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SCIENTIFIC ABSTRACT 

Bone is continuously being reshaped and repaired during adult life by a process termed 

bone remodelling. This process is tightly regulated by the cellular activities of bone 

resorbing osteoclasts and bone forming osteoblasts within the bone microenvironment. 

However, imbalances in either bone resorption or bone formation can often lead to 

diseases such as osteoporosis, osteopetrosis.  

Furin belongs to a family of highly conserved proprotein convertases, which 

catalyses the hydrolytic cleavage of a broad range of substrate molecules after basic 

amino acid residues in the constitutive secretory pathway. Furin is essential for cellular 

function and implicated in a diverse range of pathophysiological disorders, however, 

there is limited knowledge regarding the role of furin in bone remodelling. Using 

comparative microarray and gene annotation analysis between osteoclasts and bone 

marrow monocyte/macrophages (BMM), and during OB differentiation, furin was 

uncovered to be abundantly expressed in these bone residing cells. Thus, it is 

hypothesized that furin plays an important role in the regulation of bone remodelling and 

homeostasis. 

The global deletion of furin leads to embryonic lethality precluding investigations 

of its role in postnatal bone. To address the physiological role of furin in osteoclast 

biology, mice specifically lacking furin in mature osteoclasts (Furin∆OC) were generated 

and the bone phenotype was assessed. MicroCT and histomorphometric analyses of 

female Furin∆OC mice demonstrated a significant increase in trabecular bone mass due to 

a reduction in osteoclast numbers and bone resorption in vivo. In contrast, cortical bone 

mass was not altered in Furin∆OC mice. Furthermore, neither the targeted deletion nor the 

pharmacological inhibition of furin significantly altered mature osteoclast formation in 

vitro. However, in vitro mechanistic studies revealed that furin is essential for osteoclastic 

bone resorption and acidification via its role as the primary processing enzyme of the V-

ATPase proton pump subunit Ac45.  

To address the physiological role of furin in mature osteoblasts, mice specifically 

lacking furin in mature osteoclasts (Furin∆OB) were generated and the bone phenotype 

was assessed. Similar to Furin∆OC mice, microCT histomorphometric analyses of male 

Furin∆OB mice revealed a significant increase in trabecular bone mass as a result of a 

reduction in osteoclast numbers and bone resorption in vivo. By contrast, cortical bone 

mass was reduced in these mice. Furthermore, in vitro studies revealed that targeted 
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deletion of furin in osteoblasts impaired bone mineralization and osteoclast formation. 

However the exact molecular mechanisms by which the specific loss of furin in 

osteoblasts causes an increase in bone mass remains to be elucidated.  

Collectively, furin regulates the osteoclast acidification machinery, in part 

through the activation of Ac45, and hence, serves as a positive regulator of osteoclast-

mediated bone resorption.  Whereas, furin activity in osteoblasts differentially regulates 

trabecular and cortical bone mass in vivo, and promotes mineralization and osteoclast 

formation in vitro. Thus, furin is a previously undescribed key regulator of bone 

homeostasis and may serve as a potential therapeutic target for the treatment of osteolytic 

diseases. 
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1.1 Introduction to Bone Biology 

The skeleton is a dynamic organ that confers multiple mechanical and metabolic 

functions to the organism. Bones act as levers to enable weight bearing locomotive 

activities and also function as a store of mineral calcium. Bone also plays a protective 

role in housing the bone marrow compartment which harbours haematopoietic stem cells 

that give rise to blood and immune cells (Boyle et al., 2003). A unique feature of bone is 

that it needs to be both flexible and rigid at the same time, to absorb energy by deforming 

without being too brittle that it cracks. To achieve these distinct properties, bone is 

composed of a mixture of inorganic and organic components. The predominant organic 

component of bone is composed of type-I collagen, which confers elastic properties 

through cross-linkage of collagen fibres. Inorganic mineral deposition of calcium 

hydroxyapatite into the collagen matrix stiffens the tissue and confers strength and 

rigidity (Seeman and Delmas, 2006).   

Bone is formed through two distinct processes: endochondral ossification and 

intramembranous ossification. The former occurs in long bones in which a cartilage 

scaffold is replaced by bone, and the latter occurs in flat bones involving the condensation 

of mesenchymal cells without a need for a cartilage template (Mackie et al., 2008). To 

maintain skeletal integrity and mineral homeostasis throughout adult life, bone is 

constantly being renewed by an adaptive process called bone remodelling. Bone 

remodelling takes place asynchronously throughout the skeleton and the process is 

initiated in response to bone tissue damage, due to changes in mechanical loading, or to 

remove unwanted bone (Carter et al., 1998). At the cellular level, bone remodelling is 

regulated by the activities of bone resorbing osteoclasts, followed by new bone formation 

by osteoblast lineage cells, occurring within anatomically distinct sites termed basic 

multicellular units (BMUs) (Teitelbaum, 2000, Matsuo and Irie, 2008). The bone 

resorbing phase takes approximately three weeks, whereas the subsequent bone formation 

phase takes three to four months to complete. In human adults, bone remodelling results 

in the regeneration of approximately 10% of the entire skeleton every year, with the entire 

skeleton being renewed in the span of a decade (Sims and Martin, 2014). 

Bone homeostasis is strictly regulated by the balanced activities of bone 

resorption and bone formation. Osteoclasts, osteoblasts and their precursor cells respond 

to local and systemic factors such as chemokines, cytokines and other factors which are 

tightly regulated at sites destined for bone remodelling. However, disruptions of 

osteoclast or osteoblast activity often lead to pathological bone diseases, as seen in 
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osteoporosis, osteopetrosis, rheumatoid arthritis, and bone metastasis (Boyle et al., 2003, 

Zaidi, 2007). Despite our current understanding of osteoclast and osteoblast biology, the 

precise mechanisms responsible for aberrant bone remodelling remain unclear. 

Therefore, the elucidation of regulatory mechanisms involved in bone remodelling is 

crucial for the greater understanding of skeletal health and disease. 

 

1.2 Osteoclasts 

1.2.1 Osteoclast Origin and Morphology 

Studies in the 1970’s and 80’s have clearly shown that osteoclasts belong to the 

haematopoietic lineage. Walker et al., demonstrated that parabiotic union of osteopetrotic 

mice with normal littermates cured the osteopetrosis in these animals (Walker, 1972, 

Walker, 1973). Transplantation studies in lethally irradiated rodents and patients with 

osteopetrosis also confirmed that osteoclasts were present in the haematopoietic tissues, 

such as the spleen, bone marrow and peripheral blood (Walker, 1975, Coccia et al., 1980, 

Sorell et al., 1981). It is now generally accepted that osteoclasts are derived from bone 

marrow haematopoietic progenitors which also give rise to monocytes and, in peripheral 

blood, to various types of tissue macrophages (Bar-Shavit, 2007).  

Osteoclasts are specialized bone resorbing cells and have a number of morphological 

features that differentiate them from other cell types. Osteoclasts are multinucleated giant 

cells that usually contain 10 to 20 nuclei per cell.  Although some mature osteoclasts may 

contain up to 100 nuclei and range to 100 μm in diameter (Roodman, 1996). Osteoclasts 

are located in rare abundance (between two to three osteoclasts per μm3 of bone) on the 

endosteal surface within the Harversian system and on the periosteal surface beneath the 

periosteum. However, osteoclast numbers are greatly increased at the site of active bone 

turnover, as seen in the metaphysis of growing bone (Roodman, 1996). As shown in 

Figure 1.1, the osteoclasts display unusual organelle distribution. The numerous nuclei 

are located towards the vascular side of the cell, surrounded by endoplasmic reticulum 

and multiple golgi sacs, oriented with the trans-side facing away from the nuclei. 

Numerous elongated mitochondria orientate towards the apical side of the cell, and are 

characteristic feature of osteoclasts (Holtrop and King, 1977, Zallone et al., 1983, Pierce 

et al., 1991). 
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Figure 1.1 Osteoclast morphology. Transmission electron micrograph of an actively 

resorbing osteoclast. Note the absence of vesicles at the clear zone (CZ) and the highly 

convoluted membrane folds that make up the ruffled border membrane (RB). (Figure was 

taken and modified from Mellis et al. 2011) 
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Depending on the substratum, osteoclasts form complex membrane structures 

unique to their bone resorbing function. On mineralized extracellular matrices, 

osteoclasts form adhesion structures called the sealing membrane, on the bone facing 

membrane. The sealing membrane contains actin-rich adhesion structures called 

podosomes. Podosomes are comprised of an F-actin core and integrin receptors, and are 

linked to the extracellular matrix through adhesion proteins (Saltel et al., 2008).  These 

podosomes further organise into ring like structures called “actin rings” which are a 

hallmark of resorbing osteoclasts. On the other hand, when cultured in vitro on glass or 

plastic, podosomes are arranged in a characteristic belt-like shape at the cell periphery 

(Destaing et al., 2003). Next to the sealing membrane, facing the bone surface to be 

resorbed, are a vast array of convoluted membrane folds called the ruffled border 

(Szewczyk et al., 2013, Pierce et al., 1991). More recent investigations have uncovered 

two specialized subdomains within the ruffled border. These two subdomains include the 

outer fusion zone where vesicular fusion of lysosomal components to the membrane 

occurs, and the inner uptake zone dedicated to uptake of degradation products during 

bone resorption (Hirvonen et al., 2013, Mulari et al., 2003). Adjacent to the sealing 

membrane surrounding the ruffled border is an organelle-free cytoplasmic area called the 

clear zone. Together, the sealing membrane and the clear zone make up the sealing zone 

(Saltel et al., 2008, Schachtner et al., 2013). The membrane facing the vascular 

compartment is called the basolateral membrane, and also termed the functional secretory 

domain (Pierce et al., 1991). Therefore, the actively resorbing osteoclast is considered a 

polarized cell. 

 

1.2.2 Osteoclast Differentiation 

Osteoclasts are formed by the cytoplasmic fusion of mono-nuclear precursors derived 

from myeloid progenitor cells that also give rise to dendritic cells and macrophages 

(Boyce et al., 2006).  Osteoclast precursor cells differentiate into osteoclasts in response 

to two important cytokines: macrophage colony-stimulating factor (M-CSF) and receptor 

activator of nuclear factor kappa B (NF-κB) (RANK) ligand (RANKL). Figure 1.2 

illustrates the intracellular signalling mechanisms induced by M-CSF and RANKL during 

osteoclast differentiation.  
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1.2.2.1 Positive Regulation of Osteoclast Formation 

M-CSF Signalling Pathways 

M-CSF is crucial for the survival, differentiation and proliferation of osteoclast precursor 

cells, and is expressed by stromal/osteoblast lineage cells (Tanaka et al., 1993). It binds 

to the receptor tyrosine kinase c-fms and stimulates cell proliferation through 

extracellular signal-regulated kinase (ERK), growth factor receptor bound protein 2 (Grb-

2) and Akt / phosphoinositide 3-kinase (PI3K) signalling pathways (Pixley and Stanley, 

2004, Ross and Teitelbaum, 2005). M-CSF promotes survival of osteoclast precursors 

and mature osteoclasts by preventing apoptosis through a number of mechanisms 

including: upregulation of Bcl-XL, which prevents pro-apoptotic caspase-9 activation 

(Woo et al., 2002); increasing anti-apoptotic Bcl-2 expression (Tanaka et al., 2010) and 

by promoting the degradation of Bcl-2 like protein 11 (Bim) (Akiyama et al., 2003). Most 

importantly, M-CSF promotes the expression of RANK on the surface of precursor cells, 

allowing the cells to respond to RANKL and subsequently commit to the osteoclast 

lineage (Arai et al., 1999).  

The transcription factor PU.1 is essential for the development of both osteoclasts 

and macrophages by promoting the expression of c-fms (Tondravi et al., 1997).  M-CSF 

induces the phosphorylation of microphthalmia-associated transcription factor (MITF), 

an important transcriptional factor for osteoclast differentiation. Accordingly, mice 

deficient in either M-CSF, c-fms, PU.1 or MITF completely lack osteoclasts and develop 

osteopetrosis, a condition characterized by increase bone mass and density due to failure 

of osteoclast formation or activity (Grigoriadis et al., 1994, Tondravi et al., 1997, Del 

Fattore et al., 2008, Dai et al., 2002, Wiktor-Jedrzejczak et al., 1990, Yoshida et al., 1990).  

 

RANKL-RANK Signalling Pathways 

RANKL is a type II transmembrane protein belonging to the tumour necrosis factor 

(TNF) superfamily of proteins. RANKL is essential for osteoclast differentiation and is 

expressed by T cells and osteoblast lineage cells (Anderson et al., 1997, Lacey et al., 

1998, Yasuda et al., 1998, Rodan and Martin, 1981). However, until recently, the major 

source of RANKL responsible for osteoclast differentiation in vivo, was unclear. Two 

recent reports from the research groups of Takayanagi and O’Brien have helped settle 

this issue (Nakashima et al., 2011, Xiong et al., 2011). They found that mature osteoclast 

formation was greatly reduced in adult mice that specifically lack RANKL in osteocytes. 
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Figure 1.2 Signal transduction pathways of osteoclast differentiation.  Osteoclast 

differentiation is induced by M-CSF, RANKL and co-stimulatory factors. (a) In precursor 

cells, the binding of M-CSF to c-Fms activates proliferation and survival signals and 

induces RANK expression. RANKL binding to RANK results in the recruitment of 

TRAF6 which results in phosphorylation of ITAM in adaptor proteins DAP12 and FcRγ. 

(b) TRAF6 induces the activation of NF-κB and NFATc2 to induce NFATc1. RANK 

activates Btk and Tec and cooperates with ITAMs to activate PLCγ and activates calcium 

signalling, which is crucial for the activation of NFATc1. (c) NFATc1 activity is 

negatively regulated by transcriptional factors, such as IRF-8, MafB and Bcl6, which are 

repressed by Blimp1 upon RANKL induction. (d) Autoamplification of NFATc1 results 

from persistent calcium signals as well as AP-1 and c-Fos activation. (e) NFATc1 

cooperates with other transcription factors, such as AP-1, PU.1, CREB and MITF to 

induce the gene expression of various osteoclast-specific genes. (Figure adapted from 

Nakashima et al., 2012). 
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Bone mass was greater in osteocyte-specific RANKL-knockout mice than in wild-type 

mice, however no differences in bone mass were observed in new-born knockout and 

wild-type mice. These findings indicated that osteocytes are the major source of RANKL 

during bone remodelling in adult bone (Nakashima et al., 2011, Xiong et al., 2011).  

Membrane-bound RANKL can be released from the cell surface as a soluble form 

by proteolytic cleavage by matrix metalloproteinases (MMP-3, 7 or 14) and/or a 

disintegrin and metalloprotease domain (ADAMs), and both soluble and membrane-

bound RANKL bind and activate the receptor RANK (Hikita et al., 2006, Miyamoto et 

al., 2000, Nakashima et al., 2000, Lynch et al., 2005). RANK is a type I membrane 

receptor that lacks intrinsic kinase activity. To activate downstream signalling molecules, 

the receptor recruits and activates TNF receptor-associated factors (TRAFs), which are 

adapter molecules that further recruit other protein kinases. Of the various members of 

the TRAF family of proteins recruited to RANK (including TRAF-1, 2, 3, 5 and 6), only 

TRAF-6 appears to have essential functions in osteoclast differentiation (Gohda et al., 

2005).  In mice, the targeted disruption of RANKL, RANK or TRAF-6 results in the 

development of severe osteopetrosis (Dougall et al., 1999, Naito et al., 1999, Kong et al., 

1999). In humans, loss of function mutations in the RANKL gene, TNFSF11, are 

observed in patients with autosomal recessive osteopetrosis and patients completely lack 

osteoclasts (Sobacchi et al., 2007). While genetic studies in mice have revealed that 

RANK-TRAF6 signalling activates several downstream pathways to induce osteoclast 

differentiation: namely the nuclear factor kappa-B (NF-κB), mitogen-activated protein 

kinases (MAPK)/c-Jun N-terminal kinase (JNK)/activator protein-1 (AP-1), nuclear 

factor of activated T cells cytoplasmic 1 (NFATc1), c-myc and c-Src (Boyce, 2013) 

pathways.  

NF-κB Pathway 

NF-κB is a transcription factor complex that consists of heterodimers of 

reticuloendotheliosis viral oncogene homolog-A (RelA/p65), c-Rel, RelB, p50 and p52. 

This complex induces expression of genes involved in cell proliferation, differentiation, 

and migration through the canonical and noncanonical pathways (Boyce et al., 2010). In 

the canonical pathway, RANK-TRAF6 induces the activation of inhibitor of nuclear 

factor kappa-B kinase subunit gamma (IKKγ or NEMO) to phosphorylate IKKβ. IKKβ 

subsequently phosphorylates inhibitor of nuclear factor kappa-beta (IKβ), an inhibitory 

protein that keeps p65 and p50 in an inactive state. Phosphorylation causes IKβ to be 

degraded by the 26S proteasome thereby releasing p65 and p50, resulting in their nuclear 
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translocation and activation of genes that prevent osteoclast precursor apoptosis. In the 

noncanonical pathway, RANKL induces the accumulation of NF-κB-inducing kinase 

(NIK), which activates IKKα leading to the conversion of p100 to p52 by proteasomal 

degradation. p52 associates with RelB to form a heterodimer and translocate into the 

nucleus (Novack, 2011). Surprisingly, mice deficient in either p50 or p52 display no overt 

skeletal phenotypes. However, p50 and p52 double knockout mice develop osteopetrosis 

due to defects in osteoclast formation, suggesting a crucial role of NF-κB in osteoclast 

differentiation (Anderson et al., 1997, Franzoso et al., 1997, Iotsova et al., 1997). 

 

MAPK, JNK and AP-1 Signalling Pathways 

Besides NF-κB, TRAFs also activate MAPK and their mediators, eventually leading to 

downstream induction of JNK/c-Jun, ERK1/2 and p38 kinase (Li et al., 2002). JNK 

activation phosphorylates c-Jun, leading to activation of the AP-1 transcription factor. 

RANK signalling also induces ERK, which leads to the activation of another AP-1 

component, c-Fos. c-Fos deficient mice develop severe osteopetrosis due to defects in 

osteoclast formation (Wang et al., 1992). In addition, AP-1 induction occurs early during 

osteoclast differentiation and has been shown to be dependent on activation of 

calcium/calmodulin-dependent protein kinase type IV (CaMKIV) and cAMP-response 

element-binding protein (CREB) (Sato et al., 2006). The activation of factors leads to the 

expression of osteoclast related genes.  

 

The NFATc1 Signalling Pathway 

The NFAT family of transcription factors were originally identified in T cells, and have 

multiple roles within and also outside the immune system. In osteoclast precursor cells, 

RANKL potently induces NFATc1 through the TRAF6, c-Fos and NF-κB pathways 

(Nakashima et al., 2012). NFATc1 activation is mediated by calcineurin, a specific 

phosphatase activated by calcium-calmodulin signalling. The NFATc1 promoter contains 

NFAT binding sites and NFATc1 activation leads to auto-amplification of its’ own 

expression, resulting in a robust induction of NFATc1 (Takayanagi et al., 2002a). 

NFATc1 cooperates with other transcriptional factors, PU.1, AP-1 and MITF to regulate 

osteoclast specific genes such as dendritic cell-specific transmembrane protein (DC-

STAMP), vacuolar ATPase (v-ATPase) V0 domain subunit d2, cathepsin K, tartrate 
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resistant acid phosphatase (TRACP), calcitonin receptor and β3-integrin (Takayanagi, 

2007).  

Besides activation by the TRAF6 c-Fos and NF-κB pathways, NFATc1 is also 

activated through Phospholipase Cγ (PLCγ). PLCγ mediates Ca2+ release from 

intracellular stores within the cytoplasm and plays an important role in the calcium-

calcineurin pathway. The activation of PLCγ by RANK requires protein tyrosine kinase 

Syk and other costimulatory signal receptors, triggering receptor expression in myeloid 

cells-2 (TREM2) and osteoclast associated receptor (OSCAR) (Barrow et al., 2011, 

Mocsai et al., 2004). These receptors recruit and activate two additional adaptor proteins, 

Fc receptor common ϒ subunit (FcRγ) and DNAX activating protein 12 (DAP12), by 

phosphorylation at immunoreceptor tyrosine-based activation motifs (ITAMs) within 

these proteins, leading to subsequent downstream signalling (Koga et al., 2004).  Notably, 

NFATc1 deficient and FcRγ/DAP12 double deficient mice exhibit severe osteopetrosis 

owing to impaired osteoclast formation, demonstrating the essential roles of NFATc1 and 

costimulatory ITAM signalling in osteoclast differentiation (Aliprantis et al., 2008, 

Asagiri et al., 2005, Koga et al., 2004).  

 

1.2.2.2 Negative Regulation of Osteoclast Formation 

Osteoprotegerin 

RANK signalling is tightly regulated by osteoprotegerin (OPG). OPG is secreted by many 

cell types including osteoblast lineage cells and binds to RANKL as a decoy receptor that 

prevents RANKL interaction with RANK, thus negatively regulating osteoclast 

formation (Simonet et al., 1997). The balance in RANKL to OPG ratio is crucial for the 

control of osteoclast numbers, thus OPG-deficient mice exhibit decreased bone mass due 

to unopposed RANKL-induced osteoclastic bone resorption (Bucay et al., 1998). 

Furthermore, the bone phenotype of these mice can be rescued by intravenous 

administration of recombinant OPG protein (Min et al., 2000). In osteoblasts, OPG 

expression is regulated by similar factors that simultaneously regulate RANKL 

expression. OPG expression is positively regulated by estrogen, transforming growth 

factor-beta (TGF-β), tumor necrosis factor-alpha (TNF-α), and negatively regulated by 

parathyroid hormone (PTH) and glucocorticoids (Theoleyre et al., 2004). OPG 

expression is also regulated by Wnt/β-Catenin and Jagged1/NOTCH1 signalling, two 

important pathways that control osteoblastic lineage commitment of precursor cells, 
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differentiation and bone formation (Bai et al., 2008, Hill et al., 2005). In addition to its’ 

function as a decoy receptor for RANKL, recent in vitro findings suggest that OPG 

regulates intracellular RANKL trafficking in osteoblasts and osteocytes, thus controlling 

osteoclast formation by restricting cell surface RANKL presentation to osteoclast 

precursors (Aoki et al., 2010, Honma et al., 2013).  

 

RANKL and IFN-β 

Interestingly, RANKL-RANK signalling also mediates inhibition of osteoclast 

differentiation involving a negative feedback mechanism through the induction of IFN-β 

expression. In osteoclast precursors, RANK induced c-Fos activation increases IFN-β 

expression, which binds to IFN receptors on precursor cells leading to downregulation of 

c-Fos. The physiological importance of this mechanism was revealed when IFN-β or IFN-

receptor deficient mice displayed osteopenia (low bone mass) due to increased osteoclast 

formation and bone resorption (Takayanagi et al., 2002b).  

 

Transcriptional Repressors of Osteoclast Differentiation 

There are also other constitutive mechanisms that inhibit osteoclast lineage progression. 

For instance, in osteoclast precursor cells, B-cell lymphoma 6 (Bcl-6) is recruited to 

osteoclast related gene promoters such as NFATc1, Cathepsin K and DC-STAMP, and 

functions as a transcription repressor which inhibits osteoclast formation (Miyauchi et al., 

2010). RANK and NFATc1 activation results in the expression of B lymphocyte induced 

maturation protein 1 (Blimp-1), a transcriptional repressor of anti-osteoclastogenic genes 

Bcl-6, interferon regulatory factor-8 (IRF-8), and v-maf musculoaponeurotic 

fibrosarcoma oncogene family protein B (MafB), thus promoting osteoclast 

differentiation through the down regulation of these transcriptional repressors (Nishikawa 

et al., 2010). Osteoclast-specific deletion of Blimp-1 results in osteopetrosis due to 

upregulation of Bcl-6 and an impairment of osteoclastogenesis (Nishikawa et al., 2010). 

On the other hand, Bcl-6 knockout mice develop severe osteoporosis due to increased 

osteoclast formation and bone resorption (Miyauchi et al., 2010). Thus RANK and 

NFATc1 signalling not only controls osteoclast differentiation by inducing the repression 

of negative regulators, but also promotes the expression of positive osteoclastogenic 

regulators.  
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1.2.3 Osteoclastic Bone Resorption 

Once formed, osteoclasts have the ability to resorb mineralized bone. Bone resorption 

takes place early in life as part of bone modelling, or later in adult life as part of bone 

remodelling (Mellis et al., 2011). As shown in Figure 1.3, this dynamic process occurs 

in four sequential stages: (1) attachment of osteoclast to the bone surface; (2) membrane 

polarisation; (3) degradation of bone matrix, and lastly, (4) the transportation of degraded 

bone matrix products (Mellis et al., 2011, Xu et al., 2007). The precise control of bone 

resorption at these stages is essential for the maintenance of bone quality and quantity.  

 

1.2.3.1 Recruitment of Osteoclast Precursors to the Remodelling Site 

Before bone resorption can take place, osteoclast precursor cells must first be recruited 

to the bone surface and differentiate into mature osteoclasts. Osteoclast precursor cells 

circulate in the blood and are attracted to the BMU by chemokines such as stromal-cell 

derived factor-1 (SDF-1, also known as CXCL12) and sphingosine-1 phosphate (S1P) 

(Yu et al., 2003, Ishii et al., 2009). SDF-1 is highly expressed by osteoblastic and vascular 

endothelial cells in the bone, and binds to its receptor CXCR4 on osteoclast precursors 

(Wright et al., 2005). The local concentration of SDF-1 increases in the bone marrow to 

attract osteoclast precursors to the remodelling site. Besides SDF-1, mobilization of 

osteoclast precursors can also be mediated by S1P, a biologically active lysophospholipid 

enriched in blood. Osteoclast precursors express two S1P receptors, S1PR1 and S1PR2, 

and signalling through these receptors has opposing effects. S1PR1 signalling leads to the 

egress of precursor cells from the bone marrow to the blood, whereas S1PR2 signalling 

chemo-attracts them back into the marrow (Ishii et al., 2009, Ishii et al., 2010).  

Once recruited to the remodelling site, osteoclast precursor cells fuse to form 

multinucleated giant cells capable of resorbing bone. Cell fusion is regulated by genes 

induced by RANK and NFATc1 signalling such as DC-STAMP, OC-STAMP and 

ATP6V0D2 (Lee et al., 2006, Yagi et al., 2005). 
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Figure 1.3 Stages of osteoclastic bone resorption. (1) The bone resorption process is 

initiated by the recruitment of osteoclast precursors to the site of bone remodelling and 

differentiation of these cells into mature osteoclasts. (2) Osteoclast attachment to the bone 

surface is mediated via actin microfilaments and αvβ3 integrins. The osteoclast then 

undergoes membrane polarisation through the formation of intracellular acidified vesicles 

(AV). (3) These vesicles fuse to the bone-facing surface to create a ruffled border (RB) 

and are enriched with v-ATPase proton pumps (VP). The sealing zone (SZ) seals off the 

acidic microenvironment where the osteoclast releases matrix degrading enzymes (MDE) 

to degrade the bone matrix. Degraded bone matrix products are endocytosed and 

transported via transcytotic carrier vesicles (TCV) from the RB to the functional secretory 

domain (FSD) and released into the extracellular environment. (4) Once the osteoclast 

has completed its resorptive activity, it detaches and moves to a new resorption site or 

undergoes apoptosis (Figure adapted from Xu et al., 2007). 

 

 

 

 

 

 

 

 



Chapter One: Bone Biology 

29 

1.2.3.2 Osteoclast Attachment and Polarisation 

To initiate resorption, osteoclasts form tight attachment to the bone matrix, effectively 

sealing off the compartment where resorption occurs. They develop integrin-mediated 

adhesion structures called podosomes that are reorganised into densely packed ring 

structures called the sealing zone (Luxenburg et al., 2007). These structures are highly 

dynamic and can assemble and dissemble rapidly. Podosomes are formed by a core of 

actin filaments, integrins, vinculin, talin and F-actin associated proteins including 

cortactin, gelsolin, Wiskott-Aldrich syndrome protein (WASP) and actin-related protein 

2/3 (ARP2/3) (Jurdic et al., 2006).  

Integrins play an important role in osteoclast attachment to the bone matrix. 

Osteoclasts bind to collagen through β1 integrin, whereas RGD (Arg-Gly-Asp)-

containing bone matrix proteins such as osteopontin and bone sialoprotein are bound 

through β3 integrin (Helfrich et al., 1992, Helfrich et al., 1996). Alpha-V Beta-3 (αvβ3) 

integrin, is the most abundantly expressed integrin complex in osteoclasts and deletion of 

the β3 subunit in mice abrogates cytoskeletal organisation and bone resorption, leading to 

osteopetrosis (Davies et al., 1989, McHugh et al., 2000, Nakamura et al., 1999). αvβ3 

integrin mediates podosome organisation through the formation of a signalling complex 

consisting of c-Src, proline-rich tyrosine kinase 2 (Pyk2), casitas B-lineage lymphoma 

(c-Cbl), Syk, paxillin and crk-associated substrate (CAS) family member p130cas (Zou et 

al., 2007, Zou and Teitelbaum, 2010). c-Src phosphorylates a number of proteins involved 

in actin polymerisation and podosome formation including cortactin, gelsolin (De Corte 

et al., 1997, Tehrani et al., 2006), and also activates Syk, which leads to cytoskeletal 

reorganisation by promoting the sequential activation of Vav3, Rac and Cdc42 (Faccio et 

al., 2005, Itzstein et al., 2011). Mice with c-Src deficiency display an osteoclast-rich 

osteopetrotic phenotype with osteoclasts lacking podosomes (Destaing et al., 2008, 

Miyazaki et al., 2004). It is recently reported that Kindlin-3 deletion in mice resulted in 

severe osteopetrosis (Schmidt et al., 2011). Osteoclasts from these mutant mice fail to 

activate β integrins and severely lacked podosomes and bone resorbing activity. These 

studies clearly demonstrate the importance of integrin signalling for osteoclast attachment 

and resorption. 

Another prominent feature of the polarized osteoclast is the ruffled border, formed 

by the fusion of lysosomal vesicles to the plasma membrane facing the bone, to allow the 

delivery of resorption components to the resorption lacuna (Coxon and Taylor, 2008). 

These vesicles contain cathepsin K, v-ATPase and chloride channel CLC-7, and 
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trafficking of these vesicles is regulated by RAB GTPases such as Rab7, Rab3D and its 

interacting partner Tctex-1 (Pavlos et al., 2011, Pavlos et al., 2005, Zhao et al., 2001). 

The fusion of vesicles to the ruffled membrane is also promoted by the calcium sensor 

protein, synaptotagmin VII, since osteoclasts lacking this family of proteins display 

defects in ruffled border formation and cathepsin K exocytosis (Zhao et al., 2008). 

Furthermore, the formation of the ruffled border requires c-Src, as c-Src deficient 

osteoclasts fail to polarize on bone matrix (Boyce et al., 1992). 

 

1.2.3.3 Degradation of Bone Matrix  

Resorption of the mineralized bone matrix involves the dissolution of hydroxyapatite, 

followed by the degradation of the organic matrix that consists largely of type I collagen.  

The dissolution of the mineral matrix occurs by extracellular acidification of the 

resorptive lacuna. This process is first initiated by carbonic anhydrase, which catalyses 

the conversion of H20 and CO2 into H+ and HCO3
-, to generate the intracellular source of 

protons (Riihonen et al., 2007). Consecutively, the removal of HCO3
- and influx of Cl- 

anions occurs via the Cl-/HCO3
- exchanger on the basolateral membrane (Schlesinger et 

al., 1997). To maintain intracellular electroneutrality, the expulsion of H+ and Cl- ions 

into the resorptive lacuna is facilitated by the combined actions of V-ATPase proton 

pump and chloride anti-porter CLC-7 (Mattsson et al., 1994, Blair et al., 1989, Kornak et 

al., 2001). This results in the acidification of the resorptive microenvironment, lowering 

the pH to ∼4.5, sufficient to remove the mineral phase and activate acid proteases 

involved in organic matrix degradation.  

In mammalian cells, the ubiquitously expressed V-ATPase plays a central role in 

the maintenance of intracellular pH homeostasis, and in the context of the osteoclast, to 

conduct the specialized function of extracellular acidification of the resorptive lacuna 

(Toei et al., 2010, Qin et al., 2012, Xu et al., 2007). The V-ATPase is structurally 

analogous to the F1F0-ATP synthase, but uses ATP hydrolysis to generate proton 

gradients across the membrane (Saroussi and Nelson, 2009). It consists of a cytoplasmic 

V1 domain (containing subunits A-H) and an integral V0 domain (containing subunits a, 

c, c”, d, e, and accessory subunits Ac45 and M8.9). No particular subunit or isoform of 

the V-ATPase complex is cell-specific to the osteoclast, although, the V0 a3 and d2 

subunits and V1 B2 and C1 subunits are highly upregulated during osteoclast 

differentiation (Feng et al., 2009b, Lee et al., 1996, Lee et al., 2006, Li et al., 1999). The 



Chapter One: Bone Biology 

31 

a3 subunit is encoded by ATP6V0A3 or TCIRG1 and in humans, loss of function 

mutations are observed in patients with autosomal recessive osteopetrosis, due to 

impaired osteoclast acidification and bone resorption (Frattini et al., 2000, Kornak et al., 

2000). In mice, the knockout of V-ATPase a3 subunit results in development of severe 

osteopetrosis (Li et al., 1999), whereas the deletion of the d2 subunit leads to only mild 

osteopetrosis as a result of smaller osteoclasts, that are still able to resorb bone albeit to a 

lesser extent (Lee et al., 2006). Furthermore, recent in vitro studies have demonstrated 

additional roles of the accessory subunit Ac45 in the regulation of V-ATPase trafficking, 

acidification and bone resorption in osteoclasts (Feng et al., 2008, Qin et al., 2011, Yang 

et al., 2012). However, its physiological role has yet to be established in vivo.  

Following demineralization of the bone matrix, osteoclasts secrete a broad range 

of proteases to degrade the organic matrix including cathepsin K, MMPs and TRACP 

(Henriksen et al., 2006). Cathepsin K, a lysosomal cysteine protease, hydrolyses the 

proteolytic cleavage of type I collagen, whereas the role of TRACP in bone resorption is 

not clearly defined (Saftig et al., 1998). Some studies have shown that TRACP is 

converted into an ATPase upon trypsin/cathepsins cleavage and its’ potential substrates 

include TGF-β receptor interacting protein (TRIP-1) and osteopontin (OPN) (Mitic et al., 

2005, Hayman and Cox, 2003, Sheu et al., 2003). On the other hand, the essential role of 

cathepsin K in bone resorption is well supported by knockout mice and genetic studies. 

Mutations in the cathepsin K gene (CTSK), are observed in the human disease 

pycnodysostosis, a lysosomal storage disorder characterized by short stature and bone 

fragility (Fujita et al., 2000). Likewise, cathepsin K deficient mice develop osteopetrosis 

due to impaired organic bone removal, although demineralization of bone matrix was 

unaffected (Saftig et al., 1998), suggesting that acidification alone is sufficient for the 

removal of hydroxyapatite.  

Osteoclasts also express high levels of MMP-9 and MT1-MMP (MMP-14), which 

are localised to the ruffled border and implicated in cell migration and bone resorption 

(Andersen et al., 2004, Sato et al., 1997). In vivo, MT1-MMP is localized to the sealing 

zone of osteoclasts, however its role in bone resorption is not clearly defined (Sato et al., 

1997).  Nonetheless, studies have identified that MT1-MMP is required for myeloid cell 

mobility and fusion through the regulation of Rac1 and p130cas (Gonzalo et al., 2010), 

and more recently, in the involvement of osteoclast migration via CD44 mediated pro-

MMP9 activation (Chellaiah and Ma, 2013). Surprisingly, MMP-9 deficient mice did not 

show impairment of bone resorption, but rather, displayed defects in bone modelling, 
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cartilage angiogenesis, and fracture repair (Colnot et al., 2003). The roles of other MMPs 

in osteoclastic bone resorption are still poorly understood. 

Bone resorption creates large amounts of degraded collagen fragments, calcium 

and phosphate which are endocytosed by osteoclasts and transported to the functional 

secretory domain and released into the circulation (Mulari et al., 2003, Nesbitt and 

Horton, 1997, Salo et al., 1997).  Cathepsin K and TRACP are similarly endocytosed 

from the resorption lacuna, and together, these enzymes continue to degrade broken down 

collagen fragments during the transcytosis process (Ljusberg et al., 2005, Yamaza et al., 

1998).  

 

1.2.3.4 Termination of Resorption and Cycling of the Osteoclast 

Once the osteoclast has completed its resorptive activity, the cell depolarises and either 

migrates to a new resorption site, or undergoes apoptosis. Osteoclast migration is 

regulated by the extracellular matrix and by the cells dynamic ability to disassemble and 

reassemble their podosome structures rapidly (Luxenburg et al., 2007). However, the 

exact signals that halt resorption and initiate migration or apoptosis are still poorly 

understood. 

It has been suggested that high concentrations of extracellular calcium liberated by 

osteoclast activity causes an increase in intracellular calcium, which disrupts cell 

polarization and induce mobility or apoptosis (Miyauchi et al., 1990). The extracellular 

matrix itself may also play a crucial role in osteoclast attachment and migration. For 

instance, dephosphorylated osteopontin stimulates osteoclast migration through integrins 

and CD44 (Chellaiah and Hruska, 2003).  

