells through its RGD and 

polyaspartic acid motifs (Oldberg et al. 1986). There is no clear phenotype in OPN 

knockout mice, but the collective evidence point to an inhibition of mineralization by 

increasing osteoclast function (Rittling et al. 1998; Boskey et al. 2002). 

BSP is principally expressed by mineralizing tissues (Oldberg et al. 1986; Bianco et 

al. 1991). No distinct function has been ascribed for BSP in bone, but it was long 

proposed as a nucleator of HAP crystallization as well as an inhibitor, directing 

further crystal formation (Hunter and Goldberg 1993; Hunter and Goldberg 1994). 

Emerging evidence also suggests that BSP expression signals osteoblast maturation, 

as demonstrated in an overexpression system (Gordon et al. 2007), but no clear 

phenotype has been ascribed to any knockout model of BSP. 

DMP-1 was characterized from rat odontoblast complementary DNA (cDNA), but its 

expression has also been confirmed in bone (George et al. 1993; Kalajzic et al. 2004). 

Overexpression of DMP-1 in a mouse cell line produced larger nodules and showed 

an earlier onset of mineralization (Narayanan et al. 2001). The knockout model 

results in normal mice at birth, but delayed mineralization of the osteoid (Ye et al.

2005). 

DSPP is the precursor protein for DSP, DPP and DGP. DSP and DPP were 

independently identified as ECM proteins of dentin (Veis and Perry 1967; Butler et 

al. 1992). The two proteins result from the single proprotein by proteolytic 
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processing, and their expression is essential for proper dentin formation, as Dspp

genetic mutations lead to improper dentin mineralization in both mice and humans 

(Xiao et al. 2001; Sreenath et al. 2003). Lately, DGP was identified as a product of 

DSP processing (Yamakoshi et al. 2005; Yamakoshi et al. 2006) 

1.3.2.2 -carboxyglutamic acid rich proteins 

Two proteins, rich in -carboxyglutamic (Gla) residues are expressed and secreted from 

osteoblasts and odontoblasts; OC and matrix Gla protein (MGP) [reviewed in 

(Hauschka 1986; Hauschka et al. 1989)]. Both contain the vitamin K-dependent 

calcium-binding amino acid Gla (hence OCs other name; bone Gla protein), as a result 

of glutamic acid residue post-translational modifications. Unlike OC, MGP is also 

expressed in other tissues such as kidney, lung, heart, cartilage and muscle cells (Fraser 

and Price 1988). OC is strictly expressed by osteoblasts and odontoblasts. OC is 

traditionally considered as the most reliable marker of osteoblast terminal 

differentiation, only appearing in matrix-secreting osteoblasts. 

OC is a secreted protein, and is used to clinically trace bone metabolism disorders by 

measuring serum OC or OC derivatives secreted with urine [reviewed in (Camozzi et 

al. 2007)]. Although a significant proportion of OC is entrapped into the matrix, and 

gene knockout-mice produce bones with an increased thickness of the diaphyseal width 

over time (Ducy et al. 1996), no direct function for OC has been demonstrated for bone 

or osteoblasts. OC has on the other hand been shown to regulate energy metabolism by 

increasing pancreatic -cell proliferation, insulin and adiponectin secretion (Lee et al.

2007), prompting the skeleton as an endocrine organ regulating energy metabolism. 

1.3.2.3 Small Leucine-Rich Proteoglycans  

Characteristic of SLRPs is the repeated 20-30 amino acid motif rich in hydrophobic 

residues and leucine; the leucine rich repeats (LRR) which organize into a horseshoe 

shape consisting of several -strand-turn- -helices [for review, see (McEwan et al.

2006)]. The horseshoe structure is believed to interact or bind other proteins at the 

solvent exposed concave surface of the LRR. Flanking the core LRR motifs are 

cysteine-rich capping regions. As the name indicates, they are small with a core protein 

mass of 30-60 kDa. After translation, they are post-translationally modified to carry 

glycosaminoglycan side chains of chondroitin/dermatan (mineralized tissues and soft 
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tissues respectively), heparan or keratan sulphate type. The SLRP family consists so-

far, of 15 described members, of which several are expressed in mineralized tissues. 

Several SLRPs associate with collagen and are generally regarded to participate in 

collagen fibrillogenesis and the binding of growth factors has been demonstrated for 

TGF- 1 [reviewed in (Hocking et al. 1998; Kresse and Schonherr 2001)].  

