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Awareness of bone health is becoming increasingly important in today’s 

society, particularly as the average age of the population is increasing.  Bone 

diseases such as osteoporosis and Paget’s disease of bone, the two most common 

bone diseases in the UK, increase in incidence with age and so risk heightening the 

burden on an already struggling National Health Service (NHS).  This is one of the 

reasons research into bone health, treatment and understanding of bone disease is 

essential.  Not only will the research potentially reduce costs to the NHS, it will also 

potentially improve the quality of life and increase the expected life span of many 

people who suffer from bone disease.   

The work in this thesis examines the regulation osteoprotegerin and 

dickkopf-1 in osteoblastic cells to try and get a clearer understanding of the 

mechanisms involved in maintaining healthy bone.  This thesis uses in vitro cell 

culture of two osteoblastic cell lines, MG63 and Saos-2, to investigate their 

behaviour in response to various growth factors, cytokines and hormones and what 

this may translate to in terms of bone health.  By doing this, improved treatments for 

diseases such as Paget’s disease of bone could potentially be developed. 

 

1.1 Bone Structure, Function and Composition  

 Despite its solid appearance, bone is in fact far from being a static structure.  

Bone is a living tissue constantly being remodelled at the rate of 10% per year.  

Remodelling means the removal and addition of small portions of bone in order to 

mechanically adapt to changes in the way the bones are used during everyday life.  

Although adult bone is no longer growing, bone must be continually remodelled and 

repaired in order to adapt to mechanical strain.  Bone functions include: the 

protection of delicate organs like the brain and lungs, support for the body, 

attachment sites for muscles and ligaments and as a store for essential minerals 

such as calcium, phosphate and magnesium which act as a buffer for tissue fluid 

pH.   Additionally, the bone marrow is the site of haematopoiesis.   

 Bone has a complex, composite structure consisting of both organic and 

inorganic material organised into a matrix.  The organic matrix comprises primarily 

of type I collagen and non-collagenous proteins such as osteopontin, 

glycosaminoglycans, osteocalcin, osteonectin, and bone sialoprotein.  The inorganic 

material, consisting mainly of hydroxyapaptite crystals (Ca10(PO4)6(OH)2), is 

deposited within the osteoid and helps to resist compressive strains placed on bone.  

The organic matrix resists bending and tensile strains. 

http://en.wikipedia.org/wiki/Glycosaminoglycan
http://en.wikipedia.org/wiki/Osteocalcin
http://en.wikipedia.org/wiki/Osteonectin
http://en.wikipedia.org/wiki/Bone_sialo_protein
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 Anatomically, bone is divided into two classifications, long bones (Fig 1.1) 

and flat bones, each with distinct appearance and specific function.  Long bones 

such as the tibia, femur and humerus are cylindrical, have a thin shaft in the centre 

(diaphysis) with wider bulbous sections at each end (epiphysis).  Long bones are 

formed by a process known as endochondral ossification.  Between the diaphysis 

and the epiphysis is a connecting area of developmental bone (metaphysis) which is 

separated from the epiphysis by the epiphyseal plate, or growth plate, made of 

hyaline cartilage.  This usually disappears by fusion at the end of adolescence as 

bones stop growing.  The bone surface of the epiphysis that participates in the joint 

structure is covered with a layer of articular cartilage that remains uncalcified 

(Baron, 1996).  Flat bones on the other hand, are formed by intramembranous 

ossification and include the skull bones, pelvis, and scapula. 

 The structure of bone can be categorised into three types: cortical (compact 

bone), trabecular (cancellous or spongy) bone and woven (primary) bone.  Woven 

bone is produced during embryonic development of the bone, at fracture sites where 

new bone formation is occurring (Hernandez et al., 2004) and in Paget’s disease of 

bone (Ingram et al., 1996).  From approximately four years of age, woven bone is 

absent from a normal healthy skeleton (Recker 1992).   

 Cortical bone is very dense and strong due to the main part of its osteoid 

being heavily calcified.  Because of this, cortical bone usually surrounds the slightly 

weaker trabecular bone in both long and flat bones and forms the basis of the 

diaphysis in long bones and is the site for muscle and ligament attachment (Baron, 

1996).  Cortical bone represents approximately 80% of the average adult skeletal 

bone.  Inside the cortical bone of the diaphysis is a medullary cavity which houses 

the bone marrow.  A distinguishable feature of cortical bone is the presence of 

Haversian Canals, or osteons which are formed as a result of haversian 

remodelling.  This is a concentric arrangement of lamellar bone surrounding a 

capillary and/or nerve fibre (Fig 1.2) and contributes to the nutrient transport system 

within the bone (Locke, 2004).  Volkmann’s canals run perpendicular to Haversian 

canals and connect them together in an organised arrangement, carrying blood 

vessels from the periosteum deep into the bone tissue.  

 Trabecular bone makes up the remaining 20% of the average adult skeletal 

bone and is found mainly in the metaphysis and epiphysis of long bones as well as 

vertebrae.  Unlike cortical bone, trabecular bone is much less dense.  It is made by 

osteoblasts laying down bone matrix in thin sheets (lamellae) in such a way that 

they produce a network of calcified bone (trabeculae).  This arrangement of 
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trabeculae forms a very porous structure giving the bone a distinguishable “spongy” 

appearance.  Bone marrow is also housed within these cavities.  Despite the fragile 

appearance, trabecular bone provides structural stiffness and strength whilst being 

relatively lightweight (McDonnell et al., 2007).      

Covering the surface of all bone (except synovial joints) is the periosteum, a 

vascular connective tissue consisting of a dense fibrous outer layer and a cellular 

inner layer of both osteoblasts and a few osteoclasts.  This membrane provides a 

source of blood vessels required for nutrient exchange by the bone.  Another blood 

vessel rich membrane, the endosteum, lines the inner cortical section of bone and 

again, provides the inside of the bone with osteoblast precursors and a means to 

access nutrients quickly and efficiently.    
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Fig 1.1    Diagrammatic representation of a long bone.  No metaphysis is present 

as this is not a growing bone – note the growth plate has fused to form the 

epiphyseal line.  (Adapted from U.S. National Cancer Institute’s Surveillance, 

Epidemiology and End Results (SEER) Program website) 
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Fig 1.2    Diagrammatic representation of a section of bone.  The individual 

structures and their arrangement can be observed.  (Adapted from U.S. National 

Cancer Institute’s Surveillance, Epidemiology and End Results (SEER) Program 

website) 
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1.2 Cells of the bone 

 The whole process of bone formation and bone remodelling is performed by 

cells with a very specific function.  Communication between the different types of 

cells is essential and the whole process is tightly regulated.  Bone is primarily 

composed of four different cell types, osteoblasts, osteoclasts, osteocytes, and bone 

lining cells.  Other cell types can be found, for example fat cells and bone marrow, 

although these have no direct role in bone remodelling.   

 

1.2.1 The Osteoblast 

 Essentially, an osteoblast’s main function is to lay down new bone.  They 

descend from a mesenchymal lineage and with the correct stimulation they can 

proliferate and differentiate into mature osteoblasts.  Once mature on the bone 

surface, they no longer proliferate.  Located on the bone surface, it is here that the 

osteoblast synthesises, transports and arranges bone matrix proteins to create an 

organic osteoid layer which mineralises to form a new layer of bone (Bucay et al., 

1998).  They are mononuclear cells and have a cuboidal appearance, often 

functioning in unicellular layers rather than individually (Baron, 1996).  Upon closer 

inspection, osteoblasts can be seen to have a large Golgi complex in close proximity 

to the bone surface, within a basophilic cytoplasm (Baron, 1996).  

 The pathway of differentiation from MSC to mature osteoblast occurs in a 

number of phases and their stage of differentiation can be identified by what 

genes/proteins they are expressing.  Firstly, the proliferation of progenitor cells is 

initiated by the expression of the growth related genes c-myc and c-fos (Marom et 

al., 2005) in response to osteogenic cytokines such as bone morphogenetic protein-

2 (BMP-2).  During this proliferative phase a selection of matrix associated genes 

begin to be expressed for proteins such as type I collagen, fibronectin and alkaline 

phosphatase (ALP) in response to other osteoblastic cytokines such as transforming 

growth factor β (TGFβ), followed by the expression of genes for proteins required for 

mineralisation such as osteocalcin and osteopontin (Marom et al., 2005).  These two 

proteins lead to hydroxyapatite accumulation and ultimately complete mineralisation. 