Estrogen also plays an important role in bone resorption through direct and 

indirect mechanisms (Khosla et al., 2012). Recent reports by Nakamura et al. and Martin-

Millan et al. have demonstrated that deletion of estrogen receptor-alpha (ERα) in mature 

osteoclasts resulted in decreased trabecular bone mass in female mice, due to an increase 

in osteoclast numbers (Martin-Millan et al., 2010, Nakamura et al., 2007). The elevated 

numbers were caused by increased osteoclast lifespan due to diminished expression of 

Fas ligand. In addition to the direct effects on restricting osteoclasts survival, estrogen 

also regulates osteoclast activity indirectly, through the suppression of RANKL, and 

increased OPG production by osteoblasts, T and B cells (Hofbauer et al., 1999, Lindberg 

et al., 2001).  It is also suggested that calcitonin, a hormone released by the thyroid 
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parafollicular C-cells in response to elevated circulating calcium levels, binds to 

calcitonin receptors on mature osteoclasts to inhibit their activity (Hattersley and 

Chambers, 1989).  

Since excessive osteoclastic bone resorption is associated with diseases such as 

osteoporosis and rheumatoid arthritis, several pharmacological agents have been 

developed to limit bone resorption for the treatment of these osteolytic diseases. Nitrogen-

free bisphosphonates induce osteoclast apoptosis, in part, via the inhibition of the 

mevalonate pathway and promoting caspase 3 activity (Rogers et al., 2011). Similarly, 

Denosumab, an antibody that binds and inhibits RANKL, blocks the binding of RANKL 

to RANK and promotes osteoclast apoptosis (Hanley et al., 2012). On the other hand, 

nitrogen-containing bisphosphonates and Odanacatib, a cathepsin K inhibitor, blocks 

bone resorption without inducing osteoclast apoptosis (Helali et al., 2013, Rogers et al., 

2011). There is an increasing need to uncover new therapeutic targets for the development 

of anti-resorptive drugs. Hence, the continued study of the precise mechanisms that 

regulate bone resorption remains highly significant in bone biology and in the 

development of anti-resorptive therapies.    

 

1.3 Osteoblasts 

 

1.3.1 Features of Osteoblasts 

Osteoblasts are primary bone forming cells that produce numerous extracellular proteins, 

including osteocalcin, alkaline phosphatase and type-I collagen (Ducy et al., 2000). This 

collagen rich matrix is known as osteoid which subsequently becomes mineralized 

through the accumulation of calcium phosphate in the form of hydroxyapatite crystals. In 

vivo, osteoblasts are best observed at the periosteal surface of cortical bone. At this region, 

osteoblasts appear to be cuboidal in morphology and are in direct contact with the bone 

surface. Pre-osteoblasts and their mesenchymal progenitors can be found in between 

mature osteoblasts and the outermost layer of the periosteum (Dudley and Spiro, 1961).  

Similar to resorbing osteoclasts, active osteoblasts are also polarized cells where a part of 

the cell is in direct contact with the bone surface with many cytoplasmic processes 

extending into the underlying osteoid (Dudley and Spiro, 1961). By contrast, the opposite 

surface of the cell facing the marrow contains fewer processes. Osteoblasts contain 

abundant mitochondria and an enlarged golgi apparatus, consistent with the capacity to 
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secrete large amounts of extracellular proteins. In vitro, osteoblasts are indistinguishable 

from fibroblasts however, a clear distinction between these two cell types is the ability of 

osteoblasts to form mineralized extracellular matrix (Ducy et al., 2000).  

 

1.3.2  Differentiation of Osteoblast Lineage Cells  

During vertebral development, bone is generated in two distinct processes: 

intramembranous or endochondral ossification (Mackie et al., 2008). These two processes 

are responsible for forming different parts of the skeleton. Intramembranous ossification 

is limited to certain parts of the skeleton including the flat bones of the skull, clavicles 

and mandible. This process involves the condensation of mesenchymal progenitors and 

the direct differentiation of these cells into osteoblasts. On the other hand, the rest of the 

skeleton bone is formed by endochondral ossification, which involves an initial cartilage 

template being subsequently replaced by osteoblasts (Ducy et al., 2000). Osteoblasts 

continue to form after birth, although the origin of osteoblast progenitors in postnatal life 

is poorly understood. Nonetheless, in humans and mice, mesenchymal progenitor cells in 

the bone marrow have been identified base on their multipotent ability to differentiate 

into adipocytes, chondrocytes and osteoblasts when cultured under certain in vitro 

conditions (Bianco et al., 2001, Owen and Friedenstein, 1988, Pittenger et al., 1999).   

Many factors that govern the number of osteoblasts also play direct roles in bone 

formation (Canalis, 2005). These factors include the recruitment and proliferation of 

mesenchymal precursor cells, the differentiation of these precursors to osteoblasts and 

the apoptosis of mature osteoblasts. As an alternate fate, a subset of mature osteoblasts 

can differentiate into quiescent bone lining cells or become entombed in the newly formed 

osteoid and differentiate into osteocytes (Canalis, 2005).  

Osteocytes are star-shaped cells that occupy distinct lacunae in the mineralized 

bone matrix. Osteocytes display dendritic processes that allow communication with other 

osteocytes, osteoblasts and osteoclasts via a vast canalicular network (Aarden et al., 

1994). Osteocytes account for approximately 95% of all bone cells in the mature bone 

tissue and form an extensive network with each other (Bonewald, 2011). This network of 

osteocytes play an important role in mechanotransduction, sensing and responding to 

structural defects in the bone matrix and coordinating the functions of osteoclasts and 

osteoblasts, thereby regulating skeletal homeostasis (Bonewald, 2011). As such, 
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osteocytes also produce a range of proteins that regulate the differentiation and function 

of osteoclasts and osteoblasts, including RANKL, OPG and sclerostin.  

 

1.3.3 Transcription Factors Involved in Osteoblast Differentiation 

The differentiation of osteoblasts requires the activity of specific transcriptional factors, 

including sex determining region-Y-box 9 (SOX9), runt-related transcription factor 2 

(RUNX2), osterix (OSX) and activating transcription factor 4 (ATF4) (Ducy et al., 2000, 

Capulli et al., 2014). As depicted in Figure 1.4, these transcriptional factors are expressed 

at distinct stages of osteoblast lineage cell differentiation and control the expression of 

osteoblast-related genes. 

RUNX2 is considered a master gene regulator of osteoblast differentiation, as 

demonstrated by the fact that Runx2-deficient mice displayed a complete lack of bone 

formation owing to arrested osteoblast differentiation (Komori et al., 1997). In humans, 

inactivating mutations in RUNX2 have been identified in Cleidocranial dysplasia, an 

autosomal-dominant disorder characterized by dramatic skeletal abnormalities in bones 

formed by intramembranous ossification (Lee et al., 1997). It was also identified that 

RUNX2 binds to the promoter and upregulates the expression of osteoblast-related genes 

such as Osteocalcin (BGLAP), Bone sialoprotein (BSP). Osteopontin (OPN) and type-I 

collagen (COL1A1) (Ducy et al., 1997). However, the overexpression of RUNX2 in 

osteoblasts severely reduced osteocalcin expression and inhibited their maturation, 

resulting in osteopenia (Liu et al., 2001). Moreover, the overexpression of Runx2 in 

murine fibroblasts induced the expression of other osteoblast-related genes such as 

COL1A1 and BSP (Zhao et al., 2005). Similarly, the overexpression of Runx2 in human 

mesenchymal stem cells also stimulated osteoblast differentiation in vitro with increased 

expression of alkaline phosphatase (ALP) and osteocalcin (Lee et al., 2011). Thus, 

RUNX2 is crucial for the commitment of mesenchymal progenitor cells towards the 

osteoblast lineage, and also appears to be critical for osteoblast function. 

Osterix is a transcription factor discovered as a BMP2 inducible gene (Nakashima 

et al., 2002). OSX contains three C2H2-type zinc fingers and activates BGLAP and 

COL1A1 genes. It is essential for osteoblast differentiation and its deletion in mice results 

in complete absence of endochondral and intramembranous bone formation, despite 

normal expression of RUNX2 (Nakashima et al., 2002). The expression of OSX is also 

abolished in RUNX2 deficient mice, hence, OSX acts downstream of RUNX2 to induce  
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Figure 1.4 The different stages of osteoblast lineage cell differentiation. 

Mesenchymal progenitor cells that give rise to osteoblasts and chondrocytes express 

transcription factors SOX9 and RUNX2. OSX is activated downstream of RUNX2 and 

acts with ATF4 to promote the expression of osteoblast-related genes including alkaline 

phosphatase (ALP), type-I collagen (COL1A1), osteopontin (OPN) in immature 

osteoblasts and, bone sialoprotein (BSP) and osteocalcin (BGLAP) in mature osteoblasts. 

A subset of mature osteoblasts can become osteocytes upon being embedded in the bone 

matrix and express high levels of BGLAP, dentine matrix protein-1 (DMP1) and matrix 

extracellular phosphoglycoprotein (MEPE) (Figure adapted from Long, 2012).  
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osteoblastic differentiation. NFATc1 is also implicated in the regulation of osteoblast 

differentiation by cooperating with OSX (Koga et al., 2005, Winslow et al., 2006). 

Furthermore, OSX is required for postnatal bone growth and differentiation of osteocytes 

(Zhou et al., 2010). 

Activating transcription factor 4 is another important transcription factor in more 

mature osteoblast lineage cells. ATF4 is a substrate of ribosomal protein S6 kinase 

polypeptide 3 (RSK2) and directly regulates the expression of BGLAP, BSP and RANKL 

(Yang et al., 2004). It promotes the transport of amino acid in osteoblasts to ensure proper 

protein synthesis and its inactivation in mice results in decreased bone formation (Yang 

et al., 2004). ATF4 and RSK2 regulates the synthesis of type-I collagen and mice lacking 

neurofibromin in osteoblasts show increased ATF4/RSK2-dependent collagen synthesis 

and bone formation (Elefteriou et al., 2006). In humans, the lack of ATF4 

phosphorylation by RSK2 has been linked with the skeletal phenotype of Coffin-Lowry 

syndrome (Yang et al., 2004). 

These three transcription factors are considered master gene regulators for 

osteoblast differentiation, however, there are other transcription factors important for 

osteoblast lineage progression. These include SOX9, Msh homeobox 2 (MSX2), distal-

less homeobox-5 (DLX5), Twist-1 and -2 (also known as Dermo-1), Special AT-rich 

sequence binding protein 2 (SATB2), tafazzin (TAZ), signal transducer and activator of 

transcription-1 (STAT1) and p53. Collectively, these transcription factors interact with 

RUNX2 to regulate osteoblast differentiation (as reviewed by (Soltanoff et al., 2009, 

Long, 2012)). Moreover, the AP1 family of transcription factors have been shown to 

regulate osteoblast differentiation and function (Dobreva et al., 2006, Jochum et al., 2000, 

Sabatakos et al., 2000, Kenner et al., 2004), however the relationships of AP1 

transcription factors with RUNX2, ATF4 and OSX are still unclear.  

 

1.3.4 Signalling Pathways Involved in Osteoblast Differentiation 

Various signalling pathways have important roles in osteoblasts. These include, 

Hedgehog, Wnt, Notch, TGFβ and Bone Morphogenetic Proteins (BMPs) signalling 

pathways. Illustrated in Figure 1.5, these pathways integrate to provide spatial and 

temporal cues for proper osteoblastic differentiation and function. There are several other 

pathways implicated in the regulation of osteoblasts not covered in this review such as  
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Figure 1.5 Signalling pathways regulating osteoblast differentiation. Osteoblast 

differentiation is regulated by various developmental signals. (A) Hedgehog signalling is 

required for osteoblast differentiation in the endochondral ossification process. Indian 

hedgehog (IHH) binds to Patched homologue 1 (PTCH1) and activates signalling through 

Smoothened (SMO), resulting in the repression of GLI3 and activating GLI2 leading to 

the generation of RUNX2+OSX+ cells. (B) Notch signalling inhibits osteoblast 

differentiation. Following the binding of Notch ligands to Notch receptors, the receptors 

are proteolytically cleaved by γ-secretase complex. This leads to the release of the Notch 

intracellular domain (NICD) where it interacts with Recombination signal binding protein 

for immunoglobulin kappa J region (RBPJ) to activate downstream target genes including 

Hairy and Enhancer of Split (HES) and HES-related with YRPW motif (HEY) – family 

of transcription factors, leading to the inhibition of RUNX2 expression. (C) WNT ligands 

promote osteoblast differentiation. WNT ligands bind to receptors Frizzled (FZD) and 

lipoprotein receptor-related protein -5 (LRP5) or LRP6, leading to the stabilization of β-

catenin that promotes the transition of RUNX2+ cells to RUNX2+OSX+ cells. WNT also 

signals through protein kinase Cδ (PKCδ) to promote the progression of RUNX2+OSX+ 

cells. (D-E) Transforming growth factor-β (TGFβ) and Bone morphogenetic protein 

(BMP) signals through their respective receptors (TGFBR and BMPR) to promote 

osteoblast differentiation and function via the activation of SMAD proteins (Figure 

adapted from Long, 2012).  
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fibroblast growth factor (FGF), PTH, MAPK and the sympathetic nervous system 

pathways (reviewed elsewhere by (Long, 2012, Chen et al., 2012, Zuo et al., 2012)). 

 

1.3.4.1 Hedgehog Signalling 

Hedgehog (HH) proteins (Desert hedgehog, Sonic hedgehog and Indian hedgehog (IHH) 

bind to the receptor Patched homologue-1 (PTCH1) and signals through the 

transmembrane protein smoothened (SMO) (Ingham and McMahon, 2001). During 

skeletal development, IHH signalling regulates gene transcription in osteoblast progenitor 

cells through the activation of GLI family zinc finger-2 (GLI2) and the deactivation of 

GLI3 (Mo et al., 1997). However, the mechanisms linking GLI2 and GLI3 with the 

expression of RUNX2 and OSX are unclear. Of the three HH proteins, IHH is produced 

by prehypertrophic chondrocytes and signals directly to adjacent perichondral osteoblast 

progenitors to promote osteoblast differentiation (St-Jacques et al., 1999). IHH-deficient 

mice display a complete lack of osteoblasts within the endochondral skeleton, however, 

intramembranous osteoblast differentiation was not altered, indicating a redundant role 

of IHH in intramembranous bone formation (St-Jacques et al., 1999). In addition, the 

genetic deletion of SMO from perichondral cells impairs osteoblast differentiation (Long 

et al., 2004). In other genetic studies, the deletion of IHH from growth plate chondrocytes 

resulted in the disruption of the growth plate and trabecular bone loss (Maeda et al., 2007). 

By contrast, the inhibition of HH signalling in mature osteoblasts resulted in increased 

bone mass owing to suppressed osteoclast differentiation and bone resorption (Mak et al., 

2008). Hence, HH signalling appears to promote osteoblast differentiation by preventing 

the differentiation of chondrocytes. 

 

1.3.4.2 Notch Signalling 

The Notch receptors (Notch1 - Notch 4) and their ligands (Jagged 1 (JAG1), JAG2, Delta-

like 1 (DLL1), DLL3 and DLL4) are transmembrane proteins that mediate 

communication between neighbouring cells through direct physical contact (Artavanis-

Tsakonas and Muskavitch, 2010). Upon binding to their ligands, Notch receptors undergo 

two sequential proteolytic cleavages. Firstly, the extracellular domain of the receptor is 

cleaved by metalloproteinase - TNFα Converting Enzyme (TACE), followed by cleavage 

of the transmembrane domain by γ-secretase complex consisting of Presenilin-1 (PS1) 

and PS2 (Edbauer et al., 2003, Donoviel et al., 1999). Consequently, the Notch 
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intracellular domain (NICD) is released from the cell membrane and translocates into the 

nucleus, where it interacts with recombination signal binding protein for immunoglobulin 

kappa J region (RBPJ) to induce the expression of genes such as hairy enhancer of split 

(HES) and HES related with a YRPF motif (HEY) family of transcription factors 

(Schroeter et al., 1998, Honjo, 1996). This family of transcription factors in turn control 

the expression of other genes associated with the regulation of cell fate.   

 Genetic studies in mice have demonstrated that Notch signalling suppresses 

osteoblast differentiation. The inactivation of PS1/PS2 or Notch1/2 in limb bud 

mesenchymal stem cells delayed chondrocyte hypertrophy and enhanced osteoblast 

formation, resulting high bone mass in adolescent mice (Hilton et al., 2008, Kohn et al., 

2012). Consistently, the Notch-target genes HES1 and HEY-like (HEYL) decrease 

RUNX2 transcriptional activity of osteoblast-specific genes (Hilton et al., 2008). In 

Notch-gain of function mice models, transgenic mice expressing NICD under the control 

of the 2.3-kb type-I collagen promoter (committed osteoblasts) developed a severe 

osteosclerotic phenotype, suggesting a defect in osteoblast maturation (Engin et al., 

2008). On the other hand, NICD expression under the control of the 3.6-kb type-I collagen 

promoter (osteoblast progenitors), showed osteopenia due to impaired osteoblast 

progenitor differentiation (Zanotti et al., 2008).  

The loss of function of Notch signalling from the inactivation of PS1/PS2 in 

committed osteoblasts showed an age-related osteoporotic phenotype owning to 

decreased OPG levels and increased osteoclastogenesis (Engin et al., 2008). Furthermore, 

both the overexpression of NICD and the inactivation of Notch1/2 in osteocytes resulted 

in increased bone mass in adult mice, due to enhanced osteoblast numbers and repressed 

osteoclastogenesis, suggesting that notch signalling contributes to non-cell intrinsic 

functions in osteocytes (Canalis et al., 2013a, Canalis et al., 2013b). Together, the effects 

of Notch signalling on osteoblast lineage cells are stage specific. Notch signalling 

maintains the mesenchymal progenitor cell and differentiation potential, whereas in 

committed osteoblasts, Notch signalling is required for osteoblast turnover and also 

regulates osteoclastogenesis during bone remodelling.  

 In humans, gain of function mutations in NOTCH2 causes Hadju-Cheney 

syndrome, characterized by craniofacial anomalies, osteolysis and osteoporosis (Simpson 

et al., 2011, Isidor et al., 2011). Mutations in Notch signalling genes (such as DLL3, 

HES7) can give rise to spondylocostal dysostosis and Adams-Oliver syndrome (Hassed 

et al., 2012). 
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1.3.4.3 WNT Signalling 

The WNT signalling pathways have important roles in the regulation of osteoblast lineage 

cells (Baron and Kneissel, 2013). In the canonical pathway, WNT ligands bind to Frizzled 

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

(LRP5) or LRP6, leading to cytosolic β-catenin stabilization.  This occurs through the 

interruption of the β-catenin “destruction” protein complex, which consists of 

adenomatous polyposis coli, axin and glycogen synthase kinase 3 (GSK3). Stabilized β-

catenin enters the nucleus and stimulates the transcription of WNT target genes together 

with lymphoid enhancer-binding factor-1 (LEF1), T cell factor-1 (TCF1), TCF3 and 

TCF4 (Krishnan et al., 2006).  

 Genetic studies in humans and mice have implicated canonical WNT signalling 

in the regulation of postnatal bone accrual. Loss-of-function mutations in LRP5 cause 

osteoporosis pseudoglioma syndrome (Gong et al., 2001) and patients with this disorder 

have low bone mass and are blind. By contrast, gain-of-function mutations in LRP5 lead 

to a reduction in the interaction of LRP5 with the WNT signalling inhibitor dickkopf 

WNT signalling pathway inhibitor-1 (DKK1) and sclerostin (SOST) resulting in high 

bone mass (Boyden et al., 2002, Ai et al., 2005, Semenov and He, 2006, Ellies et al., 

2006). Similarly, mice with gain-of-function mutations in Lrp5 that causes high bone 

mass in humans also resulted in high bone mass (Kato et al., 2002, Cui et al., 2011). In 

addition, loss-of-function/expression of SOST results in osteopetrotic-like diseases such 

as sclerosteosis and Van Buchem disease (Balemans et al., 2001, Balemans et al., 2002). 

Similarly, mice with deletion of the WNT antagonists DKK1 or SOST showed increased 

bone formation and high bone mass (Morvan et al., 2006, Li et al., 2008), whereas the 

overexpression of these WNT antagonists in mice causes osteopenia (Lin et al., 2009, Li 

et al., 2006b).   

Other animal studies have also revealed the importance of canonical WNT 

signalling in the regulation of bone mass. The role of Wnt ligand Wnt10b in the regulation 

of bone mass has been well characterized by two mice models. Wnt10b-trangenic mice 

showed significantly higher bone mass because of enhanced osteoblastogenesis (Bennett 

et al., 2005). On the other hand, Wnt10b-deficient mice have decreased trabecular bone 

mass and serum osteocalcin (Bennett et al., 2005). The inactivation of Wls (Wntless) (a 

chaperone required for the secretion of WNT proteins) in mature osteoblasts resulted in 

severe osteoporosis because of impaired osteoblast differentiation and bone formation 

(Zhong et al., 2012).  
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The deletion of Lrp5 in mice leads to reduced bone mass due to decreased 

osteoblast proliferation and function (Kato et al., 2002). However, the inactivation of 

Lrp5 specifically in mature osteoblasts or mesenchymal progenitors did not result in any 

bone phenotype (Yadav et al., 2008), whereas, the deletion of Lrp5 in osteocytes resulted 

in less bone (Cui et al., 2011). Hence, LRP5 appears to control bone formation at the level 

of osteocytes. Interestingly, targeted deletion or constitutive activation of β-catenin in 

osteoblasts or osteocytes resulted in decreased or increased bone resorption respectively 

(Holmen et al., 2005, Kramer et al., 2010), and failed to mimic the phenotypes of gain- 

or loss-of-function mutations of Lrp5 in mice. This suggests that β-catenin stabilization 

is not the only event taking place in the canonical WNT signalling pathway. Overall, the 

precise mechanisms through which LRP5 and β-catenin regulates postnatal bone accrual 

is still poorly understood. 

 

1.3.4.4 Transforming Growth Factor-β and Bone Morphogenetic Proteins 

Signalling 

Transforming growth factor-β (TGFβ) and bone morphogenetic proteins (BMPs) have 

essential roles in bone development and maintenance (Chen et al., 2012). TGFβ and BMP 

signals are transduced by the activation of Smad proteins. In TGFβ signalling, TGFβ 

binds to specific type-I and type-II serine/threonine kinase receptors (TGFBR1 and 

TGFBR2) resulting in receptor activation and phosphorylation of receptor regulated-

Smad proteins (Smad 2 or Smad3). Phosphorylated-Smad2/3 forms a complex with 

Smad4 and then translocates into the nucleus to regulated gene expression (Massague, 

2000). Likewise, BMPs signals through their specific type-I and type-II serine/threonine 

kinase receptors (BMPR-I and BMPR-II) and activates Smad1, Smad5 or Smad8, which 

similarly forms a complex with Smad4 to direct transcriptional responses (Cao and Chen, 

2005).   

There are three isoforms of TGFβ (namely TGFβ1, TGFβ2 and TGFβ3), of which, 

TGFβ1 is the most abundant isoform in the bone tissue (Janssens et al., 2005).  TGFβ is 

stored in the latent form in the bone matrix and becomes activated and subsequently 

released from the acidic microenvironment created by resorbing osteoclasts (Tang et al., 

2009, Oreffo et al., 1989). In addition, osteoclasts secrete MMPs (MMP2 and MMP9) 

and cathepsin K, which can proteolytically activate latent-TGFβ (Dallas et al., 2002, 

Oursler, 1994). The active form of TGFβ induces the migration of bone-residing 
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mesenchymal progenitors to the resorption site as an initial step in the coupling process 

of bone resorption to bone formation (Tang et al., 2009). At the cellular level, TGFβ 

regulates the recruitment, differentiation and function of osteoblasts. TGFβ acts as a 

chemoattractant for osteoprogenitors to sites of new bone formation/remodelling and to 

sites of fracture repair (Pfeilschifter et al., 1990, Joyce et al., 1990) and promotes the 

proliferation of these progenitor cells, in part through the degradation of the cell cycle 

inhibitor p57-KIP2 (Kim et al., 2008). Furthermore, TGFβ stimulates bone matrix 

synthesis by regulating the expression of extracellular matrix proteins and enzymes in 

osteoblasts including alkaline phosphatase, type-I collagen, osteocalcin, osteopontin and 

MMP13 (Tang and Alliston, 2013).  

 The important role of TGFβ in postnatal bone accrual has been demonstrated by 

several animal studies. Tgfβ1-deficient mice showed a decreased bone mass and mineral 

content in the hindlimbs due to defects in collagen maturation in the secondary 

ossification centre and cortical bone (Geiser et al., 1998, Atti et al., 2002). Tgfβ2- and 

Tgfβ3-deficient mice displayed different skeletal phenotypes, characterized by defects in 

craniofacial and limb development (Sanford et al., 1997, Proetzel et al., 1995). 

Furthermore, Smad3-deficient mice were osteopenic owing to defects in osteoblast 

differentiation and bone formation (Borton et al., 2001). Recent evidence highlighted 

crosstalk between TGFβ and PTH signals. Qiu et al., showed that TGFBR2 directly 

phosphorylates PTH1 receptor (PTH1R) to modulate the endocytosis and subsequent 

downregulation of PTH signalling in osteoblasts (Qiu et al., 2010). The study also showed 

that the specific inactivation of TGFBR2 in mature osteoblasts in mice resulted in 

increased trabecular and decreased cortical bone mass, similar to the bone phenotype in 

mice expressing constitutively active PTH1R.  

 BMPs belong to the TGFβ superfamily and have extensive roles in bone 

formation. BMPs (namely BMP2, -4, -5, -6 and -7) have potent osteogenic effect. The 

addition of BMP2/4 to osteoblasts cultures in vitro increases osteocalcin expression and 

promotes mineralization (Huang et al., 2010, Noel et al., 2004). In vivo studies 

demonstrated that the loss of both BMP2 and BMP4 resulted in severe defects in 

osteogenesis (Bandyopadhyay et al., 2006). Mice deficient in BMP2 displayed normal 

bone formation but developed spontaneous fractures that did not resolve over time, 

however, the loss of BMP4 alone did not affect limb bone development (Tsuji et al., 

2006). Furthermore, the deletion of BMP7 in mesenchymal lineage cells using a Prx1-

Cre model showed that the absence of locally produced BMP7 had no effects on bone 
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mass and postnatal bone growth (Tsuji et al., 2010), suggesting that BMP4/7 are 

redundant for bone formation.  Recent in vivo findings revealed that BMP2 produced by 

osteoblastic cells is vital for bone vascularization, bone formation and the lineage 

commitment of mesenchymal stem cells into mature osteoblasts (Yang et al., 2013a). 

Similarly, the deletion of SMAD4 in pre-osteoblasts and osteoblasts led to delayed 

differentiation and matrix mineralization through a β-catenin dependant mechanism (Tan 

et al., 2007, Salazar et al., 2013). 

 Other genetic studies have also highlighted differential roles of BMP receptors in 

controlling bone mass. BMPR-II deletion in osteoprogenitor cells through Prx1-Cre did 

not result in a bone phenotype (Kamiya et al., 2008), suggesting redundancy of the type-

II receptor in vivo. Conversely, deletion of BMPR-I (specifically BMPR1A) in 

osteoblasts through Col1-Cre resulted in an unexpected increase in bone mass, owing in 

part to decreased bone formation and to a greater extent, reduced bone resorption through 

altered RANKL-OPG pathway (Okamoto et al., 2011, Mishina et al., 2004).   

To counteract the activities of BMP2 and BMP4, osteoblasts and osteocytes produce 

BMP3, which inhibits BMP signalling and osteoblast differentiation via interactions with 

activin A receptor type IIB (ACVR2B) on osteoprogenitor cells (Kokabu et al., 2012). 

Consistent with the role of BMP3 in bone mass regulation, the loss of BMP3 in mice 

resulted in increased trabecular bone mass and BMP3 transgenic mice showed delayed 

endochondral ossification with spontaneous rib fractures (Daluiski et al., 2001, Gamer et 

al., 2009). These studies suggest that BMP3 functions as a negative feed-back mechanism 

to ensure the proper number of osteoblasts in vivo, however, the cellular mechanism and 

molecular signalling for these phenotypes are not clear. 

 Although much is known about the major signalling pathways in osteoblasts, little 

is known about how ligand proteins and their receptors involved in these pathways are 

regulated via proteolytic modifications. In the next chapter, a family of proteolytic 

enzymes with potential significance in the regulation of osteoclast and osteoblast 

functions will be discussed.
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2.1 Introduction to the Proprotein Convertase Family 

After synthesis, zymogens undergo post-translational modification (PTM) events that 

increases the diversity, activity, localisation and turnover of the modified proteins. The 

process of PTM involves either the addition of modifying groups to amino acids or 

proteolytic cleavage/processing (Mann and Jensen, 2003).  The latter process commonly 

involves the proteolytic cleavage of proteins at specific peptide bonds to generate 

multiple products with divergent functions. These are commonly mediated by a group of 

serine proteases, characterized by the presence of a serine amino acid residue at the active 

site (Hedstrom, 2002). In eukaryotic cells, many precursor proteins 

(proproteins/propeptides) undergo proteolytic processing at basic amino acid residues by 

a family of serine proteases known as Proprotein Convertases (PC), resulting in 

zymogen activation, bioactive products and sometimes inactivation of proteins. PCs are 

responsible for the processing of a broad range of substrates in the regulated and 

constitutive secretory pathways including: growth factors and their receptors, hormones, 

adhesion molecules, bacterial toxins and viral envelope proteins (Seidah and Prat, 2012). 

This important group of proteases are not only vital for the maintenance of cellular 

homeostasis, but also implicated in a diverse array of diseases such as Alzheimer’s, 

arthritis, cancers and infections (Artenstein and Opal, 2011).  

PCs are best characterized by their highly selective and specific cleavage activities 

at basic residues (Arg/R or Lys/K), leading to a minimal consensus recognition sequence 

of (R/K)-X-X-(R/K)↓ (the arrow indicates the cleave site and X corresponds to any 

amino acid residue) found in the majority of PC substrates (Hosaka et al., 1991).  There 

are nine distinct PC members encoded by nine different genes. They share a highly 

conserved catalytic domain (50-70% identity between members), with the greatest 

sequence similarity residing in the active site, composed of Asp – His – Ser residues that 

form the catalytic triad (Thomas, 2002). Figure 2.1 illustrates the multiple domains in 

the primary structure of human proprotein convertases. 

Since the discovery of the first PC back in the 1980’s, a large body of data has 

accumulated over the years describing the enzymatic properties of PCs (Seidah, 2011, 

Roebroek et al., 1986). The first seven members (PC1/3, PC2, furin, PC4, PC5/6, paired 

basic amino acid cleaving enzyme 4 (PACE4) and PC7) are basic amino acid specific 

PCs that are structurally and biochemically similar to bacterial subtilisin and yeast kexin. 
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Figure 2.1 Schematic representation of the structural domains of the human 

proprotein convertases. The nine distinct proprotein convertases (PC) are represented 

by the gene name on the left, encoding for a specific protein (respectively named on the 

right). Each PC possesses an N-terminal signal peptide; an inhibitory prosegment which 

acts as a chaperone and directs protein activation; and a highly conserved catalytic 

domain responsible for the interaction and cleavage of substrates at basic residues. All 

PCs except SKI-1 and PCSK9 contain a P domain that plays a role in enzyme stability. 

Note that PC5 has two alternatively spliced forms, a soluble PC5A and a membrane-

bound PC5B. Other membrane-bound PCs include furin, PC4, PC7 and SKI-1. The C-

terminal domain varies for each PC contributing to their unique cellular localization and 

trafficking patterns. (Figure adapted from Seidah and Prat, 2012). 
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They process proproteins trafficking through the secretory pathway in multiple 

subcellular compartments including: the Golgi, endosomes, immature secretory granules 

and on the cell surface (Seidah et al., 2008). The two remaining PCs (SKI-1 and PCSK9) 

belong to a separate sub-family with distinctively different domain structures.  

PCs are first synthesized as inactive zymogens and undergo an autocatalytic 

processing event in the endoplasmic reticulum (ER) or in immature secretory granules 

(for PC2). This initial processing event generates a heterodimer of the convertase 

molecule with its inhibitory prosegment, which acts as a chaperone aiding protein folding 

and transport of the convertase (Seidah et al., 2008). The heterodimer then exits the ER 

and sorts to specific subcellular compartments (Creemers et al., 1995). This is usually 

followed by a second autocatalytic cleavage event of the prosegment which liberates the 

catalytically active convertase (Anderson et al., 2002). PCs are calcium dependent 

proteases that function within specific pH ranges, this confines their optimal proteolytic 

activity to particular cell compartments that eventually governs their localization patterns 

and substrate specificities (Zhou et al., 1998). Figure 2.2 illustrates the subcellular 

localization of proprotein convertases. 

PC1/3 and PC2 are active in acidic pH environments of immature secretory 

granules and are associated with the activation of substrates in the regulated secretory 

pathway in neuronal and endocrine cells (Shennan et al., 1995). PC1/3 and PC2 often 

collaborate to process substrates including: proopiomelanocortin (also known as 

adrenocorticotropic hormone (ACTH)), β-endorphin, glucagon and insulin. On the other 

hand, all other PCs require neutral to mildly acidic pH for activity. PC4 is expressed 

exclusively in male testicular germ cells and in the ovary in females and prefers the 

consensus cleavage motif K-X-X-R↓ (Basak et al., 1999). The best known PC4 substrates 

are insulin growth factor (IGF) -2 (IGF2) and ADAM proteins. PC5 and PACE4 are 

widely expressed in many tissue types and are unique based on their ability to bind cell 

surface molecules such as tissue inhibitors of metalloproteases (TIMPs) and heparin 

sulfate proteoglycans (HSPGs), hence favouring substrates bound to these surface 

molecules (De Bie et al., 1996, Kiefer et al., 1991, Nour et al., 2005). PC5 consists of two 

different isoforms, soluble PC5A and a larger, membrane anchored PC5B which cycles 

from the cell surface back to the TGN through endosomes (Xiang et al., 2000). PC7 is 

ubiquitously expressed and localizes in lighter subcellular fractions distinct from that of  
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Figure 2.2 Schematic representation of the subcellular localization of proprotein 

convertases. Proprotein convertases are localized to different cellular compartments 

based on their distinctly different C-terminal domains.  Furin, PC5B and PC7 are 

membrane-bound and cycle between the trans-golgi network (TGN) to the cell surface 

through endosomes. Membrane-bound SKI-1 is mostly localized to the cis- and medial-

Golgi. PC1 and PC2 are localized within secretory granules (SG) in the regulated 

secretory pathway. PC5A and PACE4 can be associated with heparin sulfate 

proteoglycans (HSPG) through their cysteine rich domains. PCSK9 is secreted from the 

TGN directly into the extracellular matrix. (Figure adapted from Seidah and Prat, 2012). 
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other PCs (Wouters et al., 1999). PC7 indirectly enhances the processing of pro-epidermal 

growth factor (EGF) and may also be involved in antigen presentation by regulating 

MHC-I degradation (Rousselet et al., 2011, Leonhardt et al., 2010). The third and most 

well studied PC member, furin, will be discussed in further detail below. 

The ubiquitously expressed eighth PC member, SKI-1/S1P does not require a 

basic residue at the substrate cleavage site and cleaves non-basic residues at the C-

terminal end of the recognition motif R-X-(L/V)-(K/F/L)↓ (Toure et al., 2000). SKI-1 

activates membrane-bound transcription factors and proteins in the Golgi apparatus and 

plays major roles in lipid metabolism, cholesterol homeostasis, neuronal guidance and 

ER stress responses (Tassew et al., 2012, Sakai et al., 1998, Brown and Goldstein, 1997, 

Ye et al., 2000). In the context of bone biology, SKI-1 has also been implicated in bone 

formation and will be discussed in further detail below. 

The last member, PCSK9 does not have any known substrates apart from cleaving 

its own propeptide at its internal V-F-A-Q152↓ sequence (Seidah et al., 2003). 

Enzymatically inactive PCSK9 binds to and enhances degradation of the cell surface 

receptor low density lipoprotein receptor (LDLR), which plays a critical role in regulating 

cholesterol and lipid homeostasis (Poirier et al., 2009).  

 

2.2 The Proprotein Convertase Furin  

Furin was first discovered in 1986 by Roebroek et al., as a mammalian homologue of the 

yeast enzyme, Kexin (Roebroek et al., 1986). It is encoded by FUR/PCSK3 located on 

human chromosome 15 and mice chromosome 7, upstream of the fes region (hence the 

name FUR: Fes Upstream Region). Furin is a ubiquitously expressed type-I 

transmembrane protease, localized within the constitutive secretory pathway. Following 

its translation in the endoplasmic reticulum (ER), the inactive furin zymogen gets routed 

to the secretory pathway and loses its signal peptide and becomes N-glycosylated at 

various sites within the catalytic and P-domain. The prosegment acts as an intramolecular 

chaperone to support proper folding of the catalytic domain into an active conformation 

(Creemers et al., 1995). This then allows the autocatalytic cleavage of the prosegment, 

which remains bound to the mature enzyme, acting as an inhibitor and retaining the 

convertase in an inactive state. A second autocatalytic cleavage of the prosegment domain 

occurs once the enzyme reaches the proper acidic pH and calcium concentrations 

(Anderson et al., 2002). This releases the prodomain and the convertase then becomes 
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fully active in the trans-golgi network. The N-terminal P-domain regulates the enzymatic 

activity in a pH and calcium dependent manner (Zhou et al., 1998). The presence of the 

transmembrane domain anchors the protein to the membrane, which allows trafficking to 

the cell surface where it can then be recycled back to the TGN within endosomes, in a 

pathway controlled by signals in the cytoplasmic domain (Wan et al., 1998, Dittie et al., 

1997). As furin cycles between these cell compartments, it encounters and processes its 

specific physiological substrates during their own trafficking to and from the TGN and 

the cell surface. Despite being predominantly intracellular/cell surface bound, furin can 

also be ‘shed’ from the cell and have the potential to act on extracellular substrates 

(Denault et al., 2002).   