SLRPs are subdivided into three main classes: I-III. Class I consists of DCN, biglycan 

(BGN) and asporin. Class II consists of the five members keratokan, PRELP, OSAD, 

lumican and fibromodulin. Class III consists of opticin, epiphycan and osteoglycin 

(OGN). Chondroadherin and podocan constitute the sole members of the sometimes 

referred to classes IV and V. The division into classes is based on the internal spacing 

of the four cysteine residues at the N-terminal. Irrespective of the spacing, the 

cysteines constitute a capping motif that form a disulphide knot between the first 

LRR repeat (LRR-I) and a -hairpin. Another unique feature of SLRPs is the ear-

repeats of the C-terminal [(Scott et al. 2004), reviewed in (McEwan et al. 2006)]. The 

next to last LRRs in classes I, II and III SLRPs are longer than the other LRRs, 

typically containing 30 or more amino acids. These have an atypical sequence with a 

conserved cysteine residue about 10 residues after the asparagine in the 

LxxLxLxxNxL signature motif. This cysteine is predicted to form a disulphide bond 

with another conserved cysteine on the convex side of the C-terminal LRR. Ear-

repeats do, however, vary in length and in sequence. Those in class I and III SLRPs 

are 30 residues long, whereas those in class II range from 31 residues in 

fibromodulin, OSAD and lumican to the distinctly “long ears” of keratocan (38 

residues) and PRELP (39 residues). 

1.3.2.4 Function and regulation of Small Leucine-Rich Proteoglycans 

The most studied member of the SLRP family is DCN, since it is expressed in a 

multitude of high order matrix tissues, although DCN knockout mice do not produce a 

bone phenotype, but rather skin-related disorders (Danielson et al. 1997). BGN 

knockout produces the most severe bone phenotype (Xu et al. 1998), and the BGN 

phenotype was further increased in a double knockout of BGN and DCN (Corsi et al.

2002), which may demonstrate an example of functional redundancy between ECM 

molecules.  
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Apart from the apparent collagen modulating properties of SLRPs [reviewed in 

(Ameye and Young 2002)], they participate in several regulatory events of cellular 

behavior such as proliferation and differentiation [reviewed in (Kresse and Schonherr 

2001)]. SLRPs have been reported to bind growth factors by interaction via the core 

sequence. Dependent on the location and type of cells, the effect on cellular behavior 

can be either stimulatory or inhibitory through mechanisms that allow for 1) enhanced 

ligand-binding to its receptor, 2) increasing or decreasing receptor activation, 3) 

sequestering of the growth factor, 4) stabilization and storage of the growth factor in the 

matrix, and 5) direct signaling through receptors. Instances where these have been 

demonstrated include DCN and its affinity for TGF-  cytokines, which have been the 

most intensely studied, as seen for example in CHO cells which displayed inhibited 

proliferation due to the inactivation of the growth factor (Yamaguchi et al. 1990). 

The importance of SLRPs in mineralized tissue biology is apparent, not only by the fact 

that they were first isolated from bone (Fisher et al. 1983). Twelve of the SLRPs 

contain the homeobox (HOX)-Runx module in their genomic regulatory elements 

(Tasheva et al. 2004). HOX modules are essential for coordinated development (Lewis 

1978), and Runx-2 is essential for osteoblast differentiation (Ducy et al. 1997). 

1.3.2.5 Osteoadherin 

The only mineralized tissue-specific SLRP is OSAD, which has only been localized to 

bone and dentine (Wendel et al. 1998; Shen et al. 1999; Buchaille et al. 2000). Upon its 

expression, OSAD is secreted into the matrix of forming mineralized tissues at the time 

of osteoblast commitment with peak expression levels at the time of osteoid formation 

in patterns that resembles that of the SIBLING family member BSP [Paper IV, 

(Ramstad et al. 2003; Couble et al. 2004)]. Due to its restriction to mineralized tissues 

and its specific upregulation by mature cells, it is a reliable marker for osteoblast 

terminal differentiation. OSAD is a SLRP of class II, with keratan sulphate 

glycosaminoglycans attached to the core protein, which is dominated by the central 

LRR flanked by the cystein-rich regions.  

