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ABSTRACT 

Bones are rigid organs that not only provide structural support for the body but protect 

the various organs of the body. Bone tissue constantly undergoes continuous renewal 

throughout life to maintain skeletal strength and health. The homeostatic equilibrium in 

bone volume is delicately maintained by the activities of the bone forming osteoblasts 

(OBs) and bone resorbing osteoclasts (OCs) and as such perturbations in this balance 

are often associated with osteolytic bone diseases.  

 

OCs are multinucleated giant cells formed through the fusion of monocytic precursors 

of the hematopoietic stem cell lineage. In fact, many of the osteolytic bone diseases are 

due to increased OC formation and/or bone resorptive activity. Binding of the key 

cytokine, receptor activator of nuclear-factor kappa B (NF-κB) ligand (RANKL) to its 

cognate receptor RANK on OC precursors triggers the activation of a cascade of 

signalling pathways that initiate commitment, differentiation, and fusion of monocytic 

precursors culminating in the formation and survival of multinucleated OCs. These 

pathways include the NF-κB, the MAPK, and the c-Fos and NFATc1 signalling 

pathways. Once activated and attached to bone, OC undergoes membrane polarisation 

forming distinctive plasma membrane domains involved in bone resorption including 

the ruffled border, sealing zones and functional secretion domain. At the ruffled border, 

the vacuolar-ATPase (V-ATPase) proton pumps secretes acids to acidify the resorption 

pit to solubilize the underlying bone, and at the same time activates matrix degrading 

enzymes, such as cathepsin K (CTSK), to degrade and digest the mineralized matrix. 

Thus it can be appreciated that any steps in the formation of the OC, the bone resorptive 

process, as well as the subsequent survival mechanisms of the OC are prime targets for 

the development of novel therapies for the treatment and/or prevention of bone diseases 

associated with enhanced OC activity. 

 

In an effort to identify new agents that can be used as therapeutic treatment for bone 

lytic diseases, we targeted on two potential candidate agents, Alexidine dihydrochloride 

(AD) and Thonzonium bromide (TB) for inhibiting OC bone resorption and potentially 

therapeutics for bone lytic disordersdue to their proposed ability to decouple and inhibit 

the V-ATPase proton pump in yeast cells.  

 

In Chapter 4, the effects of AD on OC formation and bone resorption in vitro was 

examined and its therapeutic potential explored in vivo using a murine model of 
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inflammatory LPS-induced osteolysis. In vitro OC formation assays show that AD 

exerts anti-osteoclastogenesis properties by dose-dependently inhibiting RANKL-

induced OC formation and this impart was due to the suppression of early MAPK 

signaling cascades (ERK, JNK, and p38) which subsequently preventing the induction 

and activation of NFATc1, the master transcription factor for OC formation. 

Surprisingly, AD did not affect RANKL-induced activation of the NF-κB signalling 

pathway, an important signalling cascade mediating early stage of OC formation. 

 

In addition, AD also demonstrated anti-resorptive properties but this effect was not the 

consequence of V-ATPase inhibition as AD was found not to inhibit V-ATPase-

mediated acidification or proton transport. Rather, AD treatment was associated with a 

disruption in actin ring formation and generalized cytoskeletal shrinkage in mature OCs 

which may have accounted for the reduced OC bone resorptive activity. Finally, 

prophylactic treatment of AD effectively suppressed OC recruitment and bone 

resorption induced by LPS in vivo. Collectively our findings suggest that AD may be a 

promising prophylactic and therapeutic anti-osteoclastic/resorptive agent for the 

treatment of osteolytic diseases caused by excessive OC formation and function. 

 

In Chapter 5, the potential therapeutic application of TB in osteolytic models was 

investigated. In this study, TB exerted anti-osteoclastogenic effects via inhibition of 

RANKL-induced activation of NF-κB, ERK and c-Fos which suppressed the activation 

and induction of NFATc1 transcriptional activity. Interestingly the anti-osteoclastic 

effects of TB were both transient and time dependent. TB also demonstrated anti-

resorptive properties but as with AD, this effect was not due to inhibition of OC V-

ATPase activity. These data suggests that there are potentially structural differences in 

the OC V-ATPase proton pump that renders it insensitive to the effect of TB and AD. 

 

Treatment of mature resorbing OCs with TB induced rapid disruption of actin ring and 

generalized changes to cytoskeletal integrity. This effect could be attributed to the 

chemical properties of TB being a monocationic detergent surface-active agent thus 

possibly exerting adverse effects on lipid domains and compromising membrane 

integrity and actin dynamics. Finally, consistent with its anti-osteoclastogenic and anti-

resorptive effects in vitro, administration of TB protected against inflammatory calvarial 

bone loss induced by LPS in vivo.Collectively, results presented in this chapter points to 

a potential use of TB in the prevention or treatment of OC-related diseases. 
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In addition to OC bone resorption, the activities of the bone forming OBs are equally 

important in maintaining bone homeostasis.Although their major function is to lay 

down bone in volume equal to the amount resorbed by the OC, OBs are also crucial 

regulators of OC formation and activity. OB-derived M-CSF and RANKL (both in 

secreted or membrane-bound forms) is necessary to promote the proliferation, 

commitment, and differentiation of bone-marrow monocytic precursors towards the OC 

lineage. OPG is another OB-derived factor involved in negatively controlling OC 

formation by acting as a decoy receptor for RANKL thereby inhibiting RANKL-RANK 

signalling. Defective OB function leading to abnormal osteoids results in disorders of 

rickets in children and osteomalacia in adults, as well as severe heritable skeletal 

deformities such as osteogenesis imperfecta. In addition, malignant transformation of 

MSCs towards the OB lineage leading to excessive deposition of malignant osteoid is 

the hallmark ofmalignant primary bone tumor, osteosarcoma (OS) or osteogenic 

sarcoma, in adolescents and young adults.  

 

In the Chapter 6 of this thesis, the in vitro effects of AD and TB on OS cells were 

investigated. Preliminary investigations found that only AD but not TB inhibited 

proliferation and migration of UMR-106 OS cells in a dose-dependent manner. UMR-

106 cells are an aggressive, poorly immunogenic OS cell line, that displays a strong 

carcinogenic capability and enhanced osteoblastic-like properties of enriched in alkaline 

phosphatase (ALP) activity and type I collagen production. The OB properties of matrix 

mineralization and ALP activity demonstrated by UMR-106 OS cells were also dose-

dependently suppressed by AD treatment. Mechanistically, it was demonstrated that 

AD-induced apoptosis via the mitochondrial-caspase cascade was responsible for these 

anti-proliferative, anti-migratory, and anti-OB effects but only at high concentrations of 

AD. The inhibitory effects demonstrated by low dose of AD requires further 

investigation, and may involve inhibition of signalling cascades involved in cell 

migration, as well as OB differentiation and function. Together these preliminary data 

suggests that at least AD could serve as a potential candidate agent for the treatment of 

OS. Whereas TB shows more selectivity and specificity towards the OC. 

 

In summary, the studies presented in this thesis demonstrated that both AD and TB 

exert inhibitory effects on OC formation and bone resorption, demonstrating potential 

application in the prevention and possible treatment of osteolytic lesion in vivo. 

Furthermore, AD also show promise as an alternative treatment option for OS. 
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1.1 INTRODUCTION 

Bone is a rigid yet dynamic organ that provides structural framework to support and 

protect the various organs as well as act as anchors and leverages for skeletal muscles, 

tendons, ligaments, and joints and together as a biomechanical system to generate and 

transfer forces for bodily movement in a three-dimensional space. They are also 

intimately involved in blood production and storage reservoir for minerals, growth 

factors and fat; in maintaining calcium and phosphate homeostasis; and as a endocrine 

organ (Taichman, 2005; Confavreux, 2011; Kini and Nandeesh, 2012). To maintain 

excellent bone quality and structural integrity, bone tissue continually undergoes 

renewal through process of “bone remodelling” to adapt to changing biomechanical 

forces, repair micro-damages and in fracture healing. The delicate balance between 

bone formation by osteoblasts (OBs) and bone resorption by osteoclasts (OCs) governs 

the bone remodelling process (Rodan, 1998). The activities of the OB and OC must 

therefore be carefully controlled as slight perturbations in the remodelling process can 

lead to metabolic bone pathologies and osteolytic bone diseases. 

 

Bone diseases are groups of condition that damage the skeleton and weaken the bones 

leading to increased fracture risks. The most common bone disease is osteoporosis, 

which is characterized by low bone mass and deterioration of bone structure placing the 

patient at risk of spontaneous fractures due to bone fragility particularly in the spine, hip, 

wrist, and pelvis (Goncalves et al., 2013). Every year Australia spends $2 billion for the 

treatment of osteoporosis for 50% of woman and 33% of man over 60 years suffering 

from osteoporosis fracture (Sambrook and Cooper, 2006). Regardless of their aetiology, 

the major pathological features are osteolysis, reactive fibrosis and disturbance of bone 

formation. It is well established that the osteolytic signature is caused by the elevated 

formation and/or over-activation of OCs rather than inefficiency or defect OB function 

(Teitelbaum, 2007). However, it has become increasing apparent that dysfunction in OB 

bone formation also contributes to bone loss especially in age-related osteoporosis 

(Kassem and Marie, 2011; Marie, 2015). Both OCs and OBs are prime cellular targets 

for the development of potentially new therapeutic agents to prevent and combat bone 

diseases. Thus this chapter will provide a current overview of OC biology and briefly 

touching upon OB formation and function in the hope to provide a better understanding 

of the interplay between these two bone cells and their role in maintaining bone 

homeostasis. 
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1.2 OSTEOCLASTS 

OCs are giant multinucleated cells that originate from hematopoietic stem cell lineage 

and are the only cells in the body capable of resorbing bone (Bar-Shavit, 2007; Edwards 

and Mundy, 2011; Boyce, 2013; Goncalves et al., 2013). OC formation and function are 

regulated by several cytokines and hormones, including receptor activator of nuclear-

factor kappa B (NF-κB) ligand (RANKL), macrophage colony-stimulating factor (M-

CSF), parathyroid hormone (PTH), 1,25(OH)2 vitamin D3, interleukin-1, IL-6, IL-7, IL-

11, TGF-β, TNF-α, glucocorticoids and growth hormone (Trebec et al., 2007). Once 

attached to bone and activated, OCs undergoes membrane polarization forming a 

specific bone-apposed resorptive organelle termed the ruffled border; sealing zones to 

isolate the resorption lacunae; and the functional secretion domain from which engulfed 

bone matrix are released into the extracellular space during bone resorption (Vaananen, 

2005). It is through the ruffled border that proteolytic enzymes such as cathepsin K and 

acid via the combined actions of the vacuolar-ATPase (V-ATPase) proton pump and 

chloride channel-7 (CLC-7) are released leading to the dissolution and degradation of 

mineralized bone matrix (Bar-Shavit, 2007; Xu et al., 2007; Edwards and Mundy, 2011; 

Qin et al., 2012b). 

 

1.2.1 Osteoclast formation (Osteoclastogenesis) 

OCs are formed through the fusion of monocytic/macrophage precursor cells of the 

hematopoietic stem cell lineage. These precursors are recruited from the bone marrow 

or splenic tissues to the site of skeletal remodelling where they commit and differentiate 

into mature OCs through cell-to-cell interaction with osteoblastic stromal cells and 

matrix-embedded osteocytes (OCY) (Takahashi et al., 1988; Udagawa et al., 1989; 

Udagawa et al., 1990; Udagawa et al., 1999; Lewiecki, 2011; Nakashima et al., 2011; 

Nakashima and Takayanagi, 2011; Xiong et al., 2011). Commitment, differentiation and 

fusion of monocyte/macrophage progenitor to mature multinucleated OCs is a tightly 

regulated process under the influence of two key cytokines, M-CSF and RANKL 

released by and expressed on the surface of OBs and OCYs (Fig. 1.1). Early studies 

demonstrating the important role of OBs and stromal cells in OC formation was 

illustrated in the osteopetrotic op/op mouse which exhibit reduced OC numbers and 

consequently decreased bone resorption. This defect was found to be the result of failure 

of OBs and stromal cells to release functionally active M-CSF (Wiktor-Jedrzejczak et 

al., 1990; Yoshida et al., 1990; Felix et al., 1990a; Felix et al., 1990b; Ryan et al., 2001). 

However, M-CSF alone is not sufficient to drive OC formation. Our understanding of 
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OC biology was revolutionized after the discovery of RANK/RANKL/OPG signalling 

axis (Simonet et al., 1997; Lacey et al., 1998; Yasuda et al., 1998b). 

 

1.2.2 Factors regulating osteoclast formation 

1.2.2.1 Macrophage colony-stimulating factor (M-CSF) 

M-CSF, also known as colony stimulating factor-1 (CSF-1), as its name suggests is an 

essential cytokine for development of macrophage colonies and is required for 

proliferation, differentiation and survival of mononuclear phagocytes (Stanley et al., 

1994; Stanley et al., 1997). Due to alternative splicing of M-CSF mRNA and 

subsequent post-translational modifications of the precursor protein, M-CSF exists as 

three different forms: a secreted glycoprotein (amino terminally cleaved), a secreted 

proteoglycan (carboxy terminally cleaved) and a short cell surface membrane-bound 

glycoprotein. The secreted glycoprotein and proteoglycan isoforms circulate throughout 

the body, whereas the surface-bound isoform regulates target cells within the local 

vicinity (Stanley et al., 1997). Full-length M-CSF protein is comprised of five structural 

domains: an N-terminal signal peptide with 32 amino acids, a receptor binding domain 

of 149 amino acids, a spacer region, a trans-membrane domain with 24 amino acids and 

a cytoplasmic tail composed of 35 amino acids (Douglass et al., 2008). M-CSF is 

secreted by various cells including monocytes, fibroblasts, OBs, stromal cells, 

endothelial cells, and tumour cells (Hamilton, 1997).  

 

M-CSF plays a crucial role in the regulation of bone physiology. M-CSF is required for 

the formation of OCs. Mice lacking functional M-CSF (op/op mice) were reported to be 

small, toothless, suffering from low body weight, exhibit severe abnormalities in 

skeletal structure and deficiencies in macrophage and OC populations leading to 

subsequent development of osteopetrosis (Wiktor-Jedrzejczak et al., 1990; Yoshida et 

al., 1990; Felix et al., 1990a; Felix et al., 1990b; Ryan et al., 2001). M-CSF binds to its 

sole receptor, c-fms, highly expressed on mononuclear precursors inducing their 

commitment and differentiation to the OC lineage (Felix et al., 1990a; Felix et al., 

1990b; Ross, 2006). Mice lacking csf1r, the gene encoding c-Fms, exhibit the same 

osteopetrotic phenotype as the op/op mouse, with marked decrease in macrophages and 

lack of OCs (Dai et al., 2002). C-fms is a tyrosine kinase transmembrane receptor that 

once bound to M-CSF results in receptor oligomerization leading to trans-

phosphorylation and subsequent activation of tyrosine kinase activity (Ross, 2006). C- 
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Figure 1.1. The process of OC formation. Induced by hormones, growth factors 
and cytokines, OBs produce RANKL and OPG. RANKL binds to its receptor RANK 
located on the surface of BMM progenitors and pre-OCs to induce differentiation 
and fusion into multinucleated mature OC. RANKL regulates mature OC bone 
resorption and survival. OPG is a decoy receptor that binds RANKL and preventing 
RANKL binding to RANK and thus inhibits RANKL-induced OC formation and 
bone resorption. Bone resorption by mature polarized OCs is achieved by the 
coupled secretion of H+ protons and proteolytic enzymes such as cathepsin K, which 
acidifies the resorptive compartment leading to bone matrix dissolution and 
degradation. Image adapted from (Lewiecki, 2011) 
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Fms trans-phosphorylation prompts downstream signals via recruitment of signalling 

adaptors that binds to phosphorylated tyrosine residues to regulate cell proliferation, 

survival, differentiation, and cytoskeletal reorganization. Grb2, c-Src, c-Cbl, PI3K-AKT, 

and Ras/Raf/MEK/ERK are key adapter transducers of M-CSF signalling (Ross, 2006). 

 

Although M-CSF is an important factor for OC formation, it alone is insufficient to 

drive OC formation in vitro and in vivo. Osteoclastogenesis, also requires direct contact 

between OC precursors and stromal cells or OBs suggesting that a membrane-bound 

factor produced by stromal cells or OBs is essential for OC formation (Udagawa et al., 

1990). This master osteoclastogenic factor was eventually identified as RANK ligand, a 

member of the tumour necrosis factor (TNF) family (Lacey et al., 1998; Yasuda et al., 

1998b). 

 

1.2.2.2 Receptor activator of nuclear factor kappa B ligand (RANKL) and its receptor 

RANK 

RANKL (also known as TRANCE, ODF, osteoprotegerin ligand and TNFSF11), is a 

type II transmembrane protein expressed on the surface of OBs and stromal cells (Lacey 

et al., 1998; Yasuda et al., 1998b) in response to a variety of signals including 

1,25(OH)2 vitamin D3 (Miura et al., 2002), parathyroid hormone (PTH) (Lee and 

Lorenzo, 1999), tumor necrosis factor-α (TNF-α) (Hofbauer et al., 1999), prostaglandin-

E2 (PGE2) (Li et al., 2002a), interleukin-1 and interleukin-11 (IL-1 and IL-11) 

(Hofbauer et al., 1999; Aubin and Bonnelye, 2000), lipopolysaccharide (LPS) (Kikuchi 

et al., 2001), fibroblast growth factor-2 (FGF-2) (Chikazu et al., 2001) and insulin like 

growth factor-1 (IGF-1) (Rubin et al., 2002). RANKL is considered the master cytokine 

for OC differentiation, function, and survival (Lacey et al., 1998; Yasuda et al., 1998b; 

Lacey et al., 2000). 

 

RANKL is a 316 amino acid, 38kDa protein consisting of a short N-terminal 

intracellular domain, a transmembrane domain and a longer C-terminal extracellular 

receptor-interacting domain (Lacey et al., 1998; Yasuda et al., 1998b; Hanada et al., 

2011). RANKL exists as both a soluble and membrane-bound form. The membrane-

bound form requires cell-to-cell contact to mediate the osteoclastogenic effect whereas 

the soluble form can induce OC formation in the absence of contacting OBs or stromal 

cells. The soluble form corresponds to the C-terminal part of membrane-bound RANKL 

and is formed either as a splice variant secreted by the cell or as a cleavage product of 
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the membrane-bound RANKL (Lum et al., 1999; Ikeda et al., 2001). RANKL 

monomers form functional trimeric complexes via TNF homology domain located at the 

extracellular C-terminus. Thus each functional RANKL trimer has three receptor 

binding sites, formed as a groove between adjacent RANKL monomers (Lam et al., 

2001) 

 

RANKL is necessary and sufficient to induce OC formation from committed precursor 

through its interaction with its cognate receptor, RANK (Nakagawa et al., 1998; Hsu et 

al., 1999; Myers et al., 1999). RANK is a type I homo-trimeric transmembrane protein 

composed of 616 amino acids composed of an extracellular domain of 184 amino acids, 

a transmembrane domain of 21 amino acids, and cytoplasmic domain of 383 amino 

acids originally identified in dendritic cells (Anderson et al., 1997) and is expressed on 

the membrane surface of OCs, B- and T-cells (Nakagawa et al., 1998; Green and Flavell, 

1999; Hsu et al., 1999; Myers et al., 1999). Binding of RANKL to RANK causes 

receptor trimerization and activation; commitment of monocyte/macrophage precursor 

cells to the OC lineage; expression of OC specific genes for cell differentiation and 

fusion; activation of resorption by mature OCs; and their subsequent survival and 

participation in new rounds of bone degradation at neighbouring sites (Nakagawa et al., 

1998; Burgess et al., 1999; Dougall et al., 1999; Hsu et al., 1999; Li et al., 2000) (Fig. 

1.1). 

 

The physiological importance of RANKL-RANK signalling in OC formation has been 

demonstrated by knockout mice studies. Both RANKL and RANK knockout mice 

demonstrate typical osteopetrosis due to the failure to form OCs (Dougall et al., 1999; 

Kong et al., 1999; Li et al., 2000). These mice were smaller with growth retardation, 

lack tooth eruption and exhibit severely thickened bones. Supporting these mouse 

studies, a report has identified an inactivating mutation of RANK in children suffering 

from severe osteopetrosis due to the absence of OC (OC-poor osteopetrosis) (Guerrini 

et al., 2008). On the other hand, activation mutations in RANK have also been found in 

patients with familial Paget’s disease causing excessive OC formation and activity and 

severe osteolysis (Hughes et al., 2000). 

 

The cytoplasmic domain of RANK like other TNF receptors, lacks intrinsic enzymatic 

activity to activate protein kinases and thus transduces intracellular signals by recruiting 

various adaptor molecules such as the TNF receptor-associated factor (TRAFs) family 
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of proteins including TRAFs 1, 2, 3, 5 and 6 (Galibert et al., 1998; Wong et al., 1998; 

Darnay et al., 1999; Kim et al., 1999; Chung et al., 2002; Feng, 2005b). Recruitment of 

TRAFs subsequently leads to the activation of at least seven downstream signalling 

cascades including nuclear factor-kappa B (NF-κB), Akt/protein kinase B (PKB), Jun 

N-terminal kinase (JNK)/activator protein-1 (AP1), extracellular signal-regulated kinase 

(ERK), p38, c-Src, and nuclear factor of activated T-cell c1 (NFATc1) (Franzoso et al., 

1997; Wong et al., 1998; Matsumoto et al., 2000b; David et al., 2002; Li et al., 2002b; 

Takayanagi et al., 2002; Wei et al., 2002; Xing et al., 2002; Wei et al., 2013) (Fig. 1.2). 

Of the recruited TRAF proteins, only TRAF6 can independently induce 

osteoclastogenesis because only deletion of TRAF6 in mice results in osteopetrosis 

(Lomaga et al., 1999; Naito et al., 1999; Kobayashi et al., 2001). Furthermore, 

transduction of RANK mutants specifically lacking TRAF6-binding sites into RANK-

deficient precursor cells could not restore the osteoclastogenic potential of these cells 

(Darnay et al., 1999; Armstrong et al., 2002). Furthermore, how RANK alone, among 

all TRAF6-binding receptors, is able to potently stimulate osteoclastogenesis still 

remains to be fully elucidated. The functional significance of RANKL-RANK 

signalling pathways will be discussed in further detail in section 1.3. 

 

1.2.2.3 Osteoprotegerin (OPG) 

The RANKL-RANK signaling pathway is negatively regulated both in vitro and in vivo 

by osteoprotegerin (OPG), a soluble decoy receptor for RANKL (Simonet et al., 1997; 

Tsuda et al., 1997; Yasuda et al., 1998b). OPG also known as osteoclastogenesis 

inhibitory factor was the first of the three of the RANKL-RANK-OPG triad identified 

through a discovery effort targeting TNFSF homologs in rats (Simonet et al., 1997; 

Tsuda et al., 1997). Composed of 401 amino acid residues that is proteolytically cleaved 

to 380 amino acids arranged into 7 structural domains. OPG lacks the typical 

transmembrane-spanning domain of TNF receptors and is post-translationally N-linked 

glycosylated to a ~55kDa glycoprotein monomer and secreted as disulfide-linked 

homodimers of ~110 kDa (Schoppet et al., 2002; Walsh and Choi, 2014).  

 

Although primarily secreted by OBs and stromal cells, OPG mRNA is expressed in a 

variety of other tissues including the brain, skin, liver, lung, heart, kidney, skeletal 

muscle, intestines, stomach, testis, placenta, and bone marrow (Simonet et al., 1997; 

Tan et al., 1997; Tsuda et al., 1997; Kwon et al., 1998; Yasuda et al., 1998a; Kacinski et 

al., 1999). Despite being regulated differently under physiological and pathological 
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conditions, it is ascertained that the RANKL/OPG ratio is a major determinant of bone 

homeostasis (Gori et al., 2000; Hofbauer and Schoppet, 2004). An imbalance between 

OPG and RANKL is associated with bone pathologies characterized by deregulated 

bone remodelling. This crucial balance is exemplified by both overexpression and 

knockout studies of OPG. Overexpression of OPG in transgenic mice completely 

abolishes OC formation leading to severe osteopetrosis (Simonet et al., 1997). On the 

other hand, deletion of OPG results in enhanced bone remodelling and high-turnover 

osteoporosis as well as early root resorption, generalized degenerative joint disease and 

aortic calcification (Bucay et al., 1998; Mizuno et al., 1998; Bolon et al., 2015; Liu et al., 

2016). These mice exhibit marked increase in bone porosity and high incidence of 

fractures that is more severe than in other animal models of osteoporosis.  

 

In humans homozygous deletions of 100 kB of OPG in two patients with autosomal 

recessive juvenile Paget's disease has been reported. These patients with OPG 

deficiency exhibit increased bone remodeling, osteopenia, and fractures (Whyte et al., 

2002). Additionally, an inactivating deletion in exon 3 of OPG in three siblings with 

autosomal recessive idiopathic hyperphosphatasia has also been identified and these 

patients suffer from deformities of long bones, kyphosis, and acetabular protrusion 

associated with increased bone turnover (Cundy et al., 2002). Collectively the 

RANKL/RANK/OPG triad provides a ligand/receptor/receptor antagonist system for 

controlling and maintaining bone homeostasis. 

 

1.3 RANKL-INDUCED SIGNALLING PATHWAYS 

Although major advancements have been made towards the understanding of the 

signalling events that are activated downstream of RANKL-RANK there is still much to 

learn about the full extent of the relationship between RANKL and RANK in OC 

biology and bone diseases. However, it is with certain that among all the interacting 

TRAFs, the recruitment of TRAF6 is essential for OC differentiation. Downstream 

signalling pathways that are activated include those that mediates osteoclastogenesis 

such as NF-κB, JNK/AP1, c-Fos, and NFATc1;those that mediate OC activation such as 

c-Src, Akt and p38/MITF; and those that prolong OC survival such as Akt and ERK 

(Fig. 1.2) (Franzoso et al., 1997; Wong et al., 1998; Matsumoto et al., 2000b; David et 

al., 2002; Li et al., 2002b; Takayanagi et al., 2002; Wei et al., 2002; Xing et al., 2002; 

Wei et al., 2013). Intense research into each of these signalling cascades has provided 

insightful knowledge into the biological effects of RANKL-RANK signalling as well as 
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yielded the development of novel therapeutic agents for the treatment of bone diseases 

associated with the OCs. 

 

1.3.1 Nuclear factor kappa B (NF-κB) signalling 

NF-κB signalling cascade is one of the early molecular events induced by RANKL and 

probably considered the most extensively studied (Asagiri and Takayanagi, 2007; Abu-

Amer, 2013; Guerrini and Takayanagi, 2014; Lin et al., 2014; Boyce et al., 2015; 

Martin and Sims, 2015; Humphrey and Nakamura, 2016). NF-κB complexes are a 

family of transcription factors which regulates the expression of many genes involved in 

immune and inflammatory responses, apoptosis and pathological conditions by binding 

to their promoters (Karin and Greten, 2005; Luo et al., 2005a; Luo et al., 2005b; 

Courtois and Gilmore, 2006). The founding members of the NF-κB family are grouped 

into two subfamilies with the NF-κB subfamily consisting of NF-κB1/p50 andNF-

κB2/p52, and the Rel subfamily consists of RelA/p65, RelB, and c-Rel. Unlike the Rel 

proteins which are synthesized as mature proteins, NF-κB1 and NF-κB2 are synthesized 

as larger precursors, p105 and p100 that are post-translationally processed to p50 and 

p52, respectively. Whilst the processing of p105 to p50 is constitutive upon activation, 

processing of p100 to p52 is tightly regulated and highly inducible (Soysa and Alles, 

2009; Abu-Amer, 2013; Boyce et al., 2015). 