Maturation of the osteoblast is a complicated process and unless genes are 

activated and repressed at the correct time, production of a normal bone matrix and 

mineralisation will not occur.  Wnt signalling plays a very large part in the activation 

and repression of osteoblastic differentiation (section 1.3.1). 
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Each activated gene produces an end product, some of which can be 

measured in the laboratory and used as indicators of bone cell activity or “bone 

markers”.  For example, during matrix maturation, the cell surface enzyme ALP may 

become solubilised and circulate in the blood.  Levels of total serum ALP (tsALP) 

can then be measured in the laboratory and is indicative of the amount of bone 

formation occurring (Seibel, 2005; Puzas, 1996).   

 

1.2.2 The Osteocyte 

 Osteocytes are the most abundant cell type to be found in bone and are 

created from osteoblasts that have become encased in the surrounding calcified 

tissue.  Very little is known about the osteoblast to osteocyte transition, or the 

“decision” to become an osteocyte; is it deliberate or accidental? (For review see 

Franz-Odendaal et al., 2006).  Access to nutrients is maintained via a network of 

small canals known as canaliculi.  These canaliculi also act as an intercellular 

communication network for the embedded osteocytes and maintain contact with the 

bone surface (Puzas, 1996).  Although embedded within the bone itself with limited 

access to nutrients, osteocytes still serve an important role in the maintenance of 

good bone health (Seibel, 2005).  They still produce small amounts of bone matrix 

proteins (Aarden et al,. 1996) and are able to detect mechanical loading to bone via 

their canalicular network (Noble and Reeve, 2000).  The initiation of remodelling is 

signalled by osteocytes under these circumstances.  In brief, when the osteocyte 

detects mechanical loading such as during exercise, bone resorption is inhibited and 

bone formation is stimulated, resulting in a net increase in bone mineral density 

(BMD, Robling et al., 2008).  Conversely, during periods of unloading due to 

immobility, for example in spinal injury patients, bone formation is inhibited and bone 

resorption is stimulated, resulting in a net decrease in BMD (Robling et al., 2008).  

This process is controlled by the secretion of sclerostin from the osteocyte (see 

section 1.3.2 for further detail).  Osteocyte viability has been observed to indicate 

bone strength, with osteocyte apoptosis contributing to both bone loss and fracture 

in later life (Epstein, 2007). 

 

1.2.3 The Bone Lining Cell 

 Bone lining cells, like osteocytes are derived from osteoblasts but are not 

encased in any calcified tissue.  They are a single layer of dormant osteoblasts on 

the surface of the bone and can be reactivated for bone formation if required (Chow 
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et al., 1998).  Bone lining cells have small extensions that infiltrate through the bone 

matrix and make contact with the embedded osteocytes (Buckwalter et al., 1996) 

and like osteocytes, may also function to detect mechanical stress on bone and 

initiate remodelling. 

 

1.2.4 The Osteoclast 

 The osteoclast is the cell responsible for resorption of the bone and is strictly 

regulated by various growth factors, hormones and cytokines.  Circulating 

monocytes, derived from haematopoietic stem cells, differentiate into pre-

osteoclasts, and then fuse together to form large (20-100µm diameter), multi-

nucleated mature osteoclasts in response to certain osteotropic factors such as 

interleukin 1 (IL-1), tumour necrosis factor alpha (TNF-α), parathyroid hormone 

(PTH) and 1,25 dihydroxyvitamin D3 (1,25(OH)2D3) (Compston, 2002).  The mature 

osteoclast is non-dividing and has a relatively short life span of approximately 12 

days (Quinn and Gillespie, 2005; Hill, 1998). 

 The osteoclastogenesis process (fig 1.3) begins by the recruitment of blood 

monocytes from local circulation by the cytokines macrophage colony-stimulating 

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

(Quinn and Gillespie, 2005).  M-CSF is expressed by mesenchymal, stromal and 

osteoblastic cells and RANKL is also expressed by osteoblastic cells.  RANKL 

expression by the osteoblasts is highly dependent on stimulation of the cell by of 

pro-resorptive hormones and cytokines as mentioned previously.  RANKL activity 

also depends on the amount of its decoy receptor osteoprotegerin (OPG) present. 

Therefore the RANKL:OPG ratio is critical for regulating bone remodelling 

(discussed further in section 1.4) 

The resorption cycle, a sequence of cellular events required for bone 

resorption consists of several phases.  Monocytes are recruited from blood 

capillaries and, in the presence of M-CSF and RANKL, begin to differentiate and 

fuse together.  Once activated, an osteoclast migrates to the site of bone where 

resorption is required and attaches to the bone surface creating a “sealing zone”.  

The sealing zone seals off a compartment and, upon polarisation of the osteoclast 

nuclei, a new membrane called the “ruffled border” is formed between the osteoclast 

and the bone surface (Jurdic et al., 2006).  The osteoclast then secretes 

hydrochloric acid through the ruffled border into the sealing zone to dissolve the 

hydroxyapatite.  Once the bone has been demineralised, matrix degrading enzymes, 
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such as cathepsin K, tartrate resistant acid phosphatase (TRAP) and matrix 

metalloproteinases (MMPs) are secreted to dissolve the osteoid (Jurdic et al., 2006). 

 Degraded matrix and bone mineral including calcium, are removed from the 

sealing zone via a transcytosis mechanism. The degraded bone products are 

potentially lethal to the osteoclast so are packaged into vesicles and transported 

through the osteoclast cytoplasm and exocytosed out the other side (the basal 

membrane) into the extracellular fluid.  Trancytosis allows the osteoclast to 

continually resorb a large amount of bone at any one time, without loosing 

attachment to the bone or jeopardising its own health (Li et al., 2006).  The 

osteoclast also slides forwards and backwards across the surface of the bone, as 

seen by time-lapse microcinematography (Hancox and Boothroyd, 1961) thus 

enhancing its ability to resorb large areas of bone at once.  As soon as all mineral 

and matrix components of the bone have been removed, the osteoclast has finished 

its job and undergoes apoptosis, leaving behind a resorption pit.   
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Fig 1.3    Diagram depicting the inter-relationships between osteoblasts and 
blood monocytes during osteoclastogenesis and a resorbing osteoclast. 
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1.3 Bone formation 

Bone is formed by one of two different processes, endochondral ossification 

and intramembranous ossification.  During embryonic development, bone is formed 

from 3 distinct origins: the paraxial mesoderm, lateral plate mesoderm and the 

neural crest.  Endochondral bone is derived from the paraxial mesoderm and the 

lateral plate mesoderm whereas intramembranous bone is formed from the neural 

crest (Chung et al., 2004).  Mesenchymal cells differentiate into chondroblasts that 

secrete cartilagenous matrix into which they progressively become embedded and 

are then termed chondrocytes.  These chondrocytes continue to proliferate and form 

the cartilage.  Once surrounded by cartilage, chondrocytes become hypertrophic, 

differentiate and mineralise their surrounding matrix before undergoing apoptosis 

(Chung, 2004; Baron, 1996).  Chondrocytes on the periphery of the cartilaginous 

matrix in contact with the mineralised hypertrophic chondrocytes differentiate into 

perichondral cells and then osteoblasts (Chung, 2004).  The mineralised 

cartilaginous matrix is then invaded by blood vessels which enables monocyte 

invasion and hence remodelling. 

Intramembranous ossification is when mesenchymal cells directly 

differentiate into osteoblasts and immediately begin laying down osteoid which is 

later mineralised to form the bone matrix (Chung, 2004).  This type of bone 

formation does not require the presence of a cartilaginous template and new bone is 

formed in layers (Ornitz and Marie, 2002).  During mineralisation, compact 

mesenchymal cells condense on the bone surface and form the periosteum, a highly 

vascularised membrane that covers the bone. 

 

1.3.1 Wnt signalling 

 Wnt signalling is highly conserved amongst many different organisms and is 

one of the important mechanisms controlling growth and differentiation.  The name 

Wnt is derived from the combination of the Drosophila gene Wingless (Wg) and the 

human gene Int-1 as they have been shown to be homologous (Westendorf et al., 

2004).  During development, limb and digit formation arise from specific inhibition of 

Wnt signalling at particular sites leading to apoptosis of areas of cells (Grotewold 

and Rüther, 2002).   

Wnt signalling has been shown to be fundamental in maintaining a healthy 

bone mass.  In mature animals it has been shown to be important for regulating 

osteoblast actitvity (Glass et al., 2005).  This was demonstrated when it was 



CHAPTER 1:  INTRODUCTION 
 

- 13 - 
 

discovered that a loss-of-function mutation in low density lipoprotein receptor related 

protein 5 (LRP5), a Wnt co-receptor, leads to decreased Wnt signalling and results 

in a condition called osteoporosis pseudoglioma (OPPG) (Gong et al., 2001).  A 

gain-of-function mutation in the same protein however increases Wnt signalling and 

increases bone mass (Boyden et al., 2002).   