Different from the other members of the SLRPs, OSAD contain the novel feature of 

two central cysteines on LRR groups five and six, and an extended C-terminal of 60 

amino acid residues, containing 60% acidic aspartate and glutamate residues 

(Sommarin et al. 1998). What these differences mean in terms of protein folding and 
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functionality is yet to be deduced, but the acidic C-terminal probably allows for affinity 

to HAP. In addition, OSAD has affinity for integrin v 3, which is mediated through a 

non-consensus arginine-isoleucine-aspartate (RID) sequence in the last LRR. 

Therefore, OSAD has traditionally been proposed as a bridging molecule between the 

mineralized matrix and cells, perhaps allowing for attachment to prospective migrating 

preosteoblasts into newly forming areas of bone. 

SLRPs are generally considered to be modulators of cellular behavior (Kresse and 

Schonherr 2001) and OSAD seem to be no exception. Overexpression of OSAD results 

in reduced proliferation and migration (Paper IV) in similarity to DCN (Koninger et al.

2004; Seidler et al. 2006), and it cannot be ruled out that OSAD could interact with 

cell-surface receptors. Overexpression of OSAD resulted in enhanced maturation of 

osteoblasts cultured in osteogenic conditions and possibly this is a function of a general 

progression of the mature phenotype of the cells, since this was also accompanied with 

an upregulation of OC and OGN (Paper IV).  

Figure 10 Organization of domains in the OSAD peptide. The open arch structure of the LRR motif is 

based on the crystal structure of DCN (Scott et al. 2004). Adapted from Rachael Sugars’ doctoral thesis, 

with permission. 

OSAD is regulated by growth factors and cytokines in a manner that suggests that it is 

only expressed by mature cells, or advances the mature phenotype of the cells. For 

instance, the two TGF-  family cytokines BMP-2 and TGF- 1 differentially regulates 

OSAD expression (Paper I). BMP-2 upregulates OSAD while TGF- 1 downregulates 
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OSAD, which is also the case with FGF-2 (unpublished data), which reflects the 

osteogenic potential of BMP-2 and the inhibitory signaling by TGF- 1 [reviewed in 

(Janssens et al. 2005)] as well as FGF-2 (Mansukhani et al. 2000; Mansukhani et al.

2005) in terminal differentiation.  
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2 PRESENT INVESTIGATION 

2.1 AIM OF STUDIES 

The overall aim of the work conducted in this thesis was to shed light on the regulation 

and function of selected components of the mineralized tissue ECM. Two components 

with distinct functional compartments were chosen: 1) OSAD, which is a secreted and 

integrated component of the mature ECM, and 2) ADAMTS-1, which is a secreted 

enzyme with modulatory functions of the ECM. 

Both OSAD and ADAMTS-1 were proteins with uncharacterized functions in the bone 

ECM. Although some speculation on their function had previously been proposed, the 

work conducted herein was specifically aimed at clarifying: 

1. Which factors regulate their expression? 

2. In what context do these factors influence the expression pattern of these 

proteins? 

3. What is the functional impact of the expression of these proteins in the 

expressing cells, i. e. osteoblasts and pulp odontoblasts? 
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2.2 METHODOLOGY 

To explore the functional properties of the ECM proteins, a molecular approach was 

selected, including cloning of genetic material, analysis of gene transcription, and 

translated protein product levels. As a model, I have used osteoblast cells of different 

origin. The MC3T3E1 immortalized mouse calvariae osteoblast cell line was most 

frequently used, mainly for their ease of use and high reproducibility of the 

experiments. The mouse MC3T3E1 cells or human SaOS-2 cells were mostly used to 

test the initial hypothesis, but the results were also corroborated in primary cultures of 

osteoblast cells collected from mouse calvariae or human bone. Dental pulp cells were 

collected from human adult third molars. 

In the first two studies, regulation of gene expression by growth factors established a 

pattern of regulation for the ECM protein, OSAD which had not previously been 

determined. Results from in silico analysis of the promoter sequence were the basis for 

selection of growth factors in studies I and II. The data from the promoter analysis 

revealed a high incidence of transcription factor binding sites associated with TGF- 1

and BMP-2 signaling, but also an unusually high occurrence of neuronal-related 

transcription factor binding sites, which prompted the study of the regulation of NCPs 

by neurotrophins. 