Furin best recognizes the amino acid sequence (R/K)-X-X-(R/K)↓P1’-P2’. It 

prefers Arg/R before the cleavage site at P1; and an acidic amino acid (Asp/D or Glu/E) 

after the cleavage site at P1’. Aliphatic amino acids (Ile/I, Val/V or Leu/L) at P2’ are also 

favourable for furin recognition (Seidah, 2011).  

 

2.3 Specificities and Functions of Furin 

The identification of furin-specific substrates remain a challenge because other PC 

members also share the highly homologous catalytic domain and can process similar 

substrates in vitro. Despite the redundancies in substrate-specificity among other PC 

members such as PC5, PACE4 and to a lesser extent PC7, numerous potential furin 

substrates have now been identified (Thomas, 2002, Remacle et al., 2008, Seidah and 

Prat, 2012). Furin has been implicated in the control of developmental programmes as a 

principle convertase of pro- β nerve growth factor (β-NGF) and pro-Notch (Bush et al., 

2001, Lee et al., 2001). Furin also processes several proproteins of the TGFβ family 

including TGFβ1, BMP4 and BMP10 in vitro (Cui et al., 1998, Dubois et al., 2001, Susan-

Resiga et al., 2011). In the case of BMP4 processing, BMP4 and other BMP related 

molecules often contain more than one consensus furin cleavage site. Sequential cleavage 

at these sites suggests fine control of BMP-related signalling molecules by this convertase 

in a method similar to its own enzymatic auto-activation (Cui et al., 2001). Furthermore, 

furin has essential roles in Alzheimer’s disease, by activating ADAM10 and ADAM17, 

which functions as the α-secretase that cleaves β-amyloid precursor (APP) (Buxbaum et 

al., 1998). Furin cleavage is often associated with propeptide activation, however, 

unprocessed forms of certain molecules are biologically active. In certain cases, such as 
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the proproteins for endothelial lipase, MMP2, PCSK9 and fibroblast growth factor 23 

(FGF23), furin-processing of these molecules leads to inactivation (Cao et al., 2005, Liu 

et al., 2010, Benjannet et al., 2006).  

The findings from in vitro studies have highlighted potential physiological 

functions of furin and suggests that the disruption of furin could result in developmental 

abnormalities. Indeed, when furin was disrupted in mice through the inactivation of the 

furin gene Pcsk3, the embryos die at embryonic day 11 (Roebroek et al., 1998). Furin 

deficient embryos displayed multiple developmental abnormalities, particularly a failure 

to undertake axial rotation, and displayed defects in ventral closure needed to form a 

looping heart tube and the primitive gut. The best explanation for these phenotypes was 

the lack of substrate-activation of several key developmental factors which shared 

overlapping expression profiles with furin during embryonic development, such as the 

TGFβ family proteins TGFβ1, BMP4 and BMP10 (Roebroek et al., 1998). These findings 

are in contrast with other PC knockout models, where knockouts of PACE4, PC1/3 and 

PC2 do not result in embryonic lethality (Malfait et al., 2012, Creemers and Khatib, 

2008), thereby suggesting redundancy for these PCs during development. 

To bypass the early lethality of furin-KO mice, floxed-furin mice were engineered 

to better study the physiological role of this convertase in a subset of tissues and adult 

cells. By using the Mx1-Cre inducible knockout system, a liver specific furin knockout 

mouse model demonstrated no overt phenotype, suggesting redundancy with other PCs. 

Typical substrates of furin in the liver such as pro-albumin, pro-α5 integrin and pro-

vitronectin were still processed, although to a lesser extent (Roebroek et al., 2004). By 

contrast, another in vivo study using Pdx1-Cre to drive furin deletion specifically in 

pancreatic β-cells, showed that furin uniquely processed the V-ATPase accessory subunit 

Ac45 (Louagie et al., 2008). Interestingly, these cKO mice displayed decreased insulin 

secretion due to reduced PC2 processing of pro-insulin, thereby highlighting important 

roles of furin in both the constitutive and regulated secretory pathways. Furthermore, 

CD4-Cre driven furin deletion in T cells impaired the function of regulatory and effector 

T cells, which led to a breakdown in immune tolerance due to lack of TGFβ1 activity 

(Pesu et al., 2008). More recently, a cKO mouse model of furin in endothelial cells 

resulted in postnatal lethality due to ventral septal defects of the heart (Kim et al., 2012). 

This study also showed that the processing of growth factors and cytokines necessary for 

cardiogenesis such as pro-endothelin-1, pro-adrenomedullin, pro-TGFβ1 and pro-BMP4 

were impaired in furin-deficient endothelial cells ex vivo.  
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The expression of furin, along with other PC members, is often upregulated in 

several cancers, including non-small-cell lung carcinomas, and squamous-cell 

carcinomas of the head and neck (Mbikay et al., 1997, Bassi et al., 2001). It is likely that 

PC overexpression allows for cancer cell maintenance, proliferation, angiogenesis and 

metastasis, through the processing of tumour-related growth factors and enzymes. The 

aggressiveness of these tumours were correlated with increased activation of pro-MT1-

MMP, and a resultant increase in MMP2-activation that promoted tumour growth and 

vascularization (Sounni et al., 2002). These matrix-degrading enzymes play critical roles 

in extracellular matrix remodelling, favouring increased motility and metastatic spreading 

of cancer cells. Additional key tumour neovascularization factors such as vascular 

endothelial growth factor (VEGF)-C and -D (VEGF-C and –D) and platelet-derived 

growth factor (PDGF) also require proteolytic activation by PCs (Harris et al., 2011). 

Furthermore, growth factors that promote cancer cell survival and proliferation such as 

TGFβ, IGF1 and its receptor IGF1R, are upregulated in colon, breast and prostate cancers, 

and are activated by furin and PC5 (Khatib et al., 2001, Cheng et al., 1997). Inhibition of 

these convertases by a furin inhibitor α1-PDX reduces tumour development in a 

transplanted-tumour mouse model (Khatib et al., 2001).  

Furin also plays important roles in cartilage diseases such as osteoarthritis and 

rheumatoid arthritis (RA) (Malfait et al., 2008, Lin et al., 2012). A recently study by Lin 

et al. showed that furin was highly expressed in the synovial pannus of RA patients and 

also in mice with collagen-induced arthritis, suggesting that furin has protective functions 

in arthritis (Lin et al., 2012). They further verified that systemic furin administration 

protected CIA mice against arthritis, by restoring Treg and Th1/Th2 T cell balance (Lin 

et al., 2012). Besides the activation of matrix-degrading proteases (such as MT1-MMP 

and ADAMTS), furin processing of cytokines such as TGFβ and TNFα, the latter being 

activated by the furin substrate TACE, also contributes to inflammatory responses in RA 

(Dubois et al., 2001, Sanjabi et al., 2009, Srour et al., 2003).  

Bacterial toxins and viral surface glycoproteins also contain basic amino acid sites 

recognized and cleaved by furin and other PCs. Anthrax toxin, Clostridium septicum 

toxin, Pseudomonas exotoxin A, shiga toxin and diphtheria toxins, require proteolytic 

cleavage at these sites for toxin activation (Thomas, 2002). Furin also cleaves HIV-1 

gp160, Ebola virus envelope glycoprotein and avian influenza virus hemagglutinin HA 

proteins (Moulard and Decroly, 2000, Hatta et al., 2001, Neumann et al., 2002). In these 

cases, cleavage of these proteins are a prerequisite for infection and viral replication.  
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2.4 The Roles of Proprotein Convertases in Bone Biology 

Evidence linking PCs in skeletal development have been demonstrated by observations 

of multiple bone morphogenic defects in both PC5/6 and PACE4 -deficient mice 

(Essalmani et al., 2008, Constam and Robertson, 2000). PACE4 deficient mice develop 

craniofacial malformations including cyclopia, possibly due to dysregulated Nodal and 

BMP signalling (Constam and Robertson, 2000). Conditional inactivation of PC5/6 in the 

epiblast bypasses embryonic lethality, however, the mice die shortly after birth 

(Essalmani et al., 2008). New-born PC5/6 deficient mice exhibited retarded ossification, 

extra thoracic and lumbar vertebrae and the complete lack of a tail, a skeletal phenotype 

that recapitulates that of mice lacking the TGFβ-family protein growth differentiation 

factor-11 (GDF11) (McPherron et al., 1999). PC5/6 and GDF11 mRNA expressions 

overlap during development and ex vivo analyses revealed that GDF11 was a favourable 

PC5/6 substrate for the presence of an Asn/N amino acid residue after the cleavage motif 

R-S-R-R↓N. Furthermore, recent unpublished work by Hoac et al. revealed that 

osteopontin/OPN is a novel substrate of PC5/6A and that PC5/6 KO embryos displayed 

delayed skeletal mineralization by micro-computed tomography (µCT), possibly due to 

disrupted OPN function (American Society for Bone Mineral Research poster presented 

by Hoac et al. 2013). Human mutations in PCSK5 have been linked with patients 

exhibiting VACTERL (Vertebral, anorectal, cardiac, tracheoesophageal, renal, limb) 

malformations, suggesting important roles for PC5/6 in bone and anorectal development 

(Szumska et al., 2008).  

In the bone, FGF23 is secreted by osteoblasts/osteocytes and plays a central role 

in phosphate and vitamin D homeostasis (Sitara et al., 2004). As briefly mentioned above, 

furin-like processing is required for the inactivation of biologically active intact FGF23 

protein into an inactive C-terminal and N-terminal FGF23 fragment at the consensus site 

R-H-T-R179↓ (Benet-Pages et al., 2004). Mutations in the gene FGF23 that disrupt this 

consensus sequence result in a protein that is resistant to furin cleavage and subsequently 

leads to increased circulating levels of the biologically active form of the protein 

(Bhattacharyya et al., 2012a). These mutations are observed in all patients with 

Autosomal Dominant Hypophosphatemic Rickets (Consortium, 2000). In an intricate 

study conducted by Yuan et al., they showed that systemic administration of the PC 

inhibitor Dec-RVKR-CMK in wild-type mice increased serum FGF23 levels and 

produced phenotypes similar to Hyp-mice (a murine homologue of the human disease X-

linked hypophosphatemia, characterized by renal phosphate wasting, abnormal vitamin 
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D metabolism and defective bone and cartilage mineralization) (Yuan et al., 2013, Liu et 

al., 2006). The authors also found that 7B2 (a chaperone protein that regulates maturation 

and enzyme activity of PC2 mRNA expression was markedly reduced in Hyp-mice and 

further proposed an indirect mechanism linking PC2 activity with FGF23 production in 

osteoblasts in the Hyp-mice model. Through a series of in vitro experiments, they showed 

that decreasing 7B2 activity reduced PC2 mediated pro-BMP1 activation, resulting in 

decreased dentin matrix protein-1 (DMP-1) cleavage and a resultant increase in FGF23 

mRNA expression. Interestingly, pharmacological activation of PC2 by Hexa-D-

Arginine treatment in Hyp-mice normalized FGF23 levels and rescued the Hyp 

phenotype, although the precise mechanisms by which this occurs remains to be 

established. Together the findings from the study suggests that PC2-7B2 activity in 

osteoblasts is an important regulator of FGF23 in the pathogenesis of X-linked 

hypophosphatemia. In this context, it is also worth mentioning that furin indirectly 

regulates PC2 activity by processing its chaperone protein 7B2 (Paquet et al., 1994). The 

initial cleavage of 7B2 protein by furin in the TGN after the sequence R-K-R-R182 

generates a C-terminal peptide that acts as a potent PC2 inhibitor. PC2 is then activated 

within immature secretory granules and in turn proteolytically inactivates the C-terminal 

peptide of 7B2 thereby liberating the active PC2 enzyme (Mbikay et al., 2001). In this 

case, it is possible that furin could indirectly regulate FGF23 levels in a similar PC2-

BMP1-DMP1 dependent mechanism through the processing of 7B2.  

In a series of in vitro studies conducted by Gorski and colleagues, the PC member 

SKI-1/S1P was identified to be involved in osteoblastic mineralization. In an initial screen 

of protease inhibitors, the authors demonstrated that a serine protease inhibitor 4-(2-

aminoethyl)-benzenesulfonyl-fluoride HCL (AEBSF) completely blocked mineralization 

in cultures of osteosarcoma cell line (UMR 106-01) and in primary mouse calvarial 

osteoblasts (Huffman et al., 2007). Processing of bone acidic glycoprotein-75 and bone 

sialoprotein (BSP) were also found to be inhibited by AEBSF treatment. In a follow up 

study, SKI-1 was found to be inhibited by AEBSF, and an active soluble form of this 

convertase was localized within biomineralization foci (sites of initial crystal nucleation) 

in osteoblastic cell cultures (Gorski et al., 2009). Because SKI-1 is required for the 

activation of membrane bound transcription factors such as sterol regulatory element-

binding protein (SREBP) and CREB, SKI-1 inhibition with AEBSF inhibitor or with a 

more specific SKI-1 inhibitor, Dec-RRLL-CMK, resulted in reduced activation of 

SREBP-1, SREBP-2 and cAMP responsive element binding protein 3-like 1 (OASIS) 

(encoded by CREB3L1 gene) and also indirectly blocked the activation of caspase-3 
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(Gorski et al., 2011). Consequently, SKI-1 inhibition decreased the gene expression of 

osteoblast mineralization genes such as Phex, Dmp1, Col11a1 and fibronectin (Gorski et 

al., 2011). Hence, in osteoblasts, SKI-1 is responsible for the transcriptional regulation of 

genes necessary for normal bone mineralization.  

In a different study examining the role of SKI-1 in bone formation, cartilage 

specific SKI-1 KO mice exhibited chondrodysplasia and a complete lack of endochondral 

ossification as a result of altered ER stress response in chondrocytes (Patra et al., 2007).  

A subsequent study where SKI-1 was ablated in postnatal chondrocytes also resulted in 

chondrodysplasia and no endochondral bone formation. However, unlike early 

embryonic ablation of SKI-1, chondrodysplasia was caused by the loss of chondrocyte 

hypertrophy and a cartilage matrix devoid of type-II collagen as a result of increased 

collagen entrapment within growth plate chondrocytes (Patra et al., 2011). These in vitro 

and in vivo studies demonstrate the important roles of SKI-1 in cartilage development and 

bone mineralization through its essential function as a transcriptional regulator in 

osteoblasts and chondrocytes. 

Collectively, this evidence highlight pivotal roles of PCs in bone formation and 

disease, however the role of furin in bone homeostasis has not been explored. This thesis 

will aim to identify specific roles of furin in the regulation of osteoclast and osteoblast 

function.
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3.1 General Hypothesis and Aims 

Bone remodelling is tightly coordinated by the cellular activities of osteoclasts and 

osteoblasts in the bone microenvironment. The osteoclast is the principle bone resorbing 

cell and the osteoblast is responsible for bone formation. Disruptions in the balance 

between bone resorption and bone formation can lead to pathological conditions 

including osteoporosis, osteopetrosis or cause growth deformities. Although the 

coordination of bone remodelling is attributed to bone multicellular signalling networks, 

the precise mechanisms and factors that regulate bone homeostasis are still largely 

unknown. Furin is a proprotein convertase that catalyses the hydrolytic cleavage of a 

broad range of substrate molecules resulting in substrate activation or inactivation. Furin 

has long been known to be essential for cellular function and implicated in a diverse range 

of pathophysiological states, however, there is limited knowledge regarding the role of 

the proprotein convertase furin in bone remodelling. Therefore, the major hypothesis of 

this project was that the proprotein convertase furin is a novel factor involved in the 

maintenance of bone homeostasis. Based on this hypothesis, the major aim of this project 

was to unravel the previously unknown mechanistic contribution(s) of furin and its 

substrates in bone remodelling.  

 

3.2 Specific Hypothesis and Aims 

It is further hypothesized that furin activity is essential for the maturation of specific 

substrates, whose functions are crucial for cellular homeostasis and the coupling activities 

between osteoclasts and osteoblasts during bone remodelling.  

Therefore to test this hypothesis, the further aims of this project were: 

 To examine the effects of furin inhibitors on osteoclast and osteoblast activities 

 To generate and characterise the bone phenotypes of osteoclast-specific and 

osteoblast-specific furin knockout mice 

 To gain insights into the molecular mechanisms by which furin regulates 

osteoclast and osteoblast activities
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4.1 Materials4.1.1 Equipment 

The various laboratory equipment utilized in this study are listed in Table 1. 

 

Table 1. List of laboratory equipment 

Equipment Name / Model 
Manufacturer and Country 

of Manufacture 

A&D® HT500 Compact Digital Scale A&D Engineering Inc., USA 

ATX124 Analytical Balance 
Shimadzu Scientific 

Instruments Inc., USA 

B-28 Incubator BINDER Inc., USA 

Biological Safety Cabinet Class II Gelaire Pty. Ltd., Australia 

BioPhotometer™ Plus Eppendorf AG, Germany 

Centrifuge 5430R Eppendorf AG, Germany 

Centrifuge 5810R Eppendorf AG, Germany 

Digital pH Meter TPS Pty. Ltd., Australia 

Easypet® Electronic Pipette Eppendorf AG, Germany 

Eclipse Ti Fluorescent Microscope with Intenslight C-

HGFIE Precentered Fiber Illuminator 
Nikon Instruments Inc., USA 

ESCO® PCR Cabinet Esco Technologies Inc. USA 

Epson Perfection 3490 Photo Scanner 
Seiko Epson Corporation, 

Japan 

Grant-Bio PV-1 benchtop vortex Thermo Fisher Scientific, USA 

Imagequant LAS 4000 GE Healthcare, USA 

IsoMet® Low speed saw Buehler, USA 

Fume Control System FE2000 
Johndec Engineering Plastics 

Pty. Ltd., Australia 
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Table 1 continued.  

Mastercycler® Pro Thermal Cycler Eppendorf AG, Germany 

MaxQ™ 4450 Benchtop Orbital Shaker Thermo Fisher Scientific, USA 

Micro One TOMY centrifuge Quantum Scientific, Australia 

Milli-Q Integral Water Purification System Millipore Corporation, USA 

Mini-PROTEAN® 3 Cell Assembly Kit Bio-Rad, USA 

Minispin® plus centrifuge Eppendorf AG, Germany 

Mini-Sub® Cell GT system Bio-Rad, USA 

Model 680 Microplate Reader Bio-Rad, USA 

PolarStar Optima Spectrofluorometer  
BMG labtechnologies Pty Ltd., 

Australia 

PowerPac™ HC Power Supply Bio-Rad, USA 

Safe Imager™ 2.0 Blue Light Transilluminator Invitrogen, Australia  

Scanscope XT  Aperio Technologies, Canada 

Senographe DS digital mammography machine 
GE Healthcare, United 

Kingdom 

Skyscan 1176 micro-CT scanner Skyscan, Belgium 

Skyscan 1174 compact micro-CT scanner Skyscan, Belgium 

Sterile-Cycle CO2 Incubator Thermo Fisher Scientific, USA 

Thermomixer® Comfort Eppendorf AG, Germany 

Ti-E inverted motorised microscope with A1Si 

spectral detector confocal system 
Nikon Instruments Inc., USA 

Tissue Processor TP1020 Leica Microsystems, Germany 

Tissue-Tek® TEC III embedding console Miles Scientific, USA 
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Table 1 continued.  

Ultrasonic cleaner UD50SH-2L Eumax Tehnology Ltd., China 

Veriti® 96-Well Thermal Cycler  Applied Biosystems, USA 

ViiA™ 7 Real-Time PCR System Applied Biosystems, USA 

Xplorer® Electronic Pipette (5-100 μl) Eppendorf AG, Germany 

 

 

4.1.2 Chemical Reagents 

The various chemical reagents utilized in this study are listed in Table 2. 

Table 2. List of chemical reagents 

Reagent 
Manufacturer and Country of 

Manufacture 

2-Mercaptoethanol 14.3M Sigma-Aldrich, USA 

2-Ethoxyethanol Sigma-Aldrich, USA 

30% Acrylamide/Bis Solution Bio-Rad, USA 

Agarose Powder Promega Corporation, USA 

Alcian Blue 8GX Sigma-Aldrich, USA 

Alizarin Red S Monohydrate MP Biochemicals Inc., USA 

Aluminium Sulfate Sigma-Aldrich, USA 

Ammonium Persulfate (APS) Bio-Rad, USA 

Bafilomycin A1 Sigma-Aldrich, USA 

Bovine Serum Albumin (BSA) Sigma-Aldrich, USA 

Bromophenol Blue Sigma-Aldrich, USA 

Calcein Sigma-Aldrich, USA 

Chloroform  Sigma-Aldrich, USA 
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Table 2 continued.  

ClearMount™ Mounting solution Invitrogen, Australia 

DPX BDH Laboratory Supplies, England 

Di-Sodium Phosphate (Na2HPO4) Sigma-Aldrich, USA 

Eosin-Y Disodium Salt Sigma-Aldrich, USA 

Ethanol BDH Laboratory Supplies, England 

Ethylene Glycol Sigma-Aldrich, USA 

Ethylenediaminetetraacetic Acid (EDTA) BDH Laboratory Supplies, England 

Fast Red Violet LB salt Sigma-Aldrich, USA 

Formaldehyde Solution Sigma-Aldrich, USA 

Glacial Acetic Acid Sigma-Aldrich, USA 

Glutaraldehyde Solution Thermo Fisher Scientific, USA 

Glycine Sigma-Aldrich, USA 

Glycerol BDH Laboratory Supplies, England 

Haematoxylin Sigma-Aldrich, USA 

Hydrochloric Acid BDH Laboratory Supplies, England 

Methanol BDH Laboratory Supplies, England 

Mono-Sodium Phosphate (NaH2PO4) Sigma-Aldrich, USA 

Naphthol AS-MS Phosphate Sigma-Aldrich, USA 

Nonidet® P40 Substitute (NP-40) Fluka BioChemika, Switzerland 

Nuclease-Free Water Promega Corporation, USA 

Paraformaldehyde  Sigma-Aldrich, USA 

Phloxin B Sigma-Aldrich, USA 

Phenylmethanesulfonylfluoride (PMSF) Roche Diagnostics, Germany 
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Table 2 continued.  

Prolong Gold Antifade Reagent Invitrogen, USA 

Propan-2-ol BDH Laboratory Supplies, England 

Protease Inhibitor Cocktail Roche Diagnostics, Germany 

Skim Milk Powder Standard supermarket brand 

Sodium Acetate Trihydrate Sigma-Aldrich, USA 

Sodium Chloride BDH Laboratory Supplies, England 

Sodium Dodecyl Sulphate (SDS) BDH Laboratory Supplies, England 

Sodium Deoxycholate BDH Laboratory Supplies, England 

Sodium Hydroxide BDH Laboratory Supplies, England 

Sodium Iodate Sigma-Aldrich, USA 

Sodium Orthovanadate (Na3VO4) Sigma-Aldrich, USA 

Sodium Tartrate Dehydrate AJAX chemicals, Australia 

Tetramethylethylenediamine (TEMED) Bio-Rad, USA 

Triton X-100 Sigma-Aldrich, USA 

Trizma Base Sigma-Aldrich, USA 

Trizma Hydrochloride Sigma-Aldrich, USA 

TRIzol® Reagent Invitrogen, Australia 

Tween-20 MP Biochemicals, France 

Xylene Hurst Scientific, Australia 
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4.1.3 Molecular Products 

The various molecular products utilized in protein and mRNA expression analysis 

experiments are listed in Table 3. 

Table 3. List of molecular products 

Molecular Product 
Manufacturer and Country of 

Manufacture 

1 kb DNA ladder Promega Corporation, USA 

100 bp DNA ladder Promega Corporation, USA 

dNTPs (dATP, dGTP, dTTP, dCTP) Promega Corporation, USA 

GoTaq® Green Master Mix Promega Corporation, USA 

GoTaq® qPCR Master Mix Promega Corporation, USA 

Moloney Murine Leukaemia Virus 

Reverse Transcriptase (M-MLV RT) 
Promega Corporation, USA 

M-MLV RT Buffer (5x) Promega Corporation, USA 

Precision Plus Protein™ Standards Bio-Rad, USA 

Proteinase K (20 mg/ml) Thermo Fisher Scientific, USA 

Oligo dT Sigma-Aldrich, USA 

RNasin® RNase Inhibitor Promega Corporation, USA 

SYBR® Safe DNA Gel Stain Thermo Fisher Scientific, USA 
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4.1.4 Antibodies  

The antibodies utilized in western blot and immunofluorescence experiments are listed in 

Table 4. 

Table 4. List of antibodies 

Antibody 
Manufacturer and Country of 

Manufacture 

Anti-mouse Ac45 
Provided by Professor John Creemers 

(University of Leuven, Belgium) 

Anti-mouse β-Actin (JLA-20) 
Developmental Studies Hybridoma Bank. 

USA 

Anti-mouse Cathepsin K Santa Cruz Biotechnology Inc., USA 

Anti-mouse IgG (Fab specific) 

Peroxidase conjugate 
Sigma-Aldrich, USA 

Anti-mouse V-ATPase d2 subunit  
Produced for the Centre for Orthopaedic 

Research, UWA (Feng et al., 2009a) 

Anti-rabbit IgG (whole molecule) 

Peroxidase conjugate 
Sigma-Aldrich, USA 

Hoesht 33258  Molecular Probes, USA 

Rhodamine-conjugated Phalloidin Molecular Probes, USA 
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4.1.5 Tissue Culture Materials and Reagents 

The equipment and reagents utilized in tissue culture experiments are listed in Table 5. 

Table 5. List of tissue culture materials and reagents 

Material / Reagent 
Manufacturer and Country of 

Manufacture 

1α25-dihydroxyvitamin D3 Sigma-Aldrich, USA 

Acridine Orange Sigma-Aldrich, USA 

Β-glycerophosphate Sigma-Aldrich, USA 

Biocoat™ Collagen 1 cellware (6-well 

plate) 
Beckton Dickson Labware, USA 

Cell Dissociation Solution, Non-

enzymatic 
Sigma-Aldrich, USA 

Cell Scraper Sarstedt, Germany 

Collagenase Type II powder Invitrogen, Australia 

Cryopure Cryogenic Vials (1.6ml) Sarstedt, Germany 

Dexamethasone Sigma-Aldrich, USA 

Dimethyl Sulfoxide (DMSO) Sigma-Aldrich, USA 

Falcon Cell Strainer (100 µm) BD Biosciences, USA 

Fetal Bovine Serum Invitrogen, New Zealand 

Furin Inhibitor-I (Decanoyl-RVKR-

CMK) 
Calbiochem, USA 

Furin Inhibitor-II (Hexa-D-arginine) Calbiochem, USA 

Gibco® α-MEM Invitrogen, Australia 

Gibco® DMEM Invitrogen, Australia 

Glass Bottom Culture dish (10 mm with 3 

mm No. 1.5 glass cover slip) 
MatTek Corporation, USA 
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Table 5 continued.  

GlutaMAX™ Invitrogen, Australia 

Hanks’ Balanced Salt Solution (HBSS) Invitrogen, New Zealand 

L-ascorbic Acid Sigma-Aldrich, USA 

Lysosensor™ DND-189 Molecular Probes, USA 

Penicillin/Streptomycin Invitrogen, Australia 

Serological Pipettes (10 ml, 25 ml) Sarstedt, Germany 

Tissue Culture Flask (25 cm2) Nunc, Denmark 

Tissue Culture Flask (75 cm2) Nunc, Denmark 

Tissue Culture Plate (6-Wells) Nunc, Denmark 

Tissue Culture Plate (24-Wells) Corning, USA 

Tissue Culture Plate (96-Wells) Nunc, Denmark 

TrypLE™ Express Invitrogen, Australia 

Trypsin-EDTA (0.25%) Invitrogen, Australia 
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4.1.6 Cytokines  

The various cytokines used in tissue culture experiments are listed in Table 6. 

Table 6. List of cytokines 

Cytokine Source 

BMP2 
Recombinant Human BMP2 from R&D 

systems, USA 

Macrophage Colony Stimulating Factor 

(M-CSF) 

Produced in the Cell Signalling Group, 

School of Pathology and Laboratory 

Medicine, UWA, using conditioned 

media from CMG14-12 cells 

RANKL 

Produced in the Cell Signalling Group, 

School of Pathology and Laboratory 

Medicine, UWA (Xu et al., 2000)  
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4.1.7 Other Materials 

Other products and equipment utilized in this study are listed in Table 7. 

Table 7. List of other materials 

Material 
Manufacturer and Country of 

Manufacture 

Acrodisc® Syringe Filters with Supor® 

membrane (0.2 µm) 
PALL Corp, USA 

Diamond wafering blade, high 

concentration 
Beuhler, USA 

Filter Paper Whatmans International, UK 

Amersham Protran Supported 0.45 μm 

Nitrocellulose Membrane 

GE Healthcare, USA 

 

MicroAmp® Optical 384-Well Reaction 

Plate with Barcode 
Applied Biosystems, USA 

Scalpel Swann-Morton Ltd., England 

Superfrost™ Microscope Slides Thermo Fisher Scientific, USA 

Terumo® Needles (23G) Terumo Corporation, Japan 

Terumo® Syringe (5 ml sterile) Terumo Corporation, Japan 

Transfer Pipettes (2 ml) Sarstedt, Germany 
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4.1.8 Oligonucleotide Primers for PCR Reactions 

Oligonucleotide primers for use in PCR amplification of cDNA were purchased from 

Geneworks, Australia. The primers were shipped in freeze-dried form and were 

reconstituted in Nuclease-Free Water to a stock concentration of 100 µM. Each primer 

pair was designed in Primer-BLAST (Ye et al., 2012), with optimal primer melting 

temperature (Tm) of 60oC.  

 

4.1.8.1 Osteoclast-related Genes PCR Primers 

The PCR primers specific for the amplification of osteoclast-related genes are listed in 

Table 8. 

Table 8. Osteoclast-related genes PCR primers 

Primer Sequence (5’ – 3’) 

Acp5 (TRACP) Forward CAGCAGCCAAGGAGGACTAC 

Acp5 (TRACP) Reverse ACATAGCCCACACCGTTCTC 

Calcr (Calcitonin Receptor) Forward CAGCAATCGACAAGGAGTGA 

Calcr (Calcitonin Receptor) Reverse CGGACTTTGACACAGCAGAA 

Atp6ap1 (Ac45) Forward GGTCGAGTGACCGGAATCTG 

Atp6ap1 (Ac45) Reverse GTACATTACGGGGACCCAGC 

Atp6v0d2 (D2) Froward GTGAGACCTTGGAAGACCTGAA 

Atp6v0d2 (D2) Reverse GAGAAATGTGCTCAGGGGCT 

Ctsk (Cathepsin K) Forward CCAGTGGGAGCTATGGAAGA 

Ctsk (Cathepsin K) Reverse AAGTGGTTCATGGCCAGTTC 

Mmp9 Forward CGTGTCTGGAGATTCGACTTGA 

Mmp9 Reverse TTGGAAACTCACACGCCAGA 

Dcstamp Forward CTTGCAACCTAAGGGCAAAG 

Dcstamp Reverse TCAACAGCTCTGTCGTGACC 
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4.1.8.2 Osteoblast-related Genes PCR Primers 

The PCR primers specific for the amplification of osteoblast-related genes are listed in 

Table 9. 

Table 9. Osteoblast-related genes PCR primers 

Primer Sequence (5’ – 3’) 

Tnfrsf11b (OPG) Forward ACAGTTTGCCTGGGACCAAA 

Tnfrsf11b (OPG) Reverse TCACAGAGGTCAATGTCTTGGA 

Tnfsf11 (RANKL) Forward CATCCCATCGGGTTCCCATAA 

Tnfsf11 (RANKL) Reverse GCAAATGTTGGCGTACAGGT 

Col1a1 Forward CTGGCGGTTCAGGTCCAAT 

Col1a1 Reverse TCCAAACCACTGAAGCCTCG 

Alpl (Alkaline Phosphatase) Forward AACCCAGACACAAGCATTCC 

Alpl (Alkaline Phosphatase) Reverse GCCTTTGAGGTTTTTGGTCA 

Bglap (Osteocalcin) Forward GCGCTCTGTCTCTCTGACCT 

Bglap (Osteocalcin) Reverse ACCTTATTGCCCTCCTGCTT 
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4.1.8.3 Proprotein Convertase Genes PCR Primers 

The PCR primers specific for the amplification of proprotein convertase genes are listed 

in Table 10. 

Table 10. Proprotein convertase genes PCR primers 

Primer Sequence (5’ – 3’) 

Furin real time-PCR Forward CAGAAGCATGGCTTCCACAAC 

Furin real time-PCR Reverse TGTCACTGCTCTGTGCCAGAA 

Furin variant 1 Forward TCCGGAAAAGTTTCCCCGCC 

Furin variant 2 Forward AACTGGAAAGCTACTGCCTGACG 

Furin variant 1 and 2 Reverse CACCAGACAGGTACCACTGC 

Mbtps1 Forward TCGGCGATTGCTGAGAGCCA 

Mbtps1 Reverse GGCCTAGCCCATCATCCAGGGT 

Pcsk1 Forward CCCAGCAAGGCCTGTCACCT 

Pcsk1 Reverse ATTTGGGTTTGCCTCCAAGGCCAG 

Pcsk2 Forward CCCCAGGATAAAGATGGCGCTGC 

Pcsk2 Reverse TTCCTGTGTATCCCAGCTCCCAGG 

Pcsk4 Forward CGTGGCCATCAGACCGTTGGA 

Pcsk4 Reverse GGGGCCGTGCTGTCATGTCC 

Pcsk5 Forward GTGCTACTTGCTCTGGGGCCG 

Pcsk5 Reverse GCTGGAACAGTTCTTGAATCCTGGC 

Pcsk6 Forward CCGCAGAGCACCCATATCGCA 

Pcsk6 Reverse CTCGGGATGGCACACACTGGT 

Pcsk7 Forward AGTTTCCGTAGGGTGGGGGCT 

Pcsk7 Reverse CAGAACAGCAGGCTGGGCTCTC 

Pcsk9 Forward CGACTTCAACAGCGTGCCGGA 
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Table 10 continued.  

Pcsk9 Reverse ACTCCAGGCCTATGAGGGTGCC 

 

 

4.1.8.4 Housekeeping Genes PCR Primers 

The PCR primers specific for the amplification of various housekeeping genes are listed 

in Table 11. 

Table 11. Housekeeping genes PCR primers 

Primer Sequence (5’ – 3’) 

18S Forward ACCATAAACGATGCCGACT 

18S Reverse TGTCAATCCTGTCCGTGTC 

Actb Forward CACCCGCGAGCACAGCTTCTT 

Actb Reverse CCACCATCACACCCTGGTGCCT 

Hmbs Forward CTTGCCAGAGAAAAGTGCCG 

Hmbs Reverse CCAGGACGATGGCACTGAAT 

Hprt Forward CAGTCCCAGCGTCGTGATTA 

Hprt Reverse TGGCCTCCCATCTCCTTCAT 
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4.1.9 Solutions 

A list of solutions and their respective preparation and storage conditions are detailed in 

Table 12. Solutions are stored at room temperature, unless otherwise indicated. 

Table 12. List of solutions 

Solution Composition, Preparation and Storage 

1α25-dihydroxyvitamin D3 

Prepared in 10 μM stock solution in 

ethanol. 

Aliquots stored at -20oC (protected from 

light). 

Acridine Orange  

5 mg acridine orange dissolved in 1 ml 

Milli-Q water. Filter sterilized. 

Stored at 4oC (protected from light). 

Alcian blue staining solution 

3 ml glacial acetic acid, 1 g Alcian blue 

in 97 ml in ddH20.  

Stored at room temperature. 

APS 

10 % (w/v) ammonium persulphate 

dissolved in ddH20.  

Stored at 4oC. 

Bafilomycin A1 
300 µM stock dissolved in DMSO.  

Aliquots stored at -20oC. 

Bromophenol blue 1 % stock prepared in ddH20.  

BSA-PBS 
0.2 % (w/v) BSA dissolved in 1x PBS.  

Filter sterilised and stored at 4oC. 

Collagenase Type-II solution 
2 mg/ml Collagenase Type-II in serum 

free DMEM. Filter sterilized. 
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Table 12 continued.  

dNTPs (dATP, dCTP, dGTP, dTTP) 

100 mM stock solution of each dNTP 

was prepared. 25 % (v/v) of each dNTP 

was combined to give a 25 mM stock of 

combined dNTPs. 

5 nM dNTP was prepared by dilution of 

the 25 mM stock in ddH20.  

Aliquots stored at -20oC. 

EDTA 

14 % (w/v) EDTA diluted in Milli-Q 

water. Adjusted to pH 8 to dissolve 

EDTA and then adjusted to pH 7.4.  

Eosin stain 

Eosin stock solution: 1 % (w/v) Eosin Y 

dissolved in ddH20. 