Wnt signalling is a complex network of protein interactions and is described 

as being either β-catenin dependent (canonical) or independent (non-canonical).  In 

humans, there are 19 secreted Wnt proteins (Etheridge et al., 2004; Yavropoulou 

and Yovos, 2007).  Wnts 1, 2a, 2b, 3, 3a, 7a, 7b, 8a, 8b, 9a, 9b, 10a and 10b have 

been shown to activate canonical Wnt signalling whereas Wnts 4, 5a, 5b, 6, 11 and 

16 have been shown to activate non-canonical Wnt signalling (Nakashima et al., 

2005; Li et al., 2005; Carmon and Loose, 2008).  Wnts 4, 5a and 7b however, have 

been described to act in both a canonical and a non-canonical fashion (Deutscher 

and Hung-Chang, 2007).  Not all cells express all 19 Wnts, for example 

mesenchymal stem cells (MSCs) have been found to only express Wnts 2a, 4, 5a, 

11 and 16 (Etheridge et al., 2004).   

Wnts bind to cells expressing one of ten different Frizzled receptors (Fzd, 

(Yavropoulou and Yovos, 2007) in either an autocrine or paracrine fashion (Hall and 

Keller, 2006).  Fzd can combine with a co-receptor LRP5 or LRP6 (LRP5/6) to form 

a complex which initiates canonical Wnt signalling within the cell upon binding of a 

secreted Wnt ligand (Westendorf et al., 2004).  Non-canonical Wnt signalling results 

upon receipt of a non-canonical Wnt binding with Fzd only, LRP5/6 are not required.  

It is believed that distinct Wnt ligands will bind to specific Fzd receptors and result in 

expression of different genes although many of the details of this complex system 

are still being elucidated.  Wnts may also bind with the receptors Ryk and ROR2 

which initiate canonical and non-canonical Wnt signalling respectively.  Fzd can also 

participate in Wnt independent signalling upon receipt of R-spondin.   

Cell fate, cell proliferation and cell survival are all determined by canonical 

Wnt signalling (Fig 1.4).  In the absence of a Wnt ligand, cytosolic β-catenin is 

complexed with adenomatous polyposis coli (APC) and axin.  This complex acts as 

a substrate for glycogen synthase kinase-3β (GSK3β) and results in the 

phosphorylation of β-catenin which targets it for degradation via proteosomal 

ubiquitination.  This ensures β-catenin levels are kept low in a steady state. In the 

presence of a Wnt ligand, the Wnt/Fzd/LRP complex forms and dishevelled (Dvl), 

another Wnt signalling membrane-associated protein, inactivates the 

APC/Axin/GSK3β destruction complex.  This results in the stabilisation and 
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accumulation of β-catenin, allowing it to migrate into the nucleus.  Here, β-catenin 

binds with the transcription factors TCF/LEF and initiates transcription of specific 

genes, for example c-myc, c-jun, fra-1 and cyclin D1 (Westendorf et al., 2004).   

Bone marrow stromal cells (BMSCs) are a self-renewing, multipotent, 

adherent, fibroblast-like population of cells and are easily isolated from trabecular 

bone but can also be found in blood, adipose tissue, muscle and dermis (Caplan 

and Bruder, 2001).  Given the correct culture conditions, MSCs found within the 

bone marrow stroma are capable of differentiating into osteoblasts, chondrocytes, 

fibroblasts, adipocytes and myoblasts (Fig 1.5, for review see Caplan, 1991).  

Canonical Wnt signalling is thought to promote MSC proliferation via the up-

regulation of the cell cycle genes cyclin D1 and c-myc (Baek et al., 2003).  Up-

regulation of LRP5 has also shown to promote MSC proliferation (Baksh et al., 

2007).  In contrast, inhibition of canonical Wnt signalling via an up-regulation of 

DKK-1, a soluble inhibitor of canonical Wnt signalling, has been reported to be 

required for growth-arrested MSCs to re-enter the cell cycle (Gregory et al., 2003). 

Canonical Wnt signalling has been shown to suppress osteogenic 

differentiation of MSCs.  The addition of canonical Wnt3a to cultured MSCs has 

been shown to inhibit osteoblastogenesis and this suppressive effect can be partially 

prevented by the addition of secreted Frizzled-related protein-3 (sFRP3, Boland et 

al., 2004).  In this study, osteogenic differentiation was accompanied by the up-

regulation of Wnt11, ROR2, sFRP2, sFRP3 and Fzd6 and the down-regulation of 

Wnt9 and Fzd7 (Boland et al., 2004).   

Non-canonical Wnt signalling results in the activation of two distinct 

intracellular signalling pathways: the Wnt/Ca2+ pathway and the Wnt/planar cell 

polarity (PCP) pathway (Fig 1.6).  The exact molecular mechanisms responsible for 

the activation of the different pathways remain under investigation.  Both pathways 

result in the intracellular activation of heterotrimeric G-proteins and Dvl upon receipt 

of a suitable Wnt by Fzd but this is where the similarity ends.  The Wnt/Ca2+ 

pathway increases intracellular calcium, decreases cyclic GMP levels and induces 

the transcription factor NF-AT via the activation of protein kinase C (PKC) (Wang 

and Malbon, 2003).  The Wnt/PCP pathway on the other hand activates Rho/Rac 

GTPases and c-Jun N-terminal kinase (JNK) and results in the reorganisation of the 

cytoskeleton and gene expression (Habas et al., 2003). 
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Fig 1.4  Canonical Wnt signalling.  In the presence of an appropriate Wnt ligand, 

canonical Wnt signalling is initiated and β-catenin translocates into the nucleus 

(green arrows).  In the absence of a Wnt ligand or in the presence of DKK-1 or 

sFRP, Wnt signalling is inhibited and β-catenin is marked for proteosomal 

degradation (red arrows). 
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Fig 1.5  Schematic representation of the MSC differentiation linage.  Upon 

receipt of the correct cytokines and hormones, distinct signal transduction pathways 

are initiated resulting in specific gene expression and cell differentiation.  
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Fig 1.6  Non-canonical Wnt signalling.  In the absence of LRP5/6, an appropriate 

Wnt binding to Fzd alone initiates non-canonical Wnt signalling.    
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1.3.2 Wnt signalling inhibitors 

There are two categories of Wnt signalling inhibitors, class one and class 

two.  Class one inhibitors, such as secreted frizzled related protein (sFRP) and Wnt 

inhibitory factor-1 (Wif-1) are capable of inhibiting both canonical and non-canonical 

Wnt signalling by complexing with Wnt proteins themselves thus preventing them 

from interacting with the Fzd/LRP receptor complex.  Class two inhibitors, such as 

dickkopf-1 (DKK-1) and sclerostin are only capable of inhibiting canonical Wnt 

signalling as they bind with LRP5/6 and prevent the formation of the Fzd/LRP 

complex.   

 

1.3.2.1 sFRP 

The sFRPs are a family of secreted glycoproteins consisting of five 

members, each being approximately 300 amino acids long with a cysteine-rich 

domain (CRD) and between 30-50% homology to Fzd.  Many of the sFRPs are 

expressed in many different tissues but for the purpose of this thesis only the effects 

in bone are discussed.  

sFRP-1 has been shown to negatively regulate trabecular bone formation in 

mice (Bodine et al., 2004) and inhibit RANKL-dependent osteoclastogenesis 

(Hausler et al., 2004).  sFRP-2 has been reported to be produced by multiple 

myeloma (MM, Oshima et al., 2005) and is believed to contribute to the suppression 

of bone formation seen in the disease.  sFRP-3, also known as FrzB, is strongly 

expressed in chrondrocytes and is essential for skeletal development (Hoang et al., 

1996).  Mutations in sFRP-3 are known to cause osteoarthritis (Loughlin et al., 2004) 

and a severe suppression of sFRP-3 has been reported in osteogenic sarcoma 

(Mandal et al., 2007).  sFRP-4 also negatively regulates bone formation; osteoblast-

targeted over-expression of sFRP-4 in mice decreased osteoblast proliferation and 

reduced new bone formation (Nakanishi et al., 2008).  sFRP-5 can be found in very 

small amounts in proliferating and hypertrophic chondrocytes during late stage 

embryogenesis (Witte et al., 2009). 