The last two studies address the functional influence of two ECM molecules with 

distinct functions. In both cases, an approach to stably genetically modify the cells to 

overexpress the proteins of interest was chosen. In the case of OSAD, it was necessary 

to also include inhibition of gene transcription. As transfection had been used for the 

overexpression of OSAD, transfection with a small inhibitory-RNA expressing plasmid 

was preferred over genetic knockout, as the cells would then become somewhat 

comparable. For the study of ADAMTS-1, the model cells SaOS-2 did not 

endogenously express the enzyme. As a control for gain-of-function, a cell clone was 

thus created, which overexpressed the non-functional enzyme. 
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2.2.1 In silico analysis 

The mouse OSAD promoter sequence was aligned with both human and rat sequences, 

which results in more reliable predictions of conserved transcription factor binding 

sites. Two regions of the promoter with high homology between species were retrieved 

(not accounting for the first exon and intron sequences); one in the proximal promoter 

region and one in the enhancer region 1,000 base-pairs (bp) from the transcription start 

site. Since no major differences in transcriptional activity could be observed between 

the 800 bp promoter described in Paper I and the larger promoter fragments 

(unpublished data), the proximal promoter region was chosen for further in-depth 

studies. 

2.2.2 Cloning techniques 

For studies I, III and IV cloning of genetic material was a necessary prerequisite. For 

study I, the genetic template was a bacterial artificial chromosome, containing the 

genomic sequence of mouse chromosome 13, including the OSAD promoter. The 

promoter fragments were isolated by polymerase chain reaction (PCR), taking extra 

care using proof-reading polymerases, since fidelity of the sequence was essential. In 

study III, a point-mutation was inserted into the sequence of a pre-existing ADAMTS-1 

containing expression plasmid, which rendered the expressed enzyme catalytically 

inactive. Both sequences were subcloned into a common expression plasmid. In paper 

IV, mouse RNA was reverse transcribed into cDNA and the OSAD sequence was 

acquired by PCR isolation with a proof-reading polymerase. The primers were 

designed to acquire as much as possible of the transcribed sequence, leaving out only 

the first exon and half of the second exon, but allowing for the endogenous 

polyadenylation signal to be incorporated into the sequence. Additionally, the 

endogenous cytomegalovirus (CMV) promoter of the expression vector was replaced 

with a human Ubiquitin C promoter, since CMV has been reported to be downregulated 

in mature mesenchymal cells (Kumar et al. 2005).  

There are basically three ways of introducing genetic materials into cells in culture; 1) 

Chemical transfection, in which DNA is complexed with lipids that allow for 

penetration of the cell surface membrane. The DNA accumulates in the cytoplasm and 

can enter the nucleus during mitosis as the nuclear membrane dissociates. 2) 
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Electroporation, in which DNA is allowed to enter the cells in pores, which form in the 

cell membrane when treated with a mild current. There are different techniques for 

electroporation, in which the nucleofection method allows for DNA to be transferred 

across the intact nuclear membrane. 3) Virus vector transfection, or transduction, in 

which the genetic material is incorporated into the viral “chromosome” inside the viral 

particle. Genes are introduced to the cells via the virus particle’s normal infectious 

route. Apart from retroviral vectors, stable genomic incorporation relies on random 

homologous recombination during the mitotic cycle and subsequent selection by using 

an appropriate toxic compound to which the resistance gene has been cotransfected 

with the gene of interest. Viral transduction is probably the method of choice for 

genetically modifying primary cells with limited proliferative capacity, while chemical 

transfection or electroporation are sufficient, and most cost-efficient, for transformed or 

immortalized cell lines. 

2.2.3 Promoter activity 

For studying promoter activity and transcription factor binding site when using only 

fragments of the promoter region, it is necessary to introduce a reporter gene that is 

affected by the promoter upon stimulus. There is a definitive advantage in using 

transiently introduced constructs, as the results are not confounded by cis-acting 

elements or gene silencing by methylation or chromatin remodeling which is dependent 

on the metabolic state of the cells. The luciferase reporter gene method was selected, in 

which the promoter sequence of interest is cloned upstream of the luciferase encoding 

gene. This method is advantageous because it is easily quantifiable over a broad range 

of activation, as well as being simple and straight-forward. Luciferase emits 

light/photons when adenosine tri-phosphate (ATP) is consumed, and this light is then 

detected in a linear proportion to the amount of luciferase protein which reflects the 

transcriptional activity of the promoter. -galactosidase is another often used reporter, 

but in my study it was used as an internal standard.  