Phloxine Stock solution: 1 % (w/v) 

Phloxine B dissolved in ddH20. 

Eosin stain working solution: 100 ml 

eosin stock solution, 10 ml Phloxine 

stock solution, 780 ml 95 % ethanol and 

4 ml glacial acetic acid. 

Haematoxylin (Gill’s) 

250 ml ethylene glycol dissolved in 750 

ml in ddH20, 6 g haematoxylin, 0.6 g 

sodium iodate, 80 g aluminium sulfate 

and 20 ml glacial acetic acid. Diluted 1:5 

in ddH20 and filtered before use. 

Mouse Tail-Tip Digestion Buffer 

1 % SDS, 10 mM Tris-HCl pH 7.5, 50 

mM EDTA pH 8, 150 mM NaCl in Milli-

Q water. 
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Table 12 continued.  

Neutral Buffered Formalin (NBF) 

10 % (v/v) formaldehyde solution, 45 

mM Na2HPO4 and 33 mM NaH2PO4 in 

Milli-Q water. 

Paraformaldehyde 
4 % (w/v) paraformaldehyde in 1x PBS.  

Stored at -20oC. 

PBS 

10x PBS stock solution: 70 mM 

Ha2HP04, 30 mM HaH2PO4, 1.3 M NaCl 

dissolved in Milli-Q water. 

1x PBS: 10x PBS stock solution diluted 

1:10 in ddH20 and adjusted to pH 7.4.  

PMSF 
Prepared as stock 17.4 mg/ml in ethanol. 

Aliquots stored at -20oC. 

RIPA Buffer 

50 mM Tris-HCl, 150 mM Sodium 

Chloride, 1% Nonident P-40, 0.5% 

sodium deoxycholate, 0.1 % SDS.  

Adjusted to pH 7.5 and stored at 4oC. 

RIPA Cell Lysis Buffer 

100 ug/ml PMSF, 1x protease inhibitor 

cocktail, 1 mM sodium orthovanadate 

and 500 ug/ml DNaseI mixed in RIPA 

Buffer. Kept on ice and used 

immediately.  

Furin Inhibitor-I (Decanoyl-RVKR-

CMK)  

13.7 mM Furin inhibitor-I stock solution: 

1 mg Furin inhibitor-1 dissolved in 100 

ul sterile DMSO. Aliquots stored at -

20oC. 

Furin Inhibitor-II (Hexa-D-arginine)  

20 mM Furin inhibitor-II stock solution: 

1 mg dissolved in 50 ul sterilized Milli-Q 

water. Aliquots stored at -20oC. 
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Table 12 continued.  

SDS-PAGE Loading Buffer 

4x SDS-PAGE Loading Buffer: 240 nM 

Tris-HCl, pH 6.8, 8 % (w/v) SDS, 40 % 

glycerol, 0.04 % bromophenol blue, 5 % 

β-mercaptoethanol in Milli-Q water. 

Stored at 4oC. 

SDS-PAGE Running Buffer 

10x Stock solution: 25 mM Trizma base, 

1.92 M Glycine and 1% (w/v) SDS. 

1x Solution: 10x stock solution diluted 

1:10 in Milli-Q water.  

Stored at 4oC. 

SDS-PAGE Separating Gel Buffer 
1.5 M Trizma base in Milli-Q water. 

Adjusted to pH 8.8. 

SDS-PAGE Stacking Gel Buffer 
1 M Trizma base in Milli-Q water. 

Adjusted to pH 6.8. 

Sodium Chloride 5 M stock solution in ddH20. 

Sodium Hydroxide  5 M stock solution in ddH20. 

Sodium Vanadate (Na3VO4) 

0.25 M stock solution from Na3VO4 

powder in ddH20. Aliquots stored at -

20oC. 

TAE  

50x TAE stock solution: 2 M Trizma 

base, 5.71 % (v/v) glacial acetic acid and 

50 mM EDTA. 

1x TAE solution: dilution of 50x stock 

solution. 
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Table 12 continued.  

Tris-Buffered Saline (TBS) 

10x TBS stock solution: 0.5 M Trizma 

base and 1.5 M NaCl dissolved in Milli-

Q water and adjusted to pH 7.4. 

1x TBS solution: 10x TBS stock solution 

diluted 1:10 in Milli-Q water. 

TBS-Tween (0.1%) 
1x TBS solution and 0.1 % (v/v) Tween-

20. 

TRACP Stain Solution  

TRACP Stain Solution A: 100 mM 

sodium acetate trihydrate, 50 mM sodium 

tartrate dehydrate and 0.22 % glacial 

acetic acid.  

TRACP Stain Solution: 5 mg Naphthol 

AS-MX dissolved in 250 µl 2-

ethoxyethanol and 30 mg Fast Red-Violet 

LB salt dissolved in 50 ml of TRACP 

Stain Solution A. Adjusted to pH 5. 

Aliquots stored at -20oC. 

Filtered before use. 

Triton X-100/PBS 
0.1 % (v/v) Triton X-100 in 1x PBS.  

Filtered and stored at 4oC. 

Western Blot Membrane Stripping Buffer 

62.5 mM Trizma base and 2 % (w/v) 

SDS dissolved in Milli-Q water and 

adjusted to pH 6.7. 100 mM 2-

mercaptoehtnaol added. 

Heated to 55oC before use. 

Western Blot Transfer Buffer 

25 mM Trizma base, 192 mM Glycine 

and 10 % (v/v) Methanol prepared in in 

Milli-Q water. Stored at 4oC. 
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4.1.10 Commercial Kits 

The various commercial kits utilized in this study are listed in Table 13. 

Table 13. List of commercial kits 

Commercial Kit Supplier 

BCA Protein Assay Kit Pierce Biotechnology Inc., USA 

CrossLaps® (CTX-1) ELISA Immunodiagnostic Systems, Denmark 

Western Lightning Ultra  PerkinElmer, USA 

 

4.1.11 Computer Software 

A list of computer software programs utilized in this study are detailed in Table 14. 

Table 14. List of computer software 

Software Description Supplier 

BioQuant® Osteo 2013 (version: 13.2.60 

ME) 

BIOQUANT® Image Analysis 

Corporation, USA 

CT Analyser (version: 1.13.11.0)  Skyscan, Belgium 

CTvol (version: 2.2.3.0) Skyscan, Belgium 

Dataviewer (version: 1.5.0) Skyscan, Belgium 

ImageJ (version: 1.47) National Institutes of Health, USA 

Microsoft Office 2013 Microsoft, USA 

NIS-Elements Basic Research  

(version: 3.22.14) 
Nikon Instruments Inc., USA 

NIS-Elements C Nikon Instruments Inc., USA 

NRecon (version: 1.6.9.8) Skyscan, Belgium 

ViiA™ 7 software (version 1.2.1) Applied Biosystems, USA 
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4.2 Animal Experimental Design and Methods 

All mice used in this study were bred and housed at the Australian Resource Centre, Perth. 

All animal handling procedures were conducted in accordance with protocols approved 

by the UWA Animal Ethics Committee (AEC No. 3/100/1124).  

 

4.2.1 Generation of osteoclast-specific furin cKO mice 

Osteoclast-specific furin conditional-knockout (cKO) mice (CtskCre/+ Furinfl/fl), termed 

Furin∆OC, were generated by crossing Cathepsin K-Cre knockin mice (Nakamura et al., 

2007) with the floxed-furin transgenic mice (Roebroek et al., 2004) to disrupt the furin 

gene in mature osteoclasts.  

Heterozygous mutant mice of Cathepsin K (Ctsk+/-) have no obvious bone 

phenotype (Gowen et al., 1999, Li et al., 2006a), hence, in this study, CtskCre/+ mice 

(containing one function allele of Ctsk) were used to disrupt the furin gene in mature 

osteoclasts in vivo. The Cathepsin K-Cre knockin mice were provided by Professor 

Shigeaki Kato (Fukushima Hospital, Japan) and maintained on a C57BL/6 background. 

A targeting vector containing Cre recombinase was introduced into the endogenous ATG 

start site of the Ctsk gene in RP23-422n18 BAC clones. Targeted BAC clones were 

subcloned into a pMC1-DTpA vector and electroporated into Embryonic Stem (ES) cells 

and then aggregated with single eight-cell embryos from CD-1 mice. The chimeric mice 

were then backcrossed onto a C57BL/6 background.  

The floxed-furin transgenic mice were provided by Professor John Creemers 

(University of Leuven, Belgium). A targeting vector was introduced to flank exon 2 

(containing the ATG translational initiation site) of the furin gene with LoxP sites and 

electroporated into ES cells before microinjection into C57BL/6 blastocysts. The 

chimeric mice were mated with C57BL6/J mice. The resulting Floxed-furin transgenic 

mice were maintained on a C57BL/6 background. In this study, homozygous LoxP-furin 

mice were used as controls (Furinfl/fl).  Figure 4.1 describes the targeted deletion strategy 

of furin in mature osteoclasts. 
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Figure 4.1 Schematic diagram detailing the knockout strategy of furin in mature 

osteoclasts in mice. Floxed-furin mice are crossed with cathepsin K-Cre mice to generate 

mice with specific deletion of furin in mature osteoclasts (Furin∆OC). 
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4.2.2 Generation of osteoblast-specific furin cKO mice 

Osteoblast-specific furin cKO mice (Ocn-Cre+ Furinfl/fl), termed Furin∆OB, were 

generated by crossing Osteocalcin-Cre transgenic mice (Zhang et al., 2002) with floxed-

furin transgenic mice (Roebroek et al., 2004). The Osteocalcin-Cre transgenic mice, 

which express Cre under the control of the human promoter of osteoblast/early-osteocyte 

marker gene Osteocalcin were provided by Professor Thomas Clemens (John Hopkins 

University, USA) and maintained on a FVB/N background.  Figure 4.2 describes the 

targeted deletion strategy of furin in mature osteoblasts/early-osteocytes. 

 

4.2.3 Fluorochrome labelling of Furin cKO mice 

To assess bone formation rates in vivo, fluorochrome labelling using calcein was 

performed. Eight week old female Furinfl/fl, Furin∆OC and Furin∆OB mice were given two 

intraperitoneal injections of calcein (1 mg/kg), each seven days apart (the first injection 

on day 0 and the second injection of calcein seven days later). The mice were sacrificed 

two days after the second injection. The hindlimbs and calvaria were dissected from the 

mice and fixed in 70 % ethanol and stored in 4oC. 

 For fixed calvaria specimens, the samples were embedded in paraffin wax and 

sectioned (described below in section 4.3.1). The fluorescence was visualized and imaged 

using the Nikon Eclipse Ti fluorescence microscope (Nikon) and the interlabel width 

between double labels was measured using ImageJ software (Rasband, 1997-2014) to 

calculate Mineral Apposition Rate (MAR). The distance between the two labels was 

measured at three points along the bone.  
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Figure 4.1 Schematic diagram detailing the knockout strategy of furin in mature 

osteoblasts/osteocytes in mice. Floxed-furin mice are crossed with osteocalcin-Cre mice 

to generate mice with specific deletion of furin in mature osteoblasts/early-osteocytes 

(Furin∆OB). 
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 4.2.4 Mouse tail tip DNA genotyping 

 Mouse tail tips samples from four week old transgenic mice were digested in 1.5 ml 

centrifuge tubes containing 300 µl of Mouse Tail Buffer and 500 µg/ml of Proteinase K 

at 55oC overnight shaking at 750 rpm. The samples were briefly spun down and 300 µl 

of 100 % Isopropanol was added and mixed thoroughly before centrifugation at 14,000 g 

for 5 minutes. The supernatant was decanted and the DNA pellet was washed with 300 

µl of 70 % Ethanol and centrifuged at 14,000 g for 5 minutes. The supernatant was 

decanted and the pellet was air-dried for 30 minutes. Once dried, the pellet was dissolved 

in 30 µl of Nuclease-Free water and the DNA was immediately used for PCR analyse. 

Genotypes were determined by PCR analyse using the following primers detailed in 

Table 15. 

 

Table 15. Genotyping PCR primers 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Primers Sequence (5’–3’) 

C1 TTATTCCTTCCGCCAGGATG 

C2 TTGCTGTTATACTGCTTCTG 

C3 TAGTTTTTACTGCCAGACCG 

Cre1 CCTGGAAAATGCTTCTGTCCGTTTGCC 

Cre2 GAGTTGATAGCTGGCTGGTGGCAGATG 

P1 GCTGTATTTATTCCGGAGAC 

P2 GTAGTTAGGAGCACATACTG 

P4 AATCTGTTCCCTGCTGAGGA 

O1 CAAATAGCCCTGGCAGAT 

O2 TGATACAAGGGACATCTTCC 
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4.2.4.1 Floxed-furin genotyping 

Primers P1 and P2 were used to amplify DNA fragments from wild type furin (219 bp) 

and floxed furin alleles (311 bp). Primers P1 and primers P4 were used to detect Cre 

recombination resulting in three possible products, floxed furin (1442 bp), wild type furin 

(1258 bp) and inactivated furin allele (322 bp). Each PCR reaction for the genotyping of 

Flox-furin alleles was prepared as follows:  

 

Reagent 
Volume Per 

Reaction (µl) 

DNA 1 

Primer P1 (10 µM) 1 

Primer P2 or P4 (10 µM) 1 

2x GoTaq Green Master Mix 5 

Nuclease-Free water 2 

Total volume 10 

 

4.2.4.2 Cathepsin K-Cre genotyping 

The presence or absence of Cathepsin K-Cre knock-in alleles was analysed using a 

combination of Primers C1, C2 and C3 to produce wild type (135 bp) and knock-in (300 

bp) bands. Each PCR reaction for the genotyping of Cathepsin K-Cre knock-in was 

prepared as follows: 

 

Reagent 
Volume Per 

Reaction (µl) 

DNA 1 

Primer C1 (10 µM) 1 

Primer C2 (10 µM) 1 
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Primer C3 (10 µM) 1 

2x GoTaq Green Master Mix 5 

Nuclease-Free water 1 

Total volume 10 

 

4.2.4.3 Osteocalcin-Cre genotyping 

The presence or absence of Osteocalcin-Cre transgene was analysed with primers O1 and 

O2, which produces a PCR product size of 260 bp band in the presence of the transgene. 

Each PCR reaction for the genotyping of Osteocalcin-Cre transgene was prepared as 

follows: 

 

Reagent Volume Per 

Reaction (µl) 

DNA 1 

Primer O1 (10 µM) 1 

Primer O2 (10 µM) 1 

2x GoTaq Green Master Mix 5 

Nuclease-Free water 2 

Total volume 10 

 

 

4.2.4.4 Cre recombinase genotyping 

The presence or absence of Cre recombinase was analysed with Primers Cre1 and Cre2, 

which produces a PCR product size of 650 bp in the presence of Cre. Each PCR reaction 

for the genotyping of Cre recombinase was prepared as follows: 
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Reagent Volume Per 

Reaction (µl) 

DNA 1 

Primer Cre1 (10 µM) 1 

Primer Cre2 (10 µM) 1 

2x GoTaq Green Master Mix 5 

Nuclease-Free water 2 

Total volume 10 

 

 

4.2.4.5 Genotyping PCR conditions 

The PCR thermal cycler was set at an initial denaturation step at 94oC for 5 minutes, final 

extension step at 72oC for 5 minutes, followed by 4oC indefinitely. In the following 

cycling conditions:   

 

Primers Denaturation Annealing Extension No. of cycles 

P1, P2 and P4 94oC 60 sec 58oC 60 sec 72oC 60 sec 35 

C1, C2, C3, 

O1 and O2 94oC 60 sec 54oC 60 sec 72oC 60 sec 35 

Cre1 and Cre2 94oC 60 sec 62oC 60 sec 72oC 60 sec 35 

 

The PCR products were visualized and analysed by agarose gel electrophoresis (as 

described below in section 4.5.17). 
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4.2.5 Radiographic screening of furin cKO mice 

Twelve week old Furinfl/fl, Furin∆OC and Furin∆OB mice were evaluated by X-ray. Bone 

samples were fixed in 10 % NBF and stored in 70 % ethanol. Radiographic assessment 

of hindlimbs, spine and tail was performed using a Senographe DS digital mammography 

machine at the Sir Charles Gairdner Hospital, Perth. Hindlimbs were imaged using an X-

ray voltage of 22 kV and current of 12.5 mA. The tail samples were imaged at 22 kV and 

10 mA and the spine samples were imaged at a voltage of 25 kV and a current of 14 mA. 

 

4.2.6 Micro computed tomography (µCT) analysis of furin cKO mice 

The hindlimbs were wrapped in tissue and placed in a 1.5 ml microcentrifuge tube and 

scanned in the Skyscan 1176 µCT machine (Skyscan). The distal femur was imaged using 

an X-ray tube voltage of 50 kV and at current of 500 µA with a 0.5 mm aluminium filter. 

The resolution was set to 6.03 µm and 931 tomographic sections were acquired for each 

CT scan. 3D images of the scans were reconstructed in NRecon program (Skyscan).  µCT 

scanning was performed by Dr Jennifer Tickner and Ms Dian Teguh (The University of 

Western Australia). Trabecular bone analysis was performed on the secondary spongiosa 

region (500 µm below the growth plate with a total height of 1 mm towards the mid shaft) 

of the distal femur. Cortical bone analysis was performed in the mid shaft (4 mm below 

the growth plate with a height of 1 mm). 3D analysis of trabecular and cortical bone was 

performed in CT Analyser program (Skyscan). 3D images were generated in CTvol 

program (Skyscan). 

 

4.3 Histology and Bone Histomorphometry 

4.3.1 Tissue decalcification, processing, embedding and microtomy 

The mouse hindlimbs were placed in 5 ml tubes and fixed in 10 % NBF for 24 hours at 

room temperature then washed in 1x PBS. The samples were then decalcified in 14 % 

EDTA and incubated at 37oC for five days prior to paraffin wax embedding. The EDTA 

solution was changed every day. Decalcified samples were washed in 1x PBS overnight. 

Sample embedding and microtomy were performed by Mr Jacob Kenny (The University 

of Western Australia). Decalcified samples were placed in a TP-1020 automatic tissue 

processor (Leica) with the following program: 
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Steps Contents 

Time 

(hours) 

1 70 % Ethanol 1.5 

2 70 % Ethanol 1.5 

3 80 % Ethanol 1.5 

4 95 % Ethanol 1.5 

5 100 % Ethanol 1.5 

6 100 % Ethanol 1.5 

7 Xylene 2 

8 Xylene 2 

9 Paraffin wax (60oC) 2.5 

10 Paraffin wax (60oC) 2.5 

11 Paraffin wax (60oC) 2.5 

 

Tissue embedding was performed in the Tissue-Tek thermal console (Miles 

Scientific). Metal embedding trays were filled with molten paraffin and placed on the 

cryo console. The samples were quickly placed facing downwards in the metal tray to fix 

the position of the bones. Plastic cassettes were placed on top of the cooling samples and 

topped up with molten paraffin. The samples were cooled for 20 minutes and the metal 

trays were removed.  

The bone samples were sectioned using a Leica 2035 microtome. 5 µm thick 

sections were cut and floated on a 37oC waterbath and lifted onto glass slides. The slides 

were dried at 55oC for two hours. Tissue embedding and sectioning was performed by 

staff in the School of Pathology and Laboratory Medicine, The University of Western 

Australia. 
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4.3.2 Haematoxylin and eosin staining of bone sections 

Haematoxylin and eosin stains nuclei purple and connective tissue pink. The slides were 

dewaxed, hydrated, stained and dehydrated in the following solutions:  

Step Contents 

Time 

(minutes) 

1 Xylene 2 

2 Xylene 2 

3 Xylene 2 

4 100 % Ethanol 1 

5 100 % Ethanol 1 

6 100 % Ethanol 1 

7 95 % Ethanol 1 

8 70 % Ethanol 1 

9 Tap water Wash 

10 Haematoxylin 3 

11 Tap water Wash 

12 Scott’s tap water 1 

13 Tap water Wash 

14 70 % Ethanol 1 

15 95 % Ethanol 1 

16 Eosin 1 

17 100 % Ethanol 1 

18 100 % Ethanol 1 

19 100 % Ethanol 1 

20 50:50 Xylene/Ethanol 2 
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21 Xylene 2 

22 Xylene 2 

23 Xylene 2 

 

The stained slides were mounted on coverslips with DPX. 

 

4.3.3 TRACP staining of bone sections 

TRACP staining of bone sections stains osteoclasts purple. The slides were dewaxed, 

hydrated, stained and dehydrated in the following solutions: 

Step Contents 

Time 

(minutes) 

1 Xylene 2 

2 Xylene 2 

3 Xylene 2 

4 100 % Ethanol 1 

5 100 % Ethanol 1 

6 100 % Ethanol 1 

7 95 % Ethanol 1 

8 70 % Ethanol 1 

9 Gently flowing tap water Wash 

10 

TRACP stain and incubate 

at  37oC 60 

11 Gently flowing tap water Wash 

12 Haematoxylin Briefly 

13 Gently flowing tap water Wash 
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TRAP stained sections were mounted with Clearmount aqueous mounting solution 

(Invitrogen) and dried in an oven at 60oC for 45 minutes. 

 

4.3.4 Alcian blue staining of bone sections 

Alcian blue staining method stains cartilage blue. The slides were dewaxed, hydrated, 

stained and dehydrated in the following solutions: 

Step Contents Time (minutes) 

1 Xylene 2 

2 Xylene 2 

3 Xylene 2 

4 100 % Ethanol 1 

5 100 % Ethanol 1 

6 100 % Ethanol 1 

7 95 % Ethanol 1 

8 70 % Ethanol 1 

9 Gently flowing tap water Wash 

10 Alcian blue solution 20 

11 Gently flowing tap water Wash 

12 70 % Ethanol 1 

13 95 % Ethanol 1 

14 100 % Ethanol 1 

15 100 % Ethanol 1 

16 100 % Ethanol 1 

17 50:50 Xylene/Ethanol 2 

18 Xylene 2 
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The stained slides were mounted on coverslips with DPX. 

 

 

4.3.5 Bone histomorphometric analysis 

Bone histomorphometric analysis was performed on H&E and TRAP stained mouse 

femur sections using BioQuant Osteo software (BioQuant). Slides were scanned with the 

Scanscope XT machine (Aperio) at 20x objective. Trabecular bone region of interest was 

measured 500 µm below the growth plate and 1 mm in height at the distal femur. At least 

three sections were measured per sample for each histological stain.  

 

4.4 Isolation and Culture of Primary Cells 

4.4.1 Isolation and culture of bone marrow cells 

Bone marrow cells were isolated from the long bones (femur, tibia and humerus) of 12 

week old Furin∆OC, Furin∆OB, Furinfl/fl and CtskCre/+ mice. The long bones were dissected 

out from the mice and placed in serum-free α-MEM. The bone marrow was flushed out 

from the bone marrow cavity with complete α-MEM (α-MEM supplemented with 10 % 

heat inactivated FBS, 2 mM L-glutamine, 100 U/ml Penicillin and 100µg/ml 

Streptomycin) using a 23G needle and filtered through a 100 µm cell strainer. The bone 

marrow cells were then centrifuged at 1500 rpm/448 x g for 5 minutes, the supernatant 

was then discarded and the cell pellet was resuspended in complete α-MEM and cultured 

in 75 cm2 tissue culture flasks. All cells were cultured in a 37oC tissue culture incubator 

with 5 % CO2.  

To culture bone marrow macrophages (BMM), bone marrow cells were cultured in 

complete α-MEM supplemented with 10 ng/ml M-CSF. Once confluent, the cells were 

trypsinised and plated in appropriate tissue culture plates for downstream experiments or 

cryo-preserved for long-term storage. BMM were not used past the second passage.  

 

19 Xylene 2 

20 Xylene 2 
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4.4.2 Isolation and culture of spleen cells 

The spleen was dissected out from 12 week old Furin∆OC and Furinfl/fl mice and placed in 

serum-free α-MEM. The spleen was then cut into small pieces and ground with the back 

of a syringe against a 100 µm cell strainer to break up the tissue and separate the cells. 

Complete α-MEM was pipetted into the cell strainer to flush the cells through the filter. 

The spleen cell suspension was centrifuged at 1500 rpm/448 x g for 5 minutes, the 

supernatant was then discarded and the cell pellet was resuspended in complete α-MEM 

supplemented with 10 ng/ml MCSF and cultured in 75 cm2 tissue culture flasks. Spleen 

cells were not kept past the first passage. Spleen cells were cultured in a 37oC tissue 

culture incubator with 5 % CO2 and the culture media was replaced every 48 hours. Once 

confluent, the cells were trypsinized and plated in appropriate tissue culture plates for 

downstream experiments or cryo-preserved for long-term storage. 

 

4.4.3 Isolation and culture of osteoblasts  

Osteoblasts were isolated from the calvaria and long bones (femur, tibia and humerus) of 

12 week old Furinfl/fl, Furin∆OC and Furin∆OB mice. To obtain osteoblasts from the 

calvaria, the calvaria was dissected and washed in 1x PBS. The periosteal tissue and 

duramater were removed to expose the calvarial bone. The bone was cut into 2 to 4 mm 

pieces with a scalpel and placed in a 5 ml tube containing digestion media (serum free 

DMEM containing 2mg/ml collagenase type II). The bone pieces were digested in a 37oC 

incubator with vigorous shaking at 200 rpm. The digestion media was replaced after 30 

minutes and incubated for an additional 30 minutes. After the second digest, the digestion 

media was discarded and the bone pieces were digested in 0.05 % Trypsin-EDTA for 30 

minutes. The 0.05 % Trypsin-EDTA was then removed and the bone pieces were further 

digested in digestion media for 30 minutes. The calvarial bone pieces were washed with 

serum free DMEM in between each digestion step. The calvaria bone pieces were then 

transferred to a 25cm2 tissue culture flask and cultured in complete DMEM in a 37oC 

tissue culture incubator with 5 % CO2. 

To obtain osteoblasts from the long bones, the bone marrow was flushed out and 

the bones were cleaned of excess tissue and cut into 2 to 4 mm pieces. The long bone 

pieces were then digested in digestion media in a 37oC incubator with vigorous shaking 

at 200 rpm for 2 hours. Digestion media was replaced every 30 minutes. The long bone 

pieces were washed with serum free DMEM in between each digestion step. The long 
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bone pieces were then transferred to a 75cm2 tissue culture flask and cultured in complete 

DMEM (DMEM supplemented with 15 % heat inactivated FBS, 2 mM L-glutamine, 100 

U/ml Penicillin and 100 µg/ml Streptomycin) in a 37oC tissue culture incubator with 5 % 

CO2. 

The culture media was replaced every 3 days and bone cells start to migrate out 

from the bone pieces after 4 days of culture. At about 70 % confluence, the cells were 

trypsinized and passaged once. After the first passage, the cells were used for downstream 

experiments.  

 

4.4.4 Passaging primary cells 

To detach cells, the culture media was removed from the flasks and the cell monolayer 

was washed once with 1x PBS and incubated with 2 ml of Tryple Express at 37oC for 5-

20 minutes. A cell scraper was used to further detach cells if required. Tryple Express 

was inactivated by addition of complete media and the cell suspension was centrifuged 

at 1500 rpm/448 x g for 5 minutes to pellet the cells.  The supernatant was decanted and 

the cell pellet was resuspended in fresh complete media. One millilitre of cell suspension 

was transferred into a new T75 flask containing 9 ml of complete media and incubated in 

a 37oC CO2 incubator. The media was completely replaced the following day and the 

cells were cultured to the appropriate confluence for downstream experiments.  

 

4.4.5 Cryopreservation of primary cells  

The cells were detached and pelleted as described above. The cell pellet was resuspended 

in 92 % FBS and 8 % DMSO and aliquotted 1 ml per cryovial. The cryovials were stored 

at -80oC in isopropanol equilibrated cryo-freezing containers for up to a week and 

transferred to liquid nitrogen for long term storage.  

 

4.5 In Vitro Experimental Methods and Analyses 

4.5.1 In vitro osteoclastogenesis assay 

Osteoclastogenesis assays were carried out using BMM or spleen cells isolated from 

Furin∆OC, Furin∆OB, Furinfl/fl and CtskCre/+ mice. The cells were cultured to approximately 

90 % confluency in a 75 cm2 tissue culture flask. To detach cells, the culture media was 
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removed from the flasks and the cell monolayer was washed once with 1x PBS and 

incubated with 2 ml of Tryple Express at 37oC for 15-20 minutes. The Tryple was 

inactivated by the addition of complete α-MEM followed by scraping. The cells were 

pelleted by centrifugation at 1500 rpm/448 x g for 5 minutes and resuspended in complete 

α-MEM. Cell counts were performed using the Neubauer counting chamber. BMM and 

spleen cells were seeded at a density of 6x103 cells per well in a 96 well tissue culture 

plate or 1x105 cells per well in a 6 well tissue culture plate in complete α-MEM 

supplemented with 10 ng/ml M-CSF. To generate osteoclasts, the cells were stimulated 

with 50 ng/ml RANKL over a time-course of 1, 2, 3, 4, 5 days. The differentiation media 

was replaced every 48 hours.  

To determine osteoclast number, at day 5 of culture, cells cultured in 96 well plates were 

fixed with 2.5 % glutaraldehyde for 10 minutes at room temperature and washed three 

times with 1x PBS. Following fixation, the cells were incubated with filtered TRACP 

stain for 20 to 30 minutes in a 37oC incubator. The TRACP stain was removed and the 

cells were washed three times with 1x PBS. The TRACP stained cells were then imaged 

using NIKON Eclipse Ti microscope (Nikon) running the NIS-Elements Basic Research 

software (Nikon).  

 

4.5.2 Quantification of cell spread area of bone marrow-derived osteoclasts 

The BMM-derived osteoclasts stimulated with 50 ng/ml RANKL for 5 days, from 

osteoclastogenesis assays, were used for quantification of osteoclast size and nuclei 

number. The osteoclast spread area of cells cultured in 96 well plates were measured 

using NIS-Elements software (Nikon). The cell spread area of 50 largest osteoclasts were 

analysed per sample. Quantification of osteoclast number was classified according to the 

number of nuclei they contain: (1) osteoclasts with 3 to 5 nuclei, (2) osteoclasts with 6 to 

10 nuclei and (3) osteoclasts with more than 10 nuclei.   

 

4.5.3 In vitro RANKL dose response assay  

RANKL dose response assay was carried out using BMM isolated from Furin∆OC and 

Furinfl/fl mice. The cells were cultured to approximately 90 % confluency in a 75 cm2 

tissue culture flask. To detach cells, the culture media was removed from the flasks and 

the cell monolayer was washed once with 1x PBS and incubated with 2 ml of Tryple 
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Express at 37oC for 15-20 minutes. The Tryple was inactivated by the addition of 

complete α-MEM followed by scraping. The cells were pelleted by centrifugation at 1500 

rpm/448 x g for 5 minutes and resuspended in complete α-MEM. Cell counts were 

performed using the Neubauer counting chamber. BMM were seeded at a density of 

6x103 cells per well in a 96 well plate tissue culture plate in complete α-MEM 

supplemented with 10 ng/ml M-CSF and stimulated with 25 ng/ml or 100 ng/ml RANKL 

for 4 to 7 days. Once mature osteoclasts formed, the cells were fixed with 2.5 % 

glutaraldehyde for 20 minutes at room temperature and washed three times with 1x PBS. 

Following fixation, the cells were incubated with TRACP stain for 20 to 30 minutes in a 

37oC incubator. The TRACP stain was removed and the cells were washed three times 

with 1x PBS. The TRACP stained cells were then imaged using NIKON Eclipse Ti 

microscope (Nikon) running the NIS-Elements Basic Research software (Nikon). The 

number of osteoclasts with more than three nuclei were scored.  

 

4.5.4 In vitro bone resorption assay 

4.5.4.1 Preparation of bone slices 

Bovine bone was thoroughly cleaned to remove any excess tissue. The bone was sliced 

into 0.75 mm thick sections using an IsoMet low speed cutter (Beuhler). Circular discs of 

5 mm in diameter were punched from the bone slices, devitalized and cleaned by 

sonication.  A day before the bone discs were required, they were sterilized in 70 % 

ethanol and washed three times with 1x PBS. The bone discs were further incubated 

overnight in serum-free α-MEM to ensure complete removal of ethanol.  

 

4.5.4.2 Culture of mature osteoclasts on bone slices 

BMM isolated from Furinfl/fl, Furin∆OC and CtskCre/+ mice were cultured on 6-well 

collagen-coated tissue culture plates at a cell density of 1x105 cells per well in complete 

α-MEM supplemented with 10 ng/ml M-CSF. To generate osteoclasts, the cells were 

stimulated with 50 ng/ml RANKL and the differentiation media was replaced every 48 

hours until small osteoclasts began to form. At this stage, the small osteoclasts were 

detached from the collagen-coated plates and reseeded onto bone discs. The cells were 

incubated in Cell Dissociation Solution (Sigma) for 15 minutes at 37oC and gently 

scraped to detach the cells. The cell suspension was centrifuged at 1500 rpm/448 x g for 
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5 minutes and cells from one well of the 6-well plate were resuspended in 1.2 ml of 

complete α-MEM supplemented with 10 ng/ml M-CSF and 50 ng/ml RANKL. 100 µl of 

cell suspension was then reseeded onto each bone disc in a 96 well tissue culture plate. 

The osteoclasts were culture on the bone discs for 48 hours to allow the osteoclasts to 

resorb the bone. After 48 hours, the culture media was removed and stored in -80oC until 

CTX-1 analysis (described below in section 4.5.4.5). The osteoclasts were then fixed with 

4 % paraformaldehyde for 20 minutes at room temperature, followed by three washed 

with 1x PBS. To visualise the osteoclasts, the bone slices were incubated with TRACP 

stain for 30 minutes then washed three times in 1x PBS. The cells on the bone disc were 

imaged using NIKON Eclipse Ti microscope (Nikon) running the NIS-Elements Basic 

Research software (Nikon) and the number of osteoclasts with more than three nuclei 

were scored. After the osteoclast number was scored, the osteoclasts were mechanically 

removed (by gentle brushing). To visualize the bone resorption pits, the bone discs were 

stained with toluidine blue and viewed under a light microscope.  

 

4.5.4.3 Scanning electron microscopy and resorption pit analysis 

The resorption pits were imaged by scanning electron microscopy. The bone discs were 

washed in extensively in 70 % ethanol and left to air-dry overnight before being carbon-

coated at the Centre for Microscopy Characterisation and Analysis (CMCA). The samples 

were imaged using a Phillips XL30 scanning electron microscope and the area of bone 

resorbed was analysed using ImageJ software (Rasband, 1997-2014). 

 

4.5.4.4 Confocal analysis of resorption pit depth 

To analyse the depth of resorption pits, confocal analysis was performed.  The carbon-

coated bone discs samples used for SEM were mounted onto glass slides. Serial optical 

sections (z-stacks) of the bone surface down to the bottom of the resorption pits were 

acquired by reflective microscopy using the Nikon Ti-E inverted motorised microscope 

with Nikon A1Si spectral detector confocal system (Nikon) running on the NIS-Elements 

C software (Nikon). Three-dimensional images (3D) of the resorption pits were 

constructed off the z-stacks and two dimensional (2D) profiles of the resorption pits were 

constructed off the xz and yz planes of the 3D image. The depth of the resorption put was 

measured using the xz or yz planes using the NIS-Elements Basic Research software 

(Nikon). At least 50 resorption pits were analysed for each sample group.  
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4.5.4.5 ELISA analysis of bone resorption marker (CTX) 

Enzyme-linked immunosorbent assay (ELISA) was performed for the quantitative 

determination of degraded products of C-terminal telopeptides of Type-I collagen (CTX) 

in bone resorption assay culture supernatants using the CrossLaps® CTX-1 kit 

(Immunodiagnostic Systems) according to the manufacturers protocol. Briefly, eight 

standards (I-VIII) were first prepared by sequential two-fold dilutions of Standard (CAL-

1) in Standard Diluent (CAL-0), leaving the last standard (VIII) as the blank which 

contained only CAL-0. The samples were then diluted 1+4 in CAL0. After that, the 

antibody solution was prepared by mixing the Biotinylated Antibody with Peroxidase 

Conjugated Antibody and Incubation Buffer and mixed gently before being aliquotted 

onto the supplied 96 well plate. The standards, controls and samples were then added and 

incubated at room temperature with mixing (300 rpm) for 2 hours. At this point, the plate 

was washed five times with Washing Buffer and Substrate Solution was added and the 

plate incubated for 15 minutes at room temperature with maxing (300 rpm).  To stop the 

reaction, Stopping Solution was added into each well and absorbance was measured at 

450 nm.  