 

All NF-κB family members possess the Rel-homology domain RHD containing a 

nuclear localization signal in their N-terminus that allows them to form homo- and 

heterodimers with one another and to bind κB response elements in gene promoters 

(Siebenlist et al., 1994; Zheng et al., 2011). Whilst the Rel family members contain 

DNA binding and transcription activating domains, p50 and p52 do not and thus 

generally not activators of gene transcription unless they form dimers with the Rel 

family members (Siebenlist et al., 1994). Of the possible dimer complexes, RelA/p65 

and c-Rel preferentially form heterodimers with p50, and RelA/p65:p50 the most 

abundant heterodimeric complex and present essentially in all cells, activate most of the 

critical signaling in the canonical pathway. Under basal/unstimulated conditions, NF-κB 

dimers are sequestered to the cytoplasm due to interactions with inhibitory IκB proteins 

(IκBα, IκBβ and IκBε) of which IκBα is the most important for RANKL-induced OC 

formation. These IκB serves to mask the nuclear localization signal of the dimers 

preventing the nuclear localization, DNA binding and therefore transcriptional 

activation (Soysa and Alles, 2009; Abu-Amer, 2013; Boyce et al., 2015). 
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Figure 1.2. RANKL-RANK signalling pathway in OC differentiation, function 
and survival. Upon binding to RANKL, the RANK receptor undergoes trimerization 
and recruits adaptor molecules such as TRAFs 1, 2, 3, 5 and 6, and Cbl to activate 
downstream c-Src, PI3 kinase (PI3K)/Akt, and TAB1/TAB2/TAK1 complex which 
culminate in the activation of NF-κB and MAPK signalling cascades. These in turn 
upregulate and activate c-Fos and NFATc1 the latter of which is the master 
transcriptional factor for OC formation. Activated NFATc1 signaling leads to 
induction of OC-specific gene involved in OC formation, bone resorption and 
survival. Image adapted from (Walsh and Choi, 2014) 
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1.3.1.1 Canonical NF-κB signalling pathway 

There are two major pathways of the NF-κB signalling: the canonical or classical 

pathway, and non-canonical or alternative pathway (Fig. 1.3). The canonical signalling 

entails the activation of the IκB kinase (IKK) complex consisting of catalytic subunits 

IKKα (IKK1) and IKKβ (IKK2) and regulatory subunit IKKγ (NF-κB essential 

modulator, NEMO) (Stancovski and Baltimore, 1997; Bonizzi and Karin, 2004; Karin 

et al., 2004). This IKK complex via primarily the catalytic activity of IKKβ (IKK2) 

phosphorylates IκBα, leading to its polyubiquitination and degradation by the 26S 

proteasome. This results in the release and accumulation of mostly RelA/p65:p50 

heterodimers facilitating their translocation to the nucleus, DNA binding and finally 

activates transcription of target genes. Phosphorylation of p65 by several different 

kinases also serves to stabilize and enhance NF-κB transcriptional response by 

preventing binding of IκBα (Zhong et al., 1998; Wang et al., 2000; Duran et al., 2003; 

Vermeulen et al., 2003). The canonical IKK pathway is a rapid transient response that is 

regulated by an auto-regulatory negative feedback loop. This is achieved by the 

upregulation of expression of IκBα by NF-κB activation which induces the nuclear 

export and further nuclear translocation of RelA/p65:p50 heterodimers (Johnson et al., 

1999; Huang et al., 2000; Tam et al., 2001). 

 

1.3.1.2 Non-canonical NF-κB signalling pathway 

In contrast, the non-canonical (alternative) NF-κB pathways is a slower response 

activated serveral hours after the canonical signalling and persists for several days post 

stimulation. It is mediated by IKKα (IKK1) following its phosphorylation by NF-κB-

inducing kinase (NIK). This subsequently leads to the phosphorylation and proteasome-

induced processing of p100 to active p52, dimerization of p52:RelB heterodimers and 

finally their nuclear localization and activation of gene transcription (Bonizzi and Karin, 

2004; Karin et al., 2004) (Fig. 1.3). Therefore, the signalling axis NIK, IKKα, and 

p52:RelB constitutes the non-canonical NF-κB pathway. 

 

1.3.1.3 Importance of NF-κB in osteoclast formation 

The importance of NF-κB signalling in bone homeostasis was unintentionally 

demonstrated when double knockout (dKO) of NF-κB1/p50 and NF-κB2/p52 was 

generated to investigate the immunological role of NF-κB. These dKO mice were 

severely osteopetrotic with growth retardation and exhibit craniofacial abnormalities 

with lack of tooth eruption due to the complete deficiency of OCs and adoptive 
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Figure 1.3. Canonical and non-canonical NF-κB signalling pathways. The 
canonical (classical) NF-κB pathway involves the activation of the IκB kinase (IKK) 
complex by TAK1, followed by IκBα phosphorylation, and subsequent degradation, 
resulting in rapid and transient nuclear translocation of RelA/p65:p50 heterodimers. 
The non-canonical (alternative) NF-κB pathway relies on phosphorylation-induced 
p100 to p52 processing that is dependent on NF-κB-inducing kinase (NIK) and IKKα 
and not on the trimeric IKK complex. This leads to nuclear translocation and 
persistent activation of p52:RelB complexes. Image adapted from (Asagiri and 
Takayanagi, 2007). 
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transplantation of hematopoietic cells from wildtype mice could reverse this phenotype 

(Franzoso et al., 1997; Iotsova et al., 1997; Weih et al., 1997a). Subsequent studies of 

these mice further demonstrated that NF-κB1/p50 and NF-κB2/p52 are crucial for the 

terminal differentiation of OC precursors into OCs rather than survival as the spleens of 

these mice exhibit increased numbers of RANK+ve, tartrate resistant acid phosphatase 

(TRAP)-ve, cathepsin K (CTSK)-ve, calcitonin receptor (CTR)-ve OC precursors (Boyce et 

al., 1999; Xing et al., 2002). Single deletions of NF-κB1/p50 or NF-κB2/p52 in mice 

show no basal bone phenotype with normal OC numbers and functions in vivo (Iotsova 

et al., 1997; Xing et al., 2002; Novack et al., 2003). 

 

RelA/p65 deficient mice demonstrate early embryonic lethality due to massive TNF-

mediated hepatocyte apoptosis (Beg et al., 1995), but mice generated with deficiency of 

RelA/p65 only in hematopoietic cells have blunted RANKL-induced osteoclastogenesis 

in vivo and is required for OC precursor survival, but not for OC differentiation in vitro 

(Vaira et al., 2008a; Vaira et al., 2008b). In contrast to RelA/p65 which is required for 

early induction of OC formation, RelB acts in the late phase (non-canonical NF-κB 

pathway) of RANKL-induced osteoclastogenesis and thus RelB deficient mice have 

near normal numbers of OCs and OC surface in vivo despite showing multi-organ 

inflammation, myeloid hyperplasia, and splenomegaly (Weih et al., 1997b). In addition, 

mice lacking both NF-κB2/p52 and RelB (dKO mice) also have normal OC formation 

and bone volume in vivo indicating that non-canonical signaling is not be required for 

basal OC formation (Zhao et al., 2012). However, in vitro, OC precursors from RelB 

deficient mice have impaired response to RANKL, as well as diminished response to 

TNF-induced inflammatory osteolysis suggesting that RelB may have an important role 

in inflammatory-induced OC formation (Weih et al., 1997b; Vaira et al., 2008b). It has 

been suggested that other p50-containing NF-κB complexes can partially compensate 

for the lack of RelB hence the lack of marked bone phenotype in RelB deficient mice 

(Weih et al., 1997a). Finally, c-Rel deficient mice display no bone phenotype with 

normal OC formation in response to RANKL (Novack, 2011).  

 

The critical roles of IKKα (IKK1) and IKKβ (IKK2) in bone and OCs were 

demonstrated using global and myeloid-specific knockout mice studies. Global IKKα 

deficient mice show early embryonic lethality due to severe epidermal defects and 

skeletal abnormalities characterized by abnormal development and ossification of limbs, 

vertebrae, sternum, and cranial bones (Mercurio et al., 1997; Regnier et al., 1997; 
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Chaisson et al., 2004). In vitro analysis further demonstrated lower levels of large 

multinucleated OC formation from IKKα-deficient cells in response to RANKL 

correlating with the lack of processing of p100 into p52. Interestingly, normal levels of 

OC differentiation were observed when treated with TNFα, TGFβ or IL-1 suggesting 

that these cytokines can overcome the p100 processing defect in IKKα deficient cells 

(Chaisson et al., 2004). Furthermore, homozygous knock-in of a mutant IKKα allele 

clarified that although IKKα is required for RANKL-induced OC formation in vitro, it 

plays a redundant role and is not needed in vivo (Ruocco et al., 2005). Similarly mice 

deficient in NIK which is required for the activation of IKKα do not demonstrate major 

basal bone phenotypes in vivo despite profound impairment in RANKL-induced OC 

formation in vitro. However it appears that NIK is important in inflammation-induced 

OC formation and bone destruction (Smith et al., 2001; Aya et al., 2005; Soysa et al., 

2010; Soysa et al., 2011). 

 

Loss of IKKβ which is required for the activation of RelA/p65, c-Rel and p50-

containing dimers in the canonical NF-κB pathway leads to early embryonic lethality 

due to extensive liver apoptosis (Li et al., 1999b). Conditional deletion of IKKβ in 

myeloid OC precursors resulted in severe osteopetrotic phenotype and impaired skeletal 

development. These mice have marked increase in trabecular number with almost 

complete absence of bone marrow space. OC formation both in vivo and in vitro was 

abolished in response to RANKL and other osteoclastogenic cytokines such as TNFα or 

IL-1 (Ruocco et al., 2005; Otero et al., 2008). Further highlighting the importance of 

IKKβ, administration of a peptide which binds IKKγ (NEMO)-binding domain of IKKβ 

could inhibit IKKβ activation, preventing RANKL-induced OC formation and bone 

resorption in vitro and in vivo, and reduced the severity of inflammatory arthritis and 

bone destruction (Jimi et al., 2004; Soysa et al., 2009). In keeping with its essential role 

in osteoclastogenesis, mice with myeloid knock-in of constitutively active IKKβ (IKKβ-

SS/EE) display significant bone loss due to excessive OC formation in a RANKL-

independent manner (Otero et al., 2010; Otero et al., 2012).  

 

With the importance of both canonical and non-canonical NF-κB pathway in OC 

development and activity, as well as major players in bone abnormalities and 

pathologies, the selective modulation of these signalling pathways by novel 

pharmacological agents may be potential treatment options OC-mediated bone diseases.  
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1.3.2 Mitogen-activated protein kinases (MAPKs) 

MAPKs are a family of evolutionary conserved serine/threonine/tyrosine kinases that 

coordinate diverse cellular processes including cell proliferation, differentiation, gene 

expression, cell survival and apoptosis as well as major contributors to cellular stress 

and inflammatory responses. MAPKs are activated in response to various stimuli 

including hormones, growth factors, inflammatory cytokines of the TNF family 

including RANKL, and environmental stressors such as radiation, osmotic shock and 

ischemic injury (Krishna and Narang, 2008). To date, six MAPK sub-families have 

been identified in mammalian cells: extracellular-signal regulated kinases (ERK) 1/2, 

Jun N-terminal kinases (JNK) 1/2/3, p38 MAPK (p38 α/β/γ/δ), ERK7/8, ERK3/4, and 

ERK5/BMK1 (big MAP kinase 1). Of these, activation of ERK1/2, JNK, and p38 by 

RANK-TRAF6 signalling are the most extensively studied in OCs (Fig. 1.4). The signal 

transduction cascade downstream of RANK-TRAF6 and integral for all MAPK 

involves a central three-tiered core signalling modules consisting of sequential 

phosphorylation of MAPKKK (mitogen-activated protein 3 kinase; MAP3K/MKKK), 

MAPKK (mitogen-activated protein 2 kinase; MAP2K/MKK) and MAPK (Fig. 1.4). 

Spleen cells derived from TRAF6-deficient mice failed to activate JNK and p38 in 

response to RANKL, demonstrating that TRAF6 in addition to activating NF-κB is also 

critical for MAPKs activation (Kobayashi et al., 2001).  

 

1.3.2.1 Extracellular-signal regulated kinase (ERK) 1 and 2 

ERK1/2 were the first MAPKs identified and probably the best characterized MAPK 

signalling system but its role in OC biology remains to be fully unravelled. The most 

important MAP3K of this pathway are the Raf proteins (A-, B-, c-Raf) which are 

recruited to the membrane receptor and activated by multiple phosphorylations. 

Activated Raf binds to and phosphorylates the downstream dual specificity kinases 

MEK1 (MKK1/MAP2K1) and/or MEK2 (MKK2/MAP2K2) which are highly specific 

activators of ERK1/2 by phosphorylating a conserved Thr-Glu-Tyr motif in their 

activation loop (Fig. 1.4). Activated ERK1/2 are capable of phosphorylating various 

cytoplasmic and nuclear factors involved in normal and malignant cell functions 

including gene expression, mitosis, motility and apoptosis. 
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Figure 1.4. MAPKs signaling in OCs. RANKL binding to RANK activates three 
MAPK pathways, ERK, JNK, and p38. The upstream activators of ERK include the 
Raf proteins followed by MEK1/2. MKK7 is known to activate and phosphorylate 
JNKs. JNK1 but not JNK2 is important for efficient OC differentiation. MKK3/6 is 
required for p38 activation and OC formation.TAK1 activated in OCs in response to 
RANKL, is the only MAP3K to date that functions downstream of TRAF6 in the 
RANK-signaling pathway to transmit signals to both NF-κB and MAPK in 
OCs. Activated ERK and JNK signalling induces transcription factor Activating 
Protein-1 (AP-1), a dimer composed of c-Fos and c-Jun protein. p38 activation 
increases NF-κB, MITF and NFATc1 transcriptional activity, with the latter being 
regarded as the master transcription factor for OC formation. Image adapted from 
eBioscience (http://www.ebioscience.com/resources/pathways/rank-signaling-in-
osteoclasts.htm) 

http://www.ebioscience.com/resources/pathways/rank-signaling-in-osteoclasts.htm
http://www.ebioscience.com/resources/pathways/rank-signaling-in-osteoclasts.htm


CHAPTER ONE 

17 
 

Pro-osteoclastogenic factors including RANKL such as M-CSF, IL-1, and TNFα induce 

the activation and phosphorylation of ERK1/2 and prolong the survival of OCs via 

inhibition of apoptosis (Lacey et al., 2000; Miyazaki et al., 2000; Lee et al., 2001; Lee 

et al., 2002a; Lee et al., 2002c; Nakamura et al., 2003). More recently He and his 

colleagues examined the consequence of ERK1 and ERK2 deletion in OCs. They 

demonstrate that ERK1 is more important in OC formation and bone resorption activity 

than ERK2. Genetic disruption of ERK1 mitigated OC formation and bone resorptive 

activity and reduced M-CSF-dependent adhesion and migration in vivo and in vitro. 

Furthermore, whereas ERK1 is capable of compensating for ERK2 deletion, ERK2 is 

unable to rescue the defective phenotype due to the loss of ERK1 (He et al., 2011). 

Likewise, pharmacological inhibition of ERK have provided further support for the 

importance of ERK signalling in OC formation and function (Kim et al., 2003; Ang et 

al., 2011; Ouyang et al., 2014; Tsubaki et al., 2014; Ihn et al., 2015; Li et al., 2015a; Oh 

et al., 2015; Sapkota et al., 2015).  

 

1.3.2.2 Jun N-terminal kinases (JNK) 1/2/3 

JNKs, originally called stress-activated protein kinases (SAPKs) consists of at least ten 

isoforms derived from alternate splicing of three distinct genes: JNK1 (4 isoforms), 

JNK2 (4 isoforms) and JNK3 (2 isoforms). Depending on how the 3’ coding region of 

corresponding mRNA is processed, a 46 or 55kDa protein kinase product is translated. 

JNK1 and JNK2 are ubiquitously expressed whereas JNK3 is predominantly expressed 

in the brain, heart and testis (Gupta et al., 1996; Barr and Bogoyevitch, 2001). MKK4 

and MKK7 are upstream of MAP2Ks that are known to activate and phosphorylate 

JNKs (Krishna and Narang, 2008) (Fig. 1.4). MKK4 and MKK7 themselves are 

activated by various MAP3Ks depending on the specific external stimuli, of which 

TAK1 appears to be the most important MAP3K required following RANKL 

stimulation. TAK1 deficiency in mice demonstrates osteopetrosis similar in severity to 

RANK or RANKL deficient mice (Lee et al., 2002b; Lamothe et al., 2013; Qi et al., 

2014).  

 

Like ERK1/2, complete activation of JNKs requires dual phosphorylation of threonine 

and tyrosine residues within a conserved threonine/proline/tyrosine motif located in 

their activation loop or kinase domain VIII. MKK4 preferentially phosphorylates 

tyrosine 185, whereas MKK7 prefers threonine 183 (Davis, 2000; Bode and Dong, 2007; 

Krishna and Narang, 2008). The most important and extensively studied downstream 
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target of JNK is c-Jun, a component of AP-1, a dimeric transcription factor complex 

typically composed of c-Jun and c-Fos, the latter of which is essential for OC 

differentiation (Grigoriadis et al., 1994) (Fig. 1.4). When c-Jun is phosphorylated by 

JNK at Ser63 and Ser73 within its transactivation domain, the transcriptional activity of 

AP-1 is potentiated. The importance of JNK/c-Jun in OC biology was demonstrated 

using JNK deficient mice. Loss of JNK1 but not JNK2 in BMM precursors resulted in 

reduced but not ablated OC formation induced by RANKL. Furthermore, JNK1 was 

found to play a protective role against RANKL-induced apoptosis during OC 

differentiation (David et al., 2002). In addition, BMMs that expresses a JNK 

phosphorylation defective c-Jun mutant, a dominant-negative c-Jun lacking the 

transcriptional activation domain, or completely lacks c-Jun also demonstrate defective 

OC formation in vitro (David et al., 2002; Ikeda et al., 2004). These studies provided 

both genetic and biochemical evidence that the JNK/c-Jun pathway is important in the 

modulation of RANKL-induced OC formation. 

 

1.3.2.3 p38 MAPK 

p38 MAPKs are strongly activated by a variety of environmental and cellular stresses, 

such as inflammatory cytokines, lipopolysaccharides (LPS) and ultraviolet light but 

poorly activated by serum and growth factors. This family consists of four members 

encoded by their respective gene: p38α (encoded by MAPK14), p38β (encoded by 

MAPK11), p38γ (encoded by MAPK12) and p38δ (encoded by MAPK13) (Zarubin and 

Han, 2005; Cuenda and Rousseau, 2007; Cuadrado and Nebreda, 2010). The members 

are very similar in their amino acid sequence differing only in their expression patterns, 

substrate specificities and sensitivities to chemical inhibitors. 

 

Of the four p38 isoforms, only p38α is highly expressed in OC precursors and mature 

OCs (Bohm et al., 2009). Early evidence depicting the importance of p38α in OC 

formation came from in vitro studies utilizing selective p38 inhibitors and dominant 

negative mutants of p38 signalling components (Matsumoto et al., 2000a; Matsumoto et 

al., 2000b; Matsumoto et al., 2004). These studies demonstrated that p38α functions 

downstream of RANKL-RANK-TRAF6 to stimulate OC formation, maturation as well 

as bone resorption (Fig. 1.4 and 1.5) and inhibiting p38α signalling completely 

attenuated RANKL-induced OC formation. These data were later verified by genetic 

studies demonstrating that mice with post-developmental deletion of p38α displayed 

reduced OC number and bone resorption, and increased bone mass under physiological 
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conditions, and were also protected against TNFα-induced systemic bone loss (Bohm et 

al., 2009). The defective osteoclastogenesis was shown to be cell autonomous as BMMs 

for these mice failed to respond to M-CSF and RANKL in vitro. This is because several 

downstream targets of p38 are crucial for OC differentiation and function. The p38 

MAPK pathway has been shown to increase NF-κB transcriptional activity by 

phosphorylating RelA/p65 on Ser536 (Huang et al., 2006). Furthermore, p38 has also 

been shown to increase transcriptional activity of other downstream transcription factors 

such as NFATc1 and MITF, with the former being regarded as the master transcription 

factor for osteoclastogenesis, by direct phosphorylation (Mansky et al., 2002; 

Matsumoto et al., 2004; Sharma et al., 2007). 

 

Like other MAPK family members, p38 isoforms are activated by dual phosphorylation 

by upstream MAP2Ks/MKKs. Of these MKK3 (activates p38α, γ, and δ) and MKK6 

(activates all p38 members) are required for osteoclastogenesis in vivo and in vitro 

(Raingeaud et al., 1996; Matsumoto et al., 2000b; Zarubin and Han, 2005; Huang et al., 

2006; Cuadrado and Nebreda, 2010; Boyle et al., 2014). Mice genetically lacking 

MKK3 or MKK6 exhibit increased trabecular bone mass and number, and decreased 

trabecular spacing as compared to wildtype littermates. This phenotype was due to 

defected OC formation without affecting osteoblastic bone formation (Boyle et al., 

2014). In vitro cultures of BMMs derived from these knockout mice stimulated with M-

CSF and RANKL demonstrated reduced OC formation and impaired bone resorption as 

a result of reduced p38 activation and decreased osteoclastic marker gene expression 

(Matsumoto et al., 2000b; Huang et al., 2006; Boyle et al., 2014). TAK1 activated in 

OCs in response to RANKL, is the only MAP3K to date that functions to transmit 

signals from RANKL-RANK-TRAF6 to both NF-κB and MAPK in OCs (Fig 1.5).  

Loss of TAK1 leads to defective OC formation in response to M-CSF and RANKL in 

vitro due to impaired activation of NF-κB, p38 and JNK signalling. Mice deficient in 

TAK1 exhibit growth retardation and severe osteopetrosis characterized by increased in 

dense and brittle bone mass due to reduced OC number and bone resorption (Huang et 

al., 2006; Lamothe et al., 2013; Swarnkar et al., 2015). Collectively these data 

demonstrates the importance of both NF-κB and MAPKs in contributing to the 

formation of OC and in physiological maintenance of bone homeostasis. 

 



CHAPTER ONE 

20 
 

 

 

 

 

 

 

 

 

 

Figure 1.5.p38 MAPK signalling in OCs. p38α is the only p38 family member that 
is highly expressed in OCs and OC precursor cells. Activated by TNFα and RANKL 
(via TRAF2 and TRAF6 respectively) p38α signalling leads to the phosphorylation 
of RelA/p65 and synergistic induction and activation of downstream transcriptional 
NFATc1 and MITF leading to the expression of OC-specific gene profiles.TAK1 
activated in OCs in response to RANKL, is the only MAP3K to date that functions to 
transmit signals from RANKL-RANK-TRAF6 to both NF-κB and MAPK in OCs. 
Image adapted from (Thouverey and Caverzasio, 2015) 
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1.3.3 c-Fos and nuclear factor of activated T-cells c1 (NFATc1) 

The c-Fos protein is a component of the activator protein-1 (AP-1) transcription factor 

complex which also comprises of Jun (c-Jun, JunB, and JunD), Fra (Fra-1 and Fra-2), or 

ATF (ATFa, ATF2, ATF3, ATF4, B-ATF) proteins (Wagner and Eferl, 2005). While 

the function of the Fos proteins (c-Fos, FosB, Fra-1, and Fra-2) is strictly dependent on 

the heterodimerisation with specific Jun proteins, the Jun family members can both 

homodimerize and heterodimerize with Fos members to form transcriptionally active 

AP-1 complexes (Wagner and Eferl, 2005). Of the Fos family members, c-Fos is the 

most important for OC formation. C-Fos is induced at an early stage during OC 

formation following RANKL stimulation. Mice lacking c-Fos develop severe 

osteopetrosis as a primary pathology owing to a defect in OC lineage commitment and 

therefore complete block of OC formation (Johnson et al., 1992; Wang et al., 1992; 

Grigoriadis et al., 1994). The downstream mechanism behind this blockade is that 

RANKL induction of NFATc1, considered the master transcription factor of OC 

formation, was abrogated in c-Fos deficient cells. Overexpression of NFATc1 in c-Fos 

deficient cells restored the OC formation defect in vitro (Takayanagi et al., 2002; 

Matsuo et al., 2004). Chromatin immunoprecipitation (ChIP) experiments further 

showed that c-Fos is recruited to the NFATc1 promoter at an early stage of OC 

formation, within 24hrs following RANKL stimulation (Anderson et al., 1997; Asagiri 

et al., 2005) (Fig. 1.6). These results demonstrate that c-Fos is an indispensable factor 

required for the early induction of NFATc1 during OC formation. Furthermore, c-Fos 

itself is a downstream target of activated NF-κB signalling in OCs (Yamashita et al., 

2007). 

 

The NFAT family of transcription factors originally identified in T-cells for their ability 

to bind the interleukin-2 (IL-2) promoter, consists of five members: NFATc1 (also 

known as NFAT2), NFATc2 (also known as NFATp or NFAT1), NFATc3 (also known 

as NFATx or NFAT4), NFATc4 (also known as NFAT3) and NFAT5 (Crabtree and 

Olson, 2002; Takayanagi, 2007). NFAT proteins when phosphorylated are sequestered 

in the cytosol as inactive forms. Dephosphorylation by calcineurin, a ubiquitous serine-

threonine phosphatase leads to NFAT protein translocation from the cytosol to the 

nucleus to regulate transcription of target genes (Crabtree and Olson, 2002; Takayanagi, 

2007). NFATc1 and NFATc2 which shows structural similarities in the DNA binding 

domains are expressed in OCs but only NFATc1 deficiency leads to a severe 

osteopetrotic phenotype in mice due to complete lack of OCs. Mice lacking NFATc2 
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display normal skeletal development (Takayanagi et al., 2002; Asagiri et al., 2005; 

Aliprantis et al., 2008). Downstream transcriptional targets of NFATc1 important for 

OC formation include TRAP (Fretz et al., 2008), CTR (Shen et al., 2007), CTSK 

(Matsumoto et al., 2004), β3 integrin (Crotti et al., 2006), dendritic cell-specific 

transmembrane protein (DC-STAMP) (Yagi et al., 2007; Kim et al., 2008), V-ATPase 

V0 domain subunit d2 (ATP6V0d2) (Kim et al., 2008; Feng et al., 2009), and OC-

specific immune-receptor OC-associated receptor (OSCAR) (Kim et al., 2005a; Kim et 

al., 2005b) (Fig. 1.6). 

 

Although NFATc1 is indispensable for OC formation in vivo, ectopic overexpression of 

NFATc1 or NFATc2 into NFATc1-deficient BMM precursor cells could rescue the 

defect in OC formation in vitro (Asagiri et al., 2005). This discrepancy was further 

shown to be attributed to the selective autoregulation of the NFATc1 gene by NFAT 

through its promoter region. ChIP experiments revealed NFAT binding sites in NFATc1 

promoter but not in NFATc2 promoter which is crucial for the robust autoamplification 

of NFATc1 during terminal differentiation of OC a unique autoregulatory loop that 

exists only for NFATc1 (Asagiri et al., 2005) (Fig. 1.6). The c-Fos containing AP-1 

complex is crucial for this autoamplification/autoregulatory loop and NFATc1 induction 

by RANKL is abrogated in c-Fos deficient cells (Takayanagi et al., 2002; Matsuo et al., 

2004). 

 

These studies have also established that NFATc1 is also a target for NF-κB, specifically 

NF-κB signalling activation is the earliest trigger for the induction of NFATc1 since 

NFATc1 induction was shown to be impaired in TRAF6- and p50/p52-deficient cells 

(Takayanagi et al., 2002; Takatsuna et al., 2005; Yamashita et al., 2007) (Fig 1.6). 

Furthermore, NF-κB inhibitor dehydroxymethylepoxyquinomicin (DHMEQ) 

suppressed RANKL-induced NFATc1 and therefore osteoclastogenesis, with the 

inhibitory effect more profound when DHMEQ was administered in the early phase 

rather than late phase of OC formation (Takatsuna et al., 2005). Consistent with these 

results, ChIP experiments revealing κB binding sites on the NFATc1 promoter and that 

NF-κB1/p50 and RelA/p65 are recruited to these sites within 1hr after RANKL 

stimulation (Asagiri et al., 2005). This step is important for the subsequent robust 

induction of NFATc1 by auto-amplification fostered by c-Fos. In conclusion, the 

induction of high levels of NFATc1 by RANKL during OC formation is dependent on 

both the TRAF6-NF-κB and c-Fos pathways. 



CHAPTER ONE 

23 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.6. NFATc1 signalling in OC differentiation. (i) RANKL binding to 
RANK leads to the recruitment of TRAF6, resulting in the downstream activation 
and recruitment of NF-κB and NFATc2 to the NFATc1 promoter initiating early 
induction of NFATc1. (ii) Mediated by calcium signaling and AP-1 (c-Fos/c-Jun) 
activation, NFATc1 is further activated and binds its own promoter resulting in the 
robust autoamplification of NFATc1. AP-1 (containing c-Fos) is critical for this 
autoamplification process. (iii) Activated NFATc1 in cooperation with other 
transcription factors, including AP-1, PU.1 and MITF induce the transcription of 
osteoclastic specific genes, including cathepsin K, TRAP, calcitonin receptor, 
OSCAR, DC-STAMP, V-ATPase d2 and β3-integrins. Image adapted from (Asagiri 
and Takayanagi, 2007). 
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1.4 OSTEOCLAST FUNCTION – BONE RESORPTION 

The OC with its unique local digestive extracellular function is the definitive cell in the 

entire body that can resorb and degrade the mineralized bone. The process of bone 

resorption referred to as the resorption cycle requires following steps: (1) the migration 

of the OC to the site of resorption and its attachment to the bone surface; (2) cellular 

polarization and formation of new membrane domains - the basolateral domain, the 

ruffled border (RB) and the functional secretory domain (FSD); (3) dissolution of 

mineralized hydroxyapatite by acid secretion followed by degradation of organic matrix 

by activated proteolytic enzymes; and finally (4) endocytosis of these products from the 

resorption lacuna and their transcytotic transport to the FSD for secretion to the 

extracellular space (Fig. 1.7). Once one resorption cycle is completed the OC detaches 

and migrates to a new site to be resorbed (Blair et al., 1986; Vaananen, 2005; 

Teitelbaum, 2007; Xu et al., 2007; Cappariello et al., 2014; Georgess et al., 2014). 

Actively resorbing OCs can undergo several consecutive resorption cycles before 

entering the apoptotic pathway when new bone is being laid down by the OBs 

(Kanehisa and Heersche, 1988; Tanaka et al., 2006). 