Other methods in detecting the association of transcription factors to binding sites 

include the electric mobility shift assay  and chromatin immunoprecipitation [updated 

methods are described in (Nelson et al. 2006; Hellman and Fried 2007)]. 
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2.2.4 Gene expression 

Gene expression can be easily measured by converting the messengers of genetic 

information, mRNA, into complementary DNA, cDNA. This is achieved by reverse 

transcription of RNA using the retrovirus derivative enzyme Reverse transcriptase. By 

regular PCR, a routine technique by today’s standards, expression levels of mRNA can 

be semi-quantitatively detected when separated on agarose gel and stained with 

ethidium bromide, or other DNA-interacting compounds. However, detection and 

measurement of subtle – yet important – differences in gene expression called for new 

techniques of detection. The development of real-time quantitative PCR (RT-qPCR) 

has opened up the field of RNA detection. Gene expression analysis by RT-qPCR was 

used in studies I, II and IV to determine the effects of genetic regulation of select genes 

by several different compounds and circumstances. 

2.2.5 Protein detection 

Protein expression is the ultimate consequence of gene expression. Proteins act as 

effectors of genetic regulation. Since protein expression is regulated at several levels 

post-transcriptionally by microRNAs, mRNA stability, peptide modifications etc., the 

protein levels might not necessarily reflect transcriptional activity or mRNA levels. 

Protein detection in my studies was carried out either by Western blot detection or 

immunocytochemistry. In both cases, protein detection is achieved by hybridizing the 

immobilized proteins with specific antibodies directly or indirectly conjugated with a 

reporter molecule. By no means are these techniques quantitative, but rather qualitative. 

However, under optimized and certain conditions the Western blot technique may be 

somewhat semiquantitative although the actual levels of detected signals are only linear 

and measurable under a narrow window of intensity. Also, transferred proteins must 

not become saturated at the membrane. For quantification of protein levels a more 

reliable method would be the enzyme-linked immunosorbent assay (ELISA). This 

technique was however not used in my studies, since it was sufficient to determine 

whether protein expression was up- or downregulated. 
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2.2.6 Cellular behavior 

Cellular behavior was examined by different approaches. The easiest, and which gives 

the most straight-forward answers to cellular status, are proliferation, migration and 

differentiation. There are several methods to monitor cell proliferation ranging from 

counting the cells in haemacytometer to labeling the cells and measure signal 

intensity/absorption. I chose the MTT [3-(4,5-Dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide] assay because of its reliability and simplicity. 

Observation of migration can also be performed in several ways, including spreading 

across membranes or trans-well assays. One relevant method for osteoblast biology is 

however scratching of the confluent cell layer and monitoring wound healing, scratch-

wound assay, which mimics the circumstances in tissue wound-healing or osteoblast 

recruitment after resorption. Finally, differentiation; for osteoblasts the ultimate 

evidence of differentiation is in vitro mineralization. There are several methods in 

assessing in vitro mineralization including measurement of radioactive calcium 

incorporation, von Kossa staining, Alizarin red S and calcein binding. Each method has 

their advantages and disadvantages; radioactive calcium gives the most accurate 

readings, but is unattractive due to the hazardous nature of the labeling compound. 

Calcein binding is a more attractive option for quantification, but can only detect 

differences in the early stages of mineralization, since calcein will only bind to the 

surfaces of the progressed mineralized nodules. Alizarin Red S and von Kossa are 

similar in that they stain the mineral components of the deposited matrix. In my studies, 

I have used the Alizarin red S staining technique because of its simplicity for 

qualitative assessment of long-term cultures and calcein binding for detection of 

changes in early mineralization studies. 
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2.3 RESULTS 

This thesis is based on the work in papers I-IV. Papers I and II address the regulation of 

ECM proteins, with a special focus on the ECM proteoglycan OSAD. The findings of 

OSAD regulation are discussed in relation to other mineralized tissue markers, 

especially BSP and OC, two of the most abundant NCPs of mineralized matrices. 

Papers III and IV address the functional role of two ECM proteins with distinct 

functions; namely ADAMTS-1, which is a proteinase recently described to be 

expressed by osteoblasts, and OSAD, which has traditionally been regarded as a minor 

structural component of both bone and dentine 

2.3.1 Paper I: Differential regulation of OSAD by TGF- 1 and BMP-2 

In the first paper, I examined the regulation of OSAD by two of the most potent 

cytokines for osteoblast differentiation; TGF- 1 and BMP-2. The factors were chosen 

based on results from in silico analysis of the OSAD promoter and enhancer region, 

where a homology analysis of the promoter nucleotide sequence between human, rat 

and mouse was performed. High homology was found at the proximal promoter region, 