 

1.3.2.2 Wif-1 

Unlike sFRPs, Wif-1 does not harbour any sequence homology with Fzd and 

lacks a CRD.  It does, however, contain five epidermal growth factor-like repeats 

and a Wnt binding site (Hsieh et al., 1999).  In vitro studies have shown that BMP-2 

is able to induce the expression of Wif-1 in C2C12 cells and MC3T3-E1 cells (Vaes 
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et al., 2002) but over-expression of Wif-1 has been shown to inhibit osteoblast 

differentiation (Cho et al., 2009).  Human osteosarcoma cell lines have shown a high 

degree of epigenetic silencing of Wif-1 compared to normal osteoblasts, indicating a 

tumour suppressor role for Wif-1 (Kansara et al., 2009). 

 

1.3.2.3 DKK-1 

The Dickkopfs are a family of secreted soluble glycoproteins consisting of 

four isoforms, namely DKK-1, -2, -3 and -4.  All four isoforms have a signal peptide 

and two CRDs split by a linker region of variable length.  DKK-1 and DKK-4 can both 

cause the internalisation of LRP5/6 when bound as a trimolecular complex with 

Kremen, thus having a much longer lasting inhibitory effect on canonical Wnt 

signalling (Kawano and Kypta, 2003).  If bound to LRP5/6 alone, DKK-1/-4 will 

simply prevent the binding of Wnt.  DKK-2 has also been shown to bind LRP6 (Mao 

et al., 2001).  If complexed with Kremen then DKK-2 is capable of inhibiting Wnt 

signalling, but if bound to LRP6 alone, it has been shown to stimulate canonical Wnt 

signalling (Mao and Niehrs, 2003).  The mechanism through which DKK-2 controls 

Wnt signalling is thought to be dependent upon levels of available Kremen.  DKK-3, 

although having homology to the rest of the dickkopf family, has been shown not to 

bind with either LRP5/6 or Kremen (Mao and Niehrs, 2003) and for a long time was 

believed to have no effect on Wnt signalling.  However, DKK-3 has been shown to 

reduce cytoplasmic availability of β-catenin in Saos-2 osteosarcoma cells (Hoang et 

al., 2004b).  Furthermore, it was recently reported that DKK-3 is down-regulated in 

lung cancer and this is associated with tumour progression and increased 

expression of cytoplasmic β-catenin (Yue et al., 2008).     

The most intensely studied of the DKK family is DKK-1.  Roles for DKK-1 

include head formation during foetal development (Mukhopadhyay et al., 2001) and 

regulation of bone homeostasis.  The importance of the latter can be seen from the 

fact that bone mass in mouse was found to be inversely proportional to dkk-1 gene 

expression (MacDonald et al., 2007) and deletion of a single allele of dkk-1 leads to 

an increase in bone formation (Morvan et al., 2006).  The dkk-1 promoter contains a 

p53 response element and hence expression can be regulated by p53, perhaps 

explaining the role of DKK-1 as a mediator of apoptosis (Wang et al., 2000; Shou et 

al., 2002).  During osteoblastogenesis, tight regulation of both Wnt signalling and 

DKK-1 production is paramount.  In early osteoblast differentiation, DKK-1 

production must be inhibited to allow Wnt signalling to proceed, whereas in late-

stage osteoblast differentiation, Wnt signalling must be inhibited by an increased 
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production of DKK-1 (van der Horst et al., 2005).  DKK-1 is also reported to be 

implicated in atrophic fracture non-union (Bajada et al., 2009).  Cells obtained from 

the site of fracture non-union were found to have decreased osteogenic potential, 

increased senescence and an increased production of DKK-1 when compared to 

marrow stromal cells from normal individuals (Bajada et al., 2009).  Thalidomide-

induced limb deformities have been attributed to a lack of Wnt signalling during 

embryogenesis due to an up-regulation of DKK-1 (Knobloch et al., 2007).  

The production of DKK-1 by myeloma cells is associated with the presence 

of lytic bone lesions in patients with multiple myeloma (Tian et al., 2003).  Patients 

with multiple myeloma have raised serum DKK-1 levels which correlate with CTx-1, 

a bone resorption marker (Terpos et al., 2006).  When patients were treated with 

Bortezomib, a potent proteosome inhibitor, bone resorption markers and levels of 

serum DKK-1 decreased (Terpos et al., 2006).  In a study of degenerative 

osteoarthritis (OA) and rheumatoid arthritis (RA) in mice and man, DKK-1 is 

described as the master regulator of joint remodelling (Diarra et al., 2007).  When 

the action of DKK-1 was blocked by an antibody then the bone destructive pattern of 

RA was converted to the bone-forming one of OA and Wnt signalling was reinstated 

(Diarra et al., 2007).  DKK-1 has also found to be elevated in the serum of patients 

with osteosarcoma (Lee et al., 2007).   

 

1.3.2.4 Sclerostin 

Sclerostin, a product of the SOST gene, is a secreted glycoprotein with 

homology to the DAN family of bone morphogenetic protein (BMP) antagonists due 

to its cysteine-knot structure (Brunkow et al., 2001).  Sclerostin is expressed almost 

exclusively by osteocytes although its expression has also been detected in 

osteoblasts (Papanicolaou et al., 2009).  Sclerostin inhibits canonical Wnt signalling 

in the same way as DKK-1 by binding with LRP5/6 and preventing its interaction 

with Wnt.  There is much evidence that sclerostin is fundamental in the regulation of 

bone turnover, particularly in response to mechanical loading (Robling et al., 2008; 

Lin et al., 2009) via its ability to modulate Wnt signalling (Li et al., 2005).  Sclerostin 

has been shown to be a negative regulator of osteoblast proliferation and 

differentiation by promoting osteoblast apoptosis (Sutherland et al., 2004). 

Mutations that result in insensitivity to sclerostin result in rare high bone 

mass disorders such as the autosomal recessive disorder sclerosteosis (Balemans 

et al., 2001) or van Buchem disease (Loots et al., 2005).  Mice in which the 
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expression of sclerostin is inhibited are resistant to mechanical unloading-induced 

bone loss (Li et al., 2005) suggesting that sclerostin, like DKK-1, can induce RANKL 

expression and bone resorption.   

 

1.3.3 TGFβ and BMPs  

 Transforming growth factor β (TGFβ) is the founder of the TGFβ superfamily 

of secreted proteins that also includes bone morphogenetic proteins (BMPs).  Both 

TGFβ and BMPs, particularly BMP-2, control the fate of differentiating MSCs.  TGFβ 

can promote early stage osteoblastogenesis and chondrogenesis, inhibit late stage 

osteoblastogenesis and promote osteoclastogenesis (Roelen and Dijke, 2003; Fox 

and Lovibond, 2005).  BMP-2 strongly promotes osteoblastogenesis (Ryoo et al., 

2006) whilst both TGFβ and BMP-2 inhibit adipogenesis and myogenesis (Roelen 

and Diljke et al., 2003). 
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1.4 Bone resorption and remodelling 

The very first bone matrix is laid down during embryonic development, and 

throughout life bone is remodelled to compensate for growth, repair and to maintain 

mineral homeostasis such as calcium.  Over time, possibly due to mechanical strain, 

bone will naturally develop microdamage; small hairline cracks typically 100µm in 

length (Taylor and Lee, 2003).  This microdamage must be repaired as soon as 

possible to prevent the risk of fracture.  Controlled by a series of growth factors, 

hormones and cytokines, bone remodelling is performed by a team of bone cells, 

termed the basic multicellular unit (BMU).  It is believed that the remodelling process 

does not occur randomly across the surface of the bone, but is directed to sites such 

as microdamaged areas that specifically require remodelling (Taylor and Lee, 2003).  

The amount of old bone resorbed by the osteoclast should equal that of new bone 

laid down by the osteoblast.  It is estimated that of total adult bone 25% of trabecular 

and 3% of cortical bone is remodelled annually (Nussey and Whitehead, 2001).  A 

bone remodelling cycle from start to finish is a lengthy process; under normal 

healthy conditions an osteoclast’s resorptive phase can take approximately ten days 

followed by up to three months for the osteoblast to relay the new bone (Seibel, 

2005).   

A bone remodelling cycle can be divided into four stages: resorption, 

reversal, formation and termination (Fig 1.7). The resorptive stage is where the 

osteoclast first attaches to the bone surface over an area of microdamage and 

begins to resorb the damaged bone.  After an appropriate amount of bone has been 

resorbed, the osteoclast receives signals (no more RANKL or too much OPG) to 

shrink and detach from the bone surface (apoptosis), allowing adjacent bone lining 

cells and preosteoblastic cells to move into the resorption pit and begin 

differentiating into mature osteoblasts.  Once mature, the osteoblasts secrete 

osteoid, which mineralises to replace the resorbed bone, until enough bone has 

been made.  The osteoblasts stop their activity and become bone lining cells or 

osteocytes, until the cycle is ready to begin again.  