 

4.5.5 Immunofluorescence staining of F-actin in osteoclasts  

To visualize F-actin structures of osteoclasts during bone resorption, osteoclasts cultured 

on bone discs (as described in section 4.4.5.2) were fixed with 4 % paraformaldehyde for 

20 minutes at room temperature and washed three times with 1x PBS. To permeabilise 

the cells, the bone disc samples were incubated in 0.1 % Triton X-100 in 1x PBS for 5 

minutes at room temperature and washed twice with 0.2 % Bovine Serum Albumin (BSA) 

in 1x PBS (BSA-PBS). The samples were then incubated with Rhodamine Phalloidin 

(1:200 in 0.2 % BSA-PBS) for two hours at room temperature. The samples were washed 

four times with 0.2 % BSA-PBS, then four times with PBS and a further four times with 

0.2 % BSA-PBS. The nuclei were stained with Hoescht 33258 (1:5000 in PBS) for 5 

minutes at room temperature. The samples were washed three times in PBS and the bone 

discs were mounted onto glass coverslips with Prolong Gold antifade (Invitrogen) 

mounting medium. The F-actin stain was visualized and imaged using the Nikon Ti-E 

inverted motorised microscope with Nikon A1Si spectral detector confocal system 

(Nikon) running on the NIS-Elements C software (Nikon). 
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4.5.6 In vitro osteoclast intracellular acidification assay  

4.5.6.1 Analysis of intracellular acidification by acridine orange staining 

BMM isolated from Furinfl/fl, Furin∆OC and CtskCre/+ mice were cultured in 96-well tissue 

culture plates at a cell density of 6x103 cells per well in complete α-MEM supplemented 

with 10 ng/ml M-CSF and stimulated with 50 ng/ml RANKL for 4 to 7 days to induce 

osteoclast formation. Once mature osteoclasts had formed, control cells were treated with 

200 nM Bafilomycin A1 (Sigma) for 1 hour before acridine orange staining. The cells 

were incubated with 10 µg/ml acridine orange for 30 minutes in a 37oC tissue culture 

incubator with 5 % CO2. The cells were washed three times with Hanks buffer and then 

incubated in Hanks media (Hanks buffer + 5 % heat inactivated FBS) for fluorescence 

measurements. The fluorescence intensity was measured with the PolarStar Optima 

Spectrofluorometer (BMG) using the following wavelengths: for green wave length 

measurements (485 nm excitation and 520 nm emission) and for red wave length 

measurements (543 nm excitation 580 nm emission).  

After fluorescence measurements were obtained, fluorescent images were acquired using 

the NIKON Eclipse Ti microscope (Nikon) running the NIS-Elements Basic Research 

software (Nikon).  

 

4.5.6.2 Analysis of intracellular acidification by Lysosensor assay 

BMM isolated from Furinfl/fl and Furin∆OC mice were cultured at a cell density of 2x104 

cells in a 3 cm glass bottom tissue culture dish (MatTek) in complete α-MEM 

supplemented with 10 ng/ml M-CSF and stimulated with 50 ng/ml RANKL for 4 to 7 

days to induce osteoclast formation. Once mature osteoclasts had formed, control cells 

were treated with 200 nM Bafilomycin A1 (Sigma) for 1 hour. The cells were incubated 

with 1 μg/ml Lysosensor green DND 189 for 30 minutes in a 37oC tissue culture incubator 

with 5 % CO2. The cells were washed three times with Hanks buffer and then incubated 

in Hanks media for fluorescence measurements. Cells were imaged by confocal 

microscopy on a Nikon Ti-E inverted motorised microscope with Nikon A1Si spectral 

detector confocal system (Nikon). Cells were excited at 488 nm wavelength and emission 

at 525 nm. Fluorescence was measured with the NIS-Elements Basic Research software 

(Nikon).  
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4.5.7 In vitro osteoblast differentiation assay 

Osteoblast differentiation assays were carried out using long bone derived osteoblastic 

cells isolated from Furinfl/fl, Furin∆OC and Furin∆OB mice. The cells were cultured to 

approximately 90 % confluence in a 75 cm2 tissue culture flask. At this point, the cells 

were detached by the addition of Tryple and incubated for 10 minutes in a 37oC CO2 

incubator. The Tryple was deactivated by the addition of complete DMEM and the cell 

suspension was pelleted by centrifugation at 1500 rpm/448 x g for 5 minutes. The cell 

pellet was resuspended in complete α-MEM and cell counts were performed using the 

Neubauer counting chamber. The cells were then plated in 24 well tissue culture plates at 

a cell density of 4x104 cells per well and cultured in complete DMEM until approximately 

90 % confluence prior to differentiation. To assess the differentiation and bone nodule 

formation of osteoblasts, the cells were differentiated for 7 and 21 days in osteogenic 

medium (complete DMEM supplemented with 10nM dexamethasone, 2 mM β-

glycerophosphate and 50 µg/ml ascorbate) respectively. The differentiation media was 

replaced every 3 to 4 days. Additionally, in control wells, 50 ng/ml of BMP2 was added 

to the 7 or 21 day osteoblast cultures to further stimulate osteoblast differentiation to serve 

as positive controls. After 7 or 21 days of culture, the cells were washed with 1x PBS and 

fixed with 2.5 % glutaraldehyde for 10 minutes at room temperature and washed three 

times with 1x PBS. Following fixation, the cells were either stained for alkaline 

phosphatase or stained with alizarin red (as described below). 

 

4.5.8 In vitro colony forming unit assay 

For Colony forming unit (CFU) assays, bone marrow cells isolated from Furinfl/fl and 

Furin∆OB mice were plated in 24 well tissue culture plates at a cell density of 4x106 cells 

per well. The cells were cultured in complete DMEM. For CFU-alkaline phosphatase and 

CFU-osteoblast assays, the bone marrow cells were differentiated for 7 and 21 days in 

osteogenic medium respectively. The differentiation media was replaced every 3 to 4 

days. After 7 or 21 days of culture, the cells were washed with 1x PBS and fixed with 2.5 

% glutaraldehyde for 10 minutes at room temperature and washed three times with 1x 

PBS. Following fixation, the cells were either stained for alkaline phosphatase or stained 

with toluidine blue or alizarin red (as described below). 
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4.5.9 Adenoviral transduction of osteoblasts 

Calvarial derived osteoblastic cells isolated from Furinfl/fl mice were cultured in 24-well 

tissue culture plates at a cell density of 5x104 cells per well in complete DMEM. At 

approximately 70 % confluence, the cells were washed with 1x PBS. The cells were then 

infected at 100 multiplicity of infection (MOI) of Ad-GFP or Ad-Cre in 100 µl of Opti-

MEM for 1 hour in a 37oC tissue culture incubator with 5 % CO2. At this point, 500 µl of 

complete DMEM was added to each well and incubated in a 37oC tissue culture incubator 

with 5 % CO2 for 48 hours to allow the cells to recover before proceeding to downstream 

real time PCR analysis and osteoblast differentiation assays (as described in sections 

4.5.17 and 4.5.8 respectively). 

 

4.5.10 Alkaline phosphatase staining of osteoblast differentiation assays 

Osteoblasts or bone marrow cells differentiated in osteogenic medium for 7 days (as 

previously described in sections 4.5.8 and 4.5.9) were stained for alkaline phosphatase 

using the alkaline phosphatase kit (Sigma) according to the manufacturers’ protocol.  The 

cells were first washed with 1x PBS and fixed with 2.5 % glutaraldehyde for 10 minutes 

at room temperature and washed three times with 1x PBS. To prepare the alkaline 

phosphatase stain solution, 100 μl of FBB alkaline solution was mixed with 100 μl of 

sodium nitrate solution and incubated for 2 minutes at room temperature. Four and a half 

ml of ddH20 was then added to the mixture, followed by the addition of 100 μl of 

Naphthol ASBI alkaline solution. The stain was added drop-wise to the fixed cells and 

the plate was incubated in the dark for 15 to 30 minutes at room temperature. Cells that 

express alkaline phosphatase stain blue or purple and the stained samples were then 

imaged using the Nikon Eclipse Ti microscope (Nikon) and alkaline phosphatase staining 

was analysed using ImageJ software (Rasband, 1997-2014). 

 

4.5.11 Analysis of mineralized nodule formation from osteoblast differentiation 

assays 

Osteoblasts or bone marrow cells differentiated in osteogenic medium for 21 days (as 

previously described in sections 4.5.8 and 4.5.9) were stained for mineralized nodules 

(calcium deposition/mineralization) using alizarin red solution. The cells were first 

washed with 1x PBS and fixed with 2.5 % glutaraldehyde for 5 minutes at room 



Chapter Four: Materials and Methods 

104 

temperature. Following fixation, the cells were then washed three times with 1x PBS, 

followed by three times with 70 % ethanol and left to air-dry completely at room 

temperature. Four % alizarin red staining solution was then added to the cells for 2 

minutes, followed by three washes with 50 % ethanol. The plates were then left to air-dry 

completely at room temperature. To measure the total mineralized area, the plates were 

scanned at 600 dpi on an Epson 3490 photo scanner (Epson). The scanned images were 

converted to black (alizarin red stained area) and white colour (unstained area) and total 

mineralized area was analysed using ImageJ software (Rasband, 1997-2014). 

 

4.5.12 In vitro osteoblast and bone marrow macrophage coculture assay 

Long bone derived osteoblasts were plated at a cell density of 1x104 cells per well in a 24 

well tissue culture plate in complete DMEM. The following day, the media was removed 

and primary BMM were seeded on the osteoblast cultures at a cell density of 1x105 cells 

per well and the cells were cultured in coculture media (complete α-MEM supplemented 

with 50 μg/ml of ascorbate and 10 nM of 1α25 dihydroxyvitamin D3). The coculture 

media was replaced every 2 days and after 6 days, the cells were fixed in 2.5 % 

glutaraldehyde for 20 minutes at room temperature. After fixation, the cells were washed 

three times in 1x PBS and the osteoclasts were TRACP stained. Osteoclasts with more 

than 3 nuclei were scored. 

 

4.5.13 In vitro furin inhibitor assays 

In similar experiments, commercially available proprotein convertase inhibitors were 

used in vitro to assess the effects of furin inhibition on the differentiation and function of 

osteoclasts and osteoblasts. Two furin inhibitors were used in this study: The cell 

membrane permeable Furin Inhibitor-1 (Decanoyl-RVKR-CMK) (Calbiochem) and the 

cell membrane impermeable Furin Inhibitor-II (Hexa-D-arginine) (Calbiochem). In these 

experiments, DMSO was used as a vehicle control for Furin Inhibitor-1 and sterile Milli-

Q water was used as a vehicle control for Furin Inhibitor-II. 

 

4.5.13.1 In vitro osteoclastogenesis with furin inhibitor 

Osteoclasts were cultured as previously described (section 4.5.1). Furin inhibitor-1 was 

added to the cells at 1 μM and 10 μM from day 0 – day 5, or from day 2 – day 5 of culture. 
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Differentiation media containing the inhibitor was changed every 48 hours. After 5 days 

of culture, the osteoclasts were fixed in 2.5 % glutaraldehyde for 20 minutes at room 

temperature. After fixation, the cells were washed three times in 1x PBS and the 

osteoclasts were TRACP stained. Osteoclasts with more than 3 nuclei were scored.  

 

4.5.13.2 In vitro bone resorption assay with furin inhibitor 

In similar experiments, bone resorption assays were performed as previously described 

in sections 4.5.4.2 to 4.5.4.5, with the addition of Furin Inhibitors. Briefly, osteoclasts 

cultured on 6-well collagen-coated plates were detached and reseeded onto bone discs in 

the presence in the presence of 10 μM of Furin Inhibitor-1 or 1 μM of Furin Inhibitor-2 

and cultured for 48 hours.  After which, the supernatant was collected for CTX-1 analysis 

and the cells were fixed, TRACP stained and the number of osteoclasts with three or more 

nuclei scored. The bone discs were then cleaned of cells by gentle brushing and carbon-

coated for scanning electron microscopy analysis of bone resorption pits. The resorption 

pit depth was then determined by reflective confocal microscopy.  

 

4.5.13.3 Osteoclast acidification assay with furin inhibitor 

Intracellular acidification was also assessed in osteoclasts treated with Furin inhibitor-1. 

Osteoclasts were cultured in on 3 cm glass-bottom culture dishes as previously described 

in section 4.5.6.2. When small osteoclasts began to form, 50 µM of Furin Inhibitor-1 was 

added to the cells and incubated overnight before Lysosensor analysis. As an additional 

control, 200 nM of Bafilomycin (a potent inhibitor of v-ATPases) was added for 2 hours 

prior to Lysosensor analysis.  

 

4.5.13.4 In vitro osteoblast differentiation assay with furin inhibitor 

Long bone-derived osteoblastic cells were differentiated as described above in section 

4.5.7. The cells were differentiated in osteogenic media supplemented with 1 μM, 5 μM 

or 10 μM of Furin-Inhibitor-1 for 7 days to assess the effects of furin inhibition on 

osteoblast differentiation; and for 21 days to assess the effects of furin inhibition on bone 

nodule formation. After the indicated time points, the cells were fixed and stained for 

alkaline phosphatase or for bone nodules with Alizarin Red as previously described 

(section 4.5.10 and 4.5.11 respectively).  
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4.5.13.5 MTS proliferation assay with furin inhibitor 

Cell proliferation assays were carried out on BMM and long bone-derived osteoblasts 

treated with Furin Inhibitor-1 using CellTiter 96 Aqueous One solution Cell Proliferation 

Assay (MTS) (Promega) using manufacturers’ protocol. Firstly, the cells were cultured 

at 6x103 cells per well (for BMM) and 4x106 cells per well (for osteoblasts) on 96 well 

tissue culture plates and treated with various doses of Furin Inhibitor-1 for 48 hours. At 

this point, 20 µl of MTS reagent was added to each well and the cells were incubated at 

37oC for 2 hours. The absorbance was then measured at 490 nm and the proliferation rate 

was calculated based on percentage differences of absorbance from the control (DMSO 

treated cells). 

 

4.5.14 Cathepsin K secretion assay 

Bovine bone fines (bone powder) were collected during the preparation of bone slices 

using the IsoMet low speed cutter (Beuhler). The bone powder was washed extensively 

in 70 % ethanol and left to air-dry completely in the tissue culture hood. Just before use, 

the bone powder was resuspended at 1:1 ratio in complete α-MEM supplemented with 10 

ng/ml M-CSF and 50 ng/ml RANKL (bone powder media). 

Osteoclasts were cultured in 6 well plates for 5 days (as previously described in section 

4.5.1). When mature osteoclasts began to form, and the cells were stimulated by addition 

of 100 μl of bone powder media for 16 hours. After the indicated time point, the 

supernatants were recovered and the cells were lysed as a total cell protein control. The 

supernatant and cell lysates were stored at -80oC for subsequent western blot analysis. 

In separate experiments, mature osteoclasts were treated with 50 μM of Furin-Inhibitor-

1 and incubated overnight before addition of bone powder for Cathepsin K secretion 

analysis. 

 

4.5.15 RNA extraction 

4.5.15.1 RNA extraction from cultured cells 

Bone marrow macrophages (BMM) and osteoblasts were cultured as described above. 

RNA extraction from cultured cells were performed using TRIzol method according to 
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the manufacturer’s guidelines. Briefly, culture media was removed from the cell 

monolayer and washed once with sterile 1x PBS. Subsequently, the cells was 

homogenized by adding TRIzol reagent directly to the cells and the homogenate was 

pipetted into 1.5 ml microcentrifuge tubes and ready for RNA extraction. Homogenized 

samples that were not used immediately for RNA extraction were stored at -80oC until 

future use. The following quantities of TRIzol reagent were added per well base on the 

well size of the tissue culture plate: 

 

Tissue Culture Plate TRIzol Reagent added / well (ml) 

 

6-well tissue culture plate 
1  

24-well tissue culture plate 0.5  

 

The homogenized samples were incubated in the TRIzol reagent for 5 minutes at 

room temperature to permit complete dissociation of nucleoprotein complex, following 

which, 0.2 ml of chloroform per 1 ml of TRIzol reagent was added to each tube and mixed 

vigorously for 15 seconds. The mixture was then incubated for 2-3 minutes at room 

temperature before centrifugation at 12,000 x g for 15 minutes at 4oC to separate the red 

phenol-chloroform phase from the colourless upper aqueous phase containing RNA. The 

aqueous phase was then carefully pipetted into a fresh 1.5 ml microcentrifuge tube and 

0.5 ml of 100% isopropanol was added per 1 ml of TRIzol reagent. The tube was then 

incubated at room temperature for 10 minutes to precipitate the RNA before 

centrifugation at 12,000 x g for 10 minutes at 4oC to pellet the RNA. The supernatant was 

decanted and the RNA pellet was air-dried at room temperature for exactly 10 minutes. 

Once dried, the pellet was resuspended in 25 µl of Nuclease-Free water and incubated on 

a heat block at 55oC for 10 minutes to dissolve the RNA. The RNA was then ready for 

use or stored at -80oC.  

After RNA extraction, the RNA concentration and quality was determined using 

the BioPhotometer Plus spectrophotometer. The quality of RNA was determined by 

analysing the 260/280 OD reading, where ratios of 1.8-2.0 indicated good quality RNA.   
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4.5.15.2 RNA extraction from bone tissue 

To assess the bone related marker gene expression in bone tissue in vivo, RNA was 

extracted from the long bones of Furin cKO mice using TRIzol method. First, the 

forelimbs of 12 week old Furin∆OC, Furin∆OB and Furinfl/fl were dissected out from the 

mice and cleaned of excess skin and muscle tissue. The cleaned humerus was then placed 

in a sterilized mortar, snap froze in liquid nitrogen and ground with a pestle into a fine 

powder. 1.5 ml of TRIzol reagent was then added to homogenize the sample. The TRIzol-

homogenate was then transferred into fresh 1.5 ml microcentrifuge tubes and stored at -

80oC until RNA extraction. The RNA was extracted and the concentration and quality of 

RNA was determined as described above.  

 

4.5.16 Reverse Transcription-Polymerase Chain Reaction (RT-PCR) 

Reverse transcription-polymerase chain reaction (RT-PCR) was carried out to compare 

the gene expression profile of bone marker genes from cultured cells, as well as bone 

tissue. The extracted RNA (as described above) was first reverse transcribed to cDNA 

according to the following protocol:  

 

Reagent Volume Per Reaction (µl) 

OligodT (100 µM) 0.25 

Nuclease-Free water 5.25 

1 µg RNA diluted in Nuclease-Free water 10 

Total volume 15.5 

 

The samples were heated for 3 minutes at 75oC to denature the RNA and allow 

the binding of OligodT primers to single stranded RNA. Following which, the following 

reagents were added to the reaction mixture: 
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Reagent Volume Per Reaction (µl) 

dNTP (5 mM) 2.5 

5x M-MLV RT buffer 5 

M-MLV RT 1 

RNasin 1 

Total volume 9.5 

 

To amplify the cDNA, the samples were heated at 42oC for 1 hour followed by 

heating at 92oC for 10 minutes. The resulting cDNA was then stored at -20oC until 

required.  

The primers used for PCR reactions are listed in section 4.18. A master mix was 

prepared for multiple PCR reactions and each reaction was prepared according to the 

following protocol: 

 

Reagent Volume Per Reaction (µl) 

Forward Primer (10 µM) 0.5 

Reverse Primer (10 µM) 0.5 

2x GoTaq Green Master mix 5 

Nuclease-Free water 3 

cDNA 1 

Total volume 10 
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The PCR thermal cycler was set at an initial denaturation step at 94oC for 5 

minutes, final extension step at 72oC for 5 minutes, followed by 4oC indefinitely. In the 

following cycling conditions:   

 

Denaturation Annealing Extension No. of cycles 

94oC 40 sec 60oC 40 sec 72oC 40 sec 30 

 

 

4.5.17 Analysis of RT-PCR/PCR products by agarose gel electrophoresis 

Agarose gel electrophoresis was used to visualise and analyse PCR products amplified 

by RT-PCR (section 4.5.16) or from PCR-genotyping experiments (section 4.2.4). In this 

study, 1.5% agarose gels were used to separate the PCR products ranging from 200 to 

1400 bp in size. The agarose gels were prepared according to the following protocol: 

 

Reagent Amount/Volume Per Gel 

Agarose powder 1.5 g 

1x TAE buffer 100 ml 

SYBR® Safe DNA Gel Stain 5 µl 

 

The agarose powder was dissolved by microwave heating and the agarose mixture was 

poured into a large sealed gel tray with a 20-well comb in place and left to set for 

approximately 20 minutes. Once set, the comb was removed and the gel and tray was 

transferred into a Mini-sub® cell gel tank filled with 1x TAE buffer. Appropriate sized 

DNA ladders were loaded into the first well for correct identification of PCR products. 

The PCR products were then separated by electrophoresis at 90 V for 30 minutes and 

visualized using a Blue Light Transilluminator (Invitrogen). The gel was imaged using 

the Imagequant LAS 4000 luminescent image analyser under UV settings. 
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4.5.18 Real time-PCR 

4.5.18.1 Real time-PCR set up  

Real time-PCR was performed to investigate the gene expression profile of proprotein 

convertase family members, osteoclast and osteoblast related genes from cultured cells 

and in bone tissue from Furin cKO mice. cDNA generated for RT-PCR (as described 

above in section 4.5.16) was diluted 1:6 in Nuclease-Free water to obtain sufficient 

quantity for real time PCR analysis. Each real time PCR reaction was prepared as follows: 

 

Reagent Volume/Reaction/Well (µl) 

SYBR Green qPCR Master Mix 6 

Forward Primer (10 µM) 0.3 

Reverse Primer (10 µM) 0.3 

Diluted cDNA in Nuclease-Free water 5.4 

Total volume 12 

 

A master mix of the SYBR Green and primers was first prepared. The master mix 

was mixed thoroughly by vortexing and then loaded into an Optical 384-Well Reaction 

Plate. Subsequently, the diluted cDNA was loaded into the appropriate wells on top of 

the SYBR Green-primer master mix. The 384-well plate was then sealed and centrifuged 

briefly before being placed in the ViiA™ 7 Real-Time PCR System (Applied 

Biosystems). The real time-PCR conditions were carried out at 40 cycles of denaturation 

at 95oC for 15 seconds and annealing at 60oC for 60 seconds. Continuous heating steps 

of 95oC for 15 seconds, 60oC for 60 sec, and 95oC for 15 seconds were conducted to 

analyse the melt curve of PCR products. The real time PCR system was programmed as 

follows: 
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Holding Stage 
PCR Stage  

(x40 cycles) 

Melt Curve Stage 

(Continuous) 

50oC for 120 sec, 

95oC for 600 sec 

95oC  for 15sec, 

60oC for 60 sec 

 

95oC for 15 sec, 

60oC for 60 sec, 

95oC for 15 sec 

 

 

4.5.18.2 Real time-PCR analysis  

The real time-PCR data (CT values) was collected using the ViiA™ 7 software (Applied 

Biosystems). Melting curve for the PCR products were analysed to verify the specificity 

of the PCR primers. The normalized fold expression (Fold change) of genes were 

obtained relative to the house keep genes (Hmbs, Hprt, Actb (β-actin) or 18S) and 

calculated using the Livak’s ΔΔCT method (Livak and Schmittgen, 2001). The Livak’s 

equation is described as follows: 

Fold change = 2-ΔΔCT 

CT =  

Mean of CT values 

ΔCT =  

CT of gene of interest of Sample A (Test) - CT housekeeping gene 

ΔΔCT =  

ΔCT of gene of interest of Sample A (Test) - ΔCT of gene of interest of Sample B 

(Control) 

 

The Livak’s method can be used to compare the gene expression of two different 

samples (e.g. A and B) relative to the housekeeping gene(s). In the case of this study: 

Sample A represents the genetically modified samples (e.g. Furin cKO) while Sample B 

represents the control samples (e.g. floxed-furin)  The gene expression of Sample A is 

presented as fold change relative to Sample B.  
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4.5.19 cDNA Microarray 

Microarray analysis was performed to investigate the gene expression profile of 

proprotein convertase family members during osteoclast differentiation. The preparation 

of RNA for the cDNA microarray array was previously performed in 2008 by Dr Ee-

Cheng Khor (School of Surgery, The University of Western Australia). Briefly, BMM 

cells were treated with 100 ng/ml RANKL for 5 days to induce the formation of mature 

osteoclasts (unpublished data). Undifferentiated BMM cells were used as control. The 

total RNA was then isolated from the cultures using an RNA extraction kit (Qiagen) 

according to manufacturers’ instructions. The Mouse WG-6 v2.0 Expression Beadchip 

(Illumina) was used for whole genome gene expression analysis of mature osteoclasts (at 

day 5 of in vitro culture) and their precursor cells (undifferentiated BMM). RNA/cDNA 

hybridization was conducted by staff at PathWest, Perth.  No sample pooling was carried 

out. The un-normalized raw expression data was used to analyse the gene expression 

profile of proprotein convertase family members during osteoclast differentiation. The 

gene expression profile of proprotein convertase family members obtained from the 

analysis of microarray data were validated by RT-PCR and real time PCR as described 

above.  

 

4.5.20 Protein extraction from cultured cells 

The cells designated for protein extraction from in vitro osteoclastogenesis and osteoblast 

differentiation assays were directly lysed in the tissue culture plates using RIPA Cell 

Lysis Buffer. Cells were lysed on ice for 20 minutes, following which, the lysate 

suspension was centrifuged at 12,000 x g for 20 minutes at 4oC to pellet the cell debris. 

The supernatant was then retained and transferred to fresh 1.5 ml microcentrifuge tubes 

and stored at -80oC until further use.  Before use, the protein samples were thawed on ice 

to minimize protein degradation. 

 

4.5.21 Protein concentration determination by bicinchoninic acid method 

Protein concentrations were determined using the Bicinchoninic acid (BCA) Protein 

Assay Kit (Thermo) according to manufacturers’ instructions. This method involves the 

reduction of Cu2+ to Cu+1 by proteins in a biuret reaction and a sensitive colorimetric 

detection of the cation using a reagent containing BCA. Absorbance was measured at 
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540-590 nm. The protein concentrations can then be extrapolated from a standard curve 

comprised of a series of dilutions of a known concentration of Bovine Serum Albumin 

(BSA).    

To prepare the BSA standard curve, BSA standards were prepared from a 2000 

μg/ml stock and diluted in RIPA Cell Lysis Buffer. Nine standards with known 

concentrations ranging from 2000 μg/ml, 1500 μg/ml, 1000 μg/ml, 750 μg/ml, 500 μg/ml, 

250 μg/ml, 125 μg/ml, 25 μg/ml and a 0 μg/ml blank were prepared. A working reagent 

containing BCA was then prepared containing 50:1 dilution of the supplied Reagent A:B. 

Using a 96 well plate, 200 μl of working reagent was pipetted into each well and 10 μl of 

standards or protein samples were added. The plate was mixed gently and incubated at 

37oC for 30 minutes followed by an absorbance reading at 540 and 590 nm using the 

PolarStar Optima Spectrofluorometer (BMG). 

 

4.5.22 Western Blot Analysis 

4.5.22.1 SDS PAGE gel set up and electrophoresis 

The proteins were separated by SDS-PAGE gel electrophoresis using the Mini-

PROTEAN 3 cell electrophoresis system. The SDS-PAGE gel was prepared in two parts, 

first a separating gel and then a stacking gel that overlaid the separating gel. Ten % 

acrylamide separating gels were prepared according to the following procedure: 

 

Separation Gel Reagent Volume Per Gel 

30 % Acrylamide/Bis Solution 2.5 ml 

1.5 M Tris-HCL, pH 8.8 1.875 ml 

10 % SDS 75 μl 

Milli-Q water 2.97 ml 

10% APS 25 μl 

TEMED 6 μl 

Total volume 7.5 ml 
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Once prepared the separating gel solution was poured into a pre-assembled glass 

plate sandwich aligned with a casting frame. Twenty % ethanol was then added to overlay 

the separating gel to smoothen out the surface to which the stacking gel is to be cast and 

the gel was allowed to set at room temperature for approximately 20 minutes. Once set, 

the ethanol was removed and the stacking gel was prepared as follows: 

 

Stacking Gel Reagent Volume Per Gel 

30 % Acrylamide/Bis Solution 0.5 ml 

1.0 M Tris-HCL, pH 6.8 375 μl 

10 % SDS 30 μl 

Milli-Q water 2.062 ml 

10 % APS 30 μl 

TEMED 3 μl 

Total volume 3 ml 

 

The stacking gel was poured on top of the separating gel and a 1.5 mm 10 or 15 

well comb was inserted into the stacking gel solution. The gel was left to set at room 

temperature for a further 20 minutes at which the comb was removed. The SDS-PAGE 

gel was then assembled into the Mini-PROTEAN 3 cell electrophoresis system and the 

tank assembly was filled with 1x SDS-PAGE running buffer to a level that covers the 

inner chamber and the electrode wire in the tank.  

Before loading of protein samples into the SDS-PAGE gel, 4x SDS-PAGE 

loading buffer was added to equal concentrations of proteins samples (as measured by 

BCA) and boiled for 5 minutes at 99oC with shaking (1000 rpm). The proteins were 

loaded into each well of the SDS-PAGE gel and 5 µl of Precision Plus Protein™ 

Standards (Promega) was loaded into one well to confirm the protein size. The gel was 

electrophoresed at 100 V for 2 hours or until the dye front of the 4x SDS-PAGE loading 
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buffer had run off the gel. The proteins were then transferred onto a nitrocellulose 

membrane for western blot detection. 

 

4.5.22.2 Protein transfer to nitrocellulose membrane  

The SDS-PAGE gel in the Mini-PROTEAN 3 system was disassembled and the proteins 

on the SDS-PAGE gel was transferred onto a nitrocellulose membrane. First, fibre pads, 

filter paper and the nitrocellulose membrane were soaked in chilled western transfer 

buffer. The Mini Trans-Blot Electrophoretic Transfer Cell cassette was opened and 

arranged with negative (black) side facing upwards and the positive side (white) 

submerged in transfer buffer. The cassette was prepared by assembling one fibre pad was 

laid on the bottom followed by 3 pieces of filter paper, the nitrocellulose membrane, the 

SDS-PAGE gel, 3 pieces of filter paper and another fibre pad. The transfer cell was locked 

to form a sandwich and placed in the Western Transfer tank filled with transfer buffer. 

An ice block was placed in the tank and the proteins were transferred at a constant current 

of 0.03 Amperes overnight.  

 

4.5.22.3 Western blotting 

Following the transfer of proteins onto the nitrocellulose membrane, the transfer cell 

cassette was disassembled and the membrane was blocked for 1.5 hours in 10 ml of 

blocking solution (5% skim milk in 1x TBS-Tween). After blocking, the membrane was 

washed in 1x TBS-Tween for 5 minutes before addition of primary antibody. The primary 

antibodies were diluted in a solution of 1% skim milk in 1x TBS-Tween and added to the 

membrane and incubated overnight at 4oC with gentle rocking. After primary antibody 

incubation, the primary antibody solution was removed and the membrane was washed 3 

times with 1x TBS-Tween for 5 minutes each time. The membrane was then incubated 

with peroxidase conjugated IgG secondary antibody in 1% skim milk in 1x TBS-Tween 

for 1 hour at room temperature with rocking. The membrane was then washed twice with 

1x TBS-Tween for 5 minutes and twice with 1x TBS. Proteins were then detected using 

the Western Lightning Ultra detection solution according to manufacturer’s instructions. 

The protein expression was visualized and imaged using the Imagequant LAS 4000 

luminescent image analyser. The concentrations of primary and secondary antibodies 

used for western blot protein analyses were as follows: 
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Antibody 
Concentration of  

Antibody Used 

Anti-goat IgG (whole molecule) Peroxidase 

conjugate 
1:5000 (secondary antibody) 

Anti-mouse Ac45 1:500 

Anti-mouse β-Actin (JLA-20) 1:5000 

Anti-mouse β-Catenin 1:1000 

Anti-mouse Cathepsin K 1:1000 

Anti-mouse IgG (Fab specific) Peroxidase 

conjugate 
1:5000 (secondary antibody) 

Anti-mouse Opg 1:500 

Anti-mouse Rankl 1:500 

Anti-mouse V-ATPase d2 subunit 1:500 

Anti-rabbit IgG (whole molecule) Peroxidase 

conjugate 
1:5000 (secondary antibody) 

 

Following protein detection, densitometric measurements of protein bands were 

performed using ImageJ software (Rasband, 1997-2014). Protein expression was 

determined by normalizing the measurements of proteins against their respective loading 

control (β-Actin) and presented as percentages relative to controls.   

 

4.5.23 Statistical analysis and data presentation 

Statistical analysis was performed with SPSS (IBM) and Microsoft office Excel software 

(Microsoft). Single comparison tests were done by Student’s t-test in Microsoft Excel. 

For comparisons between multiple means, a one-way ANOVA (Bonferroni post-hoc test) 

was used in SPSS. Statistical significance was determined at P values <0.05. Charts and 

tables were prepared in Microsoft Excel and Microsoft PowerPoint.  
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5.1 Introduction  

Bone is a dynamic and metabolically active tissue that undergoes constant cycles of 

remodelling. The remodelling process involves the removal and subsequent replacement 

of bone to maintain structural integrity and mineral homeostasis (Boyle et al., 2003). The 

process of bone remodelling must be tightly regulated in order to maintain bone 

homeostasis as imbalance in either bone resorption or bone formation often results in a 

number of skeletal pathologies including osteoporosis, osteopetrosis and arthritis 

(Teitelbaum, 2000). Despite recent advances in osteoclast biology, there is limited 

knowledge on the processing of key substrates involved in osteoclast-mediated functions. 

Thus deciphering the molecular contribution of proteins that modulate substrate activity 

involved in osteoclast function is of great interest and significance in bone biology.  

The ubiquitously expressed proprotein convertase furin belongs to a group of 

serine proteases involved in the post-translational modification events that increase the 

diversity and activity of translated proteins. The membrane bound furin cycles from the 

trans-golgi network to the cell surface through endosomes and processes precursor 

proteins at these cellular compartments (Thomas, 2002). Specifically, furin recognises 

and cleaves specific substrates after basic amino acid residues and its’ activity is vital for 

the activation, and sometimes the inactivation, of numerous substrates in the constitutive 

secretory pathway, including growth factors, receptors, adhesion molecules and also 

bacterial and viral proteins (Seidah and Prat, 2012). The inactivation of the furin gene in 

mice results in lethality at approximately embryonic day 11 (E11) with various 

developmental malformations of the heart and primitive gut (Roebroek et al., 1998). To 

bypass early embryonic death, targeted deletion of the furin gene in a subset of cell and 

tissue types have been conducted through the use of floxed-furin mice (Roebroek et al., 

2004). Several furin conditional knockout models have highlighted vital roles of this 

convertase in the endocrine pancreas, and T cell and endothelial cell functions (Kim et 

al., 2012, Louagie et al., 2008, Pesu et al., 2008).  

In this study, to focus on the role of furin in osteoclast biology, the furin gene was 

specifically inactivated in osteoclasts in mice (FurinΔOC). This chapter examines the 

expression profile of PCs in osteoclasts and investigates the bone phenotype of FurinΔOC 

mice by microCT and histomorphometric analysis.  
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5.2 Results 

5.2.1 The gene expression profile of proprotein convertases in osteoclasts 

Microarray analysis and PCR were performed to investigate the gene expression profile 

of the seven basic amino acid-specific proprotein convertases in osteoclasts as well as 

their precursor cells. Total cellular RNA was obtained from in vitro cultures of bone 

marrow macrophages cultured in the presence (osteoclasts, OC) or absence (pre 

osteoclasts, pOC) of RANKL for 5 days (Figure 5.1A). Furin and Pcsk7 were both 

expressed in osteoclasts and their precursor cells as determined by microarray. Additional 

validation by PCR further revealed a higher mRNA expression of furin as compared to 

Pcsk7 in both pre- and mature osteoclasts, suggesting that furin may play a role in mature 

osteoclast formation and function (Figure 5.1B and 5.1C). In addition to furin and Pcsk7, 

Pcsk5 and Pcsk6 were also identified to be expressed at the mRNA level in total bone 

samples (humerus) from wild-type mice (Figure 5.1B).  

 

5.2.2 Osteoclast-specific Furin knockout mice exhibit reduced body size 

To investigate the role of furin in osteoclasts, osteoclast-specific Furin cKO (FurinΔOC) 

mice were generated by mating Furinfl/fl mice with cathepsin K-Cre transgenic mice, in 

which the Cre recombinase gene was inserted into the Ctsk locus (Nakamura et al., 2007). 

The genotypes of the mice were analysed by PCR and Cre recombination was only 

observed in FurinΔOC mice but not in Furinfl/fl littermates (Supplementary Figure 1A). 

FurinΔOC mice were born alive at the predicted Mendelian frequencies and had 

comparable body weight with that of Furinfl/fl littermates. However, FurinΔOC mice 

exhibited a slightly reduced body length (~5%) (Figure 5.2A-C), which persisted to 12 

months of age (data not shown), suggesting defects in bone growth or remodelling. To 

verify the effectiveness of the knockout system, bone marrow cells from Furinfl/fl and 

FurinΔOC mice were differentiated with M-CSF and RANKL and furin mRNA expression 

was analysed by PCR. Full length furin mRNA expression was dramatically reduced from 

day 3 of osteoclast differentiation in FurinΔOC bone marrow cells (Figure 5.3). On the 

other hand, the expression of deleted exon 2 transcript (Δ2) was predominant from day 3 

of osteoclastogenesis indicating efficient inactivation of Furin at the later stage of 

osteoclast differentiation (Figure 5.3). 
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Figure 5.1 The gene expression profile of proprotein convertases in osteoclasts. (A-

C) Total RNA was isolated from BMMs cultured in M-CSF in the presence or absence 

of RANKL for 5 days. (A) Microarray analysis of PC gene expression profile between 

pre-osteoclasts (pOC) and osteoclasts (OC). (B) RT-PCR was performed to validate the 

gene expression of PCs in pOC, OC and in bone extracts (humerus) from wild-type mice. 

cDNA from brain tissue was used as a positive control for PC expression (excluding 

Pcsk4). (C) Real-time PCR analysis was performed to validate the expression profile of 

furin and Pcsk7 against the housekeeping gene Hmbs in pOC and OC.  Data are presented 

as relative fold change ±SEM. n=3.  
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Figure 5.2 FurinΔOC mice are smaller and have reduced body and femur length. (A) 

Representative image of littermate pairs of 12 week old female Furinfl/fl and FurinΔOC 

mice showing reduced total body length. (B) FurinΔOC mice were shorter in stature as 

compared to Furinfl/fl controls. (C) Body weight of FurinΔOC mice did not differ 

significantly as compared to Furinfl/fl controls. (D) Total femur length was shorter in 

FurinΔOC mice as compared to Furinfl/fl controls. Data are presented as mean ±SEM. 