 

1.4.1 Bone matrix attachment 

At the site of resorption, attachment of the OC to the underlying bone matrix occurs 

segregating an extracellular microenvironment between the OC and bone known as the 

resorption lacuna (Vaananen and Horton, 1995). The point of attachment is known as 

the sealing zone and it is this intimacy between the OC and the bone that the conditions 

necessary for bone resorption within the proton-impermeable resorption lacunae is 

possible.  This organelle-free complex membrane domain is rich in filamentous actin 

(F-actin) and adhesion structures (Baron, 1989; Vaananen and Horton, 1995). The F-

actin in the sealing zone localizes in punctuate structures known as podosomes that 

gather in one or more peripheral hoops called “actin ring(s)” at the bone matrix 

interphase (Destaing et al., 2003; Saltel et al., 2004; Luxenburg et al., 2007; Saltel et al., 

2008). The actin ring(s) are unique properties of the resorbing OC and are the hallmark 

of the resorptive capacity of the OC paralleling bone resorption. 

 

In addition to F-actin, podosomes also contain cytoskeletal proteins such as vinculin, 

talin, and α-actin, which bridges extracellular matrix-recognizing integrin receptors to 

the actin cytoskeleton (Marchisio et al., 1984). Integrins are αβ heterodimers with long 

extracellular and single transmembrane domains and are the principle cell/matrix 
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Figure 1.7 Steps involved in osteoclastic bone resorption. (1) The attachment of 
the OC to the bone surface via actin microfilaments and integrins that are specific for 
bone matrix proteins possessing RGD sequences. (2) Attached OC undergoes 
membrane polarization forming three distinct membrane domains: the basolateral 
domain (BL), the resorptive organelle ruffled border (RB) and the functional 
secretory domain (FSD). (3) The RB is enriched with V-ATPase proton pumps (VP) 
and chloride channels that functionally couples to secrete acid to dissolves the 
underlying bone and activate proteolytic enzymes to degrade the mineralized matrix. 
(4) Degraded bone matrix products are endocytosed and transported via transcytotic 
carrier vesicles (TCV) from the RB to the FSD where they are released into the 
extracellular environment. Image taken from (Xu et al., 2007) 
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attachment molecules mediating OC/bone recognition (Hynes, 2002). At least four 

different integrins are expressed in OCs: α2β1, αvβ1, αvβ3, and αvβ5, with αvβ3 being 

the principal attachment molecule mediating bone resorption (Nesbitt et al., 1993; 

McHugh et al., 2000; Lane et al., 2005). The αvβ3 heterodimer recognizes the adhesion 

amino acid motif Arg-Gly-Asp (RGD) present in a variety of bone matrix proteins 

including osteopontin, vitronectin and bone sialoprotein (Reinholt et al., 1990; Flores et 

al., 1992; Helfrich et al., 1992; Ross et al., 1993; Hultenby et al., 1995; de Bri et al., 

1996).  

 

The importance of integrins in OC bone resorption has been demonstrated by inhibitor 

and genetic studies in vitro and in vivo. Antibodies against αvβ3 and RGD-peptides are 

effective inhibitors of bone resorption in vitro and in vivo (Horton et al., 1991; Fisher et 

al., 1993; Engleman et al., 1997; Carron et al., 2000; Murphy et al., 2005). Genetic 

deletion of β3 integrin in mice develops progressive osteopetrosis due to dysfunctional 

OCs (McHugh et al., 2000). β3 deficient OCs exhibit impaired actin ring formation, 

abnormal RB membrane, and fail to effectively resorb bone in vivo (McHugh et al., 

2000) and is thought to be due to loss of αvβ3-mediated signalling regulating cell 

polarity and cytoskeletal organization (Faccio et al., 2003). Furthermore, OCs from 

kindlin-3 knockout mice, an intracellular activator of integrins, exhibit severely 

deregulated podosome formation and marked reductions in OC-mediated bone 

resorption. Kindln-3 knockout mice develop a more severe osteopetrotic phenotype than 

β3 mutants alone due to the loss of αv, β1, and β3 subunits (Schmidt et al., 2011).These 

studies have shown that integrins in particular αvβ3 plays a pivotal role in the OC 

resorptive process. 

 

1.4.2 Membrane polarization 

Actively resorbing OCs are highly polarized cells that display a number of unique 

plasma membrane domains whereas non-resorbing OCs do not reveal any clear 

morphological features of polarity. In conjunction to the sealing zone, actively resorbing 

OCs also form three other specialized domains: 1) the RB membrane domain facing the 

bone surface and centrally positioned relative to the sealing zone, 2) the basolateral 

membrane domain which remains outside the sealing zone, facing the bone marrow and 

extracellular fluid and, 3) the FSD located at the apical pole of the OC distal to the bone 

matrix and part of the basolateral membrane domain (Baron, 1989) (Fig. 1.7 and 1.8).  
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The RB is not only a unique morphology feature of the resorbing OC but also the actual 

resorbing organelle comprising of finger-like cytoplasmic expansions of the plasma 

membrane adjacent to the bone surface (Baron, 1989; Domon et al., 2002). It is believed 

that the RB is formed by the rapid insertion and fusion of intracellular acidic vesicles 

with the region of the plasma membrane facing the resorption lacunae and thus shares 

characteristics and features that are typical of late endosomal/lysosomal membranes 

(Palokangas et al., 1997). It has been suggested that the RB can be further subdivided in 

an outer “fusion zone” and an inner “uptake zone” (Fig. 1.8) (Mulari et al., 2003; 

Hirvonen et al., 2013; Szewczyk et al., 2013). The fusion zone of the RB is where 

intracellular vesicles prevalently from the endo/lysosomal compartments is targeted to 

insert ion transporters such as vacuolar-type ATPase (V-ATPase) proton pumps and 

CLC chloride channels, and discharge lysosomal proteolytic enzymes such as CTSK 

and matrix metalloproteinases (MMPs) (Baron et al., 1985; Baron et al., 1988; Mulari et 

al., 2003). The uptake zone on the other hand is believed to be devoted to the endocytic 

uptake of degraded bone matrix product during the resorption process (Mulari et al., 

2003; Stenbeck and Horton, 2004). These subdomains have also been implicated in 

membrane recycling (Zhao et al., 2002a), reuptake of lysosomal enzymes (Baron et al., 

1988; Baron et al., 1990) and vesicular trafficking (Coxon and Taylor, 2008). 
 

1.4.3 Bone matrix dissolution and degradation 

Bone resorption is a process that involves two steps: the dissolution of crystalline 

hydroxyapatite followed by the proteolytic cleavage of the collagen rich organic matrix 

(Blair et al., 1986). The dissolution of minerals is achieved via the targeted secretion of 

hydrochloric acid (HCl) through the RB into the resorption lacuna. In fact, a low pH 

(~4.5) has been suggested to be the only mechanism that is able to solubilize 

hydroxyapatite crystals in the biological environment (Baron et al., 1985; Blair et al., 

1986; Silver et al., 1988; Blair et al., 1989). The action of the ATP-consuming V-

ATPase proton pumps and the chloride channel CLC-7 located at the RB and in 

intracellular vesicles is responsible for generating the acidic (HCl) microenvironment 

necessary for bone resorption (Fig. 1.9). The initial rapid fusion of acidic intracellular 

vesicles with the RB releases acid into the resorption space and initiates the dissolution 

of the apatite crystal. Concomitantly, as these vesicles fused to the plasma membrane, 

the V-ATPase proton pumps and CLC-7 chloride channels are inserted into the RB 

which further acidifies the resorption lacuna (Baron et al., 1985; Blair et al., 1986; 

Silver et al., 1988; Blair et al., 1989; Blair et al., 1991; Schlesinger et al., 1997). 
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Figure 1.8. OC membrane subzones. The RB is subdivided into an outer fusion 
zone where fusion (blue arrows) of intracellular vesicles containing ion transporters 
such as V-ATPase proton pumps and CLC chloride channels with the plasma 
membrane, and exocytosis and lysosomal proteolytic enzymes from the plasma 
membrane takes place. An inner/central uptake zone devoted to the endocytic uptake 
of degraded bone matrix products from the resorption lacunae and their subsequent 
transcytosed (green arrows) through the cell to be released into the vascular stream 
through the functional secretory domain (FSD). The FSD is circumscribed and 
separated from the peripheral non-bone-facing plasma membrane by an actin-based 
molecular barrier (red circles). Image adapted from (Hirvonen et al., 2013) 
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The V-ATPases are multi-subunit electrogenic proton pumps composed of two 

structurally and independently assembled domains: a cytoplasmic V1 domain and a 

membrane-bound V0 domain (Xu et al., 2007; Qin et al., 2012b). V-ATPases are 

ubiquitously expressed in all mammalian cells and responsible for the acidification of 

many intracellular organelles, including endosomes, lysosomes, secretory vesicles, and 

synaptic vesicles (Xu et al., 2007; Qin et al., 2012b). The functional importance of V-

ATPases in OCs was first shown using in vitro studies where the macrolide, 

bafilomycin A1, a specific inhibitor of V-ATPases effectively blocked bone resorption 

without affecting cell adhesion or viability (Sundquist et al., 1990; Sundquist and Marks, 

1994). Targeted disruption of the mouse gene ATP6I which encodes the OC specific a3 

isoform of the V0 domain a subunit and dominant negative missense mutation (R740S) 

in the a3 gene has been shown to confer severe osteopetrotic phenotypes (Li et al., 

1999a; Ochotny et al., 2011). Similarly mutations in the TCIRG1 gene encoding the 

human a3 subunit leads to infantile malignant osteopetrosis (Frattini et al., 2000; 

Kornak et al., 2000; Michigami et al., 2002; Scimeca et al., 2003; Susani et al., 2004). 

The d2 isoform of the V0 domain d subunit have also been implicated in OC precursor 

fusion (Lee et al., 2006) and bone resorption (Smith et al., 2005; Wu et al., 2009). 

 

The intracellular source of protons for the V-ATPase is produced by cytoplasmic 

carbonic anhydrase II (CA2) which accelerates the hydration of CO2 to carbonic acid 

(CO2 + H2O ↔ H2CO3 ↔ H+ + HCO3
−) (Fig. 1.9) (Anderson et al., 1982; Gay et al., 

1984; Asotra et al., 1994; Biskobing and Fan, 2000). CA2 inhibition by either antisense 

oligos or chemical inhibitors suppressed OC bone resorption (Hunter et al., 1991; 

Henriksen et al., 2008). CA2-deficiency due to genetic deletion results in mild 

ostepetrosis in mice (Margolis et al., 2008). Secretion of protons is accompanied by the 

movement of chloride anions (Cl-) which are charge-coupled to the V-ATPase through 

the ClC-7 chloride channel at the ruffled border to maintain electron neutrality (Blair et 

al., 1991; Schlesinger et al., 1997; Kornak et al., 2001). Loss of CLC-7 leads to OC-rich 

osteopetrosis in mice and man due to the failure to acidify the extracellular resorption 

lacuna (Kornak et al., 2001; Henriksen et al., 2004; Neutzsky-Wulff et al., 2008; 

Henriksen et al., 2009; Neutzsky-Wulff et al., 2010; Pangrazio et al., 2010). In addition, 

to prevent cytoplasmic alkalinisation due to proton secretion and to maintain ion 

equilibrium, excess bicarbonate (HCO3
-) is removed via the passive chloride-

bicarbonate (Cl-/HCO3
-) exchanger located in the basolateral membrane (Fig. 1.9). The 

Cl-/HCO3
- exchanger also serves to continuously replenish the supply of Cl- ions for  
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Figure 1.9. OC bone resorptive machineries. Intracellular source of protons (H+) is 
supplied by the action of carbonic anhydrase 2 which catalyzes the hydration of CO2 

to carbonic acid. Secretion of protons by the V-ATPase proton pump is accompanied 
by the movement of chloride anions (Cl-) which are charge-coupled to the V-ATPase 
through the ClC-7 chloride channel at the RB to maintain electron neutrality. Excess 
HCO3

- is removed via the passive chloride-bicarbonate (Cl-/HCO3
-) exchanger 

located in the basolateral membrane to prevent cytoplasmic alkalinisation. The 
continuous influx of Cl- provides sufficient supply for release into the resorption 
lacuna. Proteolytic enzymes such as CTSK and MMPs are simultaneously released 
into the resorption lacuna to degrade the exposed organic matrix. CTSK inhibition 
prevents matrix degradation. Image adapted from (Kikuta and Ishii, 2013) 
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subsequent release into the resorption lacuna (Hall and Chambers, 1989; Teti et al., 

1989). 

 

After the minerals are demineralized by the action of the acidic environment, the 

exposed organic matrix (~90% of type-I collagen) is degraded by proteolytic enzymes 

that are simultaneously or subsequently released into the resorption lacuna (Blair et al., 

1986). Among the many acidic hydrolases present in the OC lysosome and resorption 

lacuna, the cysteine protease cathepsin K (CTSK) is considered the major proteolytic 

enzyme involved in the degradation of bone matrix and insoluble type-I collagen 

(Tezuka et al., 1994; Inaoka et al., 1995; Drake et al., 1996; Garnero et al., 1998; 

Kafienah et al., 1998; Xia et al., 1999; Dodds et al., 2001; Zaidi et al., 2001). Deletion 

of CSTK gene in mice leads to osteopetrosis whereas mutations in the human gene 

encoding CTSK leads to pycnodysostosis both due to defective matrix degradation 

(Gelb et al., 1996; Johnson et al., 1996; Saftig et al., 1998; Hou et al., 1999; Motyckova 

and Fisher, 2002). Pycnodysostosis is a lysosomal storage disease of the bone 

characterized by short dense bones, especially the distal phalanges, delayed closure of 

sutures and deformities of the skull, along with increased bone fragility (Motyckova and 

Fisher, 2002). Similarly CTSK inhibition prevents matrix degradation both in vitro and 

in vivo and several candidate inhibitors such as odanacatib have entered clinical 

development for metabolic bone disorders with increased bone resorption (Votta et al., 

1997; Leung et al., 2011; Ng, 2012; Duong et al., 2014; Zhuo et al., 2014; Duong et al., 

2015). Although successful in reducing excessive bone resorption in early trials, the 

further clinical development of odanacatib has been terminated due to the concern of 

increased risk of stroke in patients taking it (Schultz et al., 2015; Chan et al., 2016; 

Mullard, 2016).  

 

1.4.4 Removal of degraded products from the resorption lacuna 

The resorption lacuna is a very narrow space between the OC RB and bone surface.  

Because of this intimacy, the cell requires a mechanism to remove the degraded bone 

products while maintaining the secretion of acid and CTSK for the ongoing resorption 

process. The prevailing mechanism is the endocytosis of degraded bone products from 

the RB and transported along a transcytotic pathway through the cell to a specific 

plasma membrane domain at the apical pole distal to the bone matrix known as the FSD 

(Salo et al., 1996; Nesbitt and Horton, 1997; Salo et al., 1997; Coxon and Taylor, 2008; 

Hirvonen et al., 2013). This transcytotic pathway is supported by thick bundles of 
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microtubules originating from the RB and continues towards the FSD (Palokangas et al., 

1997; Mulari et al., 2003). Identification of collagen fragments and other matrix 

proteins in the transcytotic vesicles has provided further evidence that degraded bone 

products are transcytosed from the RB to the FSD (Nesbitt and Horton, 1997; Salo et al., 

1997; Hirvonen et al., 2013). 

 

It has been shown that further degradation of the matrix molecules can take place during 

transcytosis. Studies have found TRAP to co-localize with CTSK in transcytotic 

vesicles in resorbing OCs (Halleen et al., 1999; Vaaraniemi et al., 2004). Cleavage of 

TRAP by CTSK activates TRAP’s phosphatase activity and the reactive oxygen species 

(ROS) generating activity leading to the final degradation of organic bone matrix during 

their transcytosis towards the FSD (Halleen et al., 1999; Vaaraniemi et al., 2004). The 

final degraded products are liberated from the FSD into the vasculature together with 

cleaved TRAP. Circulating TRAP and C-terminal telopeptide (CTX) of type-I collagen 

has been shown to be a promising serum markers for bone resorption (Rosen et al., 2000; 

Halleen and Ranta, 2001; Halleen et al., 2006). 

 

1.5 OSTEOCLAST APOPTOSIS  

At the end of the resorptive process, OCs undergo apoptosis. Apoptosis or programmed 

cell death is one of the most common forms of cellular demise characterized 

morphologically and biochemically by cell shrinkage, nuclear fragmentation, and 

membrane depolarization (Tanaka et al., 2006; Elmore, 2007; Nikoletopoulou et al., 

2013). The process of apoptosis can be triggered extrinsically via cell surface death 

receptors and/or intrinsically via mitochondrial signalling pathway following a variety 

of stimuli, including oxidative stress and loss of survival signals generated by growth 

factors and cytokines (eg. RANKL and M-CSF), as well as loss of attachment to the 

extracellular matrix (Fig. 1.10) (Xing and Boyce, 2005). Both pathways culminate in 

the induction and activation of pro-apoptotic cysteine aspartyl proteases called caspases 

(caspase-3, -6, -7, -8, and -9) that lead to mitochondrial dysfunction, chromatin 

condensation and DNA fragmentation, resulting in the destruction of the cell (Adams, 

2003; Kroemer et al., 2007) (Fig. 1.10). Spontaneous apoptosis is observed in vitro in 

mouse and human OCs, and can be pharmacologically induced by bisphosphonates and 

tamoxifen, sex hormones and by inhibition of c-Src tyrosine kinase activity (Hughes et 

al., 1995; Arnett et al., 1996; Hughes et al., 1996; Kameda et al., 1997; Benford et al., 

2001; Recchia et al., 2004).  
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Many of the factors that stimulate bone resorption prevent OC apoptosis by stimulating 

the expression of RANKL and decreasing the expression of OPG. The local 

concentration of these two factors is an important determinant of OC survival 

andformation (Gori et al., 2000; Hofbauer and Heufelder, 2001; Hofbauer and Schoppet, 

2004). M-CSF, IL-1, RANKL, and TNF are all anti-apoptotic factors and support OC 

survival in vitro. The RANKL/RANK/TRAF6 axis induces c-Src, PI3 kinase and Akt 

activity which lead to the inhibitory phosphorylation of Bad and caspase-9, thus 

preventing activation of apoptotic cascades (Wong et al., 1999; Lacey et al., 2000). IL-1 

and TNF activate a similar signalling cascade following binding to their respective 

surface receptors on OCs (Wong et al., 1999; Xing et al., 2001). On the other hand, the 

anti-apoptotic effect of M-CSF is mediated through the activation of PI3 kinase, Akt, 

ERK and the mammalian target of rapamycin (mTOR) signalling pathways (Valledor et 

al., 1999; Bhatt et al., 2002; Glantschnig et al., 2003). These pathways induce the 

increased expression of anti-apoptotic gene, Bcl-2, Bcl-xL, and XIAP (Kanaoka et al., 

2000; Lacey et al., 2000; Woo et al., 2002).  

 

1.6 OSTEOBLASTS 

Differentiated from mesenchymal stem cells (MSCs), osteoblasts (OBs) comprise up to 

6% of total resident bone cells and functionally important for bone formation and 

through close cross-talk with OCs maintain bone homeostasis (Pittenger et al., 1999; 

Capulli et al., 2014). OBs are plump, cuboidal, mononuclear cells that have strongly 

basophilic cytoplasm, abundant rough endoplasmic reticulum and mitochondria, and 

prominent Golgi, as well as various secretory vesicles befitting its role as a protein 

synthesizing and secretory cell (Pritchard, 1952; Marks and Popoff, 1988; Capulli et al., 

2014) (Fig. 1.11). As the principal bone-forming cells, OBs synthesize and secrete a 

unique combination of extracellular proteins, including non-collagen proteins 

(osteocalcin, osteonectin, BSP-II, and osteopontin), proteoglycans (decorin and 

biglycan), alkaline phosphatase (ALP) and large amounts of type-I collagen, 

collectively known as the osteoid towards the bone surface (Anderson, 2003; Boivin et 

al., 2008; Long, 2012; Florencio-Silva et al., 2015). The osteoid is the unmineralized, 

organic portion of the bone matrix that is first deposited and undergoes subsequent 

mineralization through the accumulation of calcium phosphate in the form of 

hydroxyapatite (Anderson, 2003; Boivin et al., 2008). The result is a hard but  
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Figure 1.10. Regulation of OC apoptosis. Two distinct mechanisms of cellular 
death triggered extrinsically via cell surface death receptors and/or intrinsically via 
mitochondrial signalling pathway in response to various stimuli. In either case, the 
induction and activation of caspases leads to mitochondrial membrane 
permeabilization and depolarization, chromatin condensation and DNA 
fragmentation, resulting in the destruction of the cell. The ratio of pro- (Bak, Bax, 
Bok, Bim, Bad, and Bid) and anti-apoptotic (Bcl-2, Bcl-xL, and Bcl-w) Bcl-2 family 
members determine the susceptibility of cells to death signals. Image adapted from 
(Xing and Boyce, 2005) 
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lightweight composite material of both organic and inorganic components that is the 

major constituent of bone. 

 

1.6.1 Osteoblast differentiation – key growth factors and transcriptional regulators 

The differentiation of MSC into OBs often divided into stages of mesenchymal 

progenitor commitment, pre-OBs proliferation and differentiation, and OBs maturation 

through the expression of specific genes following timely programmed steps. Several 

families of growth factors and their associated signalling pathways are crucial for early 

OB differentiation from MSCs: the Wingless (Wnt) family, the bone morphogenetic 

proteins (BMPs), transforming growth factor β (TGF-β), and parathyroid hormone 

(PTH) (Grigoriadis et al., 1988). These pathways culminate in the activation of OB-

specific transcription factors of which Runt-related transcription factor 2 (Runx2), 

Distal-less homeobox 5 (Dlx5) and Osterix (Osx), the latter being downstream target of 

Runx2, as being the minimal criteria defining the OB progenitor cell (Ducy et al., 1997; 

Ducy et al., 1999; Florencio-Silva et al., 2015) (Fig. 1.12). In fact, the expression of 

these OB-specific transcription factors is used as the minimum criteria to define the 

osteo/chondroprogenitor cell. 

 

1.6.1.1 Wnt family members 

Wnt family of signalling proteins consist of at least 19 secreted lipid-modifying 

signalling glycoproteins that play essential roles during development and tissue 

homeostasis, and also an important regulator of OB lineage cells (Niehrs, 2012; Kim et 

al., 2013b). Wnt proteins signal through two main pathways: the canonical β-catenin 

dependent pathway and a non-canonical β-catenin independent pathway (Huelsken and 

Birchmeier, 2001; Veeman et al., 2003). The importance of the canonical Wnt/β-catenin 

pathway in bone is well acknowledged. It involves binding of Wnt proteins to Frizzled 

receptors (Frz) and their co-receptors low-density lipoprotein receptor-related protein 5 

(LRP5) or LRP6 which leads to activation of intracellular proteins of the dishevelled 

(DSH) family, inhibition of axin/glycogen synthase kinase3β (GSK3β)/adenomatosis 

polyposis coli (APC) protein complex activity and consequently preventing 

phosphorylation and ubiquitin-mediated degradation of β-catenin by GSK3β. 

Hypophosphorylation of β-catenin leads to its stabilization and accumulation, 

promoting its translocation into the nucleus where stimulates the transcription of Wnt 

target genes by interacting with transcription factors lymphoid-enhancer binding factor 

1 (LEF1), T-cell factor 1 (TCF1), TCF3 and TCF4 (Fig. 1.13) 



CHAPTER ONE 

37 
 

 

 

 

 

 

 

Figure 1.12 Schematic representation of the OB differentiation. OB arises from 
OB progenitor cells of the mesenchymal stem cell (MSC) lineage. The minimal 
criteria that defines the OB progenitor cell is when the following OB-specific 
transcription factors are expressed: Runt-related transcription factor (Runx2), Distal-
less homeobox 5 (Dlx5) and Osterix (Osx), the latter of which is a transcriptional 
downstream target of Runx2.When stimulated by osteogenic factors, MSCs are 
committed and differentiate towards the OB lineage. Pre-OB cells begin to express 
alkaline phosphatase (ALP) and type 1 collagen (Col1a1), and as they towards the 
mineralizing phenotype other late OB genes such as osteopontin (Opn), osteocalcin 
(Ocn) and bone sialoprotein II (bsp II) will be expressed.Image adapted from 
(Capulli et al., 2014) 
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Figure 1.13 β-catenin dependent and independent Wnt signalling pathways. Wnt 
signaling transduction occurs via 2 potential pathways: β-catenin dependent and β-
catenin independent pathway. In the canonical β-catenin dependent pathway, Binding 
of Wnt ligands to the LRP5-Frizzled (Frz) complex on the plasma membrane of OB 
lineage cells induces the activation of intracellular disheveled (DSH) leading to the 
inhibition and dissociation of the intracellular complex comprised of axin, glycogen 
synthase kinase 3 (GSK3) and adenomatosis polyposis coli (APC) proteins. 
Dissociation of this protein complex attenuates the cytosolic degradation of β-catenin 
resulting in cytosolic accumulation. Free β-catenin can then translocate to the 
nucleus where it can heterodimerize with lymphoid enhancer-binding factor /T-cell 
factors (LEF/TCFs) to mediate transcription of OB genes. In the non-canonical β-
catenin independent pathway, a similar complex involving extracellular Wnt ligand, 
Frz receptor and DSH is formed, but diverges downstream by mediating its effects 
through Rho GTPases and JNK. Image adapted from (James, 2013) 
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(Wodarz and Nusse, 1998; Pandur et al., 2002; Etheridge et al., 2004; Logan and Nusse, 

2004; Baron and Rawadi, 2007). 

 

The loss- and gain-of-function mutations in the Wnt co-receptor LRP5 in humans 

leading to osteoporosis-pseudoglioma (low bone mass phenotype) (Gong et al., 2001) 

and to high bone mass phenotypes (Boyden et al., 2002; Little et al., 2002a; Little et al., 

2002b), respectively, provided first evidence of the critical role for Wnt signalling in 

bone homeostasis. Similarly deletion of LRP5 in mice results in reduced bone mass 

postnatally, and LRP6 haploinsufficiency further decreases bone mass in LRP5-null 

mice due to decrease OB number and function (Kato et al., 2002; Holmen et al., 2004). 

Double knockout of LRP5 and LRP6 in mice embryonic mesenchyme resulted in the 

absence of OBs in the embryo (Joeng et al., 2011). In contrast, overexpression of the 

human LRP5 gain-of-function mutation into mice resulted in high bone mass (Yadav et 

al., 2008; Cui et al., 2011). This gain-of-function mutation results in unrestricted 

downstream signalling as a consequence of reduced affinity of LRP5 for its extracellular 

inhibitor, the Dickkopf proteins, DKK1 and DKK2 (Zhang et al., 2004; Ai et al., 2005; 

Li et al., 2005). Deficiency of DKK1 is associated with increased bone formation in 

mice and humans (Morvan et al., 2006; Pinzone et al., 2009). 

 

Amongst the various Wnt proteins, Wnt5a and Wnt10b have been documented to play 

important roles in regulating OB differentiation.Wnt10b is expressed in OB progenitors 

and acts in an autocrine fashion to positively regulate OB formation via the canonical 

Wnt/β-catenin signalling pathway (Andrade et al., 2007; Zhong et al., 2012). Wnt10b 

knockout mice exhibit reduced trabecular bone volume whereas transgenic 

overexpression in MSCs leads to increased bone density due to enhanced OB formation 

(Bennett et al., 2005; Stevens et al., 2010; Cawthorn et al., 2012). Wnt6a and Wnt10a 

have also been shown to influence the differentiation of MSCs into OBs to control bone 

mass via the canonical Wnt/β-catenin pathway (Cawthorn et al., 2012). The non-

canonical Wnt5a which binds to frizzled proteins, activates heterotrimeric G proteins 

and increases intracellular calcium via protein kinase C-dependent mechanisms or 

induces Rho- or c-Jun N-terminal kinase (JNK)-dependent changes, also appears to play 

a role in influencing OB differentiation via an autocrine loop. Wnt5a+/- mice display a 

reduced bone mass phenotype due to decreased OB numbers (Guo et al., 2008; 

Bilkovski et al., 2010; Briolay et al., 2013). Wnt4 is another non-canonical Wnt protein 

that may have a role in regulating OB formation. Human MSCs overexpressing Wnt4 
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show enhance osteogenic potential via the activation of p38 MAPKs (Chang et al., 

2007). 

 

1.6.1.2 Bone morphogenetic proteins (BMPs) 

As members of the TGF-β superfamily, BMPs are extracellular cytokines responsible 

for numerous cell regulatory processes including instigating OB differentiation from 

MSCs and pre-OB cells (Wozney et al., 1988; Canalis et al., 2003; Feng and Derynck, 

2005; Li and Cao, 2006). As the name suggests, BMPs were originally isolated from 

bone extracts as components of the bone matrix and able to induce ectopic bone and 

cartilage formation when injected subcutaneously or intramuscularly in mice (Urist and 

Strates, 1971; Wozney et al., 1988). There are currently 20 known BMP family 

members with BMP-2, 4, 5, 6, 7, 9, and 13 most commonly implicated in the MSC 

differentiation and OB formation predominantly through the induction of the 

transcription factors, Runx2 and Osterix (Bandyopadhyay et al., 2006; Kang et al., 2009; 

Shen et al., 2009; Wutzl et al., 2010; Bragdon et al., 2011; Dorman et al., 2012; 

Beederman et al., 2013). 