The major calciotropic hormones involved in the regulation of bone 

remodelling are insulin-like growth hormone 1 (IGF-1), oestrogen, parathyroid 

hormone (PTH), calcitonin, and 1,25(OH)D3.  Growth hormone (GH) is produced by 

the pituitary gland in response to growth hormone stimulating hormone (GHSH) from 

the hypothalamus.  GH then induces the production of IGF-1 which increases 

osteoblast function (but doesn’t increase the amount of osteoblast precursors), 

characterised by an increase in type I collagen synthesis, ALP activity and 
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osteocalcin production (Niu and Rosen, 2005).  Most of these hormones act through 

Wnt signalling and BMPs which go on to modulate RANKL and OPG.   

Cytokines are small soluble proteins involved in signalling between cells.  

They differ from hormones in that cytokines can be produced by any cell whereas 

hormones are generally produced by specific organs.  Cytokines have their own 

specific receptors that are either cell surface bound or soluble to which they bind to 

initiate complicated signalling pathways.  There are many cytokines involved in bone 

remodelling that act on both the osteoblast and the osteoclast.  Many of the factors 

already mentioned are cytokines, including M-CSF, RANKL, and OPG but there is 

an abundance of other cytokines involved in the regulation of bone remodelling such 

as IL-1α, IL-6, IL-11 and TNFα.  Upregulation of the aforementioned cytokines all 

result in the stimulation of osteoclastic bone resorption (Thomson et al., 1987; 

Pacifici et al., 1989; Ishimi et al., 1990; Sims et al., 2005; Knudsen et al., 2007).  IL-

1α produced by the osteoblast stimulates bone resorption by promoting osteoclast 

proliferation (Linkhart and MacCharles, 1992).  Oestrogen inhibits the production of 

IL-1α and raised levels of circulating IL-1α have been shown in post-menopausal 

women (Pacifici et al., 1989).      



CHAPTER 1:  INTRODUCTION 
 

- 24 - 
 

 

 

 

Fig 1.7  Schematic representation of the four stages of a bone remodelling 
cycle.    
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1.4.1 RANK, RANKL and OPG in bone remodelling  

 The remodelling of bone to maintain a healthy mass is carefully regulated by 

a trio of very important proteins through which information about the state of bone 

health is passed.  The trio of proteins is known as the RANK/RANKL/OPG cytokine 

system and their actions are controlled by a series of osteotropic hormones and 

cytokines (for review, see Wright et al., 2009).  Dysregulation of this system can 

result in a number of disease states such as osteoporosis, Juvenile Paget’s disease, 

skeletal metastases, and arterial calcification.   

 

1.4.1.1 RANK 

 Receptor activator of nuclear factor kappa-B (RANK) is a receptor expressed 

mainly by monocytes, dendritic cells, B and T lymphocytes, fibroblasts and mature 

osteoclasts (Anderson et al., 1997).  On monocytes (pre-osteoclasts), RANK is 

essential for their development into mature osteoclasts.  RANK, also known as 

osteoclast differentiation and activation receptor (ODAR) was originally identified in 

1997 by Anderson et al. as a type I transmembrane protein belonging to the tumour 

necrosis factor receptor (TNFR) superfamily.  RANK is a receptor for RANKL (see 

section 1.4.1.2) and when bound to each other initiate a signal cascade inside the 

monocyte to signal ostoclastic differentiatiation and stimulating it to begin resorbing 

nearby bone.  As the name suggests, the signalling pathway initiated results in the 

activation of the transcription factor nuclear factor kappa B (NF-кB).  Once activated, 

NF-кB translocates to the nucleus and binds to specific sites on DNA causing the 

expression of the genes required for osteoclast differentiation and activation such as 

TRAP, cathepsin K, ATP H+ exchanger and the calcitonin receptor.  RANK knockout 

mice models exhibit severe osteopetrosis resulting from a deficiency in active 

osteoclasts, indicating a necessity for RANK to induce osteoclast formation, 

activation and subsequent resorption of bone (Li et al., 2000).  

  RANK is a type I transmembrane protein comprising of 616 amino acids, 383 

of these being in the cytoplasmic C-terminal and 184 in the extracellular N-terminal 

(Anderson et al., 1997).  It also has a 21 amino acid signal peptide and a 21 amino 

acid transmembrane domain, which itself consists of four cysteine rich 

pseudorepeats and two N-glycosyation sites (Anderson et al., 1997).  
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1.4.1.2 RANKL 

 Receptor activator of nuclear factor kappa-B Ligand (RANKL) is also known 

as osteoclast differentiation factor (ODF), osteoprotegerin ligand (OPGL) and TNF 

related activation-induced cytokine (TRANCE).  RANKL is a member of the TNF 

superfamily and the majority of RANKL can be found on the cell surface of 

osteoblasts as a type II transmembrane protein.  RANKL however, can also exist in 

a soluble form (sRANKL), either secreted from activated T-cells or cleaved from the 

surface of osteoblasts by the membrane metalloproteinase TNF-α convertase 

(TACE).  Primarily RANKL binds to RANK and induces osteoclast differentiation but 

has also been shown to increase the pool of active osteoclasts by inhibiting 

osteoclast apoptosis (Fuller et al., 1998) and directly stimulating mature osteoclastic 

activity (Burgess et al., 1999).  RANKL knockout mice display very similar 

characteristics to RANK knockout mice as they too suffer from severe osteopetrosis 

caused by a lack of osteoclast activation (Odgren et al., 2003).  They also suffer 

from markedly reduced skeletal growth, little or no tooth eruption, and growth plate 

chondrodystrophy (Odgren et al., 2003). 

 The expression of RANKL can be controlled by various cytokines (such as 

IL-1, TNF-α and IL-11) and calcitrophic hormones (such as PTH, PGE2 and 

1,25(OH)2D3) to produce the level of osteoclastic activity required (O’Brien et al., 

2001; Hofbauer et al., 2000).  RANKL is much smaller than RANK, consisting of only 

316 amino acids, with a 48 amino acid cytoplasmic domain (N-terminus) and a 247 

amino acid extracellular domain (C-terminus, Anderson et al., 1997).  sRANKL 

however consists only of 243 amino acids, as it lacks the transmembrane and 

cytoplasmic region (Ikeda et al., 2001).   

 

1.4.1.3 OPG 

 Osteoprotegerin (OPG) was initially discovered in 1997 by Simonet et al. as 

a novel secreted glycoprotein member of the TNFR superfamily.  As with RANKL, 

OPG was identified simultaneously by another group of workers, Tsuda et al., 

(1997) but they called it osteoclastogenesis inhibitory factor (OCIF).  The name 

OPG is adapted from Latin: os meaning bone and protegere meaning to protect and 

was called so because of its ability to protect against bone loss.  OPG is a widely 

expressed protein, with high levels of mRNA having been found in lung, heart, liver, 

kidney stomach, brain and spinal cord, intestines, the thyroid gland and in particular, 

bone tissues (Simonet et al., 1997; Tsuda et al., 1997; Hofbauer et al., 2000).  OPG 
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acts as a decoy receptor by binding to RANKL with high affinity and therefore 

obstructing RANK/RANKL binding, thus preventing osteoclastogenesis and 

inhibiting bone resorption.  OPG knockout mice display severe osteoporosis, an 

increased fracture rate and medial arterial calcification, demonstrating a role for 

OPG in maintaining a healthy vasculature system as well as its role in regulating 

bone mass (Bucay et al., 1998).  On the contrary, the osteosclerotic phenotype 

associated with patients suffering from idiopathic myelofibrosis has been attributed 

to the over production of OPG by the osteoblasts (Wang et al., 2004) 

 However, OPG has also been found to bind to TNF related apoptosis 

inducing ligand (TRAIL) again with a high affinity (Emery et al., 1998), thus 

preventing TRAIL-induced apoptosis, a mechanism for eradicating tumour cells.  

This finding led to the hypothesis that because of TRAIL neutralisation, OPG could 

potentially act as a survival factor for cancerous cells (Holen et al., 2002).  The 

interaction between OPG and TRAIL may prevent interaction with RANKL and 

therefore osteoclastogenesis may be facilitated (Emery et al., 1998).   