NS=non-significant; ***P<0.001; n=7. 
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Figure 5.3 Efficient inactivation of furin in FurinΔOC osteoclasts.  BMMs from 

Furinfl/fl and FurinΔOC mice were cultured in M-CSF in the presence or absence of 

RANKL for 5 days. Total cellular RNA was subjected to RT-PCR using Furin Exon 2 

specific primers to visualize the knockdown efficiency of the Furin gene in osteoclasts. 

Δ2 amplicon represents the knockout transcript. Representative data from three 

independent experiments showing similar results. 
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5.2.3 Osteoclast-specific Furin knockout mice exhibit increased trabecular but not 

cortical bone mass 

To investigate whether the inactivation of furin in osteoclasts resulted in a bone 

phenotype, the hindlimbs of Furinfl/fl and FurinΔOC mice were analysed by microCT. X-

ray analysis revealed that the femur length was significantly reduced in 12 week old 

female FurinΔOC mice as compared to Furinfl/fl littermate controls (Figure 5.2D). 

Interestingly, female FurinΔOC mice exhibited a significant increase in trabecular bone 

mineral density (BMD) and trabecular bone volume (Figure 5.4A-C). This corresponded 

to an increase in trabecular number and a reduction in trabecular separation, however, no 

changes in trabecular thickness were observed relative to Furinfl/fl controls (Figure 5.4D-

F). The structural properties of trabecular bones as indicated by structure model index 

and connectivity density were reduced and increased respectively in FurinΔOC mice, 

suggesting bones with increased structural strength. The cortical bone was also analysed 

and in female FurinΔOC mice, cortical BMD, cortical area, cortical area fraction and 

cortical thickness were comparable with Furinfl/fl controls (Figure 5.5A, B, D, E, F). In 

contrast, total cortical tissue area, marrow area, periosteal and endosteal parameters were 

reduced (Figure 5.5C, G, H, I) in FurinΔOC mice; these parameters are reflective of the 

overall reduction in femur length/size as compared to Furinfl/fl mice.  

To clarify if the increased bone mass phenotype in FurinΔOC mice occurs in both 

sexes, the hindlimbs of male mice were analysed by microCT. Surprisingly, inconsistent 

with the female data, there was no significant differences in trabecular bone mass in 12 

week old male FurinΔOC mice, as evident by comparable trabecular BMD, bone volume 

and structure model index between male Furinfl/fl and FurinΔOC mice (Figure 5.6B, C, G). 

However, there were significant reduction in trabecular separation, increase in 

connectivity density and a trend of increase in trabecular number in FurinΔOC mice (Figure 

5.6 5.6D-H). Cortical bone parameters of 12 week old male FurinΔOC mice were 

comparable with that of male Furinfl/fl controls (Figure 5.7). These data suggested that a 

more profound increase in trabecular bone parameters might be expected in older male 

FurinΔOC mice. Indeed, at 26 weeks, male FurinΔOC mice exhibited a significant increase 

in trabecular bone mass, as determined by increased trabecular BMD, bone volume, 

trabecular number and connectivity density, with a consequent reduction in trabecular 

separation and structural model index (Figure 5.6A-H). In contrast to 12 week old 

FurinΔOC male mice, which showed no apparent changes in cortical bone parameters, 

older FurinΔOC male mice exhibited a slight but significant reduction in cortical thickness, 
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Figure 5.4 Female FurinΔOC mice have increased trabecular bone mass. (A) 

Representative 3D image of trabecular bone volume derived from microCT imaging of 

the femora from 12 week old female Furinfl/fl and FurinΔOC mice. (B-H) MicroCT analysis 

of trabecular bone parameters; trabecular bone mineral density (BMD; g/cm3), bone 

volume per tissue volume (BV/TV; %), trabecular number (Tb. N; 1/mm), trabecular 

separation (Tb. Sp; mm), trabecular thickness (Tb. Th; mm), structure model index (SMI) 

and connectivity density (Conn.D 1/mm3). Data are presented as mean ±SEM. NS=non-

significant; **P<0.01; ***P<0.001; n=7. 
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Figure 5.5 Cortical bone parameters in female FurinΔOC mice. (A) Representative 3D 

image derived from microCT imaging of cortical bone from 12 week old female Furinfl/fl 

and FurinΔOC mice. (B-H) MicroCT analysis of cortical bone parameters; cortical bone 

mineral density (BMD; g/cm3),  total cortical area (Tt. Ar; mm2), cortical bone area (Ct. 

Ar; mm2), cortical area fraction (Ct. Ar/Tt. Ar; %), cortical thickness (Ct. Th; mm), 

medullary area (Ma.Ar; mm2), periosteal perimeter (Ps.Pm; mm) and endosteal perimeter 

(Ec.Pm; mm). Data are presented as mean ±SEM. NS=non-significant; *P<0.05; 

**P<0.01; n=7.  
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Figure 5.6 Increased trabecular bone mass in older male FurinΔOC mice. (A) 

Representative 3D image of trabecular bone derived from microCT imaging of femura 

from 12 week old and 26 week old male Furinfl/fl and FurinΔOC  mice. (B-H) MicroCT 

analysis of femora from 12 week old and 26 week old male Furinfl/fl and FurinΔOC  mice. 

Trabecular bone parameters are shown as trabecular bone mineral density (BMD; g/cm3), 

bone volume per tissue volume (BV/TV; %), trabecular number (Tb. N; 1/mm), 

trabecular separation (Tb. Sp; µm), trabecular thickness (Tb. Th; µm), structure model 

index (SMI) and connectivity density (Conn.D 1/mm3). Data are presented as mean 

±SEM. NS=non-significant; *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001; n=7. 
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cortical bone area, cortical area fraction and cortical BMD (Figure 5.7A-I). Together, 

these data indicate that the increase in trabecular bone mass occurs in both male and 

female FurinΔOC mice, with males developing the phenotype at a later time point relative 

to females. These results suggest potential roles of furin in osteoclasts during bone 

remodelling in adult mice. 

 

5.2.4 Osteoclast-specific Furin knockout mice exhibit reduced osteoclast parameters 

in vivo 

To assess if the increase in bone mass in FurinΔOC mice was due to altered osteoclast 

formation and bone resorption, histomorphometric analysis was performed. Consistent 

with microCT data, histomorphometric analysis of femora from 12 week old female mice 

showed a significant increase in bone volume in FurinΔOC mice (Figure 5.8A), with the 

corresponding increase in trabecular number and decrease in trabecular separation and no 

change in trabecular thickness (Figure 5.8B-E). Furthermore, Alcian blue staining of the 

growth plate showed no overt differences in growth plate morphology in FurinΔOC mice 

(Figure 5.8A). By analysing osteoclast parameters using TRACP stained sections, 

FurinΔOC mice exhibited a significant decrease in osteoclast number/bone surface and 

osteoclast surface/bone surface (Figure 5.9A-C). However, osteoclast numbers/tissue 

volume did not differ significantly in FurinΔOC female mice (Figure 5.9D). These findings 

indicate that FurinΔOC mice exhibit an osteoclast-poor osteopetrotic phenotype and 

suggests that the increase of bone mass was likely the consequence of reduced bone 

resorption in vivo.  

 

5.2.5 RANKL and OPG mRNA expression were elevated in osteoclast-specific Furin 

knockout mice 

To explore the possible mechanisms of reduced osteoclast activity in FurinΔOC mice, PCR 

was performed on RNA isolated from the long bones (humerus) of Furinfl/fl and FurinΔOC 

mice. PCR analyses revealed comparable mRNA expression of osteoclast-related genes 

TRACP (Acp5) and calcitonin receptor (Calcr) (Figure 5.10A-B); and comparable 

osteoblast-related gene expression of alkaline phosphatase (Alpl) and osteocalcin (Bglap) 
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Figure 5.7 Reduced cortical bone mass in older male FurinΔOC mice. (A) 

Representative 3D image derived from microCT imaging of cortical bone from 12 week 

old and 26 week old male Furinfl/fl and FurinΔOC mice. (B-I) MicroCT analysis of cortical 

bone from 12 week old and 26 week old male Furinfl/fl and FurinΔOC mice. Cortical bone 

parameters; cortical bone mineral density (BMD; g/cm3),total cortical area (Tt. Ar; mm2), 

cortical bone area (Ct. Ar; mm2), cortical area fraction (Ct. Ar/Tt. Ar;%), cortical 

thickness (Ct. Th; µm), medullary area (Ma.Ar; mm2), periosteal perimeter (Ps.Pm; mm) 

and endosteal perimeter (Ec.Pm; mm). Data are presented as mean ±SEM. NS=non-

significant; *P<0.05; **P<0.01; n=7. 
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Figure 5.8 Increased trabecular bone mass in female FurinΔOC mice by histological 

analysis. (A) Histological sections of distal femur from 12 week old female Furinfl/fl or 

FurinΔOC mice were stained with Hematoxylin and Eosin (H&E; Top panel) to visualise 

gross bone architecture and Alcian blue (lower panel) to visualise growth plate 

morphology. Trabecular bone parameters are shown as (B) bone volume per tissue 

volume (BV/TV; %), (C) trabecular number (Tb. N; 1/mm), (D) trabecular separation 

(Tb. Sp; mm) and (E) trabecular thickness (Tb. Th; mm). Data are presented as mean 

±SEM. NS=non-significant; *P<0.05; n=6. 
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Figure 5.9 Decrease in osteoclast parameters in female FurinΔOC mice. (A) 

Histological sections of distal femur from 12 week old female Furinfl/fl or FurinΔOC mice 

stained for Tartrate Resistant Acid Phosphatase (TRACP), to visualise osteoclasts. 

Osteoclast parameters are shown as (B) osteoclast number per bone surface (N.Oc/BS; 

1/mm) and (C) osteoclast surface per bone surface (Oc.S/BS; %) (D) osteoclast 

number/tissue volume (N.Oc/TV; number). Data are presented as mean ±SEM. NS=non-

significant; **P<0.01; n=6. 
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Figure 5.10 Real time-PCR analysis of osteoclast and osteoblast related gene 

expression in the long bones of FurinΔOC mice. (A-G) Total bone RNA isolated from 

the forelimbs of 12 week old female Furinfl/fl or FurinΔOC mice were subject to real time-

PCR to analyse the gene expression profile of osteoclast related genes (A) Acp5 (B) 

Calcr, and osteoblast related genes (C) Alpl, (D) Bglap, (E) RANKL, (F) OPG. (G) 

RANKL vs. OPG ratio was determined. Data are presented as relative fold change ±SEM. 

NS=non-significant; *P<0.05; n=4. 
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between Furinfl/fl and FurinΔOC mice (Figure 5.10C-D). Furthermore, although elevated 

levels of both Rankl and Opg mRNA were observed in FurinΔOC mice, these did not result 

in changes to the Rankl/Opg ratio (Figure 5.10E-G). These results indicate that the 

reduced osteoclast parameters in FurinΔOC mice are not due to changes in osteoblast 

activity or Rankl/Opg expression. 

 

5.3 Discussion 

In this chapter, furin was identified as being abundantly expressed in osteoclasts and 

specific deletion of furin in osteoclasts resulted in a high bone mass phenotype with a 

reduction in osteoclast parameters in vivo. Herein, these data indicates for the first time 

the important roles of furin in osteoclastogenesis and bone resorption in vivo. 

In assessing the gene expression profile of proprotein convertases during 

osteoclast differentiation, furin was identified as being the most abundantly expressed 

basic-specific PC in osteoclasts as well as their bone marrow precursor cells. Due to low 

endogenous levels and non-sensitive commercial antibodies towards murine furin protein 

(personal communications with Professor John Creemers, University of Leuven), 

determination of the protein levels of furin in vivo/ex vivo could not be carried out in this 

study. As such, implications of the function of furin often rely exclusively on phenotypic 

and mRNA analyses (Kim et al., 2012, Roebroek et al., 2004, Louagie et al., 2008). In 

this study, Cre mediated furin deletion occurred 3 days after addition of RANKL in vitro 

in osteoclasts from FurinΔOC mice. This indicates that the furin gene was inactivated at 

later stages in the differentiation process of osteoclast-lineage cells. This important 

observation is crucial for the interpretation and alignment of bone phenotypes of possible 

furin substrate-deficient mice with that observed in FurinΔOC mice, to assist in specific 

substrate identification and downstream investigation. As such, it is possible to rule out 

known furin substrates expressed by pre-osteoclasts such as PDGF-B, which has been 

recently shown to play vital roles in coupling angiogenesis with bone formation (Xie et 

al., 2014, Siegfried et al., 2005, Basak et al., 2009). In fact, in the most recent study, the 

conditional deletion of Pdgfb in pre-osteoclasts using Tracp-Cre, resulted in reduced 

trabecular bone mass (Xie et al., 2014), a phenotype opposite from that observed in 

FurinΔOC mice. Although intrigued by the possibility of furin mediated processing of this 

angiogenic coupling factor, further studies are warranted to delineate Pdgfb cleavage by 

furin in pre-osteoclasts and its contribution to this coupling process.  
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Genetic deletion of furin in osteoclasts resulted in high trabecular bone mass in 

the hindlimbs of FurinΔOC mice. Furthermore, X-ray scans of the spine and tails of these 

mice did not reveal overt skeletal abnormalities (data not shown); however, the body 

length and hindlimbs of FurinΔOC mice were notably shorter than littermate controls. The 

trabecular bone mass of vertebral bones was not assessed in this study and could provide 

additional confirmation of the extent of osteopetrosis at other skeletal sites in FurinΔOC 

mice. Although a reduction in stature is frequently observed in mice with osteopetrosis, 

it is interesting to note that mice lacking BMP6, an anabolic coupling factor expressed by 

osteoclasts (Pederson et al., 2008) and a putative furin substrate, have impaired periosteal 

growth but no changes in trabecular bone mass (Perry et al., 2008). In this case, furin 

could play a role in proBMP6 processing in osteoclasts by cleavage at the recognition 

sequence R-T-T-R371, separating the prosegment from the mature BMP6 protein 

resulting in peptide activation. This could provide a possible explanation for the aberrant 

periosteal growth in female FurinΔOC mice, although this exciting possibility remains to 

be explored.  

It is presently unclear as to why male FurinΔOC mice did not display a trabecular 

phenotype at 12 weeks of age. However, as these FurinΔOC mice age, they develop a 

similarly high trabecular bone mass phenotype suggestive of possible endocrine 

influences. Further assessment of the cortical bones in these animals also revealed altered 

periosteal bone perimeters only in female FurinΔOC mice and not in male FurinΔOC mice. 

The reason for this is also unclear and the identification of a particular sex-steroid 

mediated-furin substrate in osteoclasts could shed light on these intriguing findings. A 

more comprehensive phenotypic analysis at different age ranges could be employed to 

provide better insights into the acquisition of the high bone mass phenotype in both male 

and female FurinΔOC mice during development till adulthood and beyond. 

Interestingly, both RANKL and OPG mRNA levels were found to be equally 

elevated in vivo, which resulted in no change in the RANKL/OPG ratio. This resultant 

effect could explain the similarities in total numbers of osteoclasts in vivo between 

Furinfl/fl and FurinΔOC mice, and also highlight possible mechanisms induced to 

compensate for the reduction in bone resorption in FurinΔOC mice in vivo. However, when 

normalized against bone surface, osteoclast numbers were significantly reduced as bone 

volume was increased in FurinΔOC animals. The reduction in osteoclast parameters is 

consistent with the increase in bone mass and indicates reduced bone resorption in 

FurinΔOC mice, a phenotype commonly ascribed to that of osteoclast-poor osteopetrosis. 
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The lack of compensatory osteoclastogenesis in FurinΔOC mice highlights possible 

intrinsic defects in osteoclast formation from the loss of one or more furin mediated 

substrates important for osteoclast formation. One potential substrate is the receptor 

tyrosine kinase-like orphan receptor 2 (ROR2), which is expressed by osteoclast 

precursors to promote osteoclast differentiation (Maeda et al., 2012) and (through 

bioinformatics analysis) contains a putative furin cleavage sequence at R-R-P-R738 in the 

protein kinase domain, suggesting that furin processing could result in Ror2 inactivation. 

Hence it is hypothesized that the loss of furin would lead to enhanced Ror2 function. 

Inconsistent with this theory however, is that hemizygous Ror2 mice or mice with 

osteoclast-lineage deletion of ROR2 by Rank-Cre (Maeda et al., 2012), exhibit a similar 

osteoclast-poor osteopetrotic phenotype to that of FurinΔOC mice, suggesting a more 

complex association between furin and this potential substrate in osteoclast-lineage cells. 

Another candidate substrate is the aforementioned V-ATPase subunit Ac45, which has 

been implicated in osteoclast formation and function (Qin et al., 2011, Louagie et al., 

2008, Yang et al., 2012). While alterations in the processing of these two candidate 

substrates could result in osteopetrosis, the phenotype could also be attributed to the 

dysregulation of other novel furin substrates in FurinΔOC mice. Such novel substrates 

could be involved in the coupling activities between osteoclasts and their precursors 

responsible for the establishment of proper osteoclasts numbers in vivo.  

Although not investigated in this study, it is possible, that furin was deleted in 

cells other than osteoclasts on the Ctskcre/+ background, which could alter osteoclast 

formation and the bone phenotype of FurinΔOC mice. It has been demonstrated that 

osteocytes may play a role in osteolysis and express TRAcP and Ctsk, genes classically 

regarded as osteoclast marker genes (Qing et al., 2012, Kogawa et al., 2013). 

Furthermore, Ctsk is also expressed by osteoblasts, albeit at a much lower level as 

compared to osteoclasts (Lotinun et al., 2013). Hence, it is possible that furin could be 

deleted in cells of the osteoblast lineage in FurinΔOC mice. Intriguingly, cortical thickness 

and BMD were not altered in 12 week old female FurinΔOC mice, but were reduced in 24 

week old male FurinΔOC mice, thereby demonstrating an age/gender specific disruption 

in cortical bone homeostasis. In light of previous studies showing the lack of Cre 

expression in bone cells other than osteoclasts in other knockout models on the Ctskcre/+ 

background (Okamoto et al., 2011, Nakamura et al., 2007), the data presented here 

warrants future investigations on the loss of furin in cells other than osteoclasts in 

FurinΔOC mice.  
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From further in vivo mRNA expression analysis, there were no appreciable 

differences in osteoblast marker gene expression, suggesting that osteoblast activity was 

probably unaltered in FurinΔOC mice. Moreover, preliminary analysis of paraffin 

embedded calcein labelled calvaria tissue from Furinfl/fl and FurinΔOC mice revealed no 

significant differences in mineral apposition rate from the loss of furin in osteoclasts 

(Supplementary Figure 2A-B). However, altered osteoblast function cannot be excluded 

in other skeletal sites such as the hindlimbs, as trabecular thickness parameters were 

unchanged from the loss of furin in osteoclasts by both microCT and histomorphometric 

analysis, suggesting a concomitant reduction in both bone resorption and bone formation 

in the trabecular compartment in FurinΔOC mice. Furthermore, the presence of normal 

tooth eruption and the absence of characteristic osteopetrotic cartilaginous bars indicate 

an incomplete osteopetrotic phenotype in FurinΔOC mice. Hence, the use of un-decalcified 

hindlimb sections for histomorphometric analysis could provide further insights in terms 

of bone formation parameters such as osteoblast numbers, osteoid volume, osteoid 

surface and osteoid thickness. These additional data would be required to delineate the 

contribution of osteoblast activity in the high bone mass phenotype in FurinΔOC mice. 

Collectively, furin has been identified as a novel regulator of bone homeostasis, 

whereby the loss of furin in osteoclasts results in an osteoclast-poor osteopetrotic-like 

phenotype that appears to be due to intrinsic abnormalities in osteoclast formation and 

function. 
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6.1 Introduction  

As established in the previous chapter, mice with specific deletion of furin in mature 

osteoclasts (FurinΔOC) exhibit an increase in bone mass, a phenotype consistent with that 

of osteopetrosis. However, it was unclear whether defects in osteoclast formation or 

function, or excessive osteoblastic bone formation are responsible for the increase in bone 

mass. Further phenotypic characterisation by histology revealed a decrease in osteoclast 

parameters in FurinΔOC mice, indicating that these findings could be due to intrinsic 

defects in osteoclast formation and/or bone resorption.  

Furin promotes the proteolytic maturation of substrate proteins in the secretory 

pathway. However, furin and other PCs often share similar specificities towards 

substrates containing the consensus basic amino acid motif (R-X-X-R↓), making the 

identification of furin-specific substrates difficult (Seidah and Prat, 2012). Results from 

Chapter 5 have also established that two different basic-specific PC members (furin and 

PC7) are abundantly expressed in osteoclasts, suggesting potential complementary 

functions in osteoclasts. However the non-redundant role of furin was clearly 

demonstrated by osteopetrosis in FurinΔOC mice. Hence, it is hypothesized that 

dysregulation of at least one furin-specific substrate important for osteoclast 

differentiation and function, results in the phenotype observed in FurinΔOC mice. 

To better understand the role(s) of furin in osteoclast biology, this chapter will 

focus on the cellular and molecular mechanisms by which furin regulates osteoclast 

formation and function. In order to examine its specific role(s) in osteoclasts, 

osteoclastogenesis assays and bone resorption assays were performed on bone marrow 

cells isolated from FurinΔOC mice. In parallel studies the effects of the general proprotein 

convertase inhibitor, Dec-RVKR-CMK (CMK), was tested on osteoclast formation and 

bone resorption to confirm the role of furin in osteoclast activity at the cellular and 

molecular level.  
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6.2 Results 

6.2.1 Osteoclastogenesis was unaffected by the loss of furin 

To determine whether the reduction in osteoclast parameters in FurinΔOC mice was cell 

autonomous or due to indirect changes occurring in other cells, in vitro osteoclastogenesis 

assays were performed. Bone marrow cells from Furinfl/fl and FurinΔOC mice were 

cultured with M-CSF and RANKL to induce the formation of osteoclasts. At day 5 of 

RANKL stimulation, osteoclast differentiation from FurinΔOC mice did not significantly 

differ from that in Furinfl/fl controls, as determined by TRACP staining (Figure 6.1A). 

Further quantitative analysis similarly showed that average osteoclast spread area and the 

average number of osteoclasts, based on nuclei number, were comparable between 

Furinfl/fl and FurinΔOC cells (Figure 6.1B-C). Next, the sensitivity of Furinfl/fl and FurinΔOC 

bone marrow cultures to RANKL was assessed. Furinfl/fl and FurinΔOC bone marrow cells 

were cultured in M-CSF with either 25 or 100 ng/ml RANKL. At both concentrations of 

RANKL treatment, there were no significant differences in the number of multinucleated 

osteoclasts formed by FurinΔOC cells compared to that of Furinfl/fl cells (Supplementary 

Figure 3). These results suggest that osteoclastogenesis was unaffected by the loss of furin 

and that osteoclast precursor populations from the bone marrow of FurinΔOC mice were 

unchanged. 

 

6.2.2 Osteoclast marker gene expression is unaffected in osteoclasts derived from 

FurinΔOC mice 

To determine if osteoclast markers genes were differentially expressed between Furinfl/fl 

and FurinΔOC osteoclasts, real-time PCR was performed. RNA was first extracted from 

RANKL-induced osteoclast cultures from Furinfl/fl and FurinΔOC mice. As furin and Pcsk7 

were identified to be abundantly expressed in osteoclasts (Figure 5.1), the mRNA 

expression of these two convertases was assessed in Furinfl/fl and FurinΔOC cells. As 

compared to Furinfl/fl osteoclasts, Furin mRNA was significantly decreased in FurinΔOC 

osteoclasts indicating an efficient knockdown of Furin expression by the Cre/LoxP 

system in cultured cells in vitro (Figure 6.2A). Furthermore, there was comparable 

mRNA levels of Pcsk7 between genotypes, suggesting a lack of compensation from the 

other basic-amino acid specific PC member in FurinΔOC osteoclasts.  
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Figure 6.1 Osteoclastogenesis was unaffected in FurinΔOC derived bone marrow 

cultures. (A) BMMs were isolated from 12 week old female Furinfl/fl and FurinΔOC mice 

and cultured with M-CSF and RANKL for 5 days. Cells were TRACP stained (Scale bar 

50 µm). (B) Analysis of the osteoclast spread area of 50 of the largest osteoclasts per 

group. (C) Numbers of TRACP positive multinucleated cells (MNCs) were scored based 

on nuclei number. Data are presented as mean ±SEM and are representative of six 

independent experiments showing similar results. NS=non-significant. 
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Figure 6.2 Real time-PCR analysis of FurinΔOC derived bone marrow cultures. 

BMMs were isolated from 12 week old female Furinfl/fl and FurinΔOC mice and cultured 

with M-CSF and RANKL for 5 days. RNA was isolated and subjected to real-time PCR 

analysis for (A) Furin exon 2, Pcsk7 transcript levels and (B) osteoclast marker genes: 

TRACP (Acp5), calcitonin receptor (Calcr), Dcstamp and Mmp9. Hmbs was used as a 

housekeeping control. Data are presented as fold change ±SEM. NS=non-significant; 

**P<0.01; n=3. 
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Similarly, the gene expression of osteoclast markers: TRACP (Acp5), calcitonin 

receptor (Calcr), Dcstamp and Mmp9 did not differ significantly between Furinfl/fl and 

FurinΔOC osteoclasts (Figure 6.2B). Hence, the deletion of furin by cathepsin K driven 

Cre expression suggests that furin is not essential for the later stages of osteoclast 

differentiation, and that the decrease in osteoclast numbers in FurinΔOC mice could be due 

to changes occurring in other cells. 

 

6.2.3 The loss of furin in osteoclasts leads to reduced resorptive activity 

To determine if the increase in bone mass in FurinΔOC mice was due to decreased 

osteoclast resorbing ability from the loss of furin, in vitro bone resorption assays were 

performed. Bone marrow cells were isolated from Furinfl/fl and FurinΔOC mice and 

cultured on collagen-coated plates in the presence of M-CSF and RANKL to induce 

osteoclast formation. Similar numbers of mature osteoclasts were reseeded onto bovine 

bone slices and allowed to resorb for 48 hours prior to being fixed and TRACP stained 

(Figure 6.3A). The osteoclasts were immunostained for F-actin and the formation of 

resorption pits was analysed by scanning electron microscopy. When normalized against 

osteoclast numbers, the area of bone resorbed did not differ significantly between Furinfl/fl 

and FurinΔOC osteoclasts (Figure 6.3B). Correspondingly, immunostaining and confocal 

analysis showed similar numbers of intact F-actin rings formed by FurinΔOC osteoclasts 

as compared to Furinfl/fl cells (Figure 6.3C), suggesting that osteoclast polarisation was 

not significantly altered due to furin deficiency in mature osteoclasts.  

Interestingly, from observations of scanning electron microscopy images, the 

resorption pits formed by FurinΔOC osteoclasts appeared to be shallower than those 

formed by Furinfl/fl cells. Indeed, when analysed by reflective confocal analysis, the 

resorption pits formed by FurinΔOC osteoclasts were shallower than the pits formed by 

Furinfl/fl osteoclasts (Figure 6.3D). Consistent with these findings, the levels of c-terminal 

fragments of collagen type 1 (CTX) released into the culture media during bone 

resorption by FurinΔOC osteoclasts was significantly reduced as compared to Furinfl/fl cells 

(Figure 6.3E). These results suggest that osteoclastic bone resorption was impaired by the 

loss of furin.  
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Figure 6.3 Reduced bone resorption by FurinΔOC osteoclasts. Mature BMM-derived 

osteoclasts from Furinfl/fl and FurinΔOC mice were cultured on bovine bone slices for 48 

hours. (A) Cells were stained for TRACP to visualize osteoclasts, or immunostained with 

rhodamine-conjugated phalloidin to visualize F-actin structures. Bone slices were 

subjected to back-scattered electron microscopy to visualize resorption pits. (B) There 

was no significant difference in area of bone resorbed by Furinfl/fl and FurinΔOC 

osteoclasts. (C) There was no significant difference in the number of actively resorbing 

Furinfl/fl and FurinΔOC osteoclasts. (D) Confocal analysis of resorption pit depth. Panels 

indicate how depth was measured. The resorption pits formed by FurinΔOC osteoclasts 

were shallower compared to those formed by Furinfl/fl osteoclasts. (E) CTX in bone 

resorption culture media was measured by ELISA. Data are presented as mean ±SEM. 

NS=non-significant; *P<0.05; **P<0.01; n=3.  
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6.2.4 The loss of furin in osteoclasts leads to reduced Ac45 processing 

During previous physiological assessments of furin in the pancreas, Louagie et al. 

identified V-ATPase accessory subunit Ac45 to be uniquely cleaved by Furin (Louagie 

et al., 2008). Moreover, recent work conducted in the laboratories of Professor Jiake Xu 

and Professor Yi-Ping Li independently identified Ac45 as a crucial component of the 

osteoclast extracellular acidification machinery essential for osteoclastic bone resorption 

(Qin et al., 2011, Yang et al., 2012). It should be noted that newly synthesized Ac45 exists 

as a ~60kDa propreptide (proAc45) that is subsequently cleaved to a mature ~45kDa 

functional form (Holthuis et al., 1999, Louagie et al., 2008). To determine whether the 

loss of Furin results in altered Ac45 processing in osteoclasts, immunoblotting was 

performed. In osteoclasts derived from FurinΔOC mice, the protein level of the Ac45 

propeptide (proAc45) was significantly elevated as compared to Furinfl/fl controls (Figure 

6.4A). This consequently resulted in reduced levels of cleaved/mature Ac45 protein 

(Figure 6.4B). Furthermore, these differences were not due to changes in Ac45 gene 

expression as the mRNA expression of Ac45 was comparable between Furinfl/fl and 

FurinΔOC osteoclasts, as determined by PCR (Figure 6.4C). As an additional control, the 

protein and mRNA expression of V-ATPase subunit d2 (protein sequence of which does 

not contain furin cleavage sites) were assessed, and subsequently found to be comparable 

between Furinfl/fl and FurinΔOC osteoclasts (Figure 6.4 A-C). These results suggest that 

Furin uniquely cleaves Ac45 in osteoclasts.  

 

6.2.5 The loss of furin in osteoclasts leads to reduced intracellular acidification 

As mentioned above, the V-ATPase accessory subunit Ac45 has been implicated in the 

osteoclast acidification machinery. Therefore, to determine whether V-ATPase function 

in osteoclasts from FurinΔOC mice was altered as a consequence of impaired Ac45 

maturation, osteoclasts from Furinfl/fl and FurinΔOC mice were cultured on glass coverslips 

and incubated with acridine orange or with a complementary acidotrophic agent, 

LysoSensor™ Green DND-189. Acridine orange is a cell permeable metachromatic weak 

base that can be used to detect acidification in isolated organelles, such as lysosomes, 

endocytotic granules as well as in the whole cell (Moriyama et al., 1982, Camacho et al., 

2006, Gluck et al., 1982, Zoccarato et al., 1999). Acridine orange exists as an un-

protonated amine which emits green fluorescence. Once inside acidic organelles, acridine 

orange becomes protonated and partitions within the organelle membrane, self-quenching 
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Figure 6.4 Reduced Ac45 processing in FurinΔOC osteoclasts. BMM were isolated 

from 12 week old female Furinfl/fl and FurinΔOC mice and cultured with M-CSF and 

RANKL for 5 days. (A) Whole cell lysates from osteoclast cultures were analysed by 

immunoblotting to detect V-ATPase subunit proAc45, cleaved Ac45 and V-ATPase 

subunit d2. β-actin was analysed as a loading control. (B) Expression levels of proAc45, 

Ac45 and V-ATPase subunit d2 were quantified by densitometry. (C) RNA was isolated 

from osteoclast cultures and subjected to real-time PCR analysis. Data are presented as 

(B) percentage or (C) fold change ±SEM. NS=non-significant; *P<0.05; **P<0.01; n=3. 

 

 

 

 

 

 

 



Chapter Six: The Cellular and Molecular Mechanisms Behind the Bone Phenotype of Osteoclast-specific Furin Knockout Mice 

146 

occurs resulting in the emission of orange/red fluorescence. Similarly, LysoSensor dyes 

are acidotropic probes that become protonated and partition into acidic organelles (Qin et 

al., 2011). LysoSensor dyes are non-fluorescent until protonated within acidic organelles. 

This probe also exhibits a pH-dependent increase in fluorescence intensity upon entering 

acidic compartments. To detect protonated acridine orange, osteoclasts were excited at 

543nm wavelength and fluorescence emission at 580nm wavelength was quantified. 

Similarly, protonated LysoSensor™ Green DND-189 was excited at 480nm and 

fluorescence detected and quantified at 522nm. Fluorescence intensity of FurinΔOC 

osteoclasts was significantly reduced in osteoclast cultures incubated with acridine 

orange reflecting reduced acidification (Figure 6.5A). Similarly, FurinΔOC osteoclasts 

exhibited a significant reduction in LysoSensor™ fluorescence intensity as compared 

Furinfl/fl controls (Figure 6.5B). These results revealed that intracellular acidification was 

disturbed, potentially due to the lack of furin-mediated Ac45 cleavage and activation.  

 

6.2.6 Osteoclasts from Cathepsin K-Cre transgenic mice displayed normal 

resorptive activity  

The FurinΔOC mice used in this study were bred on a CtskCre/+ background, hence to 

account for the loss of function in a single allele of cathepsin K on bone resorption, bone 

resorption assays were performed on osteoclasts derived from CtskCre/+ mice. Firstly, the 

protein levels of cathepsin K in mature osteoclasts from Furinfl/fl, FurinΔOC and CtskCre/+ 

mice were analysed by immunoblotting. As expected, both the secreted and total lysate 

protein levels of cathepsin K in FurinΔOC and CtskCre/+ osteoclast were approximately half 

of that expressed by Furinfl/fl cells (Figure 6.6A). Interestingly, Cathepsin K levels in the 

media of FurinΔOC osteoclasts were further reduced as compared to CtskCre/+ cells, 

suggesting further impairment of cathepsin K secretion as a consequence of Furin 

deficiency. Next, as compared to Furinfl/fl osteoclasts, osteoclasts derived from CtskCre/+ 

mice displayed similar ability to resorb bone, as determined by comparable resorption pit 

depth formation and CTX released during bone resorption (Figure 6.6B-C). Furthermore, 

the acidification of CtskCre/+ osteoclasts was found to be comparable to that of Furinfl/fl 

cells, as determined by acridine orange staining (Figure 6.6D), which was expected as 

this was observed in a previous report of Ctsk+/- osteoclasts (Chen et al., 2007). These 

results indicate that the loss of one allele of cathepsin K does not significantly affect bone  
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Figure 6.5 Reduced intracellular acidification in FurinΔOC osteoclasts. BMM were 

isolated from 12 week old female Furinfl/fl and FurinΔOC mice and cultured with M-CSF 

and RANKL for 5 days. (A) Live cells were stained with acridine orange (Scale bar 100 

µm) or (B) with the fluorescent acidotropic probe LysoSensor (Scale bar 20 µm). 

Fluorescence readings were quantified at (A) red wavelength (525 nm excitation) and (B) 

green wavelength (488 nm excitation). Note that a lower fluorescence intensity indicates 

reduced intracellular acidification. Data are presented as percentage ±SEM. *P<0.05; 

**P<0.01; n=3. 
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Figure 6.6 Bone resorption and intracellular acidification were similar between 

Furinfl/fl and CtskCre/+ osteoclasts. BMMs were isolated from female Furinfl/fl, CtskCre/+ 

and FurinΔOC mice and cultured with M-CSF and RANKL for 5 days. (A) Cathepsin K 

protein levels were measured by immunoblotting of cell lysate and media from 

osteoclasts treated with bovine bone fines. Relative protein levels were quantified by 

densitometry and represented as percentage (%). (B-C) Mature osteoclasts were cultured 

on bovine bone slices and allowed to resorb for 48 hours. Bone resorption pit depth was 

analysed by confocal microscopy. CTX in bone resorption culture media was measured 

by ELISA. (D) Osteoclasts were stained with acridine orange and fluorescence intensity 

was measured. Data are presented as (B) mean or (C-D) percentage ±SEM. NS=non-

significant. 
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resorption in vitro. These results further clarifies that the impaired bone resorbing ability 

of FurinΔOC osteoclasts was primarily due to the loss of furin-mediated activity. 

 

6.2.7 Pharmacological inhibition of proprotein convertases in osteoclasts leads to 

impaired bone resorption  

In parallel experiments, the cell-permeable PC inhibitor Dec-RVKR-CMK (CMK) was 

added to osteoclast cultures to determine whether the inhibition of furin (and possibly 

other PCs), results in similar effects on osteoclast formation and bone resorption to that 

of gene inactivation. Despite its’ non-discriminate inhibition of other PCs (such as PC5/6, 

PC7 and PACE4), this inhibitor remains the most widely used furin inhibitor for cell-

based assays (Bassi et al., 2010, Couture et al., 2011, Angliker et al., 1993). 