 

BMP signals induce MSC differentiation towards the OB lineage mainly through the 

Smad pathway, but the signalling molecule can also activate MAPK pathway (Fig. 1.14) 

(Massague, 1998; Guicheux et al., 2003; Chen et al., 2004; Lemonnier et al., 2004; 

Beederman et al., 2013; Fakhry et al., 2013). In the Smad pathway, heterodimeric type 

II and type I transmembrane serine-threonine kinase cell surface BMP receptors 

(BMPRs) and intracellular Smad proteins transmit signal from the cell surface to the 

nucleus. Type II BMPRs are constitutively active and serve to phosphorylate and 

activate type I BMPRs upon BMP ligand binding. Type II BMPRs are largely 

responsible for the osteogenic activities of BMPs and three have been identified: type II 

BMPR (BMPR-II), and type II and IIB activing receptors (ActR-II and ActR-IIB) 

(Kawabata et al., 1995; Nohno et al., 1995; Rosenzweig et al., 1995; Yamashita et al., 

1995). While seven different type I receptors have been identified only three are 

important for OB formation: type IA and IB BMPR (BMPR-IA/ALK3 and BMPR-

IB/ALK6) and type Ia activing receptor (ActR-IA/ALK2) (Koenig et al., 1994; ten 

Dijke et al., 1994; Macias-Silva et al., 1998). The expression of both type I and II 

BMPRs is required to achieve high affinity binding with ligands and both must be 

active for signal transduction (Yamashita et al., 1996; Massague, 1998). 
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Figure 1.14 BMP signal transduction pathway. Binding of BMP ligands to type II 
BMPR results in cross-phosphorylation of the type I BMPR which leads to the 
recruitment and phosphorylation of R-Smads (Smads 1/5/8) by the activated type I 
BMPR. Activated R-Smads then forms a heterodimeric complex with Co-Smads 
(Smad 4; common to all BMP signalling cascade) before translocation to the nucleus 
to regulate OB gene expression. The I-Smads (Smads 6/7) negatively regulate BMP 
signalling by either inhibiting R-Smad activation, preventing R-Smad/Smad4 
heterodimeric complex formation or by targeting the BMPR for proteasomal 
degradation. Image taken from (Beederman et al., 2013) 
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Binding of BMPs to the heterodimeric BMPRs triggers the phosphorylation and 

activation of receptor-regulated Smads (R-Smads: Smad1, 5, and 8) by type I BMPRs 

(Hoodless et al., 1996; Chen et al., 1997; Nishimura et al., 1998). Upon activation, the 

phosphorylated R-Smads dissociate from type IBMPR and form a complex with the 

Smad4, the sole Co-Smad common to all BMP signalling cascades (Massague, 1998; 

Mehra et al., 2000; Wrana, 2000; Wrana and Attisano, 2000). The R-Smad/Smad4 

complexes then translocate to the nucleus where they associate with various other 

transcription factors, co-activators and co-repressors to modulate gene transcription in a 

cell-type specific manner (Massague and Chen, 2000; Massague and Wotton, 2000). 

Smad6 and Smad7 are inhibitory Smads (I-Smads) that negatively regulates BMP 

signalling (Heldin et al., 1997; Wrana, 2000; Wrana and Attisano, 2000).Smad6 directly 

binds R-Smads, competitively preventing the formation of the R-Smad/Smad4 

heterodimer complex (Imamura et al., 1997; Hata et al., 1998). Smad7 on the other hand, 

binds to type I BMPRs and inhibits R-Smad phosphorylation and therefore preventing 

their activation (Nakao et al., 1997). Smad7 can also target the BMPRs for proteasomal 

degradation (Kavsak et al., 2000). 

 

Genetic studies have revealed important roles for BMPR signalling in controlling OB 

formation and bone mass. Deletion of BMPR-IA in pre- and mature OBs unexpectedly 

resulted in increased bone mass (Mishina et al., 2004; Tan et al., 2007; Kamiya et al., 

2008a; Kamiya et al., 2008b; Kamiya et al., 2010). Although BMPR-IA leads to 

decreased bone formation markers, OC bone resorption was decreased to a greater 

extent leading to net increase in bone mass. On the other hand, mice with OB 

expressing a dominant-negative, non-functional BMPR-IB, showed reduced BMD, bone 

volume, and bone formation (Zhao et al., 2002b). Deletion of downstream effectors of 

BMP signalling such as SMAD1 and SMAD4 in OBs, have resulted in impaired OB 

proliferation and differentiation (Wang et al., 2011) as well as reduced mature OB 

function (Tan et al., 2007), respectively. 

 

BMPs are important players in skeletogenesis (both as positive and negative regulators) 

and is one of the central signalling pathways involved in OB differentiation and 

regulation of bone formation (Li and Cao, 2006). Specifically, BMP-2, 4, 5, 6, 7, 9, and 

13 have been shown to be implicated in osteogenesis. Mice lacking BMP-2 in the limb 

formed bone during embryogenesis but are prone to develop spontaneous fractures that 

fail to heal shortly after birth due to defective bone mineral density (Bandyopadhyay et 
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al., 2006; Tsuji et al., 2006). Mice conditionally lacking BMP-2 and BMP-4 in OBs 

exhibit a severe impairment of osteogenesis (Bandyopadhyay et al., 2006). Similarly, 

BMP-7 has been shown to induce bone mineralization, enhance OB ALP activity, 

induce osteogenesis in vivo and promote bone fracture healing (Shen et al., 2010; Wei et 

al., 2010; Beederman et al., 2013). BMP-7 mutants have multiple skeletal defects (Luo 

et al., 1995). BMP-2 and BMP-7 have been clinically approved for use to increase 

healing rates in orthopaedic surgery for long bone open-fractures and in spinal fusion 

surgery (Agarwal et al., 2009). Another study has shown that the combined use of 

BMP-2, BMP-5, and BMP-6 had an additive effect on OB matrix mineralization and 

osterix expression (Wutzl et al., 2010). Among the osteogenic BMP family members, 

BMP-9 (also known as GDF-2) is considered one of the most osteogenic BMPs 

promoting OB differentiation of MSCs both in vitro and in vivo. However, its 

mechanism of action remains poorly understood (Beederman et al., 2013). BMP9 has 

also demonstrated translational promise in spinal fusion and bone fracture repair 

(Dumont et al., 2002; Kimelman-Bleich et al., 2011).  

 

Unlike the osteogenic BMPs, BMP-3 has been identified as a negative regulator 

of bone mass by counteracting the activities BMP-2 and BMP-4 (Daluiski et al., 2001). 

Targeted disruption of BMP-3 in mice results in increased trabecular bone formation via 

potential interaction with BMP type II receptor activin receptor 2b (ACVR2b) to inhibit 

BMP-2/4 signaling (Daluiski et al., 2001; Kokabu et al., 2012). In addition, mice 

transgenically overexpressing BMP3 under the type I collagen promoter exhibit defects 

in bone collar formation and late hypertrophic chondrocyte maturation that leads to 

decreased mineralization and less bone (Gamer et al., 2009). 

 

1.6.1.3 Transforming Growth Factor-β 

The TGF-β family contains three closely related mammalian isoforms (TGF-β1, -β2, 

and -β3) that arose by duplication of a common ancestor. Among these, TGF-β1 is the 

most highly expressed in bone tissues and has been intensively studied for its role in 

bone development and remodelling (Thompson et al., 1989; Janssens et al., 2005). TGF-

β1 signalling has been shown to regulate bone homeostasis via exerting both positive 

and negative effects on bone cells, causing bone loss or bone accrual in mice (Janssens 

et al., 2005). Anabolically, TGF-β1 promotes bone matrix apposition and formation via 

the stimulation of pre-OB proliferation, thus expanding the pool of committed pre-OBs 

for the early stages of OB differentiation (Hock et al., 1990; Chen and Bates, 1993; 
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Kassem et al., 2000). On the other hand, despite stimulatory effects on early OB 

differentiation, TGF-β1 can also suppress late phases of OB differentiation and 

mineralization (Alliston et al., 2001; Maeda et al., 2004). 

 

TGF-β1 has been shown to be important in postnatal bone development. TGF-β1 KO 

mice exhibit shorter tibia and decreased BMD in the proximal tibial metaphysis, 

reduced mineral content, mineral crystallinity, and collagen maturity in the secondary 

ossification centre and cortical bone (Geiser et al., 1998; Atti et al., 2002). TGF-β2 null 

mice exhibit wide range of developmental defect including deficiencies in craniofacial 

and limb development with a reduction in craniofacial bone size and ossification. These 

defects do not phenotypically overlap with TGF-β1 and TGF-β3 null mice suggesting 

non-redundant functions between the TGF-β isoforms (Sanford et al., 1997). Finally 

loss of TGF-β3 in mice results in skeletal condition of cleft palate with no other 

craniofacial defects (Proetzel et al., 1995). 

 

1.6.1.4 Parathyroid Hormone (PTH) 

Synthesized and secreted by the parathyroid gland, PTH is an 84 amino acid peptide 

hormone that acts on bones, kidney and intestines to regulate calcium homeostasis. In 

bone homeostasis, PTH can exert both catabolic and anabolic effects depending on the 

mode of administration. The catabolic effect of PTH is ascribed to the prolonged and 

sustained administration of high doses of PTH which stimulates osteoclastic bone 

resorption indirectly via regulation of RANKL and OPG secretion by OBs (Lee and 

Lorenzo, 1999; Huang et al., 2004). When administered intermittently at low doses PTH 

stimulates bone remodelling with a net increase in bone formation due to increase OB 

number and suppression of OB apoptosis (Tam et al., 1982; Hock and Gera, 1992; Jilka 

et al., 1999).  

 

The anabolic effect of PTH on bone formation are mediated through G-protein coupled 

receptor (PTH1R) located on the cell surface of the OB and cartilage lineage. Activation 

of G-protein dependent signals leads to increases in cellular cAMP and subsequent 

activation of protein kinase A (PKA) allowing it to phosphorylate the transcription 

factor Runx2. This in turn upregulates the expression of OB genes, including alkaline 

phosphatase (ALP) and type I collagen. The effect of PTH on OB survival can be 

attributed to PKA dependent phosphorylation and inactivation of pro-apoptotic BAD 

(Yamamoto et al., 2007), the upregulation of survival genes Bcl-2 and C/EBP 
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(Yamashita et al., 2008). PTH have also been shown to stimulate Wnt and BMP-2 

signalling, at least in part, via the cAMP-PKA pathway through the differential 

regulation of LRP5-6/β-catenin (dependent and independent pathways) and inhibition of 

Wnt antagonist, DKK1 (Tobimatsu et al., 2006; Bodine et al., 2007; Iwaniec et al., 2007; 

Guo et al., 2010). 

 

PTH-deficient mice exhibit reduced cartilage matrix mineralization and lower number 

of metaphyseal OBs and decreased trabecular bone volume (Miao et al., 2002). 

Similarly, mice deficient in PTH1R also demonstrate reduced trabecular bone and 

increased cortical bone volume during fetal development (Lanske et al., 1999; Calvi et 

al., 2001). Clinically the treatment of patients with postmenopausal osteoporosis with 

recombinant human PTH (Teriparatide) decreases the risk of vertebral and non-vertebral 

fractures, and also increases total body bone mineral density (Neer et al., 2001; Brixen 

et al., 2004; Cosman, 2005). 

 

1.6.1.5 Runx2 

Runx2 (also known as CBFα1) belongs to Runt domain-containing transcription factor 

family, and is considered the master transcriptional regulator for OB differentiation. 

Runx2 null mice have a complete absence of differentiated OBs therefore lacking of 

bone due to inability of chondrocytes in the cartilage template to undergo hypertrophy 

resulting in early death shortly after birth (Ducy et al., 1997; Komori et al., 1997; Otto 

et al., 1997). Haplo insufficiency due to inactivating mutations of Runx2 in mice and 

humans result in hypoplastic clavicles and delayed closure of the fontanelles, 

characteristics ascribed to the human autosomal dominant skeletal dysplaysia, Cleido 

Cranial Dysplasia (CCD) (Lee et al., 1997; Mundlos et al., 1997). Furthermore, deletion 

of the nuclear localization signal located at the C-terminus of Runx2 results in an 

identical phenotype as the Runx2 null mice, highlighting the importance the nuclear 

localization of Runx2 is to its function (Choi et al., 2001). As such, subtle 

polymorphisms in the Runx2 gene can cause defects ranging from high bone mass to 

differences in femoral geometry (Doecke et al., 2006; Ermakov et al., 2006). 

 

Runx2 activates and regulates osteogenesis by serving as a platform for several cytokine 

and hormonal factors, including but not limited to TGF-β, BMPs, PTH and Wnt (as 

described above). Mechanistically, for Runx2 to bind to the DNA consensus sequence 

TGPyGGPyPy it must form heterodimer with transcriptional co-activator core binding 
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factor β (CBFβ) (Komori et al., 1997; Bae and Ito, 1999; Miller et al., 2002). Genes 

regulated by Runx2 and determines the OB phenotype include osteocalcin, osteopontin, 

type I collagen, bone sialoprotein and alkaline phosphatase (Ducy et al., 1997; Lian et 

al., 1999; Komori, 2006; Fakhry et al., 2013; Bruderer et al., 2014). Overexpression of 

Runx2 non-OB cells such as fibroblast has been shown to sufficient to induce the 

expression of these genes (Ducy et al., 1997). Furthermore mouse MSCs that have been 

adenovirally transduced with Runx2 formed more bone than wildtype MSCs when 

implanted in subcutaneous tissue or in calvarial defects (Zhao et al., 2005). These 

studies have demonstrated the pivotal role that Runx2 plays in OB differentiation and 

function. 

 

1.6.1.6 Osterix (Osx) 

Osterix (also known as SP7), a zinc finger-containing transcription factor, is the second 

transcription factor absolutely necessary for OB differentiation. Like Runx2, Osx is 

regulated by anabolic signals like BMP-2. Furthermore, Osx null mice do not form bone 

due to the complete absence of OBs despite the normal expression of Runx2. Combined 

with the observation that Osx expression is abolished in Runx2 null mice place Osx 

functionally downstream of Runx2 during OB differentiation (Nakashima et al., 2002). 

It has been shown that the Runx2 regulates Osx expression by binding to Runx2 

consensus sequences located in Osx gene promoter (Nishio et al., 2006). 

 

Conditional deletion of Osx at different time points postnatally has further defined the 

essential role Osx has in OB differentiation and new bone formation during embryonic 

development (Zhou et al., 2010). Osx overexpression in murine bone marrow stromal 

cells exhibits five times greater newly formed calvarial bone than control mice (Tu et al., 

2007). Similarly Osx overexpression in human umbilical cord-derived MSCs resulted in 

significant increase in ALP activity, osteocalcin expression, and enhanced bone 

regeneration in nude mice (Wang et al., 2013). Human genome-wide associated studies 

have identified genetic variants in the region of Osx that are associated with BMD in 

children and adults (Styrkarsdottir et al., 2009; Timpson et al., 2009). 

 

1.7 OSTEOBLAST FUNCTIONS 

1.7.1 Bone matrix synthesis and formation 

Bone formation requires two principle steps: 1) production and deposition of the 

organic matrix, and 2) its subsequent mineralization. The deposition process requires 
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the secretion of the organic constituents of the bone matrix including collagen proteins 

(mainly type I collagen), non-collagen proteins (osteocalcin, osteonectin, BSPII and 

osteopontin) and proteoglycans (such as decorin and biglycan). This newly synthesized 

non-mineralized bone matrix is called the osteoid (Jayakumar and Di Silvio, 2010; 

Capulli et al., 2014). The next step is the mineralization process which to date still 

remains poorly understood. However, it is known that one of the early steps relies on 

the synthesis of hydroxyapatatite crystals within the matrix vesicles. These matrix 

vesicles are rich in Ca3(PO4)2 (tricalcium phosphate) crystals that undergoes 

hydroxylation to generate hydroxyapatite crystals. These calcium-rich, hydroxyapatite 

containing vesicles are extruded from the membrane surface of the OB, where they fill 

the gaps between the fibrils of collagen. Next, cleavage of pyrophosphate by alkaline 

phosphatase results in the formation of imperfect crystal nuclei. These crystals grow by 

aggregation and the addition of calcium ions leading to the secondary nucleation 

(Anderson, 2003; Yoshiko et al., 2007). 

 

1.7.2 Regulation of osteoclastogenesis 

As discussed extensively earlier on in the chapter, OBs play pivotal roles in the 

differentiation and function of OCs through a paracrine relationship. OB-derived M-

CSF in secreted or membrane bound form binds to its receptor c-Fms expressed on the 

surface of OC precursors, promote their proliferation and commitment towards the OC 

lineage (Felix et al., 1990a; Felix et al., 1990b). The most crucial factor derived from 

OB is RANKL. Both the membrane-bound form and the soluble secreted form potently 

induce OC formation (Lacey et al., 1998). Binding of RANKL to its receptor RANK on 

OC precursors induces the fusion and differentiation of the monocytic precursors cells 

into mature multinucleated OC. This involves the activation of several downstream 

signalling pathways such as NF-κB, MAPKs and NFATc1 (Franzoso et al., 1997; Wong 

et al., 1998; Matsumoto et al., 2000b; Li et al., 2002b; Takayanagi et al., 2002). OPG is 

another OB-derived factor involved in negatively controlling OC formation by 

inhibiting RANKL-RANK signalling (Simonet et al., 1997; Tsuda et al., 1997; Yasuda 

et al., 1998a). OPG acts as a decoy receptor for RANKL. Other paracrine factors that 

are released by OB that influence OC formation include monocyte chemoattractant 

protein-1 (MCP-1), stromal cell-derived factor (SDF-1/CXCL12), parathyroid hormone 

related protein (PTHrP), IL-1β, IL-6, TNFα, and semaphorin 3A (Graves et al., 1999b; 

Graves et al., 1999a; Li et al., 2007; Teitelbaum, 2007; Hayashi et al., 2012). 
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1.8 BONE DISEASES  

Bone homeostasis is delicately maintained by the balanced actions of the bone forming 

OBs and bone resorbing OCs. Any perturbations in this balance leading to excessive or 

lack of activities in either of these cell types can lead to debilitating in bone diseases. 

Excessive bone destruction due to elevated OC numbers and/or activity is characteristic 

of many osteolytic diseases including osteoporosis, osteoarthritis, rheumatoid arthritis, 

Paget’s disease, and giant cell tumour of bone (Feng and McDonald, 2011). In all cases, 

excessive OC bone resorption leads to decrease bone volume resulting in less dense and 

brittle, which are prone to fractures. On the other hand, the lack of OC bone resorption 

is responsible for genetic bone disorder of osteopetrosis or “stone bone” disease. This 

extremely rare inherited disorder results in bones which are extremely dense due to the 

marrow space being filled with bone, but are comparatively weaker and prone to break 

(Tolar et al., 2004; Askmyr et al., 2008). 

 

Defective OB function leading to abnormal osteoid deposition results in disorders of 

rickets in children and osteomalacia in adults, which can lead to osteopenia or 

osteoporosis and increased fracture risks (Francis and Selby, 1997). The severe 

congenital bone disorder, osteogenesis imperfecta, also known as “brittle bone disease”, 

is a result of mutations in the COL1A1 or COL1A2 genes leading to defective or lack of 

collagen production. Patients exhibits severe skeletal deformities, increased bone 

fragility, low bone mass, and other connective-tissue manifestations (Rauch and 

Glorieux, 2004). In addition, malignant transformation of MSCs towards the OB lineage 

leading to excessive deposition of malignant osteoid is the hallmark of malignant 

primary bone tumor, OS or osteogenic sarcoma, in adolescents and young adults 

(Raymond et al., 2002; Ottaviani and Jaffe, 2009; Botter et al., 2014). 

 

Better understanding of these bone disorders will not only advance our knowledge of 

bone biology but also help pave the foundation for the development of novel therapeutic 

agents for the targeted treatment of these bone diseases. Current therapeutic options for 

bone diseases include anti-resorptives such as bisphosphonates, denosumab (humanized 

anti-RANKL antibody), and selective estrogen receptor modulators (SERMs); bone 

forming agents (osteo-anabolics) such as parathyroid hormone (PTH) and its 

recombinant analog teriparatide (TPD); or dual action compounds (both an anti-

resorptive and osteo-anabolic) such as strontium ranelate (Reginster et al., 2014; Makras 

et al., 2015; Reid, 2015). Despite advances in treatment modalities, they are still far 
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from being ideal. With severe adverse side effects associated with the current generation 

of agents including increased risk of breast cancer, endometriosis, thromboembolism, 

hypercalcemia, gastrointestinal and renal complications, hypertension, osteonecrosis of 

the jaw and atypical fractures, and OS (Abrahamsen, 2010; Giusti et al., 2010; O'Ryan 

and Lo, 2012; Paparodis et al., 2013; Reginster et al., 2014; Makras et al., 2015; Reid, 

2015), there is a urgent need for the development of novel chemical entities or better 

treatment. 
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2.1 RATIONALE 1 (CHAPTER FOUR and CHAPTER FIVE) 

Excessive osteoclast (OC) formation and bone resorption are the main pathological 

findings in many osteolytic bone diseases. OC formation is governed by the activation 

of RANKL-RANK signalling axis which leads to the downstream activation of several 

signalling cascades that initiate commitment, differentiation, and fusion of monocytic 

precursors culminating in the formation and survival of multinucleated OCs. These 

signalling cascades include the NF-κB, the MAPK, and the c-Fos/NFATc1 pathways. 

On the other hand OC bone resorptive function is dependent on the function of the V-

ATPase proton pump which is essential for the acidification of the resorption lacuna to 

dissolve the bone and activation of bone lytic enzymes to further break down the bone 

matrix. Additionally V-ATPase subunits have also been implicated in OC precursor cell 

fusion. Thus agents which can hinder V-ATPase function are likely candidates to be 

used as anti-resorptive for osteolytic bone diseases. Alexidine dihydrochloride (AD) and 

Thonzonium bromide (TB) have been recently classified as proton pump uncouplers for 

the yeast V-ATPase, based on this property they are ideal candidates as anti-resorptive 

agents for the inhibition of excessive OC bone resorption and potentially therapeutics 

for bone lytic disorders. 

 

2.1.1 Hypothesis 

AD and TB as V-ATPase uncouplers can directly impair OC formation and function via 

the inhibiton of fusion of OC precursor cells and attenuation of V-ATPase-mediated 

acidification of the resorption lacunae. 

 

2.1.2 Aims 

1. To examine the effects of AD and TB on OC formation and bone resorption in 

vitro. 

2. To determine the effects of AD and TB on RANKL-RANK signalling cascades. 

3. To investigate the effect of AD and TB on V-ATPase-mediated acidification and 

proton transport. 

4. To show the therapeutic potential of AD and TB in a murine model of LPS-

induced osteolysis in vivo. 
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2.2 RATIONALE 2 (CHAPTER SIX) 

Altered OB function leads to abnormal osteoid deposition underlie disorders of such as 

rickets and osteomalacia. On the other hand, deposition of malignant osteoid by 

transformed MSC towards the OB lineage is characteristic of the aggressive bone cancer, 

osteosarcoma (OS). In addition to being a potent inhibitor of the V-ATPase proton 

pump, AD also demonstrates potent apoptosis inducing properties leading to its 

suggested use as an anti-cancer agent for various head and neck cancers. With this 

property in mind, AD may also show efficacy as an anti-cancer agent for OS. 

 

2.2.1 Hypothesis 

AD and/or TB impair proliferation/survival and migration and inhibit the osteoblastic 

bone formation properties of UMR-106 OS cells by triggering cellular apoptosis. 

 

2.2.2 Aims 

1. To examine the effects of AD and/or TB on the proliferation/survival and 

migration UMR-106 OS cell line in vitro. 

2. To test the effect of AD and/or TB on the osteoblastic properties (bone 

mineralization and ALP activity) of UMR-106 OS cells in vitro. 

3. To determine whether apoptosis is the mechanisms by which AD and/or TB 

exerts these effects on UMR-106 OS cells in vitro. 
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3.1 MATERIALS 

3.1.1 Cell lines 

Cell Line Description Supplier 

UMR 106  

Rattus norvegicus 

Bone, osteosarcoma  

osteoblast cell line 

Kindly provided by Associate 

Prof. Nathan J. Pavlos, School 

of Surgery, University of 

Western Australia 

RAW264.7-NF-κB 

Mouse myeloid/monocytes 

transiently transfected with p-

NF-κB-TA-Luc luciferase 

reporter genes 

Kindly provided by Prof. 

Jiake Xu, School of Pathology 

and Laboratory Medicine, 

University of Western 

Australia 

RAW264.7- NFATc1 

Mouse myeloid/monocytes 

transiently transfected with p-

NFATc1-TA-Luc luciferase 

reporter genes 

As above 

 

3.1.2 Chemical reagents 

All experiments conducted in this thesis used chemical reagents that were of analytical 

grade unless otherwise indicated and were purchased from the following manufacturers: 

Chemical Reagents Manufacturer 

Acrylamide, 99.9% 
Bio-Rad Laboratories, Hercules, CA., 

USA 

Acridine orange 
Sigma Chemical Co., St. Louis, Mo., 

USA 

Agarose Promega Corp., Madison, Wi., USA 

Alexidinedihydrochloride 
Sigma Chemical Co., St. Louis, Mo., 

USA 

Agar Powder 
BDH Laboratory Supplies, Poole, 

Dorset, England 
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Ammonium persulfate 
Bio-Rad Laboratories, Hercules, CA., 

USA 

Ampicillin 
Sigma Chemical Co., St. Louis, Mo., 

USA 

Ascorbic acid 
Sigma Chemical Co., St. Louis, Mo., 

USA 

BactoYeast Extract 
Difco Laboratories, Detroit, 

Michigan, USA 

BactoTryptone 
Difco Laboratories, Detroit, 

Michigan, USA 

BIS 

(N, N’-methylene-bis-acrylamide) 

Bio-Rad Laboratories, Hercules, CA., 

USA 

Bovine Serum Albumin (BSA) Acetylated 

10mg/ml 
Promega Corp., Madison, Wi., USA 

Bradford Reagent 
Bio-Rad Laboratories, Hercules, CA., 

USA 

Calcium chloride (CaCl2) 
Sigma Chemical Co., St. Louis, Mo., 

USA 

Cell Dissociation Buffer 
Sigma Chemical Co., St. Louis, Mo., 

USA 

Complete Protease Inhibitor Cocktail Tablets 
Roche Diagnostics Gmbh, Mannheim, 

Germany 

Concanamycin A 
Sigma Chemical Co., St. Louis., Mo., 

USA 

Coomassie® Brilliant Blue R-250 
Bio-Rad Laboratories, Hercules, CA., 

USA 

dATP, dTTP, dCTP, and dGTP Nucleotides Promega Corp., Madison, Wi., USA 

DePeX Mounting Medium BDH Laboratory Supplies, Poole, 
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Dorset, England 

Dexamethasone 
Sigma Chemical Co., St. Louis., Mo., 

USA 

Dimethyl sulphoxide (DMSO) 
BDH Laboratory Supplies, Poole, 

Dorset, England 

Dithiothreitol (DTT) 
Sigma Chemical Co., St. Louis., Mo., 

USA 

DNA Ladder 100bp Promega Corp., Madison, Wi., USA 

DNA Ladder 1kb Promega Corp., Madison, Wi., USA 

Ethanol (100%) 
BDH Laboratory Supplies, Poole, 

Dorset, England 

Ethylene diamine tetra-acetic acid (EDTA) 

disodium 

Boehringer Mannheim Corp., Indpl., 

IN., USA 

β-glycerophosphate 
Sigma Chemical Co., St. Louis., Mo., 

USA 

Glacial Acetic Acid 
BDH Laboratory Supplies, Poole, 

Dorset, England 

Glycerol 
BDH Laboratory Supplies, Poole, 

Dorset, England 

Glycine 
BDH Laboratory Supplies, Poole, 

Dorset, England 

Hydrochloric acid (HCl) 
BDH Laboratory Supplies, Poole, 

Dorset, England 

Isopropanol (Propan-2-ol) 
BDH Laboratory Supplies, Poole, 

Dorset, England 

β-Mercaptoethanol 
Sigma Chemical Co., St Louis, Mo., 

USA 

Methanol BDH Laboratory Supplies, Poole, 
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Dorset, England 

Nonidet® P-40 Substitute 

(Nonylphenylpolyethylene glycol, NP-40) 

FlukaChemie AG., Sigma Chemical 

Co., St. Louis, Mo., USA 

Paraformaldehyde Merck, Darmstadt, Germany 

Phenylmethylsulfonyl fluoride (PMSF) 
Boehringer Mannheim Corp., Indpl, 

IN., USA 

Prestained Protein Molecular Weight Marker, 

Size Range: 20-120kDa; 250µl 

Fermentas Life Sciences Inc., 

Burlington, CA., USA 

Skim Milk Powder Diploma, Melbourne, AUS 

Sodium bicarbonate (NaHCO3) 
Sigma Chemical Co., St. Louis, Mo., 

USA 

Sodium chloride (NaCl) 
BDH Laboratory Supplies, Poole, 

Dorset, England 

Sodium dodecyl sulphate (SDS) 
BDH Laboratory Supplies, Poole, 

Dorset, England 

Sodium hydroxide (NaOH) 
BDH Laboratory Supplies, Poole, 

Dorset, England 

Sodium phosphate, dibasic, anhydrous 

(Na2HPO4) 

Sigma Chemical Co., St. Louis, Mo., 

USA 

Sodium phosphate, monobasic, anhydrous 

(NaH2PO4) 

Sigma Chemical Co., St. Louis, Mo., 

USA 

SYBR Safe DNA Gel Stain 
Life Technologies, Melbourne, 

Australia 

TEMED 

(N, N, N’, N’-tetra-methyl-ethylenediamine) 

Bio-Rad Laboratories, Hercules, CA., 

USA 

Thonzonium bromide 
Sigma Chemical Co., St Louis, Mo., 

USA 

Toluidine Blue Sigma Chemical Co., St Louis, Mo., 
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USA 

Trizma Base 
Sigma Chemical Co., St. Louis, Mo., 

USA 

Triton X-100 

(Iso-octylphenoxypolyethoxyethanol) 

Pachard Instrument International, SA., 

Zurich, Switzerland 

Tween-20 
Sigma Chemical Co., St. Louis, Mo. 