and in-depth analysis of transcription factor binding sites revealed several sites related 

to T R signaling; Smad-3, Smad-4, AP-1 and Runx-2. The regulatory properties of 

TGF- 1 and BMP-2 on OSAD transcription were established by treatment of mouse 

primary osteoblasts, where we observed an inhibition by TGF- 1 and induction by 

BMP-2. The regulation of OSAD by TGF- 1 and BMP-2 was further investigated 

using a promoter-reporter assay, where differently sized promoter fragments of OSAD 

were cloned into a luciferase reporter plasmid and transfected into the mouse osteoblast 

model cell line MC3T3E1 and treated with the cytokines. The results from this analysis 

showed that BMP-2 upregulated OSAD in a general fashion, with multiple activation 

sites, since deletion of any particular transcription factor binding site could not 

significantly reduce promoter activity. Rather, the size of the promoter was of higher 

influence. In contrast, TGF- 1 inhibition of OSAD promoter activity could be 

specifically located to an inverted Smad-3 binding site ~60 bp upstream of the 

transcription start site. By removing this site, transcription was significantly enhanced.  
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The potency of TGF- s in osteogenic commitment has been thoroughly demonstrated, 

in particular that of BMP-2 and TGF- 1. BMP-2 signaling in mesenchymal stem cells 

induces the expression of Runx-2, a transcription factor which is essential for the 

further progression of osteoblast differentiation. Further, in vivo studies have 

demonstrated the osteogenic potential of BMP-2 by the ectopic formation of 

mineralized tissues when injected into muscle tissue (Wang et al. 1990). Matrix 

proteins of bone are induced by the signaling of BMP-2, such as OC (Koyama et al.

2000), BSP (Kobayashi et al. 1996) and ALP (Sakano et al. 1993). TGF- 1 on the 

other hand, potently enhances the proliferation of osteoprogenitors, but inhibits their 

terminal differentiation. TGF- 1 signaling enhances BSP expression (Ogata et al.

1997), but inhibits the expression of OC (Noda 1989). Reports of ALP regulation by 

TGF- 1 has varied and some studies point towards an inhibitory effect (Noda and 

Rodan 1986; Harris et al. 1994; Shirakawa et al. 1994). BSP and ALP are expressed in 

preosteoblasts, while OC is a late marker for mature osteoblasts. 

To conclude, the differential regulation of OSAD by TGF- 1 and BMP-2 suggests that 

OSAD is a potential marker for osteoblast terminal differentiation. 

2.3.2 Paper II: Nerve growth factor regulates OSAD expression in 
osteoblasts and dental pulp cells 

In the second paper, I investigated the regulation of OSAD by nerve growth factor, 

brain-derived neurotrophic factor, neurotrophin-3, neurotrophin-4 and glial-cell derived 

nerve factor. These factors are generally associated with neuronal differentiation, but 

have been found to be important factors in bone fracture healing. They are expressed 

both by osteoblasts and cells of the tooth pulp. We compared the expression pattern of 

OSAD and also other osteogenic markers in two cell culture systems; the non-

transformed mouse pre-osteoblast cell line MC3T3E1 and primary human dental pulp 

cells. I could determine that OSAD was upregulated in undifferentiated MC3T3E1 cells 

specifically by NGF only, while there was no effect of any neurotrophins on OSAD in 

MC3T3E1 cells cultured for seven days under osteogenic conditions. With the primary 

human dental pulp cells, upregulation of OSAD was achieved with all examined 

neurotrophins in undifferentiated cells, but in similarity to the MC3T3E1 cells, the 

effect had diminished in cells cultured under osteogenic conditions for seven days. 
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The differentiation markers OC and BSP were not affected to any greater extent in 

neither MC3T3E1 cells nor human dental pulp cells regardless of whether they were 

subjected to differentiation or not, although OC showed tendencies to increase in 

response with differentiation. 

The expression of some of the receptors for the neurotrophins on these types of cells 

had been reported previously. Here, the presence of all the receptors was reported in 

osteoblasts and pulp cells that were either undifferentiated or differentiated. In addition 

it was demonstrated that TrkA receptor was upregulated during the osteogenic culture 

period of osteoblasts with peak levels observed after 14 days of culture. 