Firstly, to evaluate the effects of CMK on early stage osteoclast differentiation, 

bone marrow cells from Furinfl/fl mice were cultured with M-CSF and RANKL and treated 

with either 1 µM or 10 µM of CMK starting from day 0 of osteoclastogenesis. After 5 

days of RANKL and CMK treatment, the cells were fixed and TRACP stained. CMK 

treatment significantly inhibited osteoclastogenesis during early osteoclast differentiation 

in a dose dependent manner as compared to DMSO treated controls (Figure 6.7A). By 

contrast, CMK treatment starting from day 2 of osteoclastogenesis did not significantly 

affect osteoclast differentiation (Figure 6.7B). To assess if the effects observed on 

osteoclast formation were due to altered cell proliferation, MTS assay was performed. 

Surprisingly, the proliferation of bone marrow macrophages (BMMs) treated with CMK 

for 48 hours in the absence of RANKL was found to be significantly increased in a dose 

dependent manner (Supplementary Figure 4A). However, CMK treatment did not alter 

proliferation rates of committed osteoclast precursors (BMMs pre-treated with RANKL 

for 48 hours) (Supplementary Figure 4B). These results suggest that proprotein 

convertase activity is required during the early stages of osteoclast commitment and that 

at later stages of differentiation, such as that observed in FurinΔOC cultures, furin activity 

had minimal roles in osteoclast formation.   

Next, to examine the effects of proprotein convertase inhibition on bone 

resorption, mature osteoclasts were seeded on bovine bone slices and treated with CMK 

and allowed to resorb for 48 hours prior to analysis. CMK treatment reduced both the 

area of bone resorbed per osteoclast and resorption pit depth as compared to DMSO 

treated cells (Figure 6.8A-B). To further quantify the reduction in resorption, CTX was 
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Figure 6.7 Proprotein convertase inhibition leads to impairment in early but not 

late stage of osteoclastogenesis. BMM were cultured with M-CSF and RANKL and 

treated with the Proprotein Convertase inhibitor Dec-RVKR-CMK (CMK) (A) for 5 

days or (B) 48 hours after RANKL stimulation from days 2 to 5 of osteoclast cultures. 

Cells at day 5 of culture were stained for TRACP to visualise osteoclasts (Scale bar 50 

µm). The number of TRACP positive multinucleated cells were scored. Representative 

data from three independent experiments showing similar results. Data are presented as 

mean ±SEM. NS=non-significant; **P<0.01.  
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Figure 6.8 Proprotein convertase inhibition leads to reduced osteoclastic bone 

resorption. BMMs were cultured with M-CSF and RANKL for 4 days on collagen coated 

plates, osteoclasts were detached and cultured on bovine bone slices with 10 µM Dec-

RVKR-CMK (CMK) for 48 hours. (A) Resorption pits were visualized by back-scattered 

electron microscopy. (B) Bone resorptive area was quantified. (C) Bone resorption pit 

depth was analysed by confocal reflective imaging. Panels indicate how depth was 

measured. (D) Relative bone resorption pit depth was quantified. Data are presented as 

percentage ±SEM. *P<0.05; n=3.  
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measured and subsequently found to be significantly reduced by CMK treatment (Figure 

6.8C). Additionally, a separate non-cell permeable furin inhibitor, Hexa-D-Arginine 

(D6R) was used in bone resorption pit assays and consistent with CMK data, D6R 

treatment also resulted in a significant reduction in resorption pit depth (Supplementary 

Figure 5).  

To evaluate if CMK also resulted in impaired Ac45 processing, immunoblotting 

was performed. Consistent with FurinΔOC osteoclast results, CMK treatment resulted in 

the significant accumulation of proAc45 and the concomitant decrease in the 

cleaved/mature form of the protein (Figure 6.9A-C). As expected, the protein expression 

of V-ATPase d2 subunit was unaffected by CMK treatment (Figure 6.9A, D). The 

acidification of CMK treated cells was also evaluated by LysoSensor™ staining (Figure 

6.10A). CMK treated osteoclasts displayed significantly reduced LysoSensor™ 

fluorescence intensity as compared to DMSO treated cells (Figure 6.10B). As expected, 

cells treated with the V-ATPase inhibitor Bafilomycin A1 (Baf) showed an even larger 

reduction in fluorescence intensity.  

To clarify whether the loss of proprotein convertase activity resulted in altered 

secretion of cathepsin K during bone resorption, CMK treated mature osteoclasts were 

incubated with bovine bone fines to stimulate bone resorption and cathepsin K secretion 

(Cremasco et al., 2012). Indeed, when immunoblotting was performed, the protein levels 

of Cathepsin K in the supernatant media was significantly reduced by CMK treatment 

(Figure 6.11A-B). As expected, the total levels of cathepsin K protein were not affected 

by CMK treatment (Figure 6.11A, C). Together, these data establish the important role 

of proprotein convertase, mainly furin in osteoclast-mediated bone resorption by 

regulating both acidification and cathepsin K secretion. 

 

6.2.8 Osteoblasts derived from FurinΔOC mice display reduced bone nodule 

formation 

The inhibition of osteoclastic bone resorption might affect bone formation as a result of 

disturbed bone remodelling (Nakashima et al., 2012). Thus, the differentiation of 

osteoblasts derived from the long bones of FurinΔOC mice were investigated in vitro. After 

7 days of osteogenic induction with ascorbic acid, β-glycerophosphate and 

dexamethasone, osteoblast differentiation was not significantly affected in FurinΔOC  
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Figure 6.9 Proprotein convertase inhibition leads to reduced Ac45 processing in 

osteoclasts. BMMs were cultured with M-CSF and RANKL for 5 days in the presence 

of DMSO or 50 µM Dec-RVKR-CMK (CMK). (A) Whole cell lysates from osteoclast 

cultures were analysed by immunoblotting to detect V-ATPase proAc45, cleaved Ac45 

and V-ATPase subunit d2. β-actin was analysed as an internal control. (B-D) Protein 

levels were quantified by densitometry. Data are presented as percentage ±SEM. 

NS=non-significant; **, P<0.01; n=3. 
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Figure 6.10 Proprotein convertase inhibition leads to reduced intracellular 

acidification in osteoclasts. BMMs from Furin fl/fl or FurinΔOC mice were cultured with 

M-CSF and RANKL for 5 days. Osteoclasts received overnight treatment of DMSO or 

50 µM Dec-RVKR-CMK (CMK) or 1 hour treatment of 200 nM Bafilomycin A1 (Baf) 

prior to analysis. (A) Live cells were stained with the fluorescent acidotropic probe 

LysoSensor (Scale bar 50 µm). (B) Fluorescence readings were quantified at green 

wavelength (488 nm excitation). Note that lower fluorescence intensity indicates reduced 

intracellular acidification. Representative data from three independent experiments 

showing similar results. Data are presented as percentage ±SEM. **, P<0.01; ***, 

P<0.001.  
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Figure 6.11 Proprotein convertase inhibition leads to reduced cathepsin K secretion 

from resorbing osteoclasts. (A) BMMs were cultured with M-CSF and RANKL for 4 

days prior to overnight treatment with DMSO or 50 µM Dec-RVKR-CMK (CMK). 

Bovine bone fines were added to culture to stimulate release of cathepsin K by mature 

osteoclasts and whole cell lysates from osteoclast cultures were analysed by 

immunoblotting to detect cathepsin K protein levels. (B) The expression levels of 

cathepsin K were quantified by densitometry. Data are presented as percentage ±SEM. 

*P<0.05.  
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osteoblastic cells as determined by alkaline phosphatase staining (Figure 6.12A). 

However, after 21 days of osteogenic differentiation, there was a reduction in 

mineralization in FurinΔOC cells, but this did not reach statistical significance (Figure 

6.12B). These results indicate that osteoblast differentiation appears to be unchanged in 

osteoblastic cells derived from FurinΔOC mice. 
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Figure 6.12 FurinΔOC osteoblast cultures display reduced bone nodule formation. 

Osteoblasts from the long bones of 12 week old female Furinfl/fl and FurinΔOC mice were 

cultured with dexamethasone (10nM), β-glycerophosphate (10mM) and ascorbic acid 

(50µg/ml). (A) After 7 days, cells were stained for alkaline phosphatase. (B) After 21 

days, cells were stained with alizarin red S. Alkaline phosphatase staining and 

mineralization area were analysed by ImageJ software. Data are presented as percentage 

±SEM. NS=non-significant. 
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6.3 Discussion 

The aim of this chapter was to further understand the cellular and molecular mechanisms 

by which furin regulates bone resorption and bone homeostasis through its’ non-

redundant protein cleavage activities in osteoclasts. 

 

The role of furin in osteoclast formation 

In vitro osteoclastogenesis assays revealed that osteoclast formation was 

unchanged in bone marrow cells from FurinΔOC mice. As previously shown by others and 

replicated in this study (Okamoto et al., 2011, Croke et al., 2011, Nishikawa et al., 2010), 

cathepsin K-driven Cre mediates gene inactivation at later stages of osteoclast 

differentiation in vitro. These results reveal that furin was inactivated only in mature 

osteoclasts and its’ activity did not appear to be crucial for osteoclast maturation. 

Surprisingly, these in vitro findings were inconsistent with the reduction in osteoclast 

parameters observed in vivo in FurinΔOC mice. Hence, to evaluate if early inactivation of 

furin during osteoclastogenesis results in impaired osteoclast formation, the PC inhibitor 

Dec-RVKR-CMK (CMK) was used in in vitro osteoclast cultures. Indeed, when the 

inhibitor was added at the early stage during the differentiation process, there was a 

profound inhibition of osteoclastogenesis. Interestingly, very high doses of prolonged 

CMK treatment (>50 μM) prevented the formation of TRACP positive cells all together 

possibly as a result of cytotoxic effects (data not shown), similar to previously reported 

observations by other studies (Remacle et al., 2010).  These findings suggest possible 

disruption of one or several furin-specific substrates crucial for the early osteoclast 

differentiation process. Further inhibitor experiments were also conducted to mimic the 

temporal delay in furin inactivation in FurinΔOC cells, whereby the inhibitor was only 

added at the later stage during the course of differentiation. The latter experiment revealed 

that there was a less profound inhibition of osteoclast differentiation, consistently 

showing that furin activity appeared to be less crucial for osteoclast maturation. However 

since the inhibitor also blocks the activity of other PCs (namely PC7), a more specific 

furin knockdown approach in pre-osteoclasts is required to validate these findings. As 

mentioned in the previous chapter, mROR2 contains a putative furin cleavage sequence 

(R-R-P-R738) and its receptor activity is crucial for osteoclast precursor differentiation in 

response to Wnt5a stimulation (Maeda et al., 2012). The findings that furin inactivation 

in osteoclast precursors displays similar impairment of osteoclast differentiation to ROR2 



Chapter Six: The Cellular and Molecular Mechanisms Behind the Bone Phenotype of Osteoclast-specific Furin Knockout Mice 

159 

deficient cells (Maeda et al., 2012), indicates that furin could play a role in ROR2 

processing, although the precise outcomes of furin-processing are uncertain. This 

warrants future investigations on the processing of this elusive substrate by furin or other 

PC members.  

  Since osteoclastogenesis was found to be unchanged from the delayed loss of 

furin activity in vitro, there may be other changes occurring in vivo which impairs 

osteoclast formation in FurinΔOC mice. It is possible that these inconsistencies could relate 

to the continuous incorporation of monocyte progenitors into mature osteoclasts in vitro. 

As cathepsin-K-driven Cre would be ineffective in deleting furin in these non-committed 

osteoclast precursors. It is also reasonable to hypothesize that these mononuclear 

progenitor cells could deliver intact furin-mediated-osteoclast-modulating factors which 

augment osteoclast formation in FurinΔOC cultures. The discrepancy between in vitro and 

in vivo osteoclast parameters may be justified by the delayed course of cathepsin K-

mediated gene deletion in vivo. It is possible that an earlier activation of the cathepsin K 

promoter in vivo may account for a more severe inhibition of osteoclast formation and 

bone resorption from that observed in vitro. Hence, a different Cre promoter system such 

as, Rank-Cre, Tracp-Cre or Lysozyme M-Cre, might help resolve some of these issues by 

providing complementary phenotypic analyses of furin inactivation in cells of the 

osteoclast lineage. On the other hand, an alternative theory could be the possibility of 

defects in osteoclast precursor recruitment to the remodelling site and/or coupling defects 

between mature osteoclasts and their precursors in FurinΔOC mice (Ishii et al., 2009). 

Nonetheless, these results collectively suggest that the increase in bone mass in FurinΔOC 

mice was caused by impaired osteoclastic bone resorption owing to possible defects in 

osteoclast formation. The exact mechanism(s) behind these defects are still unclear and 

warrants future investigation.   

 

The role of furin in osteoclastic bone resorption 

In vitro bone resorption assays revealed that osteoclasts derived from FurinΔOC 

mice were still able to resorb bone, and that the motility of these cKO osteoclasts was 

probably not impaired as they resorbed a similar area of bone compared to Furinfl/fl 

osteoclasts. FurinΔOC osteoclasts also formed intact F-actin rings indicating that furin 

deletion did not significantly alter osteoclast membrane polarisation. However, the depth 

of the resorption pits formed by FurinΔOC osteoclasts was shallower in comparison to 
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those formed by Furinfl/fl cells or CtskCre/+ cells. Similarly, the inhibition of furin with 

CMK resulted in impaired bone resorption. Furthermore, the loss of furin activity also 

resulted in impaired osteoclast acidification and cathepsin K secretion. It should be 

mentioned here that cathepsin K does not contain furin cleavage sites, thus, diminished 

secretion of this protease is not due to altered processing but as a result of indirect 

mechanisms. Together these findings indicate an intrinsic defect in the bone resorbing 

ability of FurinΔOC osteoclasts.  

To provide possible molecular mechanism(s) for the defects observed in bone 

resorption, the protein sequences of candidate-furin-substrates implicated in bone 

resorption were screened from existing furin-substrate databases including: MEROPS 

(Rawlings et al., 2012), CutDB (Igarashi et al., 2007), FurinDB (Tian et al., 2011) and 

from a list of predicted furin substrates in the human proteome by Prognosys Biosciences 

Incorporated (Shiryaev et al., 2013). A comprehensive list of candidate substrates in 

osteoclasts was prepared from the predicted substrates detailed in the latter study 

(Supplementary Table 1 and 2). Enriched from this list, the accessory subunit of the V-

ATPase proton pump Ac45, was selected as a primary candidate to explain the observed 

bone resorption phenotype based on the following principles: First, Ac45 contains a R-

V-A-R225 sequence which has been previously shown to be cleaved and activated by furin 

ex vivo (Louagie et al., 2008). Second, Ac45 is highly expressed in osteoclasts and 

implicated in the osteoclast acidification machinery (Yang et al., 2012, Qin et al., 2011, 

Feng et al., 2008). Third, the knockdown of Ac45 results in impaired acidification and 

cathepsin K secretion in osteoclasts, but does not disturb F-actin ring formation (Yang et 

al., 2012, Qin et al., 2011). These phenotypes were consistent with that observed in 

FurinΔOC osteoclasts. Fourth, the yeast homologue of furin, Kex2, is implicated in the 

regulation of V-ATPase activity (Oluwatosin and Kane, 1998). Lastly, Ac45 has been 

implicated in the intracellular trafficking of the V-ATPase complex (Jansen et al., 2010, 

Jansen and Martens, 2012, Jansen et al., 2012). Convincingly, in vitro and ex vivo data 

from FurinΔOC and CMK-treated osteoclasts showed that Ac45 processing was impaired 

from the loss of furin activity in osteoclasts. It should also be noted that processing of 

Ac45 was not completely abolished in these experiments, suggesting a minimal but 

detectable level of compensation by other PC members (such as PC7). For these reasons, 

the findings from this study have shown that furin plays an important role in bone 

resorption, at least in-part, via the cleavage-activation of Ac45.  
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Mesothelin: a novel furin-substrate in osteoclasts 

In search of novel furin-substrates in osteoclasts, mesothelin was uncovered as a 

candidate substrate through the bioinformatics screening described above. Mesothelin is 

a ~40 kDa membrane-anchored protein overexpressed in various human tumours 

including mesothelioma, ovarian and pancreatic cancers (Chang and Pastan, 1996, 

Frierson et al., 2003). The role of mesothelin in these cancers as well as its role in 

osteoclast biology remains unknown. Mesothelin is encoded by the gene MSLN, which 

translates into a ~70kDa precursor protein (Kojima et al., 1995, Yamaguchi et al., 1996).  

It has been proposed that furin-like-enzyme-cleavage of the precursor protein after the 

furin consensus sequence R-F-R-R288 yields two distinct proteins (illustrated in 

Supplementary Figure 6A), the N-terminal megakaryocyte potentiating factor and a C-

terminal cleaved mesothelin, which is anchored by a glycosylphosphatidylinositol linker 

at the C-terminal region of the protein (Hassan et al., 2004). Interestingly, recent 

preliminary findings from our laboratory have identified an inhibitory effect of the 

recombinant full-length (un-cleaved) form of mesothelin on osteoclastogenesis and bone 

resorption (unpublished data from personal communications with Mr. Mingli Yang). 

Additionally, mesothelin is abundantly expressed in mature osteoclasts and mesothelin 

knockout mice display a low bone mass phenotype with a concomitant increase in 

osteoclast numbers in vivo (unpublished data). Hence it is postulated that furin-mediated-

cleavage of mesothelin is crucial for the regulation of osteoclast formation and bone 

resorption. In support of this notion, preliminary western blot results indicate that 

mesothelin processing was impaired in the absence of furin in mature osteoclasts from 

FurinΔOC mice in vitro (Supplementary Figure 6B). The accumulation of full length 

mesothelin in FurinΔOC mature osteoclasts may partially contribute to the resorption 

phenotype observed in FurinΔOC cultures. Another interesting finding was full-length 

mesothelin also inhibited early but not late differentiation of osteoclast precursors 

(unpublished data), which could also provide a reasonable explanation for arrested 

osteoclast formation from CMK treatment in this study, and for the reduced osteoclast 

parameters in vivo. These promising findings posit a novel role of mesothelin, as a furin 

substrate in osteoclastic bone resorption and bone homeostasis. Current investigations in 

our laboratory are focused on characterising the function(s) of mesothelin in osteoclasts 

and overexpression studies are underway to confirm the cleavage of full-length 

mesothelin by furin.   
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Other putative furin-substrates in osteoclasts 

Although results from this chapter indicated that processing of Ac45 was partially 

impaired in the absence of furin, at this point, the involvement of other furin-substrates 

responsible for the resorption phenotype cannot be excluded. Because furin has been 

shown to cleave many substrates in vitro/ex vivo, it is still formally possible that the 

defects in bone resorption are the consequence of a compound effect from the 

dysregulation of multiple substrates. 

Several studies have clearly established the importance of furin processing in pro-

TGFβ activation (Shi et al., 2011, Constam, 2014). The precursor protein of TGFβ1 is 

cleaved by furin into active TGFβ1 and latency-associated protein, which remains non-

covalently linked to TGFβ1, rendering it inactive (Gentry et al., 1988, Dallas et al., 1994). 

The bone matrix is a major repository for latent-TGFβ1 and the active form of this growth 

factor is released during bone resorption to induce mesenchymal stem cell migration and 

subsequent differentiation to bone forming osteoblasts (Tang et al., 2009). The direct 

effects of TGFβ on osteoclasts depends on the stage of differentiation (Sells Galvin et al., 

1999, Fuller et al., 2000). Osteoclasts and their precursors express TGFβ which acts as 

an autocrine factor through its type-I and type-II TGFβ receptors (Kaneda et al., 2000), 

promoting the differentiation, proliferation and chemotaxis of osteoclast precursors into 

the bone (Pilkington et al., 2001). Furthermore, in vitro studies have shown that 

exogenous TGFβ had minimal effects on the differentiation of committed osteoclast 

precursors (Fuller et al., 2000). Interestingly the uncleaved TGFβ1 precursor can be 

activated by acidification in vitro, although cleavage by furin appears to be essential for 

TGFβ1 activity in vivo (Miyazono et al., 1992, Pesu et al., 2008). It is presently unclear 

if the processing of endogenous TGFβ is affected in FurinΔOC osteoclasts. As mentioned 

above, the data from this study suggests that there could be defects in osteoclast 

recruitment to the remodelling site as osteoclast parameters were reduced in FurinΔOC 

mice despite having no differentiation defects in vitro. It is reasonable to hypothesize that 

the bone phenotype in FurinΔOC mice could reflect a lack of TGFβ autocrine activity, or 

the lack of TGFβ paracrine actions on osteoclast precursor chemotaxis and/or 

differentiation. It is worth noting that many other cell types in the bone 

microenvironment, including osteoclast precursors, also produce TGFβ (Tang and 

Alliston, 2013), which could compensate for the lack of TGFβ from mature osteoclasts 

in FurinΔOC mice. Nonetheless, to test this hypothesis, future studies should investigate 
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the processing of TGFβ in FurinΔOC osteoclasts as well as possible alterations in osteoclast 

precursors recruitment to sites of active remodelling in FurinΔOC mice.   

Previous in vitro studies have shown that furin-like-cleavage is required for the 

activation of MT1-MMP and alphaV (αV) integrin after their paired basic amino acid 

sequences R-R-K-R111 and I-T-K-R886 respectively (Mayer et al., 2003, Deryugina et al., 

2004, Lehmann et al., 1996, Shiryaev et al., 2013). MT1-MMP is highly expressed in 

osteoclasts and has been implicated in myeloid cell mobility and fusion (Gonzalo et al., 

2010), however, its’ precise role in osteoclast mediated bone resorption awaits 

clarification. Additionally, αVβ3 integrins are the major functional integrins in osteoclasts 

that facilitate cell adhesion to the extracellular matrix (McHugh et al., 2000). The 

importance of αV integrin in osteoclast function has only been demonstrated by in vitro 

bone resorption assays as αV integrin deficient mice are not viable (Bader et al., 1998, 

Schmidt et al., 2011). αV integrin deficient osteoclasts exhibit reduced resorbed area 

without compromised sealing zone formation, as compared to wild-type cells (Schmidt 

et al., 2011). In the present study, osteoclast mobility was not investigated from the 

observations that bone resorbed area was similar between furin deficient osteoclasts and 

control cells. However, blocking PC activity with CMK resulted in reduced resorbed area 

by mature resorbing osteoclasts, suggesting the possibility of impaired alpha chain 

integrin/adhesion molecule processing by multiple-PC inhibition. Nonetheless, the 

involvement of furin in integrin and MT1-MMP activation in osteoclasts remains to be 

explored in greater detail.  

Other potential furin-substrates not investigated in this study include VEGF-C and 

the ephrin receptor EphA4. Furin, PC5 and PC7 have been implicated in the activation of 

VEGF-C by propeptide cleavage at the di-basic amino acid sequence I-I-R-R223 

(Siegfried et al., 2003). VEGF-C, a lymphatic growth factor has been shown to enhance 

osteoclastic bone resorption through an autocrine mechanism (Zhang et al., 2008). In the 

same report, VEGF-C was found to directly stimulate RANKL-mediated bone resorption, 

which was subsequently reduced by a VEGF-C receptor blocking antibody. It is possible 

that furin-mediated activation of VEGF-C could be impaired in FurinΔOC osteoclasts 

resulting in reduced resorbing activity.  Moreover, the bioinformatics screening identified 

ephrin receptor EphA4 as a putative furin-substrate, based on the cleavage sequence R-

S-Y-R489 in the extracellular domain of the protein (Supplementary Table 2). Intriguingly, 

as opposed to the high bone mass phenotype of FurinΔOC mice, a recent study by Stiffel 

et al. showed that EphA4-deficient mice exhibited a low bone mass phenotype as a result 
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of increased osteoclast-mediated bone resorption (Stiffel et al., 2014). This data hints that 

EphA4 receptor activity could be enhanced in FurinΔOC osteoclasts from the lack of furin-

mediated receptor inactivation. Hence, future in vitro furin-cleavage studies of VEGF-C 

and EphA4 could shed light on these interesting possibilities in identifying additional in 

vivo substrates of furin in osteoclasts. 

 Collectively, this chapter has shown that furin activity is required at different 

stages of osteoclastogenesis and bone resorption, in-part through the processing of 

candidate substrates V-ATPase accessory subunit Ac45, and a novel furin substrate, 

mesothelin. However, other putative furin-substrates commonly associated with 

osteoclast formation and function could not be entirely ruled out. The most surprising 

aspect of FurinΔOC mice is the discrepancy observed between osteoclast parameters in 

vitro and in vivo, suggesting previously undescribed coupling activities regulated by 

furin. Moreover, it is still conceivable that bone formation could be altered as a result of 

disrupted bone remodelling as evident from the reduction in bone nodule formation from 

isolated osteoblasts of FurinΔOC mice. Therefore, a more comprehensive molecular 

investigation of osteoblast lineage cells from FurinΔOC mice are required in future studies 

to account for changes in bone formation which may contribute to the increased bone 

mass phenotype observed in FurinΔOC mice. Nonetheless, the ability of furin deficient 

osteoclasts to resorb bone (albeit to a lesser extent), taken with normal tooth eruption and 

normal resorption of metaphyseal cartilage suggests that bone remodelling still continues 

in the absence of furin. Hence the high-bone-mass phenotype in FurinΔOC mice is possibly 

due to the partial arrest of osteoclast activity over time. Together these findings supports 

furin inhibition as a potential anti-resorptive strategy for the treatment of osteolytic 

diseases. 
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7.1 Introduction 

Osteoblasts are the only cell type responsible for bone formation. To perform this 

specialized function, osteoblasts secrete copious amounts of type-I collagen and also 

produce a combination of non-collagenous proteins including osteocalcin, bone 

sialoprotein, osteopontin and alkaline phosphatase (Ducy et al., 2000). Bone formation 

occurs during development via two distinct mechanisms: intramembranous ossification 

and endochondral ossification; and continues after birth, during bone growth and 

remodelling (Mackie et al., 2008). Following differentiation, osteoblasts have one of three 

fates: they either undergo apoptosis, become quiescent bone lining cells or get embedded 

in the newly formed bone matrix and differentiate into osteocytes (Canalis, 2005).  

A range of developmental regulatory signals such as Wnts, TGFβ, BMP, IGF and 

Notch ligands activate signalling pathways that play crucial roles in osteoblast 

differentiation and bone formation (Long, 2012). For instance, canonical Wnt signalling 

promotes osteoblast differentiation and function via β-catenin stabilization (Baron and 

Kneissel, 2013). TGFβ and BMPs signal through their respective receptors (including 

TGFBR2, ALK5, BMPR-IA and BMPR-II) and have widely recognised roles in bone 

development and remodelling (Chen et al., 2012). TGFβ and IGF are essential for the 

expansion, migration and differentiation of osteoprogenitor cells at sites of active bone 

remodelling (Guntur and Rosen, 2013, Tang and Alliston, 2013, Tang et al., 2009). On 

the other hand, Notch signalling maintains these osteoprogenitor cells in an immature 

state and acts as a negative regulator of osteoblast differentiation (Zanotti and Canalis, 

2013, Chen et al., 2014). 

During bone remodelling, osteoblast lineage cells produce coupling factors that 

modulate the activities of osteoclasts (Sims and Martin, 2014). For instance, osteoclast 

numbers are influenced by the balanced production of RANKL and OPG by osteoblast 

lineage cells (Simonet et al., 1997, Takayanagi et al., 2002b, Lacey et al., 1998). 

Osteoblast-derived Semaphorin 3A can also inhibit osteoclast formation while enhancing 

bone formation (Hayashi et al., 2012). More recent evidence has shown that osteoblast-

derived Wnt16 represses osteoclastogenesis by directly acting on osteoclast progenitors 

and indirectly by increasing OPG production in osteoblasts (Moverare-Skrtic et al., 

2014).  

 Although the co-ordination of osteoblast activity in bone remodelling is attributed 

to the fine control of multiple signalling networks, there is limited knowledge regarding 
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the precise role(s) of proprotein convertases in osteoblast differentiation and bone 

formation. Numerous in vitro and in vivo studies have highlighted the importance of PCs 

in the propeptide processing of members of the TGFβ superfamily (including BMPs), 

FGF23, Notch, IGF and Semaphorins and their respective receptors IGF1R and Plexins 

(Seidah and Prat, 2012, Zhang et al., 2002, Artigiani et al., 2003, Kim et al., 2012, Pesu 

et al., 2008, van Tetering and Vooijs, 2011, Yuan et al., 2013, Bhattacharyya et al., 

2012b). Several lines of evidence have also implicated PCs (such as PC2, PACE4, PC5 

and MBTPS1) in bone formation and mineralization (Yuan et al., 2013, Essalmani et al., 

2008, Patra et al., 2011, Patra et al., 2007, Gorski et al., 2011, Gorski et al., 2009), 

however, the physiological role(s) of furin in osteoblasts remains unexplored. 

  To gain insights into the role of furin in osteoblast biology, the furin gene was 

preferentially inactivated in mature osteoblasts in mice (FurinΔOB). This chapter also 

examines the expression profile of PCs in osteoblasts and investigates the bone phenotype 

of FurinΔOB mice by microCT and histomorphometric analysis. In vitro bone nodule 

formation assays and co-culture experiments were also conducted to investigate the role 

of furin in osteoblasts at the cellular level. 

 

7.2 Results 

 

7.2.1 The gene expression profile of proprotein convertases in osteoblasts 

To investigate the gene expression profile of PCs in osteoblasts, bioinformatics profiling 

of PC members were conducted via the BioGPS gene annotation portal 

(http://biogps.gnf.org). The PC members Furin, Pcsk5, Pcsk6, Pcsk7 and Mbtps1 were 

expressed throughout osteoblast differentiation (Figure 7.1A). To validate these findings, 

conventional RT-PCR was performed on total cellular RNA isolated from long-bone 

derived osteoblasts at day 0 and day 21 of osteogenic induction. The mRNA expression 

of Furin, Pcsk7 and Mbtps1 were comparable between early and mature osteoblasts. 

Furthermore, Pcsk5 was upregulated during osteoblast differentiation, while Pcsk6 

expression was downregulated in mature osteoblasts (Figure 7.1B). These data suggest 

that numerous PCs are involved in osteoblast differentiation and function.  

  



Chapter Seven: Characterization of the Bone and Cellular Phenotype of Osteoblast-specific Furin Knockout Mice 

168 

 

 

Figure 7.1 The gene expression profile of proprotein convertases in osteoblasts. (A) 

The gene expression profile of proprotein convertase family members at different stages 

of osteoblast differentiation were obtained from the gene annotation portal BioGPS. 

http://biogps.org. (B) Total RNA was isolated from osteoblasts cultured in 

dexamethazone (10nM), β-glycerophosphate (10mM) and ascorbate (50µg/ml) for the 

indicated times and subjected to RT-PCR to validate the gene expression of proprotein 

convertases in osteoblasts.  
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7.2.2 Loss of furin activity by pharmacological inhibition or genetic inactivation in 

osteoblasts results in impaired mineralization  

To investigate the potential roles of PCs in osteoblasts, primary osteoblasts were treated 

with the general PC inhibitor Dec-RVKR-CMK (CMK). Pharmacological inhibition of 

PCs in osteoblasts by CMK did not significantly alter the differentiation of osteoblasts as 

assessed by alkaline phosphatase staining (Figure 7.2A). By contrast, inhibitor treatment 

resulted in a dose dependent decrease in mineralization (Figure 7.2B), suggesting that one 

or more PCs are required for osteoblast function. To evaluate if specific reduction in furin 

activity resulted in similar effects on mineralization, calvarial osteoblasts from Furinfl/fl 

mice were transduced with Adenovirus-GFP (Ad-GFP control) or Adenovirus-Cre (Ad-

Cre) to induce the knockdown of furin in vitro. To evaluate the efficiency of furin 

knockdown by Ad-Cre transduction, real-time PCR was performed on RNA isolated from 

osteoblasts 3 days after transduction with Ad-Cre or Ad-GFP. The expression of furin 

exon2 expression was found to be significantly reduced in Ad-Cre transduced cells as 

compared to Ad-GFP transduced control cells (Supplementary Figure 7). After 7 days of 

osteogenic induction, Ad-Cre mediated furin inactivation did not result in significant 

changes in alkaline phosphatase staining (Figure 7.3A). Intriguingly, after 21 days of 

culture in osteogenic media, mineralization was almost completely absent in Ad-Cre 

transduced cells (Figure 7.3B). These results suggest an important and non-redundant role 

of furin in mineralized nodule formation but not in osteoblast differentiation.  

  

7.2.3  Osteoblast-specific furin knockout mice exhibit increased trabecular but 

reduced cortical bone mass 

To investigate the physiological role of furin in osteoblasts, osteoblast-specific furin cKO 

(FurinΔOB) mice were generated by mating Furinfl/fl mice with Osteocalcin-Cre transgenic 

mice. The genotypes of the cKO mice were analysed by PCR (Supplementary Figure 1B). 

Surprisingly, FurinΔOB mice did not display gross abnormalities in skeletal development 

(Figure 7.4A). FurinΔOB mice displayed comparable body length and body weight as 

compared to Furinfl/fl littermates (Figure 7.4B-C), suggesting a redundant role of furin in 

osteoblasts during development.  
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Figure 7.2 Proprotein convertase inhibition in osteoblasts leads to impaired bone 

nodule formation. Osteoblasts from the long bones of mice were cultured with 

dexamethasone (10nM), β-glycerophosphate (10mM), ascorbate (50µg/mL) and Dec-

RVKR-CMK (CMK). (A) After 7 days, cells were stained for alkaline phosphatase. (B) 

After 21 days, cells were stained with alizarin red S. Alkaline phosphatase staining and 

mineralization area were analysed by ImageJ software. Data are presented as percentage 

±SEM. NS=non-significant; *P<0.05; **P<0.01; n=3. 
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Figure 7.3 Furin deletion in osteoblasts leads to impaired bone nodule formation. 

Osteoblasts from the calvaria of 12 week old male Furinfl/fl mice were tranduced with 

Adenovirus-GFP (Ad-GFP) or Adenovirus-Cre (Ad-Cre) prior to differentiation with 

dexamethasone (10nM), β-glycerophosphate (10mM) and ascorbate (50µg/mL). (A) 

After 7 days, cells were stained for alkaline phosphatase. (B) After 21 days, cells were 

stained with alizarin red S. Alkaline phosphatase staining and mineralization area were 

analysed by ImageJ software. Data are presented as percentage ±SEM and are 

representative of three independent experiments showing similar results. NS=non-

significant; ***P<0.001. 
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Figure 7.4 Male FurinΔOB mice have normal body weight and size. (A) Representative 

images of littermate pairs of male Furinfl/fl and FurinΔOB mice showing similar (B) total 

body length and (C) body weight. Data are presented as mean ±SEM. NS=non-

significant; n=5. 
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To investigate whether the inactivation of furin in osteoblasts resulted in a bone 

phenotype, the hindlimbs of Furinfl/fl and FurinΔOB mice were analysed by microCT 

(Figure 7.5A). Interestingly, microCT analysis revealed that 12 week old male FurinΔOB 

mice exhibited significantly increased trabecular bone mineral density and trabecular 

bone volume/tissue volume as compared to Furinfl/fl mice (Figure 7.5A-C). These changes 

corresponded to a significant increase in trabecular number, connectivity density and a 

significant reduction in trabecular separation and structural model index as compared to 

Furinfl/fl controls (Figure 7.5D-H). Cortical bone analyses revealed no significant 

differences in cortical BMD, total tissue area and total bone area between male Furinfl/fl 

and FurinΔOB mice (Figure 7.6A-E). FurinΔOB mice displayed a slight but significant 

reduction in cortical thickness and cortical area fraction, with a concomitant increase in 

marrow area (Figure 7.4E-G). Furthermore, these changes did not significantly alter the 

periosteal and endosteal parameters in FurinΔOB mice (Figure 7.6H-I). MicroCT analysis 

was also performed on older mice. In older female FurinΔOB mice, trabecular bone mass 

was significantly increased at both 24 and 52 weeks of age as compared age matched 

Furinfl/fl littermate controls (Supplementary Figure 8). However, age-dependent bone loss 

was observed in both groups, albeit to a lesser extent in FurinΔOB mice. Hence, the loss of 

furin in osteoblasts results in a protracted osteopetrotic phenotype. 

To further assess the bone phenotype of these mice, histomorphometric analysis 

was performed on H&E stained femur sections from 12 week old male Furinfl/fl and 

FurinΔOB mice (Figure 7.7A). Consistent with microCT data, trabecular bone volume and 

trabecular number were significantly increased, with a concomitant decrease in trabecular 

separation and no significant differences in trabecular thickness were observed in 

FurinΔOB mice (Figure 7.7B-C). Additionally, the orientation of collagen fibres, noted by 

polarized light, in the distal femur of FurinΔOB mice reflected that of mature bone matrix 

in Furinfl/fl mice (Supplementary Figure 9A), and mineral apposition rates were also 

unchanged in the calvarial bones of FurinΔOB mice (Supplementary Figure 9B). Together 

these data suggest that furin in osteoblasts differentially regulates trabecular and cortical 

bone mass.   