 Unlike RANK and RANKL, OPG only exists as a secreted protein and 

therefore does not possess a transmembrane domain.  OPG functions mainly as a 

dimeric 120kDa disulphide-linked homodimer (each monomer being approximately 

60kDa).  Although dimerisation is not essential for biological activity, it does improve 

the binding affinity for RANKL, TRAIL and heparin (Tsuda et al., 1997; Yamaguchi K 

et al., 1998).  Initially synthesised as a 401 amino acid protein, OPG contains four 

cysteine rich domains at the N-terminal, two death domains and a heparin binding 

site at the C-terminal (Yamaguchi K et al., 1998) (Fig 1.8).  Upon secretion, the 21 

amino acid signal peptide is cleaved, resulting in a mature 380 amino acid secreted 

protein (Simonet et al., 1997).  Both the cysteine rich domains and the heparin 

binding domain contribute to the disulphide bridge linkages during dimerisation, 

most importantly, cys-400 (Yamaguchi K et al., 1998).  The C-terminal basic heparin 

binding domain of OPG makes interactions with both heparin and heparin sulphate 

feasible, such as those in heparin sulphate proteoglycans (HSPGs).  HSPGs are 

involved in cell surface signalling amongst various other functions but as to why 

exactly OPG binds these HSPGs remains unclear.  Similarly, the function of the two 

death domains is unknown. 
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Fig 1.8    Diagrammatic representation of a mature OPG monomer.  The 7 

domains are identified along with their function.  The N-terminus contains the 4 

cysteine rich domains required for the inhibition of osteoclastogenesis, and the C-

terminus contains both the DDH domains and the heparin binding domain.  The all 

important Cys400 required for dimerisation is also labelled.        
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1.4.2 Parathyroid hormone 

 Parathyroid hormone (PTH) is primarily responsible for regulating serum 

calcium levels through its effects on bone remodelling, kidney reabsorption and 

intestinal absorption.  Secretion of PTH from the chief cells within the parathyroid 

gland is controlled through a negative feedback loop.  G-protein-linked calcium 

sensing receptors (CaSR) on the cell surface membrane of parathyroid chief cells 

detect levels of circulating serum calcium.  Binding of calcium ions to the CaSR 

activates phopsholipase C which in turn inhibits adenylate cylase and reduces both 

cyclic adenosine monophosphate (cAMP) concentrations and PTH secretion 

(Nussey and Whitehead, 2001).  As the calcium receptor becomes less stimulated, 

cAMP concentrations rise, protein kinase A (PKA) is activated, PKA phosphorylates 

transcription factors such as CREB and PTH is secreted.    

 PTH regulates bone remodelling directly by binding with its specific receptor 

on the osteoblast cell surface membrane.  PTH receptors are also G-protein-linked 

receptors, thus, a very similar signal transduction mechanism is triggered in the 

osteoblast as described above.  PTH is known to stimulate osteoclastic activity by 

up-regulating the expression of RANKL and down-regulating the expression of OPG 

(Lee and Lorenzo, 1999).  Abnormally high levels of PTH (as in 

hyperparathyroidism) causes a significant increase in osteoclastogenesis without 

the associated increase in osteoblast activity resulting in excessive bone loss and 

increased fracture rate (Khosla et al., 1999).  Transgenic mice experiments using 

postnatal PTH knockout mice (PTH-/-) showed the absence of PTH resulted in an 

increase in trabecular bone volume with a reduced bone turnover rate compared to 

wild-type mice (Miao et al., 2004).  The increase in trabecular volume was attributed 

to a marked decrease in PTH-stimulated osteoclast activity and persistent 

stimulation of osteoblast activity by PTHrP (Miao et al., 2004).   

 PTH is now administered to patients as a treatment for osteoporosis 

(Hamann and Lane, 2006).  The exact mechanism of stimulation is not entirely 

understood, but it is thought that intermittent daily administration of PTH stimulates 

osteoblasts to begin laying new matrix (Iida-Klein et al., 2007; Boyce et al., 2003) 

possibly via interaction with the Wnt signalling pathway (Suzuki et al., 2008).  PTH 

has been shown to enhance TCF-dependent transactivation and inactivation of 

GSK3β in the human osteosarcoma cell line Saos-2 (Suzuki et al., 2008), increase 

levels of active β-catenin (Kulkarni et al, 2005) via activation of PKA and up-regulate 

the expression of Wnt4 (Li et al., 2007).  Other studies have demonstrated a 

significant down-regulation in SOST expression in response to PTH (Keller and 
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Kneissel, 2005), resulting in the inhibition of sclerostin production and an overall 

increase in canonical Wnt signalling during PTH treatment.   

 

1.4.3 1,25(OH)2 vitamin D3 

 1,25(OH)2D3, the active metabolite of vitamin D also participates in the 

regulation of calcium homeostasis via its effects on bone remodelling.  Osteoblasts 

have a vitamin D3 receptor (VDR), whereas osteoclasts do not.  1,25(OH)2D3 

increases bone resorption by up-regulating RANKL (Kitazawa et al., 2003) and 

down-regulating OPG (Kondo et al., 2004).  Therefore 1,25(OH)2D3-induced bone 

resorption is controlled indirectly via the osteoblast.  Both 1,25(OH)2D3 and PTH are 

involved in a negative feedback loop with the parathyroid gland to prevent 

hypercalcaemia.  The presence of PTH and low serum calcium activates 1α-

hydroxylase which forms 1,25(OH)2D3.  An increase in 1,25(OH)2D3 inhibits the 

transcription of the 1α-hydroxylase gene and also that of the PTH gene (Nussey and 

Whitehead, 2001). 

 

1.4.4 Calcitonin 

 Calcitonin participates in the regulation of calcium and phosphate 

metabolism and counteracts the actions of both PTH and 1,25(OH)2D3.  Calcitonin 

reduces serum calcium levels by inhibiting the osteoclast directly through a G-

protein coupled calcitonin receptor and therefore blocking bone resorption 

(Chambers et al., 1984).  Calcitonin is so effective in reducing bone resorption that it 

is often used to treat diseases such as osteoporosis (Karsdal et al., 2008), Paget’s 

disease of bone (Langston and Ralston, 2004) and giant-cell tumour of the bone 

(Pogrel, 2003). Other effects of calcitonin include inhibiting calcium resorption from 

the gut and inhibiting phosphate resorption from the kidney.       

 

1.4.5 Oestrogen  

 During and after the menopause, the drop in oestrogen levels has a 

profound effect on bone remodelling.  Oestrogen is required for osteoblast 

recruitment and survival.  Pre-menopausally, oestrogen interacts with the osteoblast 

via specific oestrogen receptors and increases OPG production resulting in inhibition 

of osteoclastogenesis (Eastell, 2005).  Post-menopausally, a lack of oestrogen 

results in increased bone resorption and can lead to post-menopausal osteoporosis 
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(see section 1.5.1).  Excessive bone resorption also occurs during pregnancy and 

lactation.  This is due to a drop in oestrogen levels and adaptations to the mother’s 

mineral homeostasis to ensure correct foetal skeletal mineralisation (Miller and 

Bowman, 2007).  Within 24 hours of weaning, osteoclasts are seen to detach from 

bone surfaces and apoptose, oestrogen levels rise to normal ranges and bone 

remodelling continues in a healthy steady state (Miller and Bowman, 2007). 

More recently, an evident link between oestrogen and Wnt signalling has 

been established. It has been reported that using a neutralising antibody to target 

sclerostin not only inhibited ovariectomised-induced bone loss in rats but increased 

bone mass to levels greater than non-ovariectomised controls (Li et al., 2009).  

These results strongly indicate the possibility of a new therapeutic approach to the 

treatment of osteoporosis by stimulating new bone formation. 

 

1.4.6 Markers for bone remodelling 

 Total body BMD in man can be estimated by dual energy X-ray 

absorptiometry (DEXA).  However, this measurement is expensive and necessitates 

making two measurements at least a year apart in order to detect a change.  Bone 

turnover can also be estimated by measuring biochemical indicators to inform the 

investigating clinician of the state of bone remodelling, i.e. if there is too much or too 

little bone production or resorption.  These indicators take the form of proteins and 

can either be detected in the serum (from blood) or urine of a patient.  Such 

indicators are termed bone markers and reveal a lot of information about the 

metabolic state of the bone.  Bone markers include both enzymes and non-enzyme 

proteins derived from both cellular and non cellular compartments of the bone and 

they are split into two groups, depending on the process they represent (either bone 

resorption or bone formation). 

 Markers of bone resorption tend to include those that are related to either a 

break down product of collagen such as hydroxyproline (Seibel, 2005), or a 

particular collagen cross-link such as NTX or CTX.  Other markers of bone 

resorption include bone sialoprotein and osteoclast specific enzymes such as 

Cathepsin K and TRAP.  Markers of bone formation include by-products of collagen 

synthesis (peptides from type I collagen) and osteoblast specific proteins such as 

osteocalcin and ALP.  These markers are summarised in Table 1.1. 