USA 

X-gal Promega Corp., Madison, Wi., USA 

 

3.1.3 Tissue culture reagents 

Description Supplier 

α-MEM (alpha-Modification of Eagles 

Medium) 

Gibco BRL, Life Technologies, Melbourne, 

Australia 

D-MEM (Dulbecco’s-Modification of 

Eagle’s Medium) 

Gibco BRL, Life Technologies, Melbourne, 

Australia 

FBS (Foetal Bovine Serum) 
Gibco BRL, Life Technologies, Melbourne, 

Australia 

L-Glutamine 
Gibco BRL, Life Technologies, Melbourne, 

Australia 

Penicillin-Streptomycin 
Gibco BRL, Life Technologies, Melbourne, 

Australia 

Trypsin-EDTA (pH7) 
Gibco BRL, Life Technologies, Melbourne, 

Australia 

 

3.1.4 Enzymes 

Description Supplier 

Moloney Murine Leukaemia Virus-Reverse 

Transcriptase (MMLV-RT) 
Promega Corp., Madison, Wi., USA 
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RNAsin Promega Corp., Madison, Wi., USA 

Taq DNA Polymerase Promega Corp., Madison, Wi., USA 

 

3.1.5 Cytokines 

Rat GST-RANKL for use in the generation of multinucleated OCs was readily available 

in our laboratory (Xu et al., 2000). Macrophage colony stimulating factor (M-CSF) was 

produced in the Centre for Orthopaedics Research, School of Surgery, The University 

of Western Australia using conditioned media from CMG-14-12 cells. 

 

3.1.6 Antibodies 

Antibody Supplier Dilution 

Monoclonal anti-Bcl-2 Santa Cruz, CA, USA 1:1000 (WB 1º Ab) 

Monoclonal anti-Bcl-xl Santa Cruz, CA, USA 1:1000 (WB 1º Ab) 

Monoclonal anti-Bax BD Pharmingen NJ, USA 1:1000 (WB 1º Ab) 

Monoclonal anti-Caspase-3 Cell Signaling, MA, USA 1:1000 (WB 1º Ab) 

Polyclonal anti-Caspase-9 Cell Signaling, MA, USA 1:1000 (WB 1º Ab) 

Monoclonal anti-β-actin 
DSHB University of Iowa, 

USA 
1:5000 (WB 1º Ab) 

Monoclonal anti-COX IV Cell Signaling, MA, USA 1:1000 (WB 1º Ab) 

Monoclonal anti-CTSK Santa Cruz, CA, USA 1:1000 (WB 1º Ab) 

Monoclonal anti-NFATc1 Santa Cruz, CA, USA 1:1000 (WB 1º Ab) 

Polyclonal anti-c-Fos BD Pharmingen NJ, USA 1:500 (WB 1º Ab) 

Monoclonal anti-p-ERK1/2  Santa Cruz, CA, USA 1:1000 (WB 1º Ab) 

Polyclonal anti-ERK1/2  Promega, Madison, WI, USA 1:1000 (WB 1º Ab) 

Monoclonal anti-p-p65  Cell Signaling, MA, USA 1:1000 (WB 1º Ab) 

Monoclonal anti-p65  Cell Signaling, MA, USA 1:1000 (WB 1º Ab) 

Monoclonal anti-p-p38 Cell Signaling, MA, USA 1:1000 (WB 1º Ab) 
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Monoclonal anti-p38 Santa Cruz, CA, USA 1:1000 (WB 1º Ab) 

Monoclonal anti-p-JNK  Cell Signaling, MA, USA 1:1000 (WB 1º Ab) 

Monoclonal anti-JNK  Promega, Madison, WI, USA 1:1000 (WB 1º Ab) 

Monoclonal anti-p-IκBα Santa Cruz, CA, USA 1:1000 (WB 1º Ab) 

Polyclonal anti-IκBα Santa Cruz, CA, USA 1:1000 (WB 1º Ab) 

Monoclonal anti-NF-κB-p65 Cell Signaling, MA, USA 1:1000 (WB 1º Ab) 

Monoclonal anti-TBP Cell Signaling, MA, USA 1:1000 (WB 1º Ab) 

Hoechst 33258 (bis-benzimide) Molecular Probes, USA 1:5000 (IF 1º Ab) 

Goat anti-Mouse IgG 

Peroxidase Conjugate 

Sigma Chemical Co., St. 

Louis, Mo., USA 
1:5000 (WB 2º Ab) 

Goat anti-Rabbit IgG 

Peroxidase Conjugate 

Sigma Chemical Co., St. 

Louis, Mo., USA 
1:5000 (WB 2º Ab) 

 

3.1.7 Commercially purchased kits 

Description Supplier 

ATPlite™ Luminescence Assay System Perkin Elmer, Waltham, MA., USA 

RNeasy Mini Kit QIAGEN Gmbh, Australia 

Western Lightning Ultra Perkin Elmer, Waltham, MA., USA 

Mitochondria Isolation Kit Thermofisher Scientific, MA., USA 

Nuclear and Cytoplasmic Extraction 

Reagent 
Thermofisher Scientific, MA., USA 

Annexin V-PE Apoptosis Reagent Kit Biosciences PTY Ltd, Sydney, Australia 

CellTiter 96®AQueous One Solution 

Cell Proliferation Assay 
Promega Corp., Madison, WI., USA 

Luciferase Assay System Promega Corp., Madison, WI., USA 

Caspase-Glo 3/7 Reagent Kit Promega Corp., Madison, WI., USA 



CHAPTER THREE 

59 
 

Alkaline Phosphatase Kit Sigma Chemical Co., St. Louis, Mo., USA 

 

3.1.8 Oligonucleotide primers 

Oligonucleotide primers for use in PCR amplification were purchased from Geneworks 

(Australia). Upon receipt in freeze-dried form, the oligos were resuspended in ddH2O 

accordingly and stored in a -20ºC freezer. The following primers were used: 

 

Primer Name Forward Sequence Reverse Sequence 

Calcitonin Receptor 

5’-

TGGTTGAGGTTGTGCCCA 

-3’ 

5’-

CTCGTGGGTTTGCCTCAT

C -3’ 

Cathepsin K 

5’-

GGGAGAAAAACCTGAAG

C-3’ 

5’-

ATTCTGGGGACTCAGAGC

-3’ 

TRAP 

5’-

TGTGGCCATCTTTATGCT 

-3’ 

5’-

GTCATTTCTTTGGGGCTT -

3’ 

DC-STAMP 

5’-

CTTGCAACCTAAGGGCA-

3’ 

5’-

TCAACAGCTCTGTCGTGA

CC-3’ 

ALP 

5’-

AGAAAGAGAAAGACCCC

AGTT -3’ 

5’-

CTTGGAGAGAGCCACAA

AGG -3’ 

Colla 1 

5’-

GGGCGAGTGCTGTGCTTT 

-3’ 

5’-

GGGACCCATTGGACCTGA

A -3’ 

Runx2 

5’-

AAGGTTGTAGCCCTCGGA

G -3’ 

5’-

GGATTTGTGAAGACCGTT

ATG -3’ 

Osterix 5’- 5’-
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GCCTACTTACCCGTCTGA

CTTT-3’ 

GCCCACTATTGCCAACTG

C -3’ 

GAPHD 

5’-

CATGGAGAAGGCTGGGG

CTC-3’ 

5’-

AACGGATACATTGGGGG

TAG-3’ 

β-actin 

5’-

AGCCATGTACGTAGCCAT

CC -3’ 

5’-

CTCTCAGCAGTGGTGGTG

AA -3’ 

 

3.1.9 Other materials and equipments 

Material and Equipment Manufacturer 

7x10 cm2 and 10x10 cm2 UV perspex gel 

tray; 8 and 15 well comb for Agarose gels 
Bio-Rad, Hercules, CA., USA 

AvantiTM J-25 I Series High Speed 

Centrifuge 
Beckman Instruments Inc., USA 

Baxter ddH20 Baxter, Sydney, Australia 

Carbon dioxide (CO2) Gas, Food Grade Aligal®, Air Liquid, WA, Australia 

Cell Culture Flasks: T25 & T75 Life Technologies, Australia 

Cell Culture Plates: 6-, 12-, 24-, & 96-wells Life Technologies, Australia 

Cell Scraper Sarstedt, Germany 

Centrifuge 5415 D 
Eppendorf AG, Barkhausenweg 1, 

Hamburg, Germany 

Centrifuge Tubes: 10ml & 50ml Sarstedt, Germany 

Cling Film Glad, Australia 

Coverslips (22mm x 22mm) Knittel Glaser, Germany 

Cryogenic Vials (sterile) Corning Glassworks, USA 

Curvettes, Spectrophotometer (4mm gap, Nalgene Labware, Selby Biolab, 
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sterile) Australia 

Filter Paper Whatmans International, England 

GeneAmp PCR System 2400 Thermal Cycler Perkins-Elmer 

Glass Slides Knittel Glaser, Germany 

Grant W-14 Water Bath Selby Scientific and Medical, USA 

Hettich Universal 2S Centrifuge HettichZentrifugen, Germany 

Hybond™-C Nitrocellulose Membrane, 

0.45μM 

Amersham Biosciences, GE Healthcare, 

Little Chalfont, Buckinghamshire, UK 

FujiFilm LAS-3000 Gel Doc System 
FujiFilm, Fuji Photo Co. Ltd, Tokyo, 

Japan 

Leica RM 2035 BioCut Microtome Leica, Germany 

Liquid Nitrogen (N2) Air Liquid, WA, Australia 

Microcentrifuge Tubes: 1.5ml Sarstedt, Germany 

Microcentrifuge Tubes: 0.5ml & 2ml TRACE Biosciences, Australia 

MicroOneMicrocentrifuge 
TOMY Kogyo Co. Ltd, Tagara, 

Nerima-ku, Tokyo, Japan 

Micropore Filters: 0.2μm, 0.45μm & 0.8μm Crown Scientific, Australia 

Mini-PROTEAN® III Cell Electrophoresis 

System 
Bio-Rad, Hercules, CA., USA 

Mini Trans-Blot®Electorphoretic Transfer 

Cell 
Bio-Rad, Hercules, CA., USA 

MiniSpin® and MiniSpin® Plus 

microcentrifuge 

Eppendorf AG, Barkhausenweg 1, 

Hamburg, Germany 

Model 680 Microplate Reader Bio-Rad, Hercules, CA., USA 

Nikon CoolPix S4 Digital Camera Nikon Corp., Chiyodu-ku, Tokyo, Japan 

Nikon Eclipse TE2000-5 Phase Nikon Corp., Chiyodu-ku, Tokyo, Japan 
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Contrast/Fluorescent Microscope 

Orbital Mixing Incubator RATEK Instruments, Australia 

P1210 Weighing Balance Metler, Zurich, Switzerland 

Parafilm Laboratory film 
American National Can, Menasha, 

Wi, USA 

PCR Tubes: 0.2ml thin-walled tubes Unimed Australia Pty Ltd, Australia 

Petri Dishes: 90mm Sarstedt, Germany 

PolarStar Optima BMG Labtechnologies 

Rocking Platform Mixer RATEK Instruments, Australia 

Rotary Microtome Leica RM 2265 Leica, Germany 

Serological Pipettes: 5ml & 10ml Life Technologies, Australia 

SPECTRA/POR® 1, MWCO 6-8kDa Spectrum Laboratories Inc. 

Transfer Pipettes: 1ml Sarstedt, Germany 

 

3.1.10 Centrifugation 

All micro-centrifugation (0.5ml, 1.5ml and 2.0ml) procedures conducted at room 

temperature (RT) were performed using the MiniSpin or MiniSpin Plus microcentrifuge. 

PCR (0.2ml) centrifugation was performed using the MicroOne microcentrifuge at RT. 

Micro-centrifugation at 4°C was carried out in a Eppendorf Centrifuge 5415D. 

Centrifugation of solutions in 10ml and 50ml tubes were performed using a Hettich 

Universal 2S centrifuge. All high speed and large volume (250ml and 500ml) 

centrifugation procedures were performed in the J-2 Series High Speed Centrifuges 

(Beckman Instruments) at 4°C unless otherwise specified. 

 

3.2 BUFFERS AND SOLUTIONS 

All solutions and buffers used were prepared using autoclaved (sterilized), highly 

purified Milli-Q doubled distilled water. Chemicals where weighed using a Mettler 

p1210 balance. pH adjustments were carried out on a labCHEM-pH Benchtop pH-mV-
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Temperature Meter (TPS, Australia), calibrated with appropriate pH standards (pH 4.0 

or 7.0). 

 

Solutions Composition and Preparation 

30% Acrylamide 

29g of acrylamide and 1g of bisacrylamide were dissolved 

in a total volume of 60 ml ddH2O with mild heating at 

37°C to acid solubility.  Volume adjusted to 100ml with 

ddH2O, then filtered through two sheets of Whatman#1 

filter paper.  Stored at 4°C in the dark. 

Alexidine dihydrochloride 100µM stock dissolved in DMSO and stored at -20ºC. 

Ammonium persulphate 
10% stock prepared in ddH2O and stored in 1ml aliquots at 

-20° C. 

Ampicillin 
100mg/ml stock dissolved in ddH2O, sterilized by filtration 

and stored in 1ml aliquots at -20°C. 

Aprotinin 
10 mg/ml stock dissolved in ddH2O.  Dispensed into small 

aliquots and stored at -20°C. 

Ascorbic acid 
400 lg/mL stock dissolved in ddH2O.  Dispensed into 

small aliquots and stored at -20ºC. 

Bafilomycin A1 (Baf. A1) 100µM stock dissolved in DMSO and stored at -20°C. 

Bradford Reagent 

100mg Coomassie Brilliant Blue R-250 dissolved in 50ml 

of 95% ethanol.  100ml of 85% phosphoric acid was then 

added and the final volume adjusted to 1L with ddH2O.  

The solution was filtered through two Whatman#1 filter 

papers. 

BSA/PBS  
0.2% stock dissolved in 1xPBS, sterilized by filtration and 

stored at 4°C. 

Bromophenol blue 
1% stock prepared using sterile ddH2O.  Swirled before 

use to suspend sediment. 

Calcium chloride 
100mM stock prepared from solid CaCl2.2H2O.  Stored at 

4°C. 

Concanamycin A 100µM stock dissolved in DMSO and stored at -20ºC. 
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Dexamethasone 
1mM stock solution prepared in methanol and store at -

20ºC. 

6x DNA Loading Buffer 
Composition: 0.25% xylene cyanol, 0.25% bromophenol 

blue, 30% glycerol.  Stored at 4°C 

dNTPs: dATP, dCTP, 

dGTP&dTTP 

100mM stock solution made up of each dNTP constituent 

(dATP, dCTP, dGTP and dTTP).  An equal volume of 

these components mixed together produced a 25mM 

combined stock of dNTPs, which was diluted to 5mM with 

ddH2O and stored as 200µl aliquots at -20°C. 

Dithiothreitol (DTT) 
Prepared at a concentration of 1M and stored at -20° C in 

1ml aliquots.  Not sterilized. 

EDTA 
0.5M stock, brought to pH8.0 with NaOH and stored at 

room temperature. 

EGTA 
0.1M stock, brought to pH 8.0 with NaOH and stored at 

room temperature. 

Eosin Stock Solution 
Prepared as 1g in 100ml distilled waterand stored at room 

temperature. 

Eosin-PhloxineB working 

solution 

Mixed 100ml Eosin stocksolution with Phloxine stock 

solution. Added 780ml Ethanol (95%) and 4ml Glacial 

acetic acidand stored at room temperature. 

β-glycerophosphate 
Prepared as 50mM stock with sterile ddH2O. Stored in the 

dark at 4ºC. 

IPTG 
Prepared at a concentration of 100mM, filtered, and stored 

in 1ml aliquots at -20° C. 

Magnesium chloride 

0.1M and 1M stock solutions made up from MgCl2.6H2O 

powder. Care was taken not to use wet MgCl2 for 

preparation. Autoclaved and stored at 4°C. 

4% Paraformaldehyde 

10% Stock solution (5g paraformaldehyde in 50ml ddH2O) 

diluted in PBS (pH7.4) to a final working dilution of 4%.  

Stored at 4°C. 
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20x Phosphate buffered 

saline (PBS) 

20x stock prepared from the following components: 10g 

NaH2PO4, 203.6g Na2HPO4, 170g NaCl in ddH2O.  pH 

was equilibrated to 7.4 with HCl. 

1xPBS, pH7.4 

1x solution was prepared by diluting 100ml of stock 

solution in 1L ddH2O.  Solution was filter-sterilized and 

stored at room temperature. 

PBS-T 

10x stock solution was prepared from the following 

components: 80g NaCl, 2 g KH2PO4, 14.4g Na2HPO4, 2g 

KCl and 5ml of Tween-20.  Stored at room temperature 

without being autoclaved. 

Phloxine Stock Solution Prepared as 1g in 100ml distilled waterand stored at room 

temperature. 

PMSF 
100mM stock solution prepared fresh in ethanol when 

required. 

Ripa Lysis Buffer 

50mM Tris pH7.5, 150mM NaCl, 1% Nonidet P-40, 0.1% 

SDS, 1% Sodium deoxycholate.  Sterilized by autoclaving 

and stored at 4°C. 

Sodium acetate 

Prepared at 3M sodium ion concentration by dissolving 

24.6g of powder form in 100ml of ddH2O, adjusting the 

pH with glacial acetic acid to 5.2, and making up any 

remaining volume requirement with ddH2O.  Sterilized by 

autoclaving and stored at room temperature. 

Sodium chloride 
5M stock solution prepared in ddH2O, autoclaved and 

stored at room temperature. 

Sodium dodecyl sulphate 

(SDS) 

Prepared as an unsterilized, 10% (w/v) solution, stored at 

room temperature. 

Sodium hydroxide 
5M stock solution, stored at room temperature.  Not 

sterilized 

Sodium orthovanadate 

(Na3VO4) 

0.25m stock solution in ddH2O was prepared from 

powdered Na3VO4.14H2O.  Stored at -20°C. 

SDS-PAGE Gel De-

staining Solution 

20% methanol, 5% glacial acetic acid (v/v) in ddH2O. 
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SDS-PAGE Gel 

Coomassie Staining 

Solution 

Coomassie Brilliant Blue R-250 (final concentration 0.5% 

(w/v)) was dissolved in a 1:6:3 mixture of glacial acetic 

acid, ddH2O and methanol. Filtered through two pieces of 

Whatman#1 filter paper before use. 

SDS-PAGE Running 

Buffer (10x) 

30.2g of Tris (hydroxymethyl) methane, 188g of glycine, 

100ml of 10% SDS to 1L ddH2O: pH 8.3 (without 

adjustment). 

SDS-PAGE Sample 

Buffer 

2x stock solution composed of 20mM Tris, 2mM EDTA, 

40% glycerol and 2% SDS, 0.01% bromophenol blue.  

Prepared from stock solutions of the respective 

components.  pH adjusted to 6.8 before addition of SDS.  

Prior to use add 5% β-mercaptoethanol. 

SDS-PAGE Stacking Gel 

Buffer 

0.5M Tris, 0.4% SDS.  Prepared in ddH2O from powdered 

components.  pH adjusted to 6.8 before addition of SDS.  

Stored at 4°C. 

SDS-PAGE Separating 

Gel Buffer 

1.5M Tris, 0.4% SDS.  Prepared in ddH2O from powdered 

components.  pH adjusted to 8.8 prior to addition of SDS.  

Stored at 4°C. 

TAE 

50x stock solution prepared by mixing 242g Trizma base, 

57.1ml glacial acetic acid and 100ml of 0.5M EDTA 

pH8.0, and diluting to 1L with ddH2O.  Stored at room 

temperature. 

TE 

Both 10x (100mM Tris pH7.5, 10mM EDTA) and 1x 

(10mM Tris pH7.5, 1mM EDTA) stock solutions were 

prepared and sterilized by autoclaving.  Stock solutions of 

1M Tris and 0.5EDTA diluted in ddH2O were used to 

prepare them. 

Thonzonium bromide 100µM stock dissolved in DMSO and stored at -20ºC. 

Tris-buffered saline (TBS) 
15ml of 5M NaCl, 25ml of 1M Tris-HCl (pH 7.4) in 500 

ml ddH2O. 

TBS-Tween (0.2%) 

(TBST) 

TBS containing 0.2% Tween-20. 
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TRAP stain buffer A  
100mM sodium acetate trihydrate, 50mM sodium tartrate 

dehydrates and 0.22% glacial acetic acid dissolved in 

MilliQ H2O and adjusted to pH 5.0. 

TRAP stain solution 

(complete) 

Prepare AS-MX by dissolving in EGME first (5mg of AS-

MX in 250µl of EGME). 50mg AS-MX in EGME and 

300mg fast red violet LB salt dissolved in 500ml of TRAP 

stain buffer A (pH 5.0) 

Triple Strength Gill’s 

Haematoxylin 

 

Dissolve ethylene glycol (250ml) in distilled water 

(750ml). Add Haematoxylin (6g), then sodium Iodate 

(0.6g). Add aluminiumsulphate (80g) and glacial acetic 

acid (20ml). Stir for 1hr at room temperature. Filter if 

necessary.Dilute 1:5 with distilled water before use. 

Triton X-100/ PBS 

0.1% stock solution made up by dissolving 50µl of (100%) 

Triton X-100 in 50ml PBS.  Filter-sterilised and stored at 

room temperature. 

Western transfer buffer 
25mM Tris, 192mM glycine, 20% methanol; pH8.3 

(without adjustment).  Stored at 4°C. 

 

3.3 ANIMAL PROCEDURES 

All animal care and experimental procedures complied with the guidelines for Ethical 

Conduct in the Care and Use of Nonhuman Animals in Research by the American 

Psychological Association and were approved by the Animal Care and Experiment 

Committee of Shanghai Jiao Tong University School of Medicine. All studies involving 

animals are reported in accordance with the ARRIVE guidelines for reporting 

experiments involving animals. C57/BL6 mice (males; 23±1.5 g, 6 weeks old) were 

supplied by Shanghai SLAC Laboratory (Shanghai, China) and maintained in our 

animal facility under controlled temperature (22-24°C) and humidity (50-60%) 

conditions and a 12h light/dark cycle with free access to food (standard mouse food 

supplied by Shanghai SLAC) and water. The mice were for kept for at least 5 days 

before experimental use. 
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3.4 CELL CULTURE 

Prior to addition to culture mediums, FBS was heat-inactivated by incubating the stock 

serum at 55°C for 30mins. 

 

3.4.1 Cell lines 

3.4.1.1 Mouse bone marrow monocytes/macrophages (BMMs) 

Primary murine BMMs were isolated from the long bones of 5-week-old C57/BL6 mice 

and cultured in complete α-MEM medium (α-MEM containing 10% FBS, 2mM L-

glutamine, 100U/ml penicillin/streptomycin) supplemented with 30ng/ml M-CSF. The 

cells were maintained in a humidified water-jacketed incubator set at 5% CO2, 95% air 

and at 37°C. Culture media was replenished every two days with fresh complete media 

and cells were passaged upon reaching appropriate confluence. Unused cells were 

discarded after two passages. 

 

3.4.1.2 UMR-106 OS  cells 

UMR-106 rat osteosarcoma (OS) cells were cultured in Dulbecco’s Modification of 

Eagle’s Medium (DMEM) supplemented with 10% heat inactivated FBS, 2mM L-

glutamine, 100U/ml penicillin and 100µg/ml streptomycin in a humidified water-

jacketed incubator set at 5% CO2, 95% air and at 37°C. Culture media was replenished 

every two days with fresh complete media and cells were passaged upon reaching 

appropriate confluence.  

 

3.4.1.3 RAW264.7 cells 

The mouse macrophage RAW264.7 cells were cultured in alpha-Modification of Eagle’s 

Medium (α-MEM) supplemented with 10% heat inactivated FBS, 2mM L-glutamine, 

100U/ml penicillin and 100µg/ml streptomycin in a humidified water-jacketed incubator 

set at 5% CO2, 95% air and at 37°C. Culture media was replenished every two days 

with fresh complete media and cells were passaged upon reaching appropriate 

confluence.   

 

3.4.2 Passage and cryopreservation of cells 

For passaging of BMM, UMR106 and RAW264.7 cells, media was aspirated from the 

flask and the cell monolayer was incubated with ~3ml trypsin-EDTA per T75 flask at 

37°C for 10-15mins. Following trypsinization, non-adherent cells were harvested and 
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centrifuged at 1,500rpm for 5mins under RT. The supernatant was discarded and the 

cell pellet was resuspended in appropriate fresh complete media. About a 1/3 of the 

resuspended cells was returned to a new flask containing fresh media and cultured as 

above.   

 

For long term storage of cells, cells were trypsinized and harvested as above. Cell pellet 

was resuspended in cryopreservation medium (92% FBS and 8% DMSO) and aliquotted 

into sterile 2ml cryogenic vials and store at -80°C in an isopropanol-equilibrated Cryo-

Freezing container before being transferred to liquid nitrogen for long term storage. 

 

3.4.3 Generation of osteoclasts 

OC formation assays were carried out using primary mouse BMMs harvested from the 

long bones of black C57/BL6 mice. The BMMs were cultured in complete α-MEM 

supplemented with 30ng/ml M-CSF in 6-well and 96-well plates at a density of 1x105 

cells/well or 6x103 cells/well respectively. In both instances, cells were stimulated with 

100ng/ml RANKL at different time points (i.e. 0, 3, 5 and 7 days). At day 5 or 7 of 

culture, the cells in the 6-well plates were subjected to either RNA or protein extraction, 

or trypsinized and reseeded onto bovine bone discs for bone resorption assays. Cells on 

96-well plates were fixed with 4% PFA for further downstream analysis. 

 

3.5 GENERAL METHODS 

3.5.1 RNA extraction and quantitation 

Buffers, ultrapure water, microfuge tubes, micropipette tips, and any implements that 

were in contact with RNA were sterilized by autoclaving or filtration prior to use.  

General aseptic techniques were employed when handling RNAs. RNAs were stored in 

sterile TE buffer pH 8.0 or Baxter ultrapure water at -80°C. When removed from the 

freezer, RNAs were thawed and kept on ice.  

 

3.5.1.1 Extraction of total RNA 

The total cellular RNA was isolated from various mouse tissues and cultured cells using 

RNeasy Mini Kit (QIAGEN) in accordance with the manufacturer’s protocol.  

Monolayers cells culture in 6-well plates were directly lysed in 350µl of Buffer RLT 

and homogenized using QIAshredder spin column placed in a 2ml collection tube.  One 

volume (350µl) of 70% ethanol (EtOH) was subsequently added to the homogenized 

lysates and mixed by pipetting. The total volume of sample (700µl) including 
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precipitates was transferred to RNeasy spin column placed in a 2ml collection tube and 

centrifuged at 10,000 rpm for 15secs at RT. Flow-through was discarded and 700µl of 

Buffer RW1 was added to the RNeasy spin column (collection tube was reused). 

Sample was again centrifuged at 10,000 rpm for 15secs at RT to wash the spin column 

membrane and flow-through was discarded. 500µl of Buffer RPE was then added to the 

spin column (reused collection tube) and centrifuged at 10,000 for 15secs at RT. 

Discard flow-through and repeat wash with Buffer RPE and centrifuge at 10,000 rpm 

for 2mins at RT. Discard flow-through and collection tube and place spin column in 

new 1.5ml collection tube. Add 30-50µl of RNase-free water directly to the spin column 

membrane and centrifuge at 10,000 rpm for 1min at RT to elute the RNA. Purified RNA 

was ready to use immediately or stored at -80ºC for future use. 

 

3.5.1.2 Quantitation of RNA 

The concentration and purity of the purified RNA in each sample was determined using 

a NanoDrop 2000UV-Vis Spectrophotometer (Thermo Fisher Scientific, Australia) 

according to manufacturer’s instructions.  