To further assess the potential of cell differentiation of NGF, MC3T3E1 osteoblasts 

were differentiated for 21 days in vitro in the presence of NGF and mineralization was 

assayed by calcein binding. After 21 days, there were no statistically significant 

differences in culture mineralization, but at the critical time-point 14 days, which 

correlates to the onset of calcium deposition, the calcein levels were dramatically 

increased when NGF was supplemented to osteogenic culture medium. 

Neurotrophins are classical regulators of neuronal differentiation. Bone and teeth are 

innervated organs, especially the tooth pulp which is highly innervated and very 

sensitive to pain. Tooth organogenesis and innervation are highly integral processes, 

where the latter is dependent on neurotrophin signaling, but perhaps it may also be 

receptive to stimulus from ECM proteins (Lillesaar et al. 1999). Consequently, it may 

also be possible that neurotrophin signaling is an important regulatory component of 

tissue development/wound healing. Previous studies have demonstrated the regulatory 

effects of neurotrophins on gene expression in tooth pulp cultures. We could 

demonstrate that terminal markers of differentiation were upregulated in immature 

progenitors for mineralized tissues.  

2.3.3 Paper III: ADAMTS-1 increases the three-dimensional growth of 
osteoblasts through type I collagen processing 

In the third paper of this thesis, the functional properties of the MMP, ADAMTS-1 

were examined. ADAMTS-1 is the founding member of a large family of 
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endopeptidases. Its expression was first identified in kidney and heart, but has also been 

located as a gene product of osteoblasts. It was first confirmed that ADAMTS-1 was 

strongly upregulated in human osteoblasts by the signaling of PTH, which is an inducer 

of resorption by activating osteoblasts. Further, we could locate ADAMTS-1 in bone to 

be closely associated with collagen fibrils. To test the functional properties of 

ADAMTS-1 on osteoblasts, a point-mutation was inserted into the catalytical domain 

of ADAMTS-1 cDNA and stable transfectants of the human osteosarcoma cell line 

SaOS-2 were created which overexpressed either wild-type ADAMTS-1 or the point-

mutated, catalytically inactive, ADAMTS-1. SaOS-2 cells behave to a great extent like 

osteoblasts in that they produce an ECM and several of the osteoblast-specific marker 

genes, but SaOS-2 cells do not normally express ADAMTS-1, which makes it an ideal 

model for investigating ADAMTS-1 function in osteoblast-like cells.  

In this study, it was demonstrated that proliferation in three dimensions, but not in two 

dimensions, was enhanced in ADAMTS-1 wild-type expressing cells. In parallel, we 

could also demonstrate that the collagenolytic activity of the ADAMTS-1 wild-type 

expressing cells was increased. It has previously been reported that ADAMTS-1 

expression enhances the metastatic activity of cancer cells. The collagenolytic activity 

of the enzyme could facilitate the release of the cells in their 3D environment, thus 

enhancing their accessibility to uncolonized areas. Wild-type ADAMTS-1 expressing 

cells had an increased ability to process collagen, but did not affect the overall collagen 

expression levels of the cells. 

Planar, 2D migration was inhibited by wild-type ADAMTS-1 overexpression. 

Migration of osteoblasts is an important aspect of bone physiology, where the 

recruitment of osteoblasts to sites of resorption or fracture is an essential process. The 

scratch-wound assay thus mimics the sheath of osteoblasts migrating to the resorbed or 

wounded are to be remodeled. Previous studies on fibroblasts have shown that low 

levels of ADAMTS-1 promote migration, while high levels of ADAMTS-1 inhibit 

migration. Although the mechanism for this is as of yet unclear, a possible explanation 

could be that the attachment proteins required for migration become completely 

degraded. Furthermore, there was an obvious difference in cellular localization of 

ADAMTS-1 in the migrating cells; the wild-type ADAMTS-1 expressing cells 

localized the enzyme towards the leading edge of migration, while point-mutated, 

catalytically inactive cells had a more random cellular distribution. 
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To conclude, ADAMTS-1 seems to be involved in the collagen processing of 

osteoblast culture. PTH increases its expression readily in osteoblasts, which implies an 

important function in calcium homeostasis or remodeling. Since ADAMTS-1 is 

expressed in osteoblasts, but not in osteoclasts, it might have a role in osteoid 

degradation prior to osteoclast attachment. 