Other markers that can potentially be used for measuring bone activity are 

the key regulatory cytokines RANKL and OPG themselves, both of which can be 
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measured in serum.  Elevated circulating levels of OPG can indicate reduced 

osteoclastic activity and therefore possibly enhanced bone formation whereas 

elevated circulating levels of RANKL can indicate increased ostoclastic activity and 

increased bone resorption.  However, circulating sRANKL may already be bound to 

OPG rendering it inactive as is unable to bind its receptor RANK, therefore serum 

sRANKL measurements may not reveal the true picture.   Assays are now available 

that claim to measure both free and total RANKL (ie free plus bound). 
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Table 1.1    Indicating the markers of bone formation, bone resorption and 
where they can be measured.   

 

Bone Marker Serum / Urine 

Markers of Bone Formation  

Alkaline Phosphatase Serum 

Osteocalcin / Osteocalcin fragments Serum / Urine 

C-terminal propeptide of type I procollagen (PICP) Serum 

N-terminal propeptide of type I procollagen (PINP) Serum 

  

Markers of Bone Resorption  

Hydroxyproline Urine 

Carboxyterminal crosslinked telopeptide of type I 

collagen (ICTP / CTX) 

Serum / Urine 

Aminoterminal crosslinked telopeptide of type I 

collagen (NTX-I) 

Serum and Urine 

Bone Sialoprotein (BSP) Serum 

Cathepsin K Serum 

Tartrate-resistant acid phosphatase (TRAP) Serum 
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1.5 Bone disease 

 Bone homeostasis is brought about by a strictly adhered to cycle between 

bone resorption by osteoclasts and bone formation by osteoblasts.  This careful 

balance is tightly regulated by a series of communications between several cell 

types through specific signalling molecules and their receptors.  Any deviation in this 

process can lead to poor bone health and consequently disease states such as 

osteoporosis.  Investigating the way in which bone works, understanding signals 

sent between cells by way of cytokines, hormones and growth factors will ultimately 

lead to an increased understanding of how and why diseases occur and may 

indicate directions for possible future treatments. 

 

1.5.1 Osteoporosis 

 Osteoporosis is the most common disease of the bone, affecting 3 million 

people in the UK over the age of 50 and costs the NHS on average £6million a day 

(Osteoporosis Facts and Figures; National Osteoporosis Society, 2006).  

Osteoporosis is diagnosed as a patient having a BMD measurement less than or 

equal to 2.5 standard deviations below the mean for young adults at skeletal sites 

such as the lumbar spine or proximal femur (Kansis et al., 1996).  Osteoporosis is 

associated with a significant increase in fracture risk and increased bone fragility 

caused by microarchitectural bone tissue deterioration, trabecular thinning with an 

increase in the intertrabecular spaces (Fanucci et al., 2007).  Factors contributing to 

the disease include age, oestrogen deficiency (i.e. the menopause) and 

glucocorticoid therapy although this list is not exhaustive.  Each of the three factors 

mentioned above all contribute in different ways to the progression of the disease, 

but all of them have one thing in common: they result in a net bone loss caused by 

an increase in bone resorption.    

Age induced osteoporosis results from a decrease in serum 1,25(OH)2D3 

and a subsequent rise in PTH (Orwoll and Meier, 1986).  This results in an increase 

in osteoclastic activity without an associated increase in osteoblastic activity hence 

the balance is upset and bone remodelling swings in favour of resorption.  

Post menopausal osteoporosis is commonly termed primary osteoporosis.  It 

has been shown that oestrogen can stimulate the production of OPG in human 

osteoblastic cells (Hofbauer et al., 1999b) and suppress the sensitivity of osteoclasts 

to RANKL by down-regulating c-jun, a key gene in RANKL’s signalling pathway 

(Shevde et al., 2000).  Once a woman reaches the menopause, oestrogen levels 
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plummet, osteoblasts are no longer stimulated to produce OPG and 

osteoclastogenesis is no longer inhibited.  Therefore a decrease in osteoblastic 

activity along with normal or increased osteoclastic activity results in net bone loss 

and induction of osteoporosis.   

 Glucocorticoid induced osteoporosis (GIOP) is a type of secondary 

osteoporosis.  Glucocorticoid therapy can reduce osteoblast activity and increase 

osteoclast activity and result in a net loss of bone.  However, not all patients on 

glucocorticoid therapy progress to develop GIOP.  Why some people are 

susceptible and others are not is unknown and requires further research.  

Glucocorticoids are given to patients as a treatment for a multitude of disorders, 

including rheumatic disorders, chronic pulmonary disorders, skin diseases, and 

disorders associated with organ transplantation (Pennisi et al., 2006).  

 Glucocorticoids affect bone by stimulating the production of DKK-1 (Ohnaka 

et al., 2004) and RANKL while inhibiting the production of OPG in osteoblasts 

(Hofbauer et al., 1999a; Humphrey et al., 2006), thus initiating sustained bone 

resorption.  Loss of bone in GIOP tends to occur within the first few months of 

treatment, affecting trabecular bone more than cortical bone (Cohen and Shane, 

2003; Laan et al., 1993).  The risk of developing GIOP however has been found to 

be dependent on both the dose and duration of treatment (Blair et al., 2000).  

Fracture risk, particularly of the vertebrae and hip, is also elevated in GIOP as a 

consequence of reduced BMD (Van Staa et al., 2000).  Upon cessation of 

glucocorticoid therapy, BMD rises and risk of fracture decreases quite rapidly (Van 

Staa et al., 2000) although a full recovery to pre-treated BMD is unlikely.  

Unfortunately, other side effects are associated with long term glucocorticoid 

treatment, including gastric ulcers, high blood pressure, stunting of growth, thinning 

of the skin and weight gain (Schäcke et al., 2002)   

 

1.5.2 Osteopetrosis 

 Osteopetrosis on the other hand is essentially the opposite of osteoporosis.  

Osteopetrosis is characterised by increased skeletal mass and BMD and can either 

be the result of inadequate osteoclastic activity (Kocher and Kasser, 2003), the over 

expression of OPG (Simonet et al., 1997), or a mutated RANKL gene (Kong et al., 

1999), as demonstrated in transgenic mice.  Three forms of Osteopetrosis include; 

infantile malignant autosomal recessive, intermediate autosomal recessive and adult 

benign autosomal dominant (Kocher and Kasser, 2003).  
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 Sclerosteosis and Van Buchem disease also result in a high bone mass 

phenotype.  Sclerosteosis is caused by a homozygous mutation in the coding region 

of the SOST gene itself resulting in improperly spliced mRNA (Balemans et al., 

2001).  Van Buchem disease however is caused by a homozygous deletion in the 

non-coding region downstream of the SOST gene, thought to contain an enhancer 

element for SOST (Loots et al., 2005).  These mutations result in a down-regulation 

of sclerostin, increased Wnt signalling and a widespread increase in bone mass.       

 

1.5.3 Paget’s disease of bone 

Paget’s disease of bone (PDB) was first described by Sir James Paget in 

1876.  It is a chronic bone remodelling disorder of unknown aetiology characterised 

by a localised increase in unregulated bone remodelling caused by excessive bone 

resorption and hastily remodelled matrix.  The resulting focal lesions consist of 

weakened disorganised woven and lamellar bone.  On average, PDB affects 8% of 

men and 5% of women by the age of 80, making it the 2nd most common bone 

disorder in the UK after osteoporosis (Van Staa et al., 2002).  Many PDB patients 

are asymptomatic, but clinical presentations include raised serum ALP, bone 

pain/deformity and pathological fractures (Helfrich and Hocking, 2008) and are 

susceptible to deafness and secondary arthritis (Langston and Ralston, 2004).   

PDB most commonly affects the spine, pelvis, femur, tibia and skull (Helfrich 

and Hocking, 2008).  PDB can be present at a single site (monostotic) or multiple 

sites (polyostotic) but does not spread across bone boundaries to neighbouring 

bones (Reid et al., 1996).  PDB can however progress throughout the same bone at 

a rate of about 8-9mm a year (Reid et al., 1996) and has been reported to be 

transferred from an affected donor site to an unaffected recipient site following a 

bone graft (Hamadouche et al., 2002).  PDB lesions have been reported to develop 

into both osteosarcoma (Mangham et al., 2009) and chondrosarcoma (Brandolini et 

al., 1997).  PDB results in numerous giant, hypernucleated osteoclasts, often 

housing over 100 nuclei instead of the usual 4 or 5 and are hyper-responsive to both 

1,25(OH)2D3 (Kukita et al., 1990) and RANKL (Menaa et al., 2000).  More recently, 

it has been demonstrated that the expression and production of DKK-1 is elevated in 

osteoblastic and stromal cell cultures from PDB patients compared to unaffected 

bone in the same patients and healthy controls (Naot et al., 2007). 