 

3.5.2 Reverse transcription– polymerase chain reaction (RT-PCR) 

3.5.2.1 Reverse transcription of RNA 

The reverse transcription of RNA was performed as follows: 2μl (~1μg) of template 

RNA, 2μl of dNTP mix (20mM), 0.25μl of Oligo (dT) first strand primers and 9.75μl of 

autoclaved MQ ddH2O were added on ice to a thin-walled, RNase-treated PCR tubes.  

The reaction mixture was centrifuged briefly to make sure all ingredients were at the 

bottom of the tube before being heated in a thermal cycler at 75ºC for 3mins to disrupt 

secondary structures. Subsequently the reaction mixtures were returned to ice to 

promote primer annealing and followed by the addition of 4μl of 5x RT-PCR buffer, 

0.5μl of RNase Inhibitor and 0.5μl of Moloney Leukaemia Virus Reverse Transcriptase 

(M-MLV RT) to the reaction mixture to give final reaction volumes of 20μl per sample.  

Samples were mixed briefly, centrifuged and incubated for 1hr at 42ºC in the thermal 

cycler followed by incubation at 92ºC for 10mins to inactivate the reverse transcriptase.  

As negative controls, reaction mixtures without M-MLV RT were used to check for 

genomic DNA contamination. All cDNA samples were stored at -20ºC. 
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3.5.2.2 PCR amplification 

PCR reaction mixtures contained: 7.5μl of 2x Go Taq Green Master Mix, 0.5μl of 20μM 

forward primer, 0.5μl of 20μM reverse primer, 1μl of cDNA template and 5.5μl of 

Baxter water to top up final volume of 15μl. Each reaction was mixed to ensure even 

distribution of ingredients and centrifuged briefly before being placed into a thermal 

cycler. The standard PCR cycling profiles comprises of an initial denaturation at 94ºC 

for 5min, then 94ºC for 40secs, an annealing temperature (varied between primers, 

usually ~50-62ºC) and extension at 72ºC for 40secs, with 25-35 repeated cycles. A final 

extension step of 72ºC for 10mins was carried out at the end of the amplification 

process. PCR products were stored at -20ºC.  

 

3.5.3 DNA agarose gel electrophoresis 

A routine technique used in molecular biology for the separation of DNA based on their 

size is known as agarose gel electrophoresis. Depending on the number of DNA 

samples to run, a slab of agarose gel material (7x10cm2 or 10x10cm2) is cast by melting 

a quantity of agarose powder in a volume of 1xTAE buffer in a microwave oven. The 

amount of agarose powder to be dissolved is dependent on the size of the DNA 

fragment to be separated. Larger fragments of DNA would require a lower 

concentration of agarose whilst smaller fragments will require a higher percentage of 

gel.  

 

10μl of SYBR Safe DNA Gel Stain was added per 100ml of the molten agarose gel 

solution (1:10000 dilution). Gentle swirling was carried out to ensure uniform 

distribution of the stain. The mixture was poured into plastic Perspex gel trays taped at 

both ends followed by the positioning of the well-forming comb at one end with a 2mm 

space between the ends of the teeth and the base of the tray. The gel was left to solidify 

for 15-20mins at RT. 

 

DNA samples to be analysed werecarefully loaded into the wells. 2ul of a 100bp or 1kb 

DNA ladder were electrophoresed in each gel to estimate fragment sizes. The DNA 

fragments were separated by electrophoresis in a Bio-Rad Mini- or Wide Mini-SubCell 

apparatus in 1xTAE buffer at 90V for 30-45mins. DNA bands were then visualised by 

Safe Imager™ 2.0 (Invitrogen) and photographed with a Nikon Coolpix S4 camera. 
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3.5.4 Quantification of PCR bands 

To quantitatively analyse the individual PCR bands, the bands were examined for their 

mean grey value using ImageJ. Triplicate readings were obtained for each PCR band. 

These values were then compared to that of a housekeeping gene (i.e. 18S or Actb) and 

expressed as a fold change againstdesired control. 

 

3.5.5 Protein isolation from cultured cells 

3.5.5.1 Total cellular protein extraction 

For protein extraction from culture cells, cells grown as monolayers were lysed directly 

in culture flasks (2-3ml for T75 flask) or 6-well plates (300µl) using Ripa Lysis Buffer 

containing 1x Complete Protease Inhibitor Cocktail (Roche), 50µg/ml PMSF, 10mg/ml 

DNase and 1mM Na3VO4. Lysis was allowed to occur on ice for 20mins following 

which the resulting lysate suspension was transferred to 1.5ml microcentrifuge tubes 

and centrifuged for 12,000rpm at 4ºC for 20mins to pellet cell nuclei and unlysed cells. 

Cleared post-nuclear supernatant was retained and placed in fresh 1.5ml 

microcentrifuge tubes and stored at -80ºC until further use. 

 

3.5.5.2 Quantitation of protein concentration 

Protein concentrations were determined using the Bradford Protein Assay (Bradford, 

1976) which involves the addition of an acidic dye to the protein solution and 

subsequent measurement of absorbance at 595nm with a spectrophotometer or 

microplate reader. Protein concentration can be extrapolated from a Bovine Serum 

Albumin (BSA) standard curve. To prepare the BSA standard curve, 5 dilutions of the 

BSA standard were prepared from a 10mg/ml BSA stock with known concentrations 

ranging from 0.05mg/ml, 0.1mg/ml, 0.2mg/ml, 0.3mg/ml, 0.4mg/ml, and 0.5mg/ml. To 

a 96-well microplate reader, 10µl of protein standard and diluted sample of interest 

(40X, 20X or 10X dilution) was pipetted into each well containing 200µl of Dye 

Reagent and mixed gently. Experiment was carried out at least in duplicate. Reaction 

was incubated at RT for 5-10mins followed by absorbance reading a 595nm on a Model 

680 Microplate Reader (Bio-Rad). 

 

3.5.6 SDS-PAGE gel analysis 

A commonly used biochemical method for separating proteins by electrophoresis uses a 

discontinuous polyacrylamide gel as a support medium and sodium dodecyl sulfate 

(SDS) to denature the proteins. This method is called sodium dodecyl sulfate 
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polyacrylamide gel electrophoresis (SDS-PAGE). SDS is an anionic detergent which 

has a very hydrophobic dodecyl end and a highly charged sulfate group. The negative 

charges on SDS destroys most 3D structures of proteins, transforming what were 

globular proteins into linear molecules now coated with negatively charged SDS groups 

and are strongly attracted toward an anode (positively charged electrode) in an electric 

field. A reducing agent such as β-mercaptoethanol (β-ME) is usually added to the 

samples to further denature the proteins by reducing disulfide bonds within or between 

molecules. Polyacrylamide gels restrain larger molecules from migrating as fast as 

smaller molecules and because the charge-to-mass ratio is nearly the same among the 

SDS-denatured proteins, the final separation of proteins is dependent almost entirely on 

the differences in relative molecular weight of the protein. Thus protein separation by 

SDS-PAGE can be used to estimate relative molecular weight, to determine the relative 

abundance of major proteins in a sample, and to determine the distribution of proteins 

among fractions. 

 

3.5.6.1 Discontinuous SDS-PAGE gelelectrophoresis 

In a discontinuous SDS-PAGE system two gels are prepared, a non-restrictive large 

pore stacking gel which overlays a smaller pore separating gel. Each gel is made with a 

different buffer, and the running buffer is different to the gel buffers. Separating gel 

solution was prepared as follows (enough for 2x 1.5mm gels): 

 

 10% 12.5% 15% 17.5% 

MQ ddH2O 6.185ml 4.935ml 3.685ml 2.435ml 

SDS-PAGE Separating Gel Buffer 3.75ml 3.75ml 3.75ml 3.75ml 

30% Stock Acrylamide/Bis 5.0ml 6.25ml 7.5ml 8.75ml 

10% Ammonium persulfate (APS) 50μl 50μl 50μl 50μl 

TEMED 15μl 15μl 15μl 15μl 

Final Volume 15ml 15ml 15ml 15ml 

 

The separating solution was poured into a pre-assembled glass plate sandwich to 

~0.5cm below the level of the well comb. The surface of the gel was overlayed with 

20% Ethanol in ddH2O to remove any bubbles. The solution was left to polymerize at 

RT for 30mins. Following polymerization, the ethanol was removed. The remaining gel 

space was filled with 5% stacking gel which was prepared as follows (enough for 2x 

1.5mm gels): 
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MQ ddH2O 4.12ml 

SDS-PAGE Stacking Gel Buffer 750µl 

30% Stock Acrylamide/Bis 1.0ml 

10% Ammonium persulfate 60μl 

TEMED 6μl 

Final Volume 6ml 

 

The appropriate well-forming comb was inserted into the stacking solution and was left 

to polymerize at RT for another 30mins. Once the stacking gel had polymerized, the 

comb was removed and the wells were rinsed with ddH2O. The SDS-PAGE gel 

electrophoresis apparatus was assembled and filled with 1xSDS-PAGE Running Buffer. 

To prepare the samples for electrophoresis, protein lysates was combined with required 

volume of4x SDS-PAGE Loading Buffer containing 5% β-ME. Samples were heated to 

99ºC for 5mins to facilitate denaturing of the proteins and then loaded into the wells. 

2µl of Precision PlusProteinTM Dual Colour Standards (Bio-Rad Laboratories) was 

loaded into the first well. The subsequent wells were each loaded with 10-100µg/well of 

the various protein samples. Once the setup was completed, the gel was electrophoresed 

at 90V for 2 hour or until resolved to desired satisfaction.  

 

3.5.6.2 Protein transfer to nitrocellulose membrane 

The Mini Trans-Blot Electrophoretic Transfer Cell (Bio-Rad) apparatus was assembled 

according to the manufacturer’s instruction. For one gel, two scotch pads and six 

Whatman 3MM paper were pre-soaked in Western Blot (WB) Transfer Buffer. 

Nitrocellulose membranes (Hybond-C, Amersham) were equilibrated by soaking in 

methanol for 10secs, rinsing in ddH2O and then soaking in WB Transfer Buffer for 

10mins. A scotch pad was placed onto the white (positive) side of the Gel Holder 

Cassette followed by three pieces of Whatman 3MM paper cut slightly larger than the 

gel (10cm x 6.5cm). The equilibrated nitrocellulose membrane (9cm x 6cm) was then 

place onto the 3MM paper followed by the gel. All air bubbles between the gel and the 

membrane were removed to facilitate even transfer of proteins, then three pieces of 

Whatman 3MM paper followed by a second scotch pad were place on top. The Gel 

Holder Cassette was closed and placed in the WB transfer tank filled with WB Transfer 

Buffer and a ice block unit. Proteins were transferred at a constant current of 30mA 

overnight or 16-18hrs. 
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3.5.6.3 Western blot 

Following protein transfer, the nitrocellulose membranes were blocked with 1xTBS-

Tween (TBS-T) containing 5% non-fat (skim) milk for 1hr at RT on a rocking platform 

mixer (RATEK). Following blocking, the membranes were washed with TBS-T for 

5mins at room temperature. Proteins were detected using primary antibodies 

summarized in Section 3.1.7 (marked WB) diluted in 1% skim milk/TBS-T and 

incubated for 4hrs at RT or overnight at 4 ºC with gentle rocking. Following incubation, 

membranes were washed three times in TBS-T for 5mins each and then incubated with 

a desired secondary HRP-conjugated antibody at a 1:5000 dilution for 45mins to 1hr at 

RT with gentle rocking. Following the removal of excess secondary antibody, the 

membranes were washed twice in TBS-T followed by two washes with TBS for 5mins 

each. Visualization of immuno-reactivity was achieved by using Western Lightning 

Ultra. Solutions A and B were pre-warmed to RT then combined in a 1:1 ratio and 

incubated with washed membranes for 1mins at RT. Excess detection solution was 

drained from the membranes and detection was carried out using the FujiFilm LAS-

3000 Gel Documentation System (FujiFilm) and its associated software. 

 

3.6 CELL BIOLOGY METHODS 

3.6.1 Cell fixation 

Fixation of cells was carried out using 4% paraformaldehyde (PFA). Cells were 

incubated in the fixative solution at RT for 15 minutes. After fixation, cells were rinsed 

twice with 1x PBS and kept in 1x PBS or sterile milliQ water at 4°C until required. 

 

3.6.2 TRAP staining ofosteoclasts 

Fixed cells were incubated in pre-warmed TRAP stain (100µl per well for 96-well plate) 

and incubated at 37°C for 15-20 minutes or until satisfaction. Once the intense pink 

colouration was visible, the TRAP stain was removed. Cells were then washed twice 

with 1x PBS. The TRAP stained OCs were either quantitated using light microscopy at 

10x magnification, subjected to absorbance reading at 490nm or imaged as required.  

 

3.6.3 Quantification of osteoclast numbers, nuclei number and cell size 

OCs that had been fixed with 4% PFA and stained for TRAP activity were subject to 

quantification. Only cells that were positive for TRAP activity and contained ≥ 3 

nuclei were counted as mature OCs. Each treatment were conductedin triplicates and the 



CHAPTER THREE 

76 
 

average per well were calculated. OC number and size were quantified using the counter 

in NIS-Elements BR software (Nikon). For OC nuclei number, 5 random fields were 

imaged at 10x magnification per well. Ten random OCs were chosen per image and the 

nuclei for each OC were counted. For each treatment, a total of 150 OCs were assessed. 

The results were then used to construct graph plots and subjected to statistical analysis 

using GraphPad Prism 5. 

 

3.6.4 In vitro bone resorption 

3.6.4.1 Preparation of bovine bone discs 

Bovine bone purchased from the butcher was thoroughly cleaned to remove any excess 

tissue and bone marrow, and sliced into 0.75mm thick sections using an IsoMet low 

speed saw (Beuhler) equipped with a diamond wafering blade (Biolabs Aust. Pty. Ltd.). 

Bone discs were punched from these slices using a single hole paper punch and stored 

in 70% ethanol at 4°C until required for preventing infection. Before use, the bovine 

bone discs were washed three times with serum free α-MEM under sterile conditions to 

ensure complete removal of ethanol in order to seed the cells. Prior to cell seeding, these 

bone slices were placed into the wells of a 96-well plate, submerged in 100µl of 

complete α-MEM and incubated at 37°C for at least 30 minutes to remove residual 

ethanol. After the incubation, the media was removed and replaced with mouse BMMs 

or with pre-OCs that have been stimulated with RANKL for atleast 3 days. 

 

3.6.4.2 Osteoclast culture on bone discs 

Primary mouse BMM cells were cultured directly on bone discs at a cell density of 

8x103 cells/well and stimulated with 100ng/ml RANKL and 30ng/ml M-CSF every 48 

hrs over a course of 10-12 days. Alternatively, pre-OCs cultured on 6-well plates with 

RANKL for atleast 3 days were dissociated using Cell Dissociation Buffer and gentle 

scraping, pelleted via centrifugation and resuspended in appropriate volume of complete 

α-MEM. Equal numbers of pre-OCs in 100μl volume was then seeded onto prepared 

bone discs. Cells were left to settle and resorb bone for 48 hours prior to fixation. 

 

3.6.4.3 Preparation of bone discs for scanning electron microscopy (SEM)  

Bone discs containing OCs were fixed using 2.5% glutaraldehyde solution in phosphate 

buffer for 2 hours at RT. This was followed by two washes in PBS and post-fixation 

using 1% osmium tetroxide in distilled water at RT for 60 minutes. After post-fixation, 

the samples were rinsed 3x with PBS followed by a series of alcohol dehydration steps. 
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Briefly, the samples were dehydrated in increasing concentrations of ethanol (i.e. 25% 

ethanol, 50% ethanol, 70% ethanol, 95% ethanol and 100% ethanol) for 30 minutes at 

RT for each step. The samples were further dehydrated using super dry ethanol for 30 

minutes at room temperature. The samples were kept in super dry ethanol until critical 

point drying in CO2. Once the samples were dried at critical point, they were mounted 

onto aluminum studs and coated with a 4nm layer of palladium. The samples were then 

imaged using a Philips XL30 scanning electron microscope. 

 

3.6.4.4 Resorption pit analysis using toluidine bluestaining 

To visualize the OCs, bone discs were incubated with TRAP stain at 37°C for 30 

minutes. Once the intense pink colouration was visible, excess TRAP stain was 

removed and the cells were washed twice with 1x PBS. The OCswere imaged using 

Nikon Eclipse TE2000-S microscope and associatedNIS-Elements BR software. For 

visualization of resorption pits, cells were mechanically removed (by gentle brushing 

using a wet cotton bud or soft toothbrush) to expose the underlying resorption pits. The 

bovine bone discs were thoroughly rinsed with 1x PBS and left to air-dry overnight. The 

following day, surface of the bovine bone discs were stained using 1% toluidine blue in 

1% sodium boratefor 10 seconds. Excess toluidine blue solution was removed by 

blotting with tissue paper. Once the stain was completely dried, the bovine bone discs 

were imaged using a reflective microscope (Nikon Eclipse E200) at 10x magnification 

with associated NIS-Elements BR software. Quantative analysis of the resorption areas 

was completed using ImageJ by importing the acquired resorption images and tracing 

around the blue resorption pits within the bone disc and normalized against total bone 

disc area. 

 

3.6.4.5 Preparation of bone discs for confocal microscopy  

Bone discs containing OCs were fixed in 4% PFA for 15 minutes at RT, followed by 

several washes in 1x PBS. Prepared bovine bone discs were subjected to 

immunostaining (Section 3.6.5) with desired antibodies before mounting onto glass 

slides.Once the mounting media had been dried overnight, the samples were examined 

with a confocal microscope (Nikon A1Si) using either a 20x lens (i.e. for general 

quantitation purposes) or a 60x, oil immersion lens (i.e. for detailed morphological 

analysis). 
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3.6.5 Immunofluorescence 

Cells fixed for immunofluorescence were permeabilised by treating for 5mins with 

0.1% Triton X-100 in PBS or for 30mins with 0.1% Saponinin PBS containing 0.2% 

Bovine Serum Albumin (BSA). The cells were then washed twice with 0.2% BSA-PBS. 

Prior to primary antibody addition, the samples were blocked in 3% BSA-PBS for 30 

minutes at RT. Following the initial blocking step, the selected primary antibodies were 

diluted in required volumes of 0.2% BSA-PBS (or 0.2% BSA-PBS containing 0.1% 

Saponin) and added to the appropriate wells at volume of 100µl for 96-well plate. The 

primary antibodies were incubated at RT for 2 hours (Refer to Section3.1.7 for antibody 

concentrations). At the end of the primary incubation, the cells were thoroughly washed 

(4x 0.2% BSA-PBS, 4x PBS and 4 x 0.2% BSA-PBS). The secondary antibodieswere 

diluted to a final concentration of 1:500 in 0.2% BSA-PBS (or 0.2% BSA-PBS 

containing 0.1% Saponin) and then added to the respective wells for 45 minutes to 1 hr 

of incubation at RT. The cells were thoroughly washed again (4 x 0.2% BSA-PBS, 4 x 

PBS and 4 x 0.2% BSA-PBS) before nuclei staining. To stain for cell nuclei, pre-diluted 

Hoechst 33258 (1:5000 dilution in PBS) was added to the cells and incubated in the 

dark at room temperature for 15 minutes. Following incubation, the cells were washed 

twice with 1x PBS before being transferred onto glass slides. The samples were adhered 

to glass slides using a drop of ProLong Gold Anti Fade mounting media (Invitrogen) 

and left to dry in the dark overnight before commencing confocal analysis. 

 

3.6.6 Intracellular acidification by acridineorange staining 

Intracellular acidification was determined by acridine orange (AO) fluorescence 

quenching method. BMM-derived OCs pretreated with desired compound were 

incubated with 10 mg/ml AO for 15 mins at 37°C. Cells were washed twice with 

Hank’s Balanced Salt Solution (HBSS) and processed for fluorescent microscopy 

analysis on a NIKON Eclipse TE2000-S fluorescence microscope and associated NIS 

Elements software or had fluorescence measured on FLUOStar Optima 

spectrophotometer (BMG LabTech) at excitation of 485 nm and emission of 520 nm. 

 

3.6.7 Microsomepreparation and proton transport assay 

Microsomes were isolated fromOCs according to a modified protocol (David and Baron, 

1994). Briefly, OCs were cultured in T75 flasks and washed twice with PBS before 

adding 3 ml of homogenization buffer (20 mM HEPES-KOH, 1 mM EDTA, 2 

mMdithiothreitol, 250 mM sucrose, pH 7.4, at 4°C). Cells were scrapped off and 
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collected by centrifugation at 1,000g for 10 min. The pelleted cells were then 

resuspended in 1 ml of the above buffer and passed 10 times through a 27-gauge needle. 

The homogenate was centrifuged for 10 min at 7000 rpm at 4°C to pellet unbroken cells 

and mitochondria. The supernatant was centrifuged at 100,000g for 60 min in a 

Beckman CoulterOptima Max-TL Tabletop Ultracentrifuge equipped with a TLA-110 

fixed angle rotor. The pellet was suspended in buffer A (l50 mMKCl, 20 mM HEPES-

KOH, 2mM dithiothreitol, pH7.4), and glycerol was added to the suspension to 25% of 

the final volume. The microsomes were used for the proton influx assay modified from 

Sørensenet al. (Sorensen et al., 2007). Briefly, microsomes were incubated in reaction 

buffer (5 mM HEPES, 150 mMKCl, 5 mM MgCl2; pH 7.4) containing 10µM AO and 

1.25µM valinomycin. The plate was incubated at 37°C for 60 min. The reaction was 

initiated by addition of ATP at a final concentration of 1.5 mM to the wells and 

monitored by measuring the uptake of AO using excitation of 485 nm and emission of 

520 nm. The fluorescence was read every 5 seconds and the reaction was stopped after 

300 seconds with the addition of 1.5 µM nigericin. The total fluorescence change (-∆F) 

and initial rate (-∆F/∆t) were calculated from the slope. The plate was read for 30 

seconds before addition of ATP to obtain a steady level. 

 

3.6.8 Cytotoxicity assay 

Adherent M-CSF-dependent BMMs isolated from C57BL/6J mice were seeded onto a 

96-well plate at density of 1×104 cells per well and treated with various concentrations 

of desired compounds for 72 hrs. UMR-106 OS cells were seeded onto a 96-well plate 

at density of 1×104 cells per well and treated with various concentrations of desired 

compounds for 48 hrs.Cell proliferation was measured after incubation with MTS 

solutions (Malich et al., 1997) using a microplate reader (BIO-RAD, Model 680). IC50 

(50% inhibitory concentration) was calculated using GraphPad Prism 5. 

 

3.6.9 Luciferase assay 

RAW264.7 cells transiently transfected with luciferase reporter genes p-NF-κB-TA-Luc, 

p-NFAT-TA-Luc, orpTA-Luc (Clontech, Mercury Pathway Profiling System) or pGL3-

promoter (Promega) as previously described (Wang et al., 2003; Ang et al., 2007), were 

seeded at density of 1.5×105cells/well into 48-well plates. After attachment, cells were 

pretreated with appropriate compounds for 1hr and then stimulated with RANKL 

(100ng/ml) for indicated period of time. Luciferase activities were measured in cell 
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lysates using the Promega Luciferase Assay System according the manufacturer’s 

instructions. 

 

3.6.10 Relative ATP level assessment 

BMM-derived OCs and UMR106 cells were treated with various concentrations 

appropriate compounds for 24 and 48 hours. Following treatment cell lysates were 

collected by ATPLite Measurement Kit (PerkinElmer) according to the manufacturer’s 

instructions. Luminescence was measured using a POLARstar OPTIMA microplate 

reader (BMG, LABTECH), and normalized to the protein concentration. Relative ATP 

levels were expressed as percentage of non-treated control group, where the non-treated 

control group set at 100%. 

 

3.6.11 Cytochrome c release assay  

Cell lysates from BMM-derived OCs and UMR106 cells were extracted and harvested 

according to manufacturer’s instructions (Thermofisher scientific). Next, the lysates 

were treated with various concentrations of appropriate compounds for 6hrs and were 

centrifuged at 600g for 10min at 4°C, and the resulting supernatant was centrifuged at 

10,000g for 10 min to yield a mitochondria and cytoplasm (supernatant) fractions. Both 

the mitochondria and cytoplasm fractions were analyzed for cytochrome c level by 

western blot analysis. COX IV and β-actin were used as internal reference control for 

the mitochondria and cytoplasm fractions respectively. 

 

3.6.12 Caspase-3 activity assay 

BMM-derived OCs were treated with different concentrations of appropriate 

compounds for 24 and 48 hours. Caspase-3 activity was determined using the Caspase-

Glo 3/7 Reagent (Promega, WI) according to the manufacturer’s instruction. The 

reaction was incubated at room temperature for 1hr. A BMG Optima spectrophotometer 

was used to measure the absorbance at 405 nm, and the caspase-3 activity was 

expressed as the ratio OD inducer/OD control. 

 

3.6.13 Flow cytomety 

BMMs were seeded at a density of 5x105 cells/well in 2ml of complete α-MEM in 6-

well plates, and left overnight before exposure to appropriate compounds at indicated 

concentrations for 24hrs. Cells were harvested and then suspended in 0.5ml of Annexin 

V Binding Buffer (BD-Pharmigen, NSW, Australia). Microfuge tubes containing 
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resuspended cells (100ml), Annexin V-PE (5ml: BD-Pharmigen) and 7-Amino-

Actinomycin (7-AAD) (5ml: BD-Pharmigen) were gently vortexed and then incubated 

for 15mins at RT in the dark. Binding buffer (400ml: BD-Pharmigen) was added to each 

tube and within 1h, 1×105 cells analyzed by flow cytometry (Becton Dickinson FACS 

Calibur New South Wales, Australia). Results were expressed as the percentage of 

apoptotic cells within the population. 

 

3.6.14 Scratch wound healing migration assay 

A total of 2x105 UMR-106 OS cells were seeded and grown on 12-well plates. After 

reaching 100% confluency, a 1ml pipette tip was used to gently scrap a straight line 

through the middle of the cells. Cells were then treatment with indicated concentrations 

of appropriate compounds for 48hrs. Images were acquired using a Nikon Eclipse 

microscopeat 10x magnification and wound sizes were measured by Nikon NIS Image 

software (Japan). 

 

3.6.15 Alkaline phosphatase (ALP) activity and mineralization assays 

UMR-106 OS cells were seeded in 24-well plate at a density of 4x103cells/well and 

supplemented with 10mM β-glycerophosphate, 10-8M DMSO and 50μg/mL ascorbic 

acid. After 21 days, cells were treated with indicated concentrations of appropriate 

compounds for 48hrs. For ALP mineralization staining, cells were fixed in acetone-

citrate-formaldehydefixative for 30-60secs, washed twice with milliQ water and stained 

for 30min with a diazonium salt solution mixture of naphthol AS-BI alkaline solution 

with fast red violet LB (Sigma-Aldrich). Upon appropriate intensity of the red deposit 

staining (sites of alkaline phosphatase activity) have been reached, cells were washed 

with milliQ water and air-dried overnight before imaging. Quantitation of ALP activity 

was carried out by lysing cells in solution containing 0.05% Triton X-100, 1M 

diethanolamide (DEA), 1mM MgCl2 for 10mins. The absorbance reading at 414nm of 

the cell lysate in substrate solution (paranitrophenol-phosphate, PNP) was measure 

against a standard curve of nitrophenol solution (1.25nmol/well – 30nmol/well)on a 

BMG Optima spectrophotometer (BMG LabTech). 

 

For ARS mineralization activity, cells fixed in 4% PFA or 10% formalin were incubated 

with ARS solution for 20mins at RT. Following incubation cells were gently washed 

three times with milliQ and airdried overnight before imaging. For quantitation of ARS 

activity, cells were destained in 10% cetylpyridinium chloride monohydate (CPC) for 
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30mins at RT. ARS absorbance of readings were measure at 595nm against ARS (with 

10% CPC and 10mM sodium phosphate) standard curve (0.05mM – 3mM) on a BMG 

Optima spectrophotometer (BMG LabTech). 

 

3.6.16 Cytoplasm and nuclear translocation assay  

For testing NF-κB-p65 translocation, BMMs (1x105 cells in 6-well plate) were pre-

treated indicated concentrations of appropriate compounds for 4hrs and then stimulated 

with or without RANKL (100ng/mL) for 30mins. For NFATc1 and c-Fos translocations, 

BMMs (1x105 cells in 6-well plate) were indicated concentrations of appropriate 

compounds for 8 hrs and then stimulated with or without RANKL (100 ng/mL) for 

48hrs. Cytoplasmic and nuclear protein fractions were extracted using NE-PER Nuclear 

and Cytoplasmic Extraction Kit (Thermo Scientific) according to the manufacturer’s 

instruction (Thermo scientific). The levels of p65, NFATc1 and c-Fos in cytoplasmic 

and nuclear fractions were quantified by western blot analysis. β-actin and TBP were 

used as internal controls for the cytoplasmic and nuclear fractions respectively. 

 

3.7 IN VIVO LPS-INDUCED OSTEOLYSIS MOUSE MODEL 

Eight-week-old C57/BL6 male mice were divided into three groups of 5 mice (Fig. 3.1). 