2.3.4 Paper IV: Osteoadherin (OSAD) is upregulated by mature 
osteoblasts and enhances their in vitro differentiation and 
mineralization 

In the fourth paper, I examined the mineralized tissue-specific ECM protein OSAD and 

how it affects osteoblast behavior, using the pre-osteoblast cell line MC3T3E1 as the 

model system. In order to obtain differential expression levels in the osteoblasts, an 

overexpression plasmid or a repression plasmid were stably transfected into the cell 

line. The overexpression plasmid expressed OSAD cDNA under the influence of the 

Ubiquitin C promoter instead of the CMV promoter, since the latter is repressed in 

differentiated cells of mesenchyme origin. The repression plasmid expressed a small-

hairpin RNA with a target sequence specific for mouse OSAD, which yielded a 

reduction in transcript levels less than 10% of that of the non-target control small-

hairpin RNA. The other differentiation marker BSP was unaffected by OSAD 

expression levels, while OC was increased with OSAD overexpression, but remained 

unaffected by OSAD repression. BSP is an early preosteoblast marker, while OC is a 

late marker for secreting osteoblasts. OGN was both increased and inhibited in a 

manner similar to OSAD, which could be explained by regulatory feed-back since 

OGN and OSAD are genomically juxtaposed.  

Previous indications suggest that OSAD is regulated for expression at the border of 

osteoblast terminal differentiation. There is no evidence that OSAD signals direct 

initiation of transcription, but it is possible that OSAD could promote the differentiated 

phenotype indirectly by association with cell surface receptors. Many other members of 

the SLRP family have been shown to associate with cell-surface receptors or their 

ligands and thereby either inhibiting or enhancing their function.  

When the cellular behavior was further evaluated, it was found that OSAD over-

expressing cells had an impaired ability to proliferate and migrate in culture. Reversely, 
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OSAD repressed cells had an increased ability to proliferate and migrate. The increase 

in proliferation was not distinguishable until after the first week of culture, when 

osteoblasts in culture would normally become contact inhibited, exit from the 

proliferation phase and enter a non-proliferative, secreting stage. This time in culture is 

also when OSAD in differentiating osteoblast culture reaches its peak expression levels. 

This seems to be an extracellular event; since similar effects on proliferation were 

observed when recombinant OSAD was added to proliferating cultures. Thus it seems 

that OSAD has a role in terminal differentiation of osteoblasts. A possible mechanism 

could be through the inhibition of EGF receptor (EGFR) activation, which was greatly 

reduced in OSAD overexpressing cells. 

In vitro differentiation was examined with the cells, and indeed the ALP activity was 

enhanced in OSAD overexpressing cells, and decreased in OSAD repressed cells. 

Similarly, in vitro mineralization increased in OSAD overexpressing cells, but 

remained unaffected in OSAD repressing cells.  

OSAD does not seem to be required for differentiation of osteoblasts, since OSAD 

repression does not reduce in vitro mineralization, and downstream markers remain 

unaffected by this inhibition. It seems that OSAD enhances the mature phenotype of 

differentiating osteoblasts, and increases the expression of downstream markers of 

maturation. 
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3 CONCLUSIONS 

From the the results of the studies performed for this thesis, I could draw the 

following general conclusions: 

OSAD was shown to be regulated by the factors BMP-2 and TGF- 1 in a 

manner that indicated that OSAD was a protein only upregulated by mature 

osteoblasts (paper I). Further, the regulatory pattern of OSAD in osteoblasts 

and dental pulp cells by osteogenic non-traditional factors such as 

neurotrophins and glial cell-line derived nerve factor (GDNF) suggested that 

the regulatory network of OSAD was even more complex, and implicated the 

molecule in the maturation processes of the entire tissue (paper II).  

ADAMTS-1 was only recently described as a proteinase secreted from 

osteoblasts. By treating osteoblasts with the known resorption inducer PTH, 

we could detect a strong increase in osteoblastic expression of ADAMTS-1, 

which suggests that it has a clear function in resorption and collagen 

processing independent from osteoclast activity. By creating functional 

mutants, we could determine that ADAMTS-1 is a proteinase that modifies 

osteoblast behavior by its collagenase activity (paper III). 

OSAD is not merely a structural component, but probably also acts as a 

signaling molecule (paper IV), where both an endogenous and exogenous 

increase in OSAD resulted in a more mature phenotype of the tested 

osteoblastic cells. 

The functions of mineralized tissue NCP proteins are more complex than is apparent 

at first glance. Novel functions for these proteins are continuously reported, to which 

I have contributed a minor part. It will be interesting to follow the development of the 

field and what the future holds. 
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