 The rare inherited juvenile Paget’s disease of bone (JPD, also known as 

familial idiopathic hyperphosphatasia) is an early onset skeletal disorder and can be 
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characterised physically by an enlarged skull, expanded long bones and an in 

increased fracture risk in both the vertebrae and long bones (Middleton-Hardie et al., 

2006).  In these individuals it was found administering recombinant OPG normalised 

bone turnover (Cundy et al., 2005) as they were found to be homozygous for an in-

frame mutation in the OPG gene, resulting in the deletion of Aspartate 182 (Cundy 

et al., 2002).  This deletion leads to structural instability of OPG and consequently 

severely affects both its secretion and activity (Middleton-Hardie et al., 2006).  

Another form of early onset inherited Paget’s disease is caused by a 27 base pair 

tandem duplication in RANK (Nakatsuka et al., 2003) resulting in the receptor being 

permanently active. 

 Familial expansile osteolysis (FEO) and expansile skeletal hyperphophatasia 

(ESH) share phenotypic similarities with PDB.  Both FEO and ESH are also caused 

by a tandem duplication mutation in RANK rendering it constitutively active.  

Whereas FEO is characterised by extensive osteolytic lesions due to increased 

osteoclastic activity, ESH results in a widespread increase in bone remodelling thus 

creating a weakened bone structure.  Unlike classic PDB, osteoclasts in FEO and 

ESH are of normal size and are not hypernucleated.   

 

1.5.4 Multiple myeloma 

 Multiple myeloma (MM) is a haematological malignancy characterised by a 

clonal expansion of neoplastic plasma cells within the bone marrow and lytic bone 

disease (Brunetti et al., 2006).  As with osteoporosis, the prevalence of MM 

increases with age, with most cases being diagnosed after 40 years of age.  In the 

UK, of all new cases of cancer diagnosed annually, 1% are MM (Myeloma Risks and 

Causes, Cancer Research UK, 2010).  The disease is more common in males than 

females.  The most common sites for MM lesions are the ribs and lower spine. 

 There is a strong relationship between MM tumour progression and bone 

resorption.  Myeloma cells alter the local regulation of bone metabolism by up-

regulating RANKL and down-regulating OPG, resulting in a net increase in bone 

resorption.  Myeloma cells have been shown to secrete DKK-1 (Tian et al., 2003) 

which can be detected in the serum of patients (Politou et al., 2006) and correlates 

with the extent of disease progression (Kaiser et al., 2008).  The secreted DKK-1 

inhibits canonical Wnt signalling in surrounding MSCs and pre-osteoblasts, inhibits 

their differentiation, contributes to the altered expression of OPG and RANKL and 

up regulates the production of IL-6 in neighbouring MSCs (Gunn et al., 2006; Qiang 
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et al., 2008).  The increase in IL-6 stimulates angiogenesis, thus providing a 

nutrient-rich environment in which the myeloma cells can flourish.  Myeloma cells 

have also been shown to inhibit bone formation through an increased production of 

sFRP-2 (Oshima et al., 2005).  Elevated production of sFRP2 inhibits BMP2-induced 

osteogenic differentiation whereas immunodepletion of sFRP2 significantly 

enhanced BMP-2 induced mineralised nodule formation (Oshima et al., 2005).     

 Although there is no cure for MM, the disease can be successfully treated 

into remission with the use of drugs such as bortezomib.  Bortezomib has been 

found to induce osteoblast differentiation via Wnt-independant stabilisation of β-

catenin (Qiang et al., 2009) and significantly reduces serum DKK-1 (Terpos et al., 

2006).   

 

1.5.5 Osteosarcoma 

 Osteosarcoma is the second most common primary bone malignancy and 

usually occurs in areas undergoing a fast growth rate.  The most common sites for 

tumour development larger long bones are the femur, tibia and humerous (Ruza et 

al., 2006) and usually always at the end of the bone, the area with the fastest growth 

rate.  Osteosarcoma however can occur in any bone at any time.  It is most 

commonly diagnosed in adolescents with the average age of diagnosis at 15 years 

of age.  Patients with osteosarcoma have a lower BMD than healthy age-matched 

controls (Ruza et al., 2006). 

 Osteosarcomas are tumours of a mesenchymal osteoblastic origin, either 

presenting as a primary tumour or a metastatic tumour from other diseases such as 

breast and prostate cancer.  Although the exact cause of primary osteosarcoma is 

unknown, it is believed that dysregulated Wnt signalling could play a large part.  

DKK-1 has been found to be elevated in the serum of patients with osteosarcoma, 

raising the possibility that DKK-1 is pathogenic in the development of the disease 

and could be used as a diagnostic marker (Lee et al., 2007).  Expression of LRP5 

on osteosarcoma cells appears to correlate with disease progression (Hoang et al., 

2004a).  More recently, WIF-1, a Wnt signalling inhibitor has been found to be 

epigenetically silenced in osteosarcoma resulting in an abundance of β-catenin, 

unchecked proliferation and loss of differentiation (Kansara et al., 2009).   
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1.5.6 Osteoarthritis and rheumatoid arthritis 

 Articular cartilage is a tough material covering the ends of the bones in 

articular joints.  It acts as a shock absorber for the joint due to its high water content 

(achieved through its high proteoglycan content) and its slippery surface allows 

joints to move freely.  Unfortunately however, joint degeneration does occur 

resulting in arthritis.  Osteoarthritis (OA), the most common form of degenerative 

joint disease, results in pain, tenderness, stiffness and locking of the joint.  Joints 

most frequently affected are the synovial weight bearing joints such as the knee and 

the hip, although the hands, feet and spine are also regularly affected.  OA can be 

characterised by degeneration and / or loss or articular cartilage and changes to the 

underlying subchondral bone resulting in joint space narrowing.  Sclerosis of the 

subchondral bone, development of cysts and bony overgrowths (osteophytes) at the 

margins of the joint can be visualised radiographically.   

 The aetiology of OA is unknown, although the pathogenesis of the disease is 

highly likely to be influenced by both biochemical and biomechanical factors.  It is 

believed that both the bone and the cartilage play a role in the development of OA 

and so the common assumption that OA is a “cartilage disease” is somewhat 

flawed.  Human OA osteoblasts in the subchondral bone have shown an abnormal 

phenotype in vitro (Hilal et al., 1998) and a reduced expression of OPG (Kwan Tat et 

al., 2008); somewhat surprising given the sclerotic nature of OA bone.  On the 

contrary, high levels of OPG have been detected in both the synovial fluid and 

serum of patients with OA of the knee (Pilichou et al., 2008).  OPG has been 

demonstrated to stimulate chondrocyte production of MMP-13 and protease-

activated receptor-2 (PAR-2; Kwan Tat et al., 2009), both of which are catabolic 

factors in cartilage pathophysiology.  Wnt signalling, DKK-1 in particular, has been 

demonstrated to be a key regulator of joint remodelling (Diarra et al., 2007) and has 

been associated with chondrocyte apoptosis (Weng et al., 2009).   

 Rheumatoid arthiritis (RA) on the other hand is a chronic systemic 

inflammatory disorder that principally attacks the synovial joints.  Inflammation of the 

synovium (synovitis) ultimately results in the degradation of the articular cartilage 

and bone loss.  The synovium in RA has been found to express significantly higher 

levels of Wnt1 (Sen et al., 2002), Wnt7b (Nakamura et al., 2005) and WISP3 (Cheon 

et al., 2004) than in healthy synovium.   
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1.6 Aims and objectives 

 The principle aim of the work presented in this thesis is to examine how both 

OPG and DKK-1 production are regulated in osteoblastic cells in health and 

disease, paying particular attention to the role of Wnt signalling.  The work was 

performed in order to meet the following objectives: 

• to quantify the production of DKK-1 in MG63 and Saos-2 osteoblastic cells 

and perhaps identify which cell line is more suitable to use in further 

investigations. 

• to investigate the effect of many different cytokines, growth factors and 

hormones on OPG production, DKK-1 expression and production and 

expression of various Wnt proteins in MG63 and Saos-2 osteoblastic cells. 

• to investigate the regulation of DKK-1 production in terms of Wnt signalling.  

Is it a product of canonical Wnt signalling, non-canonical Wnt signalling, or 

both? 

• to investigate the role of DKK-1 in PDB in light of recent publications.   

Results achieved from this work may therefore be beneficial in increasing our 

understanding of bone biology and generate further research into the regulation of 

OPG and DKK-1 and the involvement of Wnt signalling in osteoblastic cells.  In turn, 

these results may also lead to the improvement of current treatments or the 

development of new treatments, for diseases such as PDB.  

 
 

 

 