Previous studies using the LPS mouse model allocated five to seven mice per 

experimental group to achieve statistical significance (Ang et al., 2012; Nepal et al., 

2013; Kim et al., 2014; Zhai et al., 2014; Zhang et al., 2014b). We have chosen to use 

five mice per group in our LPS mouse model. Based on previous studies, the estimated 

effect size and standard deviation within each subject group to be approx. 5 and 2.5, 

respectively (Nepal et al., 2013; Kim et al., 2014). Thus we will require 5 mice per 

group to be able to demonstrate statistical significance between treatment groups and 

control groups with 90% power and 5% level of significance. Mice received 

subcutaneous injection over the calvaria under light anaesthesia with AD or TB at 

indicated concentrations or PBS as sham vehicle control 1 day before injection of LPS 

(5mg/g body weight) (day 0; prophylactic treatment). AD, TB, or PBS were then 

injected every other day for 7 days. All mice were sacrificed on day 7 and the calvarias 

were dissected and fixed in 4% PFA for 1 day at 4°C. No adverse effects or mortality 

occurred throughout the course of the experiment (Fig. 3.1). All work pertaining to 

animal handling and surgery were conducted by our collaborators at Shanghai Jiao 

Tong University School of Medicine. Calvarial tissue samples were processed, fixed in 

4% PFA and shipped to UWA for downstream analysis as described below. 
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Figure 3.1 Study Design: In vivo effects of AD and TB in a mouse model of LPS-
induced osteolysis   
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3.8 MICRO-COMPUTED TOMOGRAPHY (µCT) ANALYSIS 

A high-resolution µCT (Skyscan 1072, Skyscan, Aartselaar, Belgium) was used to 

perform qualitative and quantitative analyses of mice calvaria. A thickness of 14.7µm 

(pixel size) for each slice was used for the scanning process. After reconstruction, a 

square region of interest (ROI) around the midline suture was selected for further 

qualitative and quantitative analysis as previously described (Wedemeyer et al., 2007; 

Bouxsein et al., 2010; Qin et al., 2012a). 

 

3.9 HISTOLOGICAL AND HISTOMORPHOMETRICANALYSIS 

3.9.1 Sample preparation 

Tissue samples were fixed in 4% PFA for 24hrs at 4°C and embedded in paraffin wax 

and then sectioned at a thickness of 5μm with a Leica RM 2035 BioCut Microtome 

according to our standard lab procedures. For undecalcified bone tissues, samples were 

fixed in 4% PFA for 24hrs at 4°C and embedded in Methyl Methacrylate-resin (MMA) 

and then sectioned at a thickness of 5μm with a Rotary microtome Leica RM 2265 

according to our standard laboratory procedures.  

 

3.9.2 Gill’s hematoxylin and eosin staining 

Wax-embedded sections were dewaxed in 3 changes of xylene for 5 minutes each, 

hydrated in 2 changes of absolute ethanol for 3 minutes each and one change of 95%, 80% 

and 70% ethanol for 3 minutes each. Then sections were placed in gently flowing tap 

water for 3 minutes, stained in haematoxylin for 5 minutes, washed well in running tap 

water to remove excess stain and counter-stained with Eosin for 30 seconds. Stained 

sections were rinsed in 70%, 80%, 95% ethanol for 1min each and dehydrated in 2 

changes of absolute ethanol for 2mins each. Sections were then cleared in 3 changes of 

xylene for 5 minutes each and then mounted onto glass slides using DPX mounting 

media. 

 

3.9.3 TRAP staining 

Sections were dewaxed in 3 changes of xylene for 5mins each, hydrated in 2 changes of 

absolute ethanol for 3mins each and one change 95%, 80% and 70% ethanol for 3mins 

each. Then sections were placed in gently flowing tap water for 3mins. Excess liquid 

were carefully wiped from the slides without over-drying the tissue section and filtered 

TRAP stain was applied to each slide and left to develop in humidified chamber at 37°C. 

TRAP colouration intensity was checked under the microscope every 30mins. Once 
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desired TRAP staining intensity has been reached, sections were counterstained in 

haematoxylinquickly and washed in running water to remove excess stain. Sections 

were mountedin aqueous mounting solution and driedat 60°C oven for 45mins.  

 

3.9.4 Histomorphometricanalysis 

Stained sections were scanned with a Leica (Aperio) Scanscope Digital Slide 

Scanners and images were saved in *.tiff format. The images were subject to 

histomorphometrical analysis using BIOQUANT OSTEO 2013 v13.2.60 in accordance 

with our standard laboratory guidelines.  

 

3.10 STATISTICAL ANALYSIS AND DATA PRESENTATION 

All data presented are representative results from a set of three independent experiments 

or the mean ± S.E.M. of those experiments. Student’s t-test was used to analyze for 

statistical significance between the test group with its respective control group. P-values 

of <0.05 (*) or <0.01 (**) were considered to be statistically significant. 
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SUPPLEMENTARY METHODS 

Antibodies, inhibitors and cytokines 

Alexidine dihydrochloride (AD), concanamycin A (Con) and Valinomycin were 

purchased from Sigma-Aldrich (St. Louis, MO, USA) and dissolved in dimethyl 

sulfoxide (DMSO). GST-RANKL (rRANKL) recombinant proteins were expressed and 

purified as previously described (19). Primary antibodies targeting Bcl-2, Bcl-XL, 

cathepsin K, cytochrome c, p-ERK, p-38 and IκBα were purchased from Santa Cruz 

Biotechnology (Santa Cruz, CA, USA). Primary antibodies targeting caspase-3, 

caspase-9, COX IV, p-p65 (Ser536), p65, p-p38 (Thr180/Tyr182), p-JNK 

(Thr183/Tyr185), and Lamin A/C were purchased from Cell Signaling Technology 

(Danvers, MA, USA). Primary antibodies against ERK and JNK were purchased from 

Promega (Madison, WI, USA). Primary antibody against Bax and DC-STAMP were 

purchased from BD Pharmingen (NJ, USA) and Millipore (Darmstadt, Germany) 

respectively. Primary antibodies against β-actin (JLA-20) and NFATc1 (7A6) were 

purchased from Developmental Studies Hybridoma Bank (University of Iowa, USA). 

Primary antibody against DC-STAMP was purchased from Primary rabbit polyclonal 

antibody against ATP6V0d2 was made in our laboratory. HRP-conjugated secondary 

antibodies against mouse IgG and rabbit IgG were purchased from Sigma-Aldrich. All 

antibodies were used at the concentrations recommended by the suppliers. Alexa Fluor 

488 (mouse) and Rhodamine-conjugated phalloidin for F-actin staining was from 

Molecular Probes. 

 

Animals 

All animal care and experimental procedures conducted in this study complied with the 

guidelines for Ethical Conduct in the Care and Use of Non-human Animals in Research 

by the American Psychological Association and were approved by the Animal Care and 

Experiment Committee of Shanghai Jiao Tong University School of Medicine. All 

studies involving animals are reported in accordance with the ARRIVE guidelines. A 

total of 15 C57BL/J6 mice (8 weeks old) were supplied by Shanghai SLAC Laboratory 

(Shanghai, China), and maintained under controlled temperature (22-24°C) and 

humidity (50-60%) conditions with a 12hrs light/dark cycle with free access to food 

(standard mouse food supplied by Shanghai SLAC) and water. The mice were 

acclimatized for at least 5 days before experimental use. 
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Cell culture 

Primary mouse bone marrow monocyte/macrophage precursor cells (BMMs) were 

isolated from the long bones of 5-week-old C57BL/J6 mice as previously described 

(Qin et al., 2012a) and maintained in complete α-MEM medium (containing 10% FBS, 

2mM L-glutamine, 100U/ml penicillin/streptomycin and 30ng/ml M-CSF) (Gibco-BRL, 

Gaithersburg, MD, USA). The OC-like precursor cell line, RAW264.7, were cultured in 

α-MEM containing 10% FBS, 2mM L-glutamine, 100U/ml penicillin/streptomycin. 

UMR-106 osteoblastic OS cells were cultured in DMEM containing 10% FBS, 2mM L-

glutamine, 100U/ml penicillin/streptomycin. The cell cultures were maintained at 37°C 

in a humidified environment of 5% CO2. 

 

UMR-106 osteoblastic cell mineralization 

Mineralisation assays were conducted using 4x104 cells/well (24-well plate) in 

osteogenic DMEM media containing 50μg/mL L-ascorbic acid, 2mM β-

glycerophosphate and 1x10-8M dexamethasone (Sigma-Aldrich, St Louis, MO, USA). 

Culture medium was replaced every other day and fixed after 21 days using 4% PFA. 

Bone nodules were stained using Alizarin Red S solution (Sigma-Aldrich, St. Louis, 

MO, USA), de-stained using 10% (w/v) cetylpyridinium choride and 10mM sodium 

phosphate (pH 7.0). 

 

Intracellular acidification assay 

Intracellular acidification was determined by acridine orange (AO; Sigma-Aldrich) 

fluorescence quenching method. BMM-derived OCs treated with AD (0, 200, 400 and 

800nM) or concanamycin (2.5nM) for 48hours and serum-starved for 2hrs were 

incubated with AO (5μg/ml in 95% ethanol) for 30min at 37°C. Fluorescence 

measurement was acquired using the POLARstar OPTIMA spectrophotometer 

microplate reader (BMG LabTech) at excitation 492nm and emission 535nm. The 

results are presented as relative fluorescence unit (RFU) reading. 

 

OC microsome isolation and influx assay 

Microsomes were isolated from BMM-derived OCs according to David et al. (David 

and Baron, 1994). The isolated microsomes were used for the proton influx assay 

modified from Sørensen et al. (Sorensen et al., 2007). Briefly, microsomes were 

incubated with AD (400 and 800nM) or concanamycin (2.5nM) in reaction buffer 

(5mM HEPES, 150mM KCl, 5mM MgCl2; pH 7.4) containing 10mM AO and 1.25mM 
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valinomycin. The reaction was incubated at 37°C for 60min and proton influx was 

initiated by the addition of ATP (Sigma Aldrich) to a final concentration of 1.5mM and 

monitored for AO fluorescence with excitation at 492nm and emission at 535nm. 

Fluorescence was acquired every 5 secs and reaction was stopped after 300 secs with 

the addition of 1.5μM nigericin. The initial rate (-∆F/∆t) was calculated from the slope 

generated by the first 60 secs. To ensure that the compounds had no effect on the 

fluorescence, the plate was read for 30 secs before addition of ATP to obtain a steady 

background reading.   
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SUPPLEMENTARY FIGURE 1 
(A) Proliferation and survival curve for UMR-106 osteoblastic osteosarcoma cells 
exposed to AD for 72hrs. (B) AD at concentrations that inhibit OC formation does 
not affect UMR-106 osteoblastic OS cell mineralisation. Alizarin red staining of 
UMR-106 osteoblastic OS cells cultured in vitro under mineralising conditions in the 
absence or presence of AD (400, 800, 1600nM) for 21 days. 
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SUPPLEMENTARY FIGURE 2 
(A) AD does not affect V-ATPase-mediated acidification in OCs. Acridine orange 
(AO) fluorescence quenching in BMM-derived OCs following 48hrs treatment with 
AD (200, 400, 800nM) or concanamycin (con, 2.5nM) control. AO fluorescence 
readings with ex492/em535nm wave length was measured and quantified. (B) AD 
does not affect V-ATPase-mediated proton transport from isolated BMM 
microsomes. Microsomes isolated from BMM-derived OCs were subjected to AO 
proton transport assay with indicated concentration of AD or concanamycin. Proton 
transport was initiated by the addition of ATP and influx was detected by the 
measurement of AO fluorescence at ex492/em535nm wavelength. (C) The initial 
rate of acidification (-∆F/∆t) was calculated from the slope generated by the first 60 
seconds after ATP supplement and normalized to control. 
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6.1 INTRODUCTION                                               

Osteosarcoma (OS) is one of the most common bone sarcoma occurring in children, 

adolescents and young adults (Arndt and Crist, 1999; Raymond et al., 2002; Hattinger et 

al., 2015). Although the tumor can occur in any bone, malignant osteoid commonly 

occurs in the metaphysis of the distal femur (43%), proximal tibia (23%), and proximal 

humerus (10%) (Arndt and Crist, 1999; Bielack et al., 2002). The current treatment 

ofsurgical resection of the primary lesion combined with systemic pre- and 

postoperative multidrug chemotherapy has greatly changed the 5-year survival rate (60-

70%) in OS patient (Ferrari and Palmerini, 2007; Luetke et al., 2014; Hattinger et al., 

2015). The current chemotherapy agents have been used since the 70-80s and include 

doxorubicin (Adriamycin), cisplatin (cis-diamminedi-chloroplatinum), high-dose 

methotrexate and/or ifosfamide and/or etoposide (Anninga et al., 2011; Hattinger et al., 

2015). However, the high incidence of recurrence, strong chemo-resistance, 

chemotherapy collateral toxicity and severe side effects of these agents (including 

cardiotoxicity, nephrotoxicity, and hearing loss) has significantly hindered the prognosis 

for the patients. In fact, these conventional therapeutic approaches have reached a 

survival plateau and have not increased in the last 30 years, andattempts to improve OS 

prognosis through intensification of treatment have proven unsuccessful (Ferrari and 

Palmerini, 2007; Pakos et al., 2009; Anninga et al., 2011; Gill et al., 2013; Botter et al., 

2014). Taking all these into account, there is clear evidence that new drugs and 

therapeutic strategies for OS are urgently required. It is imperative that these new 

compounds exhibit low toxicity but high efficacy and excellent potential. 

 

Through our targeted screening, we have identified two potentially new uses for known 

agents, Alexidine dihydrochloride (AD) and Thonzonium bromide (TB). AD is a 

bisbiguanide disinfectant commonly used in contact lens solution and mouth wash due 

to its strong and fast bactericidal and anti-fungal activity (Roberts and Addy, 1981; Eley, 

1999; McDonnell and Russell, 1999; Yanai et al., 2011; Chan et al., 2012). AD have 

also been evaluated for use in endodontics (Barrios et al., 2013; Kim et al., 2013a; 

Silveira et al., 2013) and as a amoebicidal topical agent for corneal tissues in vivo 

(Alizadeh et al., 2009). Besides exhibiting bactericidal properties, AD has also 

demonstrated anti-cancer properties by inducing apoptosis in various head and neck 

cancer cells (Yip et al., 2006). This apoptosis-inducing effect is in part the results of the 

potent and selective inhibition of the mitochondrial phosphatase, Protein Tyrosine 

Phosphatase Localized to the Mitochondrion 1 (PTPMT1) (Doughty-Shenton et al., 
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2010). In Chapter 4, we showed that AD is a promising prophylactic anti-

osteoclastic/resorptive agent for the treatment of osteolytic diseases as a result of its 

apoptosis-inducing properties (Zhu et al., 2016a). 

 

Thonzonium bromide (TB), a cationic surfactant, a quaternary ammonium derivative, 

widely used as an additive in ear and nasal drops to promote penetration and dispersion 

of cellular debris and exudates sallowing these solutions to contact tissue. Like AD, TB 

displays anti-fungal properties by uncoupling and inhibiting the function of the yeast V-

ATPase proton pump (Chan et al., 2012). In Chapter 5, we demonstrated that TB can 

attenuate OC formation and bone resorption via inhibiting the activation RANKL-

induced signalingcascades (Zhu et al., 2016b).  

 

While, the previous chapters reported novel effects on OC cells, the effects of AD and 

TB on osteoblastic cells have yet to be demonstrated. Thus, it is of interest to assess the 

potential of AD and TB in the treatment of OS growth. The rat UMR-106 cell line is a 

clonal derivative of transplantable aggressive, poorly immunogenic OS cell line, with a 

strong carcinogenic capability and osteoblastic-like properties of enriched in alkaline 

phosphatase (ALP) activity and type I collagen production (Partridge et al., 1983; 

Forrest et al., 1985; Hickman and McElduff, 1989). This OS cell line have been widely 

used for the evaluation of cytotoxicity of chemical compounds of clinical interests, and 

often used in OS research both in vitro and in vivo (Mackie et al., 2001; Molinuevo et 

al., 2007; Zhang et al., 2014c; Li et al., 2015b; Qin et al., 2016). 

 

In this chapter, we demonstrate inhibitory effects of AD on the proliferation and wound 

migration, as well as the mineralization and ALP activities of UMR-106 OS cells of in a 

dose-dependent manner. In contrast, TB did not exert any noticeable inhibitory effects. 

Mechanistically, AD was found to disrupt mitochondrial function triggering 

mitochondrial apoptotic signaling cascades. Taken together, these findings 

demonstrated that AD may serve as a potential anti-tumor agent for the treatment of OS. 

 

6.2 RESULTS 

6.2.1 AD impairs proliferation and migrationof UMR-106 OS cells   

OS is a highly aggressive bone tumor with strong ability of proliferation and invasion. 

To investigate the effects of AD and TB on the proliferation of OS cells, we measured 

the viability and proliferation of rat UMR-106 OS cell line using the MTT assay. In this 

https://en.wikipedia.org/wiki/Tumor
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assay, viable cells will utilize the mitochondrial reductase will convert incorporated 

MTT to purple formazan crystal and detected as absorbance reading by a 

spectrophotometer. The degree of absorbance detection reflects the number of 

metabolically viable cells. As shown in Figure 6.1A, after 48hrs of AD treatment, a 

dose-dependent inhibition of cellular viability/proliferation ofUMR-106 OS cells was 

observed. First sign of inhibitory effect demonstrated by AD was seen at a 

concentration of 1250nM (1.25μM) with greater than 85% reduction in cell 

viability/proliferation of UMR-106 OS cells at 5μM. There was no further inhibition 

beyond 5μM. Based on the MTT assay, the half-maximal inhibitory concentration (IC50) 

value following 48hrs treatment with AD on UMR-106 OS cells was calculated to be 

around 2600nM (2.6μM) (Fig. 6.1B). As compared to AD, TB did not show any 

inhibitory effect on UMR-106 cell viability/proliferation even at concentrationsas high 

as 10μM (Fig. 6.1C). Based on these results, we solely focused on the effects of AD on 

UMR-106 OS cells in subsequent experiments. 

 

Next to investigate whether AD treatment affects OS cell movement (representation of 

migration/invasiveness), the migratory rate of UMR-106 cells was observed using the 

scratch wound healing assay. Monolayer of UMR-106 OS cells grown to confluency 

were gently scrapped with a 1ml pipette tip down the middle of the well, followed by 

48hrs treatment with various doses of AD (0, 312.5, 625 and 1250nM). As shown in 

Figure 6.1D, UMR-106 cells treated with vehicle control were capable of migrating 

towards the gap generated by the pipette tip. However, cells exposed to increasing 

concentrations of AD were unable to migrate and infiltrate into the gap. At doses above 

1250nM, cell detachment from the culture plate surface was observed and leaving the 

wound unhealed (Fig 6.1D). Measurement of the width of the wound with or without 

AD treatment confirmed the inhibitory of AD on UMR-106 cell migration (Fig. 6.1E). 

Collectively these data demonstrates that AD can inhibit the proliferation and migration 

of UMR-106 OS cells. 

 

6.2.2 AD inhibits matrix mineralizationand ALP activity of UMR-106 OS cells  

UMR-106 OS cells are aggressively invasive OS cell line which exhibit osteoblastic 

properties including the production of malignant osteoid. To explore the effect of AD 

onUMR-106 mineralization activity, UMR-106 cells were cultured in the presence of 

mineralization medium for 21 days and then treated with various doses of AD (0, 312.5, 

625 and 1250nM) for 48hrs. Cells were then fixed and stained with Alizarin Red S 
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A B
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AD 1250nM

Ctrl AD 321.5nM

AD 625nM

D

E

Figure 6.1. AD impairs proliferation and migration of UMR-106 OS cells. (A) 
Cell proliferation/viability and survival curve for UMR-106 OS cells exposed to 
indicated concentrations of AD for 48hrs treatment as measured by MTT assay. (B) 
Survival curve and the half-maximal inhibitory concentration (IC50) of AD 
wasplottedas Log concentration against absorbance. (C) The viability of UMR-106 
OS cells exposed to indicated concentrations of TB for 48hrs as measured by MTT 
assay. The effect of AD and TB on cell proliferation was expressed as percentage of 
untreated control cells set at 100%. (D) AD dose-dependently inhibited the migration 
of UMR-106 OS cells. Scratch wound healing assay was conducted to examine 
migration. A scratch wound was made with a 1ml pipette tip prior to treatment with 
indicatedconcentrations of AD for 48hrs. (E) The wound size (μm) was measured 
and plotted as bar graph. Images were acquired using a Nikon ellipse camera with 
20X magnification and wound sizes were measured using Nikon MIS Image 
software. All Experiments were performed in triplicate, and the data were expressed 
as mean±standard deviation. (*p<0.05, **p<0.001 compared to control). 
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(ARS). As shown in Figure 6.2A, vehicle treated control group formed large and 

intensely red matrix nodule, whereas, cells treated with AD show a dose-dependent 

inhibition of matrix nodule formation, with complete inhibition at 1250nM (1.25μM). 

This decrease in matrix nodule formation was confirmed by spectrophotometric 

absorbance reading of the ARS staining intensity (Fig. 6.2B). 

 

Next, we examined UMR-106 ALP activity, another important index for measuring the 

bone formation capacity of OS cells. Furthermore, serum ALP has been suggested to 

bepredictor of skeletal metastases of OS and prognosis outcomes (Marais et al., 

2015).UMR-106 cells were cultured for 21 days and treated with various doses of AD 

(0, 312.5, 625 and 1250nM) for 48 hours followed by staining for ALP activity. As 

shown in Figure 6.2C, AD significantly inhibited the ALP activity of UMR-106 cells 

consistent with an inhibitory effect on mineralized matrix nodule formation. 

Absorbance reading for confirmed the dose-dependent inhibitory effect of AD on ALP 

activity (Fig. 6.2D). Taken together, these results show that AD can successfully inhibit 

the osteoblastic function namely mineralization nodule formation and ALP activity of 

UMR-106 OS cells. 

 

6.2.3 AD activates mitochondrial-caspase apoptotic cascade in UMR-106 OS cells 

Previous studies including work presented in Chapter 4 have indicated that AD can 

inhibit mitochondrial function leading to induction of apoptosis (Yip et al., 2006; 

Doughty-Shenton et al., 2010; Zhu et al., 2016a). Thus to further dissect the mechanism 

via which AD inhibits UMR-106 cell viability/proliferation and osteoblastic properties, 

we examined whether cellular apoptosis was being induced. UMR-106 cells exposed to 

indicated concentrations of AD for 48hrs were stained with Annexin V-PE and 7-

amino-actinomycin (7-AAD) and subjected for FACS analysis. As shown in Figure 

6.3A and B treatment of UMR-106 cells with312.5 or 625nM AD, did not increase the 

number of Annexin-V+veUMR-106 cells as compared to vehicle control treated cells. On 

the other hand, at a higher dose (1250nM), there was significant increase (~40%) in the 

number of Annexin-V+ve cells, suggesting that AD induces apoptosis when administered 

at higher concentrations. 

 

To further define the biochemical characteristics of AD-induced apoptosis in UMR-106 

cells, mitochondrial cytochrome c release and caspase activation was investigated. Total 

cellular protein expression of anti-apoptotic proteins Bcl-2 and Bcl-xL, and pro- 
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Ctrl AD 312.5nM

AD 625nM AD 1250nM

A

B

C

ALP Staining

Ctrl              312.5              625              1250

AD (nM)             

D

Figure 6.2. AD inhibits matrix mineralization and ALP activity of UMR-106 OS 
cells. UMR-106 OS were cells seeded in 24-well plate at a density of 4x103cells/well 
and grown in differentiation media containing10mM β-glycerophosphate, 10-8M 
dexamethasone and 50μg/mL ascorbic acid. After 21 days, cells were treated with 
indicated concentrations of AD for 48 hrs. (A) Alizarin Red S (ARS) staining of 
treated cells fixed in 10% formalin. (B) Absorbance reading of ARS staining. Bound 
ARS was dissolved in a 10% cetylpyridinium chloride monohydrate (CPC) solution 
(pH 7.0) and absorbance was measured at 595nm using a spectrophotometer 
microplate reader (BMG LabTech). The absorbance result was expressed as the fold 
change against the untreated control. (C) ALP staining of treated cells fixed in 
acetone-citrate-formaldehyde. (D) Absorbance reading of ALP activity was 
measured using cellular lysates stained with substrate solution containing 
paranitrophenol-phosphate on a spectrophotometer microplate reader (BMG 
LabTech). ALP activity was expressed as the fold change against the untreated 
control. All Experiments were performed in triplicate, and the data are expressed as 
mean±standard deviation. (*p<0.05, **p<0.001 compared to control). 
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Figure 6.3. AD induces UMR-106 OS cells apoptosis only at high concentrations 
(A) UMR-106 OS cells were cultured with or without indicated concentrations of 
AD for 48hrswere double-stained with Annexin V-PE and 7-AAD, and FACS 
analysis was conducted to determine the percentage of dead and apoptotic cells in the 
population (B). 
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apoptotic proteins Bax, were dose-dependently decreased and increased by AD 

treatment respectively (Fig. 6.4A). Consistent with these changes in pro- and anti-

apoptotic protein expression, treatment of mitochondria isolated from UMR-106 cells 

with AD, induced the dose-dependent release cytochrome c from the mitochondrial 

fractionto the cytoplasmic (supernatant) fraction (Fig. 6.4B and C). Release of 

cytochrome c from the inner mitochondrial membrane triggers the activation of caspase-

9 and subsequently caspase-3 which indicates that the irreversible activation of the 

apoptotic program was also dose-dependently observed (Fig. 6.4A and D). Collectively, 

these data suggests that the induction of apoptosis at high concentrations of AD could in 

part account for the inhibitory effect of AD on UMR-106 cell viability/proliferation and 

osteoblastic properties. 

 

6.3 DISCUSSION 

OS is the most commonly diagnosed primary malignant tumor of bone (Raymond et al., 

2002). Currently the only treatment option for OS is a multi-disciplinary approach 

incorporating surgical resection of the primary tumor followed by post-operative 

systemic chemotherapy (Ferrari and Palmerini, 2007; Anninga et al., 2011; Luetke et al., 

2014; Hattinger et al., 2015). However, current therapy has reached a plateau in survival 

and about 30% of OS develop multi-drug resistance (Meyers et al., 1992; Guan et al., 

2014). Furthermore, even with surgical resection it is very difficult to fully remove OS 

tumors and the residual malignant cells remaina cause of OS recurrence. Thus, to 

improve the prognosis and survival of OS patients, there is an imperative need to 

identify novel tumor therapies and agents. 

 

In recent years, there are increasing numbers of bioactive compounds including HEPdL, 

RC16, rographolide and alkaloid hippadine have been shown to be potential 

chemotherapeutic agents against various types of cancers (Lim et al., 2012; Chakroun et 

al., 2016; Kallifatidis et al., 2016; Orienti et al., 2016; Presley et al., 2016). Alexidine 

dihydrochloride (AD) previously used in contact lens solution and mouthwashes for its 

anti-microbial properties (Roberts and Addy, 1981; Eley, 1999; McDonnell and Russell, 

1999; Yanai et al., 2011), have been shown to be an effective anti-cancer agent (Yip et 

al., 2006). Here in this chapter, AD was found to exert anti-cancer effectson rat UMR-

106 OS cells. AD was found to significantly inhibit UMR-106 OS cell growth and 

proliferation with an IC50 of ~2.6μM. At low concentrations (< IC50) AD also 

demonstrated anti-migratory effects.  
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Figure 6.4. High concentration of AD induces the mitochondrial-caspase 
apoptotic program. (A) Total cellular extracts from UMR-106 cultured with 
indicated concentrations of AD for 48hrs were analysed by western blot against 
proteins involved in the mitochondrial-caspase apoptotic program. β-actin was used 
as internal loading control. (B) Release of mitochondrial cytochrome c. Mitochondria 
isolated from UMR-106 OS cells were treated with indicated concentrations of AD 
for 6hrs in assay buffer. The level of cytochrome c in the mitochondrial fraction and 
released into the supernatant (cytosolic) fractions were assessed by western blotting. 
Antibodies against COX-IV and β-actin were used as internal loading control for the 
mitochondria and supernatant fractions respectively. (C) The relative levels of 
cytochrome c in each fraction weremeasure using densitometry in Image J and 
expressed as the ratio against untreated control. (D) Caspase-3 activity. Extracts from 
UMR-106 OS cells treated with indicated concentrations of AD for 48hrs were 
incubated with caspase-3 substrate and the activity respresented by luminescent 
readings were measured at 405nm using the POLARstar OPTIMA 
spectrophotometer microplate reader (BMG LabTech) and expressed as the 
ratiometric percentage changeof untreated control. All Experiments were performed 
in triplicate, and the data were expressed as mean±standard deviation. (*p<0.05, 
**p<0.01) 
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The anti-proliferative and anti-migratory effect of AD could partly be attributed to the 

induction of apoptosis. Apoptosis or programmed cell death is crucial in maintaining 

homeostasis of cell numbers by removing damaged or unwanted cells, an outcome that 

is important and beneficial for cancer therapy (Ek et al., 2007; Akiyama et al., 2008; 

Labrinidis et al., 2009; Yan et al., 2013; Wang and Bi, 2014; Das and Das, 2016). FACS 

analysis demonstrated considerable increase in Annexin V-stained positive UMR-106 

cells demonstrating the flipped membrane, a hallmark of apoptosis, at a dose of 1.25μM. 