 

 



Chapter Seven: Characterization of the Bone and Cellular Phenotype of Osteoblast-specific Furin Knockout Mice 

174 

 

 

Figure 7.5 Male FurinΔOB mice have increased trabecular bone mass. (A) 

Representative 3D image of trabecular bone volume derived from microCT imaging of 

the femora from 12 week old male Furinfl/fl and FurinΔOB  mice. (B-H) MicroCT analysis 

of trabecular bone parameters; trabecular bone mineral density (BMD; g/cm3), bone 

volume per tissue volume (BV/TV; %), trabecular number (Tb. N; 1/mm), trabecular 

separation (Tb. Sp; mm), trabecular thickness (Tb. Th; mm), structure model index (SMI) 

and connectivity density (Conn.D; 1/mm3). Data are presented as mean ±SEM. NS=non-

significant; *P<0.05; **P<0.01; ***P<0.001; n=5. 
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Figure 7.6 Male FurinΔOB mice have altered cortical bone parameters. (A) 

Representative 3D image derived from microCT imaging of cortical bone from 12 week 

old male Furinfl/fl and FurinΔOB mice. (B-H) MicroCT analysis of cortical bone 

parameters; cortical bone mineral density (BMD; g/cm3), total cortical area (Tt. Ar; mm2), 

cortical bone area (Ct. Ar; mm2), cortical area fraction (Ct. Ar/Tt. Ar; %), cortical 

thickness (Ct. Th; mm), medullary area (Ma.Ar; mm2), periosteal perimeter (Ps.Pm; mm) 

and endosteal perimeter (Ec.Pm; mm). Data are presented as mean ±SEM. NS=non- 

significant; *P<0.05; **P<0.01; n=5.   
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Figure 7.7 Increased trabecular bone mass in male FurinΔOB mice by histological 

analysis. (A) Histological sections of distal femur from 12 week old male Furinfl/fl or 

FurinΔOB mice were stained with Hematoxylin and Eosin (H&E) to visualise gross bone 

architecture. Trabecular bone parameters are shown as (B) bone volume per tissue volume 

(BV/TV; %), (C) trabecular number (Tb. N; 1/mm), (D) trabecular separation (Tb. Sp; 

mm) and (E) trabecular thickness (Tb. Th; mm). Data are presented as mean ±SEM. 

NS=non-significant; *P<0.05; **P<0.01; n=3. 
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7.2.4 Primary osteoblasts from osteoblast-specific furin knockout mice exhibit 

impaired mineralization 

Previous results in section 7.2.2 indicated that in vitro mineralization was impaired 

following the loss of furin activity in osteoblasts. Firstly, to clarify if osteoblasts from 

FurinΔOB mice exhibited a similar intrinsic defect in mineralization in vitro, bone marrow 

cells were isolated from Furinfl/fl and FurinΔOB mice and differentiated in osteogenic 

media to investigate the differentiation potential of osteoblast precursor cells from these 

mice. Interestingly, CFU-Fibroblast (CFU-F), CFU-Alkaline phosphatase positive cells 

(CFU-Alp) and CFU-mineralizing osteoblasts (CFU-Ob) were reduced in FurinΔOB mice 

(Supplementary Figure 10), indicating that osteoblast precursor populations were altered 

as a direct/indirect effect of furin deficiency in osteoblasts. However, relative to the 

proportion of CFUs, differentiation and mineralization of these cells appeared to be 

reduced, indicating possible intrinsic defects in osteoblast precursor cells from FurinΔOB 

mice. 

  To further investigate osteoblast differentiation and function in vitro, long-bone 

and calvarial osteoblastic-cells from adult Furinfl/fl and FurinΔOB mice were isolated and 

cultured in osteogenic media. Isolated osteoblastic-cells from these mice were similar in 

morphology and after 7 days of osteogenic induction, osteoblast differentiation was not 

significantly affected in FurinΔOB cells as determined by alkaline phosphatase staining 

(Figure 7.8A). Consistently, after 21 days of osteogenic differentiation, furin deletion in 

FurinΔOB cells resulted in a significant reduction in mineralization (Figure 7.8B). 

Furthermore, the defect in mineralization was also consistently observed in cultures of 

calvarial osteoblasts from FurinΔOB mice (Supplementary Figure 11A). As an additional 

control in these experiments, BMP2 was added to the osteogenic media to enhance 

osteoblastic differentiation and mineralization. Interestingly, there were significant 

differences in BMP2-induced responses between long-bone and calvaria derived 

osteoblasts from FurinΔOB mice. BMP2 treatment successfully rescued the mineralization 

defect in long-bone derived osteoblasts from FurinΔOB mice, however, calvaria cells from 

these cKO mice failed to initiate mineralization when treated with BMP2 (Supplementary 

Figure 11B). Together these results confirm that furin activity is required for 

mineralization in vitro, however, the increase in bone mineral density observed in 

FurinΔOB mice trabecular bone suggests that there could be compensation for the 

mineralization defects in vivo. 
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Figure 7.8 Impaired bone nodule formation by osteoblasts derived from FurinΔOB 

mice. Osteoblasts from the long bones of 12 week old male Furinfl/fl and FurinΔOB mice 

were cultured with dexamethasone (10nM), β-glycerophosphate (10mM) and ascorbate 

(50µg/mL). (A) After 7 days, cells were stained for alkaline phosphatase. (B) After 21 

days, cells were stained with alizarin red S. Alkaline phosphatase staining and 

mineralization area were analysed by ImageJ software. Data are presented as percentage 

±SEM. NS=non-significant; *P<0.05; n=3. 
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7.2.5 Osteoblast marker gene expression was reduced in mature osteoblasts derived 

from osteoblast-specific furin knockout mice  

To investigate if the defects in mineralization were due to altered osteoblast marker gene 

expression, real-time PCR analysis was performed on RNA isolated from ex vivo 

osteoblast cultures from Furinfl/fl and FurinΔOB mice. Basal mRNA levels of furin were 

not significantly different in FurinΔOB cells as compared to Furinfl/fl cells (Figure 7.9A). 

There was also mildly higher levels of alkaline phosphatase (Alpl) and Runx2 in basal 

cells, but this did not reach statistical significance (Figure 7.8A). In contrast, cells from 

FurinΔOB mice cultured for 21 days in osteogenic media had significantly reduced furin 

mRNA expression as compared to Furinfl/fl cells (Figure 7.8B). Likewise, the expression 

of osteoblast-marker genes including: osteocalcin (Bglap), Alpl and type I collagen 

(Col1a1) were markedly reduced in FurinΔOB cells after 21 days of culture in osteogenic 

media (Figure 7.9B). These results confirm the intrinsic defects in osteoblast activity from 

the loss of furin in vitro.  

 

7.2.6  Reduced osteoclast-marker gene expression in osteoblast-specific furin 

knockout mice  

To explore mechanisms that may explain the osteopetrotic phenotype of FurinΔOB mice, 

real-time PCR was performed on RNA isolated from total humoral bone tissue to identify 

differentially expressed genes between Furinfl/fl and FurinΔOB mice in vivo. Unexpectedly, 

PCR analyses revealed comparable expressions of osteoblast marker genes alkaline 

phosphatase (Alpl), osteocalcin (Bglap) and type-I collagen (Col1a1) in the long bones 

of Furinfl/fl and FurinΔOB mice, indicating normal osteoblastic activity despite the loss of 

furin in osteoblasts in vivo (Figure 7.10A-C). By contrast, the expression of osteoclast 

marker genes cathepsin K (Ctsk), TRACP (Acp5) and calcitonin receptor (Calcr) were 

significantly reduced in FurinΔOB mice in vivo (Figure 7.10D-F). Moreover, no significant 

differences in RANKL and OPG gene expression were observed between the long bones 

of Furinfl/fl and FurinΔOB mice (Figure 7.10G-I). These results indicates possible defects 

in osteoblast-to-osteoclast coupling activities in FurinΔOB mice.  
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Figure 7.9 Real time-PCR analysis of FurinΔOB osteoblast culture. Osteoblasts from 

the long bones of 12 week old male Furinfl/fl and FurinΔOB mice were cultured in the 

presence or absence of dexamethasone (10nM), β-glycerophosphate (10mM) and 

ascorbate (50µg/mL). Real-time PCR analyses was performed to evaluate the gene 

expression of (A) Furin, alkaline phosphatase (Alpl) and Runx2 in basal cells (Day 0 of 

culture); and (B) Furin, Bglap, Alpl and Col1a1 in mature osteoblasts (Day 21 of culture). 

Hprt was used as a housekeeping control. Data are presented as percentage ±SEM. 

*P<0.05; **P<0.01; n=3. 
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Figure 7.10 Real time-PCR analysis of osteoblast and osteoclast related gene 

expression in the long bones of FurinΔOB mice. (A-G) Total bone RNA isolated from 

the forelimbs of 12 week old male Furinfl/fl or FurinΔOC mice were subject to real time-

PCR to analyse the gene expression profile of (A-E) osteoblast related genes and (G-I) 

osteoclast related genes.  (F) RANKL vs. OPG ratio was determined. Data are presented 

as relative fold change ±SEM. NS=non-significant; *P<0.05; n=3. 
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7.2.7  Osteoblast-specific furin knockout mice exhibit reduced osteoclast 

parameters in vivo 

To further investigate whether osteoclast parameters were altered in FurinΔOB mice, femur 

sections from Furinfl/fl and FurinΔOB mice were stained for TRACP (Figure 7.11A). 

Histomorphometric analysis revealed that osteoclast number/bone surface and osteoclast 

surface/bone surface were both significantly reduced in FurinΔOB mice (Figure 7.11B-C). 

Furthermore, consistent with PCR data, there was a mild decrease in osteoclast 

numbers/tissue volume in FurinΔOB mice (Figure 7.11D), but this did not reach statistical 

significance. These results indicate that furin deficiency in osteoblasts leads to an 

osteoclast-poor osteopetrotic phenotype.  

 

7.2.8  Loss of furin in osteoblasts results in diminished osteoclastogenic support 

To investigate the cellular mechanisms responsible for the reduction in osteoclast 

numbers in FurinΔOB mice, osteoclastogenesis and co-culture experiments were 

performed. Formation of osteoclasts by treatment of bone marrow macrophages from 

FurinΔOB mice with M-CSF and RANKL was not significantly different from that of 

Furinfl/fl cells, indicating no intrinsic defects in osteoclast precursors in FurinΔOB mice 

(Figure 7.12A). Co-culture experiments were then performed by a mix-and-match culture 

of osteoblasts and bone marrow macrophages isolated from Furinfl/fl and FurinΔOB mice. 

Interestingly, osteoclast formation was significantly reduced when osteoblasts from 

FurinΔOB mice were used as a source of osteoclastogenic factors in these co-culture 

experiments (Figure 7.12B), indicating that osteoblasts from FurinΔOB mice had 

diminished capacity for osteoclastogenic support. These results suggest that furin in 

osteoblasts plays an important role in the coupling of osteoclast activity during bone 

remodelling.  
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Figure 7.11 Decreased osteoclast parameters in male FurinΔOB mice. (A) Histological 

sections of distal femur from 12 week old male Furinfl/fl or FurinΔOB mice stained for 

Tartrate Resistant Acid Phosphatase (TRACP), to visualise osteoclasts. Osteoclast 

parameters are shown as (B) osteoclast number/bone surface (N.Oc/BS; 1/mm), (C) 

osteoclast surface/bone surface (Oc.S/BS; %) and (D) osteoclast number/tissue volume 

(N.Oc/TV;number). Data are presented as mean ±SEM. *P<0.05; n=3. 
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Figure 7.12 Reduced osteoclastogenic support by osteoblasts derived from FurinΔOB 

mice. (A)  BMM were isolated from 12 week old male Furinfl/fl and FurinΔOB mice and 

cultured with M-CSF and RANKL for 5 days (scale bar: 50μm). (B) Osteoblasts from the 

long bones of 12 week old male Furinfl/fl and FurinΔOB mice were cocultured with BMM 

in media containing ascorbate and 1α,25-dihydroxyvitamin D3 for 6-7 days. Cells were 

TRACP stained and the number of TRACP positive multinucleated cells (MNCs) were 

scored (scale bar: 50μm). Data are presented as percentage ±SEM. NS=non-significant; 

**P<0.01; n=3. 
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7.3 Discussion 

Several in vitro and in vivo studies have implicated PCs in the regulation of osteoblast 

differentiation and function (reviewed in Chapter 2), however to date, the physiological 

role(s) of furin in osteoblasts has not been thoroughly investigated.  

Gene annotation and PCR analyses revealed that furin and several other PC 

members (PC5/6, PACE4, PC7 and MBTPS1) are expressed by osteoblasts. However, in 

a recent study by Yuan et al, PC2 was also found to be expressed by osteoblasts, and this 

convertase was implicated in the regulation of PHEX-dependent FGF23 expression 

(Yuan et al., 2013). To investigate this discrepancy, PCR was performed on RNA isolated 

from mouse brain tissue (serving as a positive control for PC2 expression) to validate the 

primers used in our study. As expected, PC2 expression was found to be markedly 

expressed in the brain but not in bone tissue (Figure 5.1B and Supplementary Figure 12). 

There is no apparent explanation for this discrepancy, particularly in light of the 

differences in oligonucleotide primers used in this study from that used by Yuan et al. 

However, it is possible that PC2 could be expressed at very low levels in osteoblasts/bone, 

providing justification for further work to establish the expression profile of PC2 in 

osteoblasts. 

The in vitro findings in this chapter demonstrated that furin plays an important 

role in mineralized nodule formation. In the absence of furin activity, mineralized nodule 

formation was significantly impaired without apparent effects on osteoblast 

differentiation. This mineralization defect could at least in part be explained by the 

reduction in expression of Bglap, Alpl and Col1a1 in mature osteoblasts. Since furin has 

not been implicated in transcriptional regulation directly, this finding hints that signalling 

pathways controlling the expression of these genes could be altered in furin deficient 

osteoblasts. Perhaps more surprisingly, FurinΔOB mice did not display a reduction in 

BMD, which suggests that furin might not have a major role in mineralization in vivo. 

More importantly, however, co-culture experiments revealed that furin-deficient 

osteoblasts showed impaired support of osteoclast formation in vitro, thereby providing 

a possible cellular mechanism for the osteopetrotic phenotype observed in FurinΔOB mice. 

Preliminary calcein labelling data also indicated that mineral apposition rate was 

unaffected in the calvaria of FurinΔOB mice, which may have been caused by reduced 

calcein label resorption due to reduced osteoclast numbers. To better delineate the 

contribution of osteoblast activity in FurinΔOB mice, histomorphometric analysis should 

be performed on un-decalcified hindlimb sections to gain further insights in terms of bone 
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formation parameters (such as osteoblast number/surface, osteoid volume/surface and 

osteoid thickness) in the high bone mass phenotype of FurinΔOB mice. Hence, the in vitro 

data thus far indicate that bone formation and resorption could both be diminished in 

FurinΔOB mice resulting in a low bone turnover phenotype, similar to that observed in 

other osteopetrotic mouse models with defective osteoblasts (Kamiya et al., 2008, Walker 

et al., 2010). 

The microCT and histomorphometric findings indicated that inactivation of furin 

preferentially in mature osteoblasts (and possibly in osteocytes) resulted in an increase in 

trabecular bone volume, with a modest decrease in cortical bone volume and a reduction 

in osteoclast number. These findings confirmed a requirement for furin in bone 

remodelling, and highlights that furin differentially regulates trabecular and cortical bone 

mass. Although it is presently unclear whether osteoblasts are defective in FurinΔOB mice 

in vivo, it appears that the reduction in osteoclast numbers, and thus the associated 

reduction in bone resorption, could be the major cause of the phenotype observed in these 

mice.  Through an extensive literature search based on known roles of furin-related 

substrates, it was revealed that the high bone mass phenotype of FurinΔOB mice closely 

resembled that of mice harbouring the gene inactivation of several furin candidate-

substrates including: Notch-1 and -2 in osteocytes (Canalis et al., 2013a) and TGFβ in 

osteoblasts (via indirect phenotypic evidence from osteoblast-specific TGFβ type-II 

receptor deficient mice) (Qiu et al., 2010, Filvaroff et al., 1999). 

In the report by Canalis et al, mice with osteocyte-specific Notch1/2 inactivation 

exhibited an increase in trabecular bone mass but a decrease in cortical bone mass at 3 

months of age, due to an increase in osteoblast numbers and a decrease in bone resorption. 

Despite the elevated numbers of osteoblasts in these Notch1/2 cKO mice, bone formation 

parameters were unchanged (Canalis et al., 2013a).  Furthermore, in an earlier study 

published by the same group (Zanotti et al., 2008), Notch1/2 inactivation in mature 

osteoblasts by the Osteocalcin-Cre transgene did not result in a skeletal phenotype at 4 

weeks of age. Although, the bone phenotype of older mice was not reported in the study. 

On the basis of the present information, it is reasonable to hypothesize that the skeletal 

phenotype of FurinΔOB mice could at least in-part be due to the lack of Notch1/2 activity 

in mature osteoblasts and osteocytes. In support of this, several in vitro studies have 

reported furin cleavage after the R-Q-R-R1654 propeptide sequence of mNotch1 to be 

crucial for proper cell surface expression and signalling of this receptor (Zanotti et al., 

2008, Kopan et al., 1996). Hence, it remains to be established whether Notch1/2 
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processing and signalling are disrupted in furin deficient osteoblasts, and if so, whether 

the skeletal phenotype of FurinΔOB mice can be rescued by the enforced expression of 

Notch Intracellular Domain (NICD) in mature osteoblasts / osteocytes. 

Furin has also been implicated to be the primary convertase that mediates the 

initial step of TGFβ1 activation in vivo. As demonstrated by the work of Pesu et al., 

TGFβ1 precursor processing was significantly impaired from the conditional deletion of 

furin in T-cells in mice, leading to severe autoimmune disease (Pesu et al., 2008). 

Currently, there is still much debate as to why the cleavage of the sequence R-H-R-R278 

in the TGFβ1 precursor is not compensated by other PCs in vivo (Constam, 2014). 

However, there are many other TGFβ-interacting factors that regulate the 

bioavailability/processing of endogenous TGFβ. For instance, furin-cleavage of TGFβ 

precursor can be inhibited by Emilin-1 (Zacchigna et al., 2006). Interestingly, furin-

cleavage sites are found in the propeptide sequence of mEmilin-1 (R-P-V-R154 and R-L-

G-R730). Moreover, two other putative furin-substrates, Fibrillin-1 and -2 also regulate 

endogenous TGFβ bioavailability during bone formation (Nistala et al., 2010). These 

studies suggest that furin can regulate the bioavailability of TGFβ both directly and 

indirectly. Although the importance of TGFβ in bone homeostasis has been well 

documented in the literature (Tang and Alliston, 2013), there is limited knowledge 

regarding the cleavage-activation of endogenous TGFβ in mature osteoblasts by PCs. 

Despite the fact that global TGFβ1-null mice were reported to display a low bone mass 

phenotype (Geiser et al., 1998, Tang et al., 2009), FurinΔOB mice, on the other hand, 

shared a remarkably similar bone phenotype to that of mice with diminished TGFβ type-

II receptor activity in osteoblasts (Qiu et al., 2010, Geiser et al., 1998). This correlation 

was unexpected as the peptide sequence of TGFβ type-II receptor does not contain furin-

cleavage sites. As such, it is still possible that TGFβ autocrine signalling could be altered 

in mature osteoblasts from FurinΔOB mice due to the lack of endogenous TGFβ 

maturation. Thus, to directly address the role of furin in TGFβ processing in mature 

osteoblasts, future studies should evaluate the protein levels of latent and active forms of 

TGFβ in the bones of FurinΔOB mice and in their osteoblasts ex vivo. In addition, 

osteoblast-specific TGFβ type-II receptor knockout mice display enhanced bone 

formation in the trabecular bone compartment, whereas this parameter was reduced in the 

cortical bone (Qiu et al., 2010). These skeletal effects were caused by the lack of PTH-

induced endocytosis of PTH1R-TGFβ type-II receptor complex resulting in disruption of 

PTH signalling. Interestingly, by bioinformatics analysis, PTH1R was found to contain 

two putative PC-cleavage sites (R-R-G-R96 and R-K-A-R488), however, it is presently 
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unclear whether PC cleavage is involved in receptor activation/deactivation. Nonetheless, 

in future studies, bone formation parameters in the cortical and trabecular compartments 

should be thoroughly investigated in FurinΔOB mice to pin-point the precise mechanisms 

altered by the loss of furin in osteoblasts. 

As previously mentioned in Chapter 2, furin-like processing is required for the 

inactivation of biologically active intact FGF23 (iFGF23) into inactive C-terminal 

(cFGF-23) and N-terminal FGF23 fragments (nFGF23) (Benet-Pages et al., 2004, 

Consortium, 2000). Elevated iFGF23 levels are observed in a number of 

hypophosphatemic disorders, such as X-linked autosomal (XLH), and autosomal 

dominant hypophosphatemic rickets, whereas increased total FGF23 levels (iFGF23 + 

cFGF23) are associated with Fibrous Dysplasia, possibly due to increased furin activity 

and cleavage of iFGF23 (Bhattacharyya et al., 2012b). Recent evidence has shown that 

PC2 plays an important role in FGF23 processing in osteoblasts (Yuan et al., 2013), 

although the contribution of furin in FGF23 processing was not evaluated. In the present 

study, it is unclear whether FGF23 processing is altered in FurinΔOB mice, however, given 

the fact that FurinΔOB mice did not display a similar skeletal phenotype to Hyp-mice (the 

murine homologue for human XLH, characterized by rickets/osteomalacia), the 

likelihood is that FGF23 processing was probably normal (or compensated for by other 

PCs such as PC2) in FurinΔOB mice. Nonetheless, serum iFGF23 and cFGF23 levels 

should be evaluated in FurinΔOB mice to gain further insights into the association of furin 

with FGF23 processing in osteoblasts.  

The identification of physiological substrates of furin in osteoblasts posed a 

significant challenge in this study, as furin-processing appears to be implicated in the 

activation/inactivation of a myriad of possible substrates highly expressed by osteoblasts 

(detailed in Supplementary Table 3 and 4). Amongst these highly expressed putative-

substrates, the propeptides of BMP2, type-IX collagen (COL9A1), Cadherin-11 

(CHD11), N-Cadherin (CDH2), OPG, Semaphorin 3A (SEMA3A), MT1-MMP 

(MMP14) and IGF1R appeared to be likely candidates, due to their stimulatory functions 

in osteoblasts and their important regulatory roles in bone homeostasis. However, the low 

bone mass phenotypes of these respective substrate-deficient mice were inconsistent with 

the osteopetrotic phenotype observed in FurinΔOB mice which suggests against specific 

furin-substrate pairing of these propeptides in vivo (Yang et al., 2013a, Hayashi et al., 

2012, Zhang et al., 2002, Di Benedetto et al., 2010, Wang et al., 2008, Bucay et al., 1998). 

Furthermore, bioinformatics analyses also revealed that the propeptides of many 
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additional bone-related factors such as ADAM15, BMP3, M-CSF, PlexinB1, SOST, 

DKK1 and osteocalcin also contain putative furin-cleavage sites (Supplementary Table 3 

and 4). Interestingly, the high bone mass phenotypes of mice deficient for these factors 

correlated with that of FurinΔOB mice which likely suggests a pervasive role of furin-

mediated propeptide activation in mature osteoblasts (Dai et al., 2002, Bucay et al., 1998, 

Morvan et al., 2006, MacDonald et al., 2007, Li et al., 2008, Marzia et al., 2011, Ducy et 

al., 1996, Negishi-Koga et al., 2011, Daluiski et al., 2001). Although still speculative, it 

is also entirely possible that compensation by other PC members (including PC5/6, 

PACE4, PC7, MBTPS1 and possibly PC2) in osteoblasts (and possibly by other cells in 

the bone microenvironment) could result in a less severe phenotype in FurinΔOB mice. 

However, the specificity of these furin-substrate pairings and the possible degree of 

compensation by other PC members remains completely unknown. It can be assumed that 

the phenotype of FurinΔOB mice is most likely due to the combined disruption of multiple 

furin-substrates in osteoblasts. Hence, future proteomic studies could uncover previously 

undescribed furin-substrate interactions to better define the specific substrates and 

pathways regulated by furin in osteoblasts.  

Collectively, the findings from this chapter have identified, for the first time, that 

furin in osteoblasts plays a crucial role in bone remodelling, whereby the loss of furin 

activity in mature osteoblasts/osteocytes resulted in a high bone mass phenotype with 

reduced osteoclast numbers. This phenotype appears to be at least in part due to intrinsic 

defects of furin-deficient osteoblasts to support osteoclast formation and to form 

mineralized bone nodules. However, the exact mechanisms behind these defects are still 

unclear. In addition, the extensive range of possible furin-related substrates highlighted 

in this study also emphasizes the important role(s) of furin/PC in the regulation of 

osteoblast function. These important findings provide the framework to explore 

numerous possible convertase-substrate interactions with critical importance to skeletal 

homeostasis.
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8.1 Overview of Thesis  

To maintain skeletal integrity and mineral homeostasis throughout adult life, bone is 

constantly being reshaped and repaired by an adaptive process called bone remodelling. 

This process is dependent on at least three key cell types, the osteoclast, osteoblast and 

osteocytes. Osteoclasts are derived from the fusion of mononuclear precursor cells of the 

monocyte lineage (Nakashima et al., 2012). They are specialized bone resorbing cells that 

secrete acid and matrix degrading enzymes to remove damaged or unwanted bone matrix. 

On the other hand, osteoblasts are bone forming cells that differentiate from mesenchymal 

stem cells residing in the bone marrow. They secrete a collagen rich matrix called osteoid, 

which later becomes mineralized to form mature bone (Ducy et al., 2000). During the 

bone formation phase, a subset of osteoblasts become entombed in the newly formed bone 

matrix and differentiate into osteocytes (Canalis, 2005). Osteocytes possess dendritic 

processes that allow communication with other cells in the bone microenvironment via a 

vast canalicular network (Bonewald, 2011). This osteocyte network plays important roles 

in mechanotransduction and coordinates the functions of osteoclasts and osteoblasts, 

thereby regulating bone homeostasis.  

 Bone homeostasis is tightly regulated by the balanced activities of bone resorption 

and bone formation, however, disruptions to this balance often leads to a number of 

pathological bone conditions including osteoporosis, osteopetrosis and arthritis (Boyle et 

al., 2003). Despite recent advances in bone biology, the precise molecular mechanisms 

responsible for perturbed bone remodelling remains unclear. Therefore, elucidating the 

molecular mechanisms involved in bone remodelling is crucial for the better 

understanding of skeletal health and disease.  

 Many secreted proteins are initially synthesized as inactive precursors that require 

proteolytic processing to achieve activation. This processing event is commonly mediated 

by a family of serine proteases called proprotein convertases (PC) (Seidah et al., 2008). 

There are nine distinct proprotein convertases that catalyse the hydrolytic cleavage of a 

broad range of substrates including growth factors, adhesion molecules, receptors and 

bacterial and viral proteins (Seidah and Prat, 2012). The most well studied member is the 

ubiquitously expressed furin, which cleaves/processes its specific substrates after single 

or di-basic amino acid residues. Furin is a membrane anchored convertase which cycles 

from the cell surface to the trans-golgi network through endosomes, processing its 

physiological substrates in the constitutive secretory pathway (Thomas, 2002). Furin has 

been implicated in multiple processing events important for cellular function and also in 
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a diverse range of pathological disorders (Artenstein and Opal, 2011). However, there is 

limited knowledge regarding the role of PCs such as furin in bone homeostasis. Thus, 

deciphering the molecular contribution of furin in osteoclast and osteoblast activity is of 

great interest and significance to bone biology. 

 The study of furin in bone homeostasis began with the screening of PC gene 

expression in osteoclasts, osteoblasts and their respective precursor cells in the bone 

marrow. Using comparative microarray and gene annotation analyses, followed by PCR 

validation, several genes encoding members of this convertase family were uncovered to 

be expressed in these bone residing cells. Among these PC members, furin was found to 

be abundantly expressed, thus, it is hypothesized that furin could play an important role 

in the regulation of bone remodelling and skeletal homeostasis.  

 Since the global deletion of furin in mice resulted in embryonic lethality, a 

conditional knockout approach was utilised to dissect the physiological role of furin in 

bone biology. Mice specifically lacking furin in mature osteoclasts (Furin∆OC) were 

generated by mating cathepsin K-Cre knockin mice with floxed-furin transgenic mice. 

These mice displayed reductions in body length and body size, which were indicative of 

defect(s) in skeletal growth and/or remodelling. It may be possibly that cartilage defects 

underlie the reduction in bone length, however, analysis of the growth plate in the femur 

of Furin∆OC mice by histology, did not reveal overt abnormalities in chondrocyte 

morphology. By microCT analysis, female Furin∆OC mice displayed an increase in 

trabecular bone mass. On the other hand, cortical bone mass was not affected in female 

Furin∆OC mice. Bone histomorphometric analysis further confirmed that this increased in 

bone mass was possibly attributed to a decreased number of osteoclasts in female 

Furin∆OC mice. Gene expression analysis of total bone samples from Furin∆OC mice 

revealed that the reduction in osteoclast number in vivo was not due to altered 

RANKL/OPG ratio, hence, the osteoclast-poor phenotype could be due to intrinsic 

defects in osteoclast formation. Moreover, bone formation rates appear to be unaltered 

from the loss of furin in osteoclasts, suggesting that the bone phenotype was 

predominantly due to defects in osteoclast-mediated bone resorption. However, for 

unknown reasons, the high bone mass phenotype was only observed in older male 

Furin∆OC mice. Thus, further studies are required to dissect the differential role(s) of furin 

in osteoclasts in male and female mice.  

 To elucidate the cellular mechanism through which furin regulates osteoclast 

formation and function, a series of in vitro experiments were carried out using bone 
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marrow cells isolated from Furin∆OC and Furinfl/fl mice. In vitro osteoclastogenesis assays 

showed that RANKL-induced osteoclast formation was not affected in cultures of bone 

marrow of Furin∆OC mice. This was assessed by analysing the average number of nuclei 

in each osteoclast as well as the average spread area of Furin∆OC and Furinfl/fl cells. 

Similarly, PCR analysis also showed no significant changes in the expression of common 

osteoclast marker gene expression in mature osteoclast cultures from Furin∆OC mice. As 

expected, furin mRNA expression was significantly reduced during the later stages of 

osteoclastogenesis in Furin∆OC cells, from the delayed course of cathepsin K-Cre 

mediated gene deletion. This indicates that furin was inactivated only in mature 

osteoclasts and its activity did not appear to be crucial for osteoclast maturation. 

However, these results were inconsistent with the reduced osteoclast numbers observed 

in vivo in Furin∆OC mice. Hence to understand if an earlier inactivation of furin activity 

could result in reduced osteoclast formation, the PC inhibitor Dec-RVKR-CMK (CMK) 

was used in in vitro osteoclast cultures. It was found that CMK treatment significantly 

impaired osteoclast formation when treated early, but not later, during the course of 

osteoclastogenesis, suggesting that at least one or more PC/furin-specific substrates could 

be crucial for the early osteoclast differentiation process. Hence, these results imply that 

the reduction in osteoclast numbers in Furin∆OC mice could be attributed to changes 

occurring in other cells, however, the exact mechanism behind this discrepancy is still 

unclear and provides an area of future investigation. 

  In vitro bone resorption assay revealed that osteoclasts derived from Furin∆OC 

mice were still able to resorb a similar area of bone. Interestingly however, the depth of 

the resorption pits formed by Furin∆OC osteoclasts were shallower as compared to Furinfl/fl 

cells. Similarly, CMK treatment reduced the bone resorption activity of wildtype mature 

osteoclasts. To account for the loss of function in a single allele of the Ctsk gene in 

Furin∆OC mice (on a CtskCre/+ background) on bone resorption, the bone resorption 

capabilities of CtskCre/+ osteoclast were assessed. It was found that resorption pit depth 

and intracellular acidification of CtskCre/+ osteoclasts were comparable to Furinfl/fl 

osteoclasts. As expected, western blot analysis revealed that Furin∆OC and CtskCre/+ 

osteoclasts displayed approximately half the protein levels of secreted and endogenous 

cathepsin K as compared to Furinfl/fl osteoclasts. Furthermore, CTX analysis revealed that 

the amount of degraded collagen fragments liberated by CtskCre/+ osteoclasts were similar 

to Furinfl/fl osteoclasts, indicating that bone resorption was not significantly affected from 

the loss of a single allele of the Ctsk gene. These results further clarifies that the impaired 

bone resorbing ability of FurinΔOC osteoclasts were primarily due to the loss of furin-
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mediated activity. Hence taken together, these in vitro findings indicate that osteoclast 

function was compromised from the loss of furin activity in mature osteoclasts.  

 In an initial attempt to provide possible molecular mechanism(s) for the defects 

observed in bone resorption, a list of bioinformatics-predicted furin substrates were 

assembled based on the furin recognition motif R-X-X-R. Enriched from this list 

(according to the gene expression profiles of candidate-substrates in osteoclasts), the 

accessory subunit of the V-ATPase proton pump subunit Ac45 was selected as a primary 

candidate to explain the observed defects in bone resorption of FurinΔOC osteoclasts. 

Subsequent western blot analysis confirmed that Ac45 maturation was impaired from the 

loss of furin activity in mature osteoclasts from FurinΔOC mice or from CMK treatment. 

These results were in agreement with a previous report that showed reduced proAc45 

processing following the deletion of furin in pancreatic beta-cells (Louagie et al., 2008). 

Moreover, previous work in the laboratory established a crucial role for Ac45 in bone 

resorption as a critical component of the osteoclast-acidification machinery (Qin et al., 

2011, Feng et al., 2008). Hence, these findings implicate furin as a positive regulator of 

bone resorption, at least in-part, via the proteo-activation of Ac45. Furthermore, from the 

bioinformatics screening approach, mesothelin, a novel regulator of osteoclasts, was 

uncovered as a candidate furin-substrate in osteoclasts. Preliminary findings from the 

laboratory have recently revealed that mesothelin is highly expressed by mature 

osteoclasts, and the un-cleaved form of the protein potentially acts as a repressor of 

osteoclast precursor differentiation and bone resorption by mature osteoclasts. 

Furthermore, preliminary in vitro analysis also indicated that mesothelin processing was 

impaired from the loss of furin activity in mature osteoclasts, hinting that furin could play 

a role in mesothelin inactivation. Hence, the lack of furin-mediated mesothelin 

inactivation could provide a potential mechanism behind the bone resorption defects and 

the reduced number of osteoclasts in FurinΔOC mice. Investigations in the laboratory are 

currently underway to thoroughly define the cleavage interactions between furin and 

mesothelin. These findings will assist in identifying a novel role of furin as a regulator of 

mesothelin function in osteoclastic bone resorption. 

 Several PC members (namely PC5, PACE4 and MBTPS1) have been implicated 

in the regulation of bone formation, however, the physiological role of furin in osteoblast 

biology has not been explored. Through gene annotation and PCR analyses, furin was 

found to be abundantly expressed during osteoblast differentiation. In an attempt to 

investigate the role of furin in osteoblasts, in vitro osteoblastogenesis cultures were 
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performed with the PC inhibitor CMK. Pharmacological inhibition of PCs in osteoblasts 

did not alter the differentiation of osteoblasts, however, significantly impaired 

mineralization in a dose dependent manner.  Similarly, a defect in mineralization was also 

observed when osteoblasts from Furinfl/fl mice were transduced with Adenovirus-Cre to 

inactivate furin. These findings highlight important and non-redundant roles of furin in 

mineralized nodule formation in vitro.  

 To extend the investigation of furin in osteoblasts in vivo, mice specifically 

lacking furin in mature osteoblasts (FurinΔOB) were generated by mating Osteocalcin-Cre 

transgenic mice with floxed-furin mice. Surprisingly, FurinΔOB mice did not display any 

gross abnormalities in skeletal development and displayed comparable body length and 

weight. In addition, preliminary findings showed that mineral apposition rate in the 

calvaria and collagen orientation in the hindlimbs appeared to be unchanged in FurinΔOB 

mice, suggesting that furin activity in osteoblasts could be redundant during development. 

However, microCT analysis revealed that adult FurinΔOB mice exhibited a significant 

increase in trabecular bone mass but a reduction in cortical bone mass. This phenotype 

was consistent between male and female mice from 3 months of age and persisted to 1 

year of age. In vitro osteoblast cultures from FurinΔOB mice similarly showed a defect in 

mineralized nodule formation which could be partially explained by a reduction in the 

gene expression of alkaline phosphatase (Alpl), osteocalcin (Bglap) and type-1 collagen 

(Col1a1).  

To explore other mechanisms that may explain the high bone mass phenotype of 

FurinΔOB mice, real-time PCR analysis on total bone tissue revealed that osteoclast marker 

genes expression of cathepsin K (Ctsk), TRACP (Acp5) and calcitonin receptor (Calcr) 

were significantly reduced in the hindlimbs of FurinΔOB mice. Similarly when 

histomorphometric analysis was performed, a significant reduction in osteoclast numbers 

were observed in the hindlimbs of FurinΔOB mice, thus providing a possible cellular 

mechanism behind the high bone mass phenotype observed in FurinΔOB mice. 

Furthermore, co-culture experiments using a mix-and-match culture of osteoblasts and 

bone marrow cells from FurinΔOB and Furinfl/fl mice, subsequently proved that osteoblast 

from FurinΔOB mice had diminished capacity for osteoclastogenic support. These findings 

highlight that furin activity in osteoblasts is required for the coupling of osteoclast activity 

during bone remodelling. 

Collectively, the findings from this study showed that the specific inactivation 

furin in both osteoclasts and osteoblasts resulted in increased bone mass. The bone 
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phenotypes of these cKO mice can be explained by a decrease in osteoclast number and 

activity. These findings also highlight the importance of furin in osteoclastic bone 

resorption in part via the activation of Ac45, and in the regulation of