Doses below 1.25μM however did not cause significant apoptosis suggesting that 

apoptosis could only account for the anti-proliferative and anti-migratory effect of AD 

at concentrations above 1.25μM. Thus, the degree to which apoptosis contributes to 

AD’s anti-proliferative and anti-migratory effect is dose-dependent. The molecular 

mechanism by which low concentrations of AD (312.5 and 625nM) inhibits UMR-106 

OS cell migration are still not clear, several signalling pathways such as ERK and 

calcium signaling may be involved. Further investigations into the effects of AD on 

these pathways are required. 

 

Apoptosis is triggered via two mechanisms: extrinsically by the transduction of 

extracellular death ligand signaling; and intrinsically, by the mitochondrial pathway 

governed by a caspase cascade (Hengartner, 2000; Elmore, 2007). In this study, AD was 

found to dose-dependently induce the expression of pro-apoptotic protein Bad and 

inhibited the expression of anti-apoptotic proteins Bcl-2 and Bcl-xL. These changes in 

the expression of these protein triggers the release of cytochrome c from the inner 

mitochondrial membrane (Adams and Cory, 1998; Adams and Cory, 2001; Adams, 

2003; Kroemer et al., 2007). The release of cytochrome c in turn activates the cysteine 

protease caspase-9, which subsequently activates the apoptotic effector caspase-3, 

resulting in the inevitable destruction of the cell from within (Li et al., 1997; Cryns and 

Yuan, 1998). However only at the highest concentration of 1.25μM did these changes 

actually led to apoptosis. At lower concentrations the induction of apoptosis was less 

clear despite changes in cytochrome c and caspase levels. How AD is directly involved 

in this process is unclear but it may be related to the fact that AD can inhibit the activity 

of the mitochondrial protein tyrosine phosphatase, PTPMT1 (Doughty-Shenton et al., 

2010). PTPMT1 is required for cardiolipin biosynthesis, a mitochondrial-specific 

phospholipid that is integral in regulating the mitochondrial membrane integrity and 

activities (Zhang et al., 2011). Furthermore, cardiolipin is also essential for anchoring 

cytochrome c to the inner mitochondrial membrane, preventing it from being release 
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into the cytoplasm and inducing apoptosis (Iverson and Orrenius, 2004; O'Brien et al., 

2015). 

 

One major property defining OS is that the neoplastic cells produce malignant osteoid 

(Raymond et al., 2002). Osteoid or the unmineralized organic component of bone is 

secreted by bone forming OB. Thus, conventional OS cells possess osteoblastic features. 

The study on the effects of AD on osteoblastic properties of UMR-106 cells was 

evaluated in terms of mineralization and ALP specific activities. Osteoblastic ALP is a 

key enzyme involved in the process of bone formation and osteoid mineralization 

(Golub and Boesze-Battaglia, 2007; Orimo, 2010). AD showed both negative effects on 

both mineralization and ALP activity in UMR-106 cells. The effects of high dose AD 

(1.25μM) on mineralization and ALP activity again can be attributed to the induction of 

apoptosis, but at lower doses (312.5 and 625nM), the mechanism of action is unclear. 

Whether AD affects the expression of ALP via inhibition of OB signaling pathways 

involved or directly impairs ALP activity requires further investigation. 

 

Given the potential apoptotic effect demonstrated by AD in vitro, further research is 

indeed warranted to further define the anti-tumor activity of AD in vivo. A commonly 

used animal model for OS would include the injection of UMR-106 cells into the 

proximal tibia or femur of nude mice to create the OS model. Subsequently, mice could 

be treated with AD or with PBS vehicle control via injection as described previously for 

other agents (Yip et al., 2006; Dass and Choong, 2007; Labrinidis et al., 2009). 

However, the mode of delivery for AD will need to be empirically tested in a separate 

set of experiments to define the best mode of administration. At the end of the 

experimental period, the size of tumors in the mice treated with AD could be measured 

by radiograph and compared with PBS vehicle control.  

 

Although, local recurrence rates after primary resections are relatively low, lung 

metastasis of the primary tumour remains a major challenge for OS management (Iwata 

et al., 2015; Angelini et al., 2016). Given that AD could inhibit UMR-106 OS cell 

proliferation and migration; it will be interesting to see if this effect is translated in vivo 

with regards to lung metastasis in an OS animal model. This can be achieved using the 

same model above. in that after experimental period, the lungs could be harvested and 

examined for the extent of pulmonary metastasis following AD treatment using 

histological assessments. 
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In conclusion, the preliminary data presented in this chapter shows that AD may hold 

some promising anti-cancer effects on UMR-106 OS cells. Although the mechanism via 

which AD affects UMR-106 OS cell proliferation, migration and OB-like ALP activity 

and mineralization is unclear and requires further investigation, the data presented here 

suggests that induction of apoptosis could be responsible for these effects observed with 

high dose of AD. Such pro-apoptotic properties make AD a potential candidate agent 

for the treatment of OS. Further in vivo work and comparative studies with current 

chemotherapeutic agents will provide more compelling evidence of the pharmacology 

and therapeutic application of AD for OS treatment.  
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7.1 GENERAL DISCUSSION 

The delicate balance between osteoblast (OB) bone formation and osteoclast (OC) bone 

resorption is crucially important for the maintenance of bone homeostasis, skeletal 

health, structural integrity and optimal mechanical strength (Rodan, 1998). 

Perturbations in bone homeostasis are most often caused by over-activation of OCs 

and/or increased in their numbers leading to excessive bone destruction characteristic of 

many bone lytic disorders, including osteoporosis, rheumatoid arthritis, Paget’s disease 

of bone, giant cell tumor of bone, aseptic loosening and periprosthetic infection 

(Teitelbaum, 2007). Similarly defective OB function can lead to skeletal abnormalities 

such as rickets in young children or osteomalacia in adults, or heritable skeletal 

deformities as in osteogenesis imperfecta (Byers and Steiner, 1992; Willing et al., 1992; 

Francis and Selby, 1997; Kalajzic et al., 2002; Bikle, 2012; Millan, 2013). On the other 

hand, malignant transformation of MSCs towards the OB lineage leading to excessive 

deposition of malignant osteoid is the hallmark of malignant primary bone tumor, OS or 

osteogenic sarcoma, in adolescents and young adults (Ottaviani and Jaffe, 2009). These 

metabolic bone diseases are major health problems and discovering novel treatment 

therapies remains an unmet challenge. 

 

OCs and OBs remain as key candidates and understanding the molecular events that 

control the formation, differentiation, function and survival of these cells is an 

important step in the discovery of new therapies for bone diseases. Despite advances in 

treatment modalities, they are still far from being ideal. Current solutions for osteolytic 

bone diseases include anti-resorptives such as bisphosphonates, denosumab (humanized 

anti-RANKL antibody), cathepsin K inhibitors, and selective estrogen receptor 

modulators (SERMs); bone forming agents (osteo-anabolics) such as parathyroid 

hormone (PTH) and its recombinant analog teriparatide (TPD), and romosozumab 

(humanized anti-sclerostin antibody); or dual action compounds (both an anti-resorptive 

and osteo-anabolic) such as strontium ranelate (Reginster et al., 2014; Makras et al., 

2015; Reid, 2015). However, due to the OC-OB coupling effect, the decrease in bone 

resorption induced by anti-resorptives is often accompanied by a decrease in bone 

formation, thereby limiting their efficacy. In a similar fashion, osteo-anabolic induced 

increased bone formation is followed by an increase in bone resorption. Furthermore, 

severe adverse side effects are associated with their use including increased risk of 

breast cancer, endometriosis, thromboembolism, hypercalcemia, gastrointestinal and 

renal complications, hypertension, osteonecrosis of the jaw and atypical fractures, and 
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OS (Abrahamsen, 2010; Giusti et al., 2010; O'Ryan and Lo, 2012; Paparodis et al., 2013; 

Reginster et al., 2014; Makras et al., 2015; Reid, 2015). Thus there is a continual need 

for the development of novel chemical entities and better treatment options whilst 

minimizing the risk of adverse effects. 

 

In this thesis, two candidate agents, alexidine dihydrochloride (AD) and thonzonium 

bromide (TB), identified through targeted screening was examined for their abilities to 

inhibit OC and OB differentiation and function. AD is a unique bisbiguanide compound 

that exhibit anti-bacterial properties against both Gram-positive and Gram-negative 

bacteria and thus commonly used in oral disinfectants and contact lens solutions (Eley, 

1999; McDonnell and Russell, 1999; Silveira et al., 2013; Ruiz-Linares et al., 2014). TB 

on the other hand, is a mono-cationic surface-active agent, commonly used in ear and 

nasal drops. Based on previous report that AD and TB could inhibit the activity of the 

yeast V-ATPase proton pump (Chan et al., 2012), we hypothesized that AD and TB 

would be ideal anti-resorptives for osteolytic disorders of excessive OC bone resorption. 

 

In this thesis (Chapter 4), it was demonstrated that AD possesses both anti-

osteoclastogenic and anti-resorptive properties in vitro and in an in vivo model of LPS-

induced osteolysis. In vitro analysis provided strong evidence that AD exerts direct and 

dose-dependent effects on RANKL-induced OC formation and bone resorption. The 

RANKL-induced signalling cascades most important for OC formation are the NF-κB, 

MAPKs (ERK, JNK, and p38), and the NFATc1 signalling (Feng, 2005a; Wada et al., 

2006). We found that AD had no effects on NF-κB signalling, evidencing by the 

molecular results that IκBα degradation and phosphorylation of p65 were not changed 

with the treatment of AD. This result showed that AD might not have more effects on 

the early stage of OC formation which explained our stage-dependent results. On the 

other hand, AD was found to inhibit the RANKL-induced phosphorylation and 

therefore activation of ERK, JNK and p38. Suppression of all three MAPK pathways 

suggests that a common activating kinase or deactivating phosphatase is the target for 

the inhibitory effects of AD. 

 

Activation of MAPKs is an upstream prerequisite for the subsequent induction and 

activation of the NFATc1 signalling (Takayanagi et al., 2002; Ikeda et al., 2004; Huang 

et al., 2006; Takayanagi, 2007). NFATc1 is considered the master transcriptional 

activator of OC formation and function, and required for the regulation of OC marker 
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genes including TRAP, DC-STAMP, ATP6V0d2, CTR and cathepsin K (CTSK) (Yagi et 

al., 2005; Sharma et al., 2007; Kim et al., 2008; Feng et al., 2009). Consistent with 

inactivated MAPKs signalling, NFATc1 protein induction and nuclear translocation was 

markedly reduced by AD. In line with this, NFATc1transcriptional activity and 

therefore the gene expression of TRAP, DC-STAMP, CTR and CTSK was inhibited. 

Similarly, the protein expression of ATP6V0d2, DC-STAMP, and CTSK was also 

attenuated. 

 

In addition to suppressing OC formation, AD could also attenuate mature OC bone 

resorption. In contrast to what we hypothesized, the anti-resorptive property of AD was 

not due to the suppression of OC V-ATPase activity. The V-ATPase proton pump is the 

crucial biological machinery utilized by the OC for bone resorption as well as 

maintenance of intracellular acidification (Qin et al., 2012b). Biochemical analysis of 

V-ATPase-mediated acidification based on acridine orange fluorescence quenching and 

microsome based proton transport assay showed that AD at doses that inhibit bone 

resorption does not affect V-ATPase activity. Rather, disruption of the actin ring 

formation and generalized cytoskeletal shrinkage in mature OCs was observed to be the 

cause of reduced OC bone resorptive activity following AD treatment. The exact 

molecular mechanism however is unclear and warrants further investigation. 

 

With the positive outcome observed with AD in vitro, the therapeutic potential in vivo 

was then examined in the murine model of LPS-induced calvarial osteolysis. LPS is a 

classical bacterial cell wall endotoxin that has been long recognized as a key instigator 

of osteolytic lesions associated with aseptic loosening and periprosthetic infection of 

joint arthroplasty (Hotokezaka et al., 2007; Islam et al., 2007). LPS can directly induce 

OC formation and bone resorption or it can activate immune cells to produce pro-

osteoclastogenic cytokines that enhances OC recruitment and activity (Bi et al., 2001; 

Skoglund et al., 2002; Wada et al., 2004; Lieder et al., 2013). Prophylactic treatment 

with AD was found to successfully mitigate the osteolytic bone destruction mediated 

LPS injection. Consecutive AD treatment for 7 days effectively suppressed OC 

recruitment and bone resorption induced by LPS. This protective effect of AD against 

LPS-induced OC bone resorption could be attributed to its ability to bind and neutralize 

LPS (Zorko and Jerala, 2008), which will suppress the inflammatory response as well as 

the production pro-osteoclastogenic mediators that promotes OC recruitment and 

activity. Thus collectively, the data presented in Chapter 4 of this thesis demonstrats 
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that AD is an effective inhibitor of OC formation and bone resorption, and therefore a 

potential new agent for disorders of excessive OC activity.  

 

In a similar fashion, the potential therapeutic application of TB in osteolytic models was 

investigated. In this study (Chapter 5), TB was found to possess anti-osteoclastogenic 

properties via the inhibition of all three major RANKL-induced signalling cascades, 

NF-κB, ERK and c-Fos/NFATc1. Out of all three MAPK signalling cascades TB 

treatment only affected ERK activation. However, the mechanism by which TB 

specifically targets ERK activation was not addressed in the present study and 

unravelling this will be the basis for future research. NF-κB activation is an important 

and indispensable early RANKL-induced signalling event in OC formation (Iotsova et 

al., 1997). The prerequisite for NF-κB signalling activation is the phosphorylation and 

subsequent proteasomal degradation of the inhibitor-κBs (IκB) which leads then allows 

homo and hetero NF-κB dimers including NFκB p65/RelA to translocate to the nucleus 

initiating the transcription of target genes (Soysa and Alles, 2009). Unlike AD, our 

biochemical analyses showed that TB markedly and dose-dependently inhibited IκBα 

phosphorylation and degradation; and NF-κB p65/RelA phosphorylation, nuclear 

translocation and transcriptional activity. 

 

The early activation of ERK and NF-κB is important in the induction of c-Fos and 

NFATc1 (Miyazaki et al., 2000; Nakamura et al., 2003; Monje et al., 2005). In line with 

the inhibition of these two signalling pathways, the induction and nuclear localization of 

both c-Fos and NFATc1 was dose-dependently attenuated by TB treatment. NFATc1 

transcriptional activity was dose- and time-dependently reduced by TB which 

consequently down-regulated the expression of OC marker genes TRAP, CTSK, CTR, 

and DC-STAMP. Interestingly the effects of TB on OC formation were found to be both 

transient and time dependent. Pre-treatment of cells with TB before RANKL 

stimulation had no effect on OC formation. Similarly single treatment of BMM with TB 

on the first day of RANKL stimulation or at late stages of OC formation resulted in only 

a modest to no inhibition of OC formation, respectively. Only when cells are constantly 

in the presence of TB does OC formation was greatly inhibited. This suggests that TB 

loses its inhibitory activity over time and its effect is reversible. Consistent with 

biochemical analyses, the lack of inhibitory effect when TB at late stages of OC 

formation further support that early signalling events have already resulted in the 
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induction of NFATc1 and that OC precursors have become fully committed to the OC 

differentiation pathway. 

 

TB also demonstrated anti-resorptive properties against mature OCs. As with AD, 

however, the inhibition of OC bone resorption was not attributed to the inhibition of OC 

V-ATPase proton pump. These data suggests that although the V-ATPase proton pump 

are highly conserved, there are still structural differences in the mammalian and yeast 

V-ATPase complex that needs to be considered. Morphologically TB induced the rapid 

disruption of actin ring structure andgeneralized changes to cytoskeletal integrity. This 

is not surprising, as TB is traditionally used as a detergent surface-active agent to 

promote penetration and dispersion of cellular debris and exudates allowing solutions 

that contain TB to contact tissue. The chemical properties of TB may thus exert adverse 

effects on lipid domains of cellular membranes, compromising membrane integrity and 

actin dynamics.  

 

Finally, the in vivo analysis of TB therapeutic potential demonstrated that 

administration of TB can protect against LPS-induced calvarial bone loss. Unlike AD, 

where there are potentially indirect effects on the inflammatory response, TB protection 

against LPS-induced bone loss is the direct consequence of inhibition of OC formation 

and bone resorption. The attenuation of LPS-stimulated bone destruction could be 

attributed to the ability of TB to suppress NFκB and ERK signalling activations, as 

LPS can stimulate OC differentiation by the activating the MAPK and NF-κB signalling 

cascades (Wada et al., 2004; Hotokezaka et al., 2007; Islam et al., 2007). Collectively, 

results presented in this chapter point to a potential use of TB in the prevention or 

treatment of OC-related diseases. 

 

OBs activity is equally important in maintaining bone homeostasis. Malignant 

transformation of MSCs towards the OB lineage can lead to excessive deposition of 

malignant osteoid clinically presented as malignant primary bone tumor, OS or 

osteogenic sarcoma. Thus novel therapies that can inhibit the deposition of malignant 

osteoid are greatly sought after. In addition to the pharmacological properties already 

mentioned, AD has also demonstrated anti-cancer properties due to its ability to induce 

apoptosis in cancer cells and thus may also be useful in the treatment of OS (Yip et al., 

2006). 

 



CHAPTER SEVEN 

147 
 

Therefore the in vitro effects of AD and TB on OS cells were investigated (Chapter 6). 

The rat UMR-106 OS cell line is a very aggressive, poorly immunogenic OS cell line, 

with strong carcinogenic capability and characteristic osteoblastic-like properties of 

enriched in alkaline phosphatase (ALP) activity and type I collagen production 

(Partridge et al., 1983; Forrest et al., 1985; Hickman and McElduff, 1989). Cell 

viability/proliferation assays found that only AD inhibited proliferation of UMR-106 

OS cells with an IC50 of ~2.6μM. Using the wound healing assay to represent the 

migration or invasiveness of cancer cells, AD was found to dose-dependently inhibit the 

migration of UMR-106 OS cells. 

 

To determine how AD affects UMR-106 OS cell proliferation and migration, cellular 

apoptosis was examined. Apoptosis can be activated via two mechanisms: extrinsically 

by the extracellular death ligand signalling; and intrinsically, by the mitochondrial 

pathway governed by a caspase cascade. In this study, AD dose-dependently induced 

the expression of pro-apoptotic protein Bad and inhibited the expression of anti-

apoptotic proteins Bcl-2 and Bcl-xL, resulting in the release of cytochrome c from the 

inner mitochondrial membrane (Adams and Cory, 1998; Adams and Cory, 2001; 

Adams, 2003; Kroemer et al., 2007). In turn cytosolic cytochrome c activates the 

cysteine protease caspase-9, followed by activation of the apoptotic effector, caspase-3, 

resulting in the irreversible destruction of the cell (Li et al., 1997; Cryns and Yuan, 

1998). However, despite observing a dose-dependent activation of caspase 3 by TB, 

only at the highest concentration of 1.25μM did apoptosis occurred when analysed by 

FACS. At lower concentrations the induction of apoptosis indicated by FACS was less 

clear despite changes in protein expressions of cytochrome c and caspase levels.  

 

How AD is directly involved in the process of apoptosis is unclear but it may be related 

to its ability to inhibit the activity of the mitochondrial protein tyrosine phosphatase, 

PTPMT1 (Doughty-Shenton et al., 2010). PTPMT1 is important in the biosynthesis of 

cardiolipin, a mitochondrial-specific phospholipid that is integral in regulating 

mitochondrial membrane integrity and metabolic activities (Zhang et al., 2011). 

Cardiolipin is also essential for anchoring cytochrome c to the inner mitochondrial 

membrane to prevent leakage of cytochrome c from the mitochondria and triggering 

unnecessary apoptosis (Iverson and Orrenius, 2004; O'Brien et al., 2015). 

 

As OS cells exhibit OB-like properties and produce malignant osteoid (Raymond et al., 
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2002), the effects of AD on matrix mineralization and ALP activity were evaluated. 

Osteoblastic ALP is a key enzyme involved in the process of bone formation and 

osteoid mineralization (Golub and Boesze-Battaglia, 2007; Orimo, 2010). Interestingly, 

AD was found to dose-dependently inhibit both mineralization and ALP activity of 

UMR-106 OS cells with the inhibitory effect more pronounced at high concentrations of 

AD. The effect observed at high concentrations could be attributed to induction of 

apoptosis but at low dose of AD the molecular mechanism requires further 

investigation. Together these preliminary data suggests that at least AD could serve as a 

potential candidate agent for the treatment of OS. Whereas TB showed more specificity 

towards the OCs. 

 

Collectively, this dissertation has clearly shown that both AD and TB are potential 

agents for the effective treatment of bone disorders of excessive OC formation and 

activity. In addition, AD also shows promise as a new therapeutic option for the 

treatment of malignant osteoid deposition found in OS. 

 

7.2 FUTURE DIRECTIONS 

The results achieved in this thesis have revealed several new avenues of future research 

which should be pursued in order to better translate the potential therapeutic application 

of AD and TB in bone lytic or bone metabolic diseases. These new avenues of research 

could be broadly split into Basic and Translation/Clinical Research. 

 

7.2.1 Basic Research 

1. The common upstream target of AD in the MAPK pathway 

In Chapter 4, it was shown that AD suppressed the activation of all three MAPK  

pathways suggesting that a common upstream regulator within the wider MAPK 

cascade could be the target for the inhibitory effect of AD. In fact all three MAPKs can 

be activated by the Ras small GTPase protein (Marshall, 1996; Avruch et al., 2001). 

Activated Ras activates the protein kinase activity of RAF kinase, allowing it to 

phosphorylate and active MEKs. Activated MEKs can then phosphorylate and activate 

the MAPKs including ERK, p38 and JNK. Similarly, MAPKs can be inhibited or 

deactivated by MAPK phosphatases (Kondoh and Nishida, 2007). MKP1 a member of 

the family of dual specificity phosphatases is one such phosphatase which functions to 

downregulate the activity of all three MAPK via dephosphorylation. Thus two potential 

mechanisms of action for the inhibitory effect of AD can be investigated in future 
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studies. One is to investigate whether the activation of Ras is inhibited following AD 

treatment. The other would be to examine whether the activation of MKP-1 following 

AD treatment is enhanced. 

 

2. Mechanism of action for the anti-resorptive effects of AD and TB 

It was found in Chapters 4 and 5 that the anti-resorptive effects of AD and TB 

respectively, appear to be the result of disruption in F-actin ring formation and 

generalized alterations of plasma membrane integrity of mature OCs. Given that both 

agents inhibit NFATc1 activity, it is likely that downstream targets of NFATc1 which 

are involved in cytoskeletal rearrangements and bone resorption are affected. These 

protein targets include integrin αvβ3 and c-Src tyrosine kinase (Miyazaki et al., 2006; 

Nakamura et al., 2007; Crotti et al., 2008; Lee et al., 2015; Zou and Teitelbaum, 2015). 

Thus the expression of these downstream targets and their activities needs to be 

investigated to unravel the mechanism by which AD and TB affects F-actin ring 

formation and bone resorption. In addition, an alternative mechanism for TB may exist. 

Given that TB is commonly used as a cellular surfactant, it is possible that TB directly 

affects the lipid domains of cellular membrane, leading to compromised membrane 

integrity and actin dynamics. Such possibility should also be investigated. 

 

3. The effects of AD on apoptosis in OC and OB 

Although our data for AD on OC and OB shows that higher dosed induces apoptosis 

whereas lower doses don’t, we can not conclusive say that AD at lower doses does not 

induce cell death especially if treatment time was extended. Thus longer treatment times 

with AD will need to be conducted to see if lower doses for longer periods of time will 

induce apoptosis. Furthermore, the mechanism by which AD induces apoptosis would 

also need to be further investigated. Our current data suggests that AD activates the 

mitochondrial-caspase apoptotic cascade but how it activates it was not investigated. 

Previous studies have shown that AD is a potent inhibitor of PTPMT1, a dual specific 

mitochondrial phosphatase involved in cardiolipin biosynthesis (Doughty-Shenton et al., 

2010; Zhang et al., 2011). Cardiolipin is a mitochondrial-specific phospholipid that is 

integral in regulating mitochondrial membrane integrity and metabolic activities. Thus 

inhibition of PTPMT1 by AD may affect mitochondrial function which can lead to cell 

death. In fact, it has been shown that downregulation of PTPMT1 is sufficient to 

promote cancer cell death (Niemi et al., 2013). Thus whether AD affects PTPMT1 

activity or expression in OC and OB will need to be investigated and this will provide 
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the missing link for the apoptosis-inducing effect of AD. 

 

4. The mechanism for the inhibitory effect of AD on OS cell migration 

Proliferation and invasion play an important role in the progression of malignant 

tumours such as OS. As shown in Chapter 6, AD can inhibit the migration of UMR-106 

OS cells using the scratch wound healing assay. How AD inhibits migration however, 

was not investigated. There has been accumulating evidence that the Wnt, MAPK and 

PI3K/Akt signalling cascades plays an important role in the aggressiveness OS 

(Enomoto et al., 2009; Ryu et al., 2009; Chueh et al., 2014; Zhang et al., 2014a; Zhou et 

al., 2015). Thus the effects of AD on these signalling cascades should be investigated. 

In addition, secretion of matrix metallo proteinases (MMPs) to digest the underlying 

extracellular matrix (ECM) is important to allow migration of the cancer cells. Several 

MMPs including, MMP7, MMP9, and MMP13 have been shown to be expressed in OS 

cells (Ryu et al., 2009; Osaki et al., 2011; Chueh et al., 2014; Futamura et al., 2014; Li 

et al., 2014; Shang et al., 2014; Zhou et al., 2015). Thus whether AD affects the 

expression of these MMPs should also be investigated. 

 

5. The effects of AD and TB on primary OBs 

Although we tested the effects of AD and TB on UMR-106 cells which displays OB 

mineralization and ALP activities, the effects on primary OBs still require investigation. 

In this regard, the effect of AD and TB on primary BMM MSC differentiation towards 

the OB lineage as well as the bone formation function of mature osteoblasts will need to 

be investigated. 

 

To date, we have found the effects of AD and TB on OCs and OBs. The molecular and 

in vivo results showed that these two agents are promising target on bone related 

diseases. However, there are still lots of issues we need to concern such as long-term 

deleterious effects on the skeleton or other side effects and specificity on osteoclasts 

and/or osteoblasts. Furthermore the different clinic usuages of agents including coating 

in orthopaedic implants and biochemistry compounds with chemotherapy are also 

attractive.  

 

7.2.2 Potential Clinical Research and Applications  

1. The therapeutic application of AD and TB as an anti-osteoclastogenic and anti-

resorptive agent for the treatment of osteolytic bone disorders 
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As shown in Chapters 4 and 5, prophylactic treatment of AD or TB can protect against 

LPS-induced osteolysis in vivo. The LPS-induced calvarial osteolysis mouse model 

used in these studies demonstrates the potential for AD and TB to preventative therapy 

rather than a therapeutic treatment per se as the animals were pre-treated with AD or TB 

before LPS stimulation. To further show that AD and TB has therapeutic potential, an 

osteolysis model whereby LPS is to be injected into the animals first to induce bone 

destruction followed by AD or TB therapy will need to be conducted. In addition, the 

anti-inflammatory properties and LPS-neutralizing properties of AD should also be 

further investigated in these models as this is potentially an important component of the 

effectiveness of AD as an anti-resorptive agent. 

 

2. The therapeutic application of AD in periodontal diseases 

Given that AD is often used as oral disinfectant, the effectiveness of AD in preventing 

or treating periodontal disease should be investigated. It would be of great interest in the 

dental field to see whether AD is protective against dental cavities, or whether it has any 

beneficial effects against the long bones if absorbed by the oral mucosa. 

 

3. Application of AD as an anti-bacterial coating for prosthetic implants 

Other interesting characters that allow AD to be used in various contexts are its 

antibacterial, anti-microbial and anti-fungal properties. As aseptic loosening and 

periprosthetic infection leading to inflammatory osteolysis and localized bone 

destruction is often the result of bacterial by-products and/or implant-derived wear 

particles it could be possible to use AD as a pharmacological coating for orthopaedic 

prosthetic implants to reduce the risk of both aseptic and infective loosening associated 

osteolysis to prolong the life of the implant. 

 

4. Therapeutic potential of AD as treatment option for OS 

Our in vitro data demonstrates that AD can inhibit UMR-106 OS cell proliferation and 

migration as well as the osteoblastic properties of bone mineralization and ALP activity. 

To test the therapeutic effectiveness of AD as treatment option for OS, an in vivo model 

will need to be established. Several OS derived cell lines including MG-63, Saos-2 and 

U-2 are routinely used to generate an murine OS model. These murine OS models will 

be excellent targets for identifying factors involved in OS migration and to test the anti-

tumor effects and toxicity of AD as a novel anti-OS agent. In addition, these murine OS 
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models will provide a useful platform to further examine the inhibitory effects of AD on 

pulmonary metastatic tumors common in OS. 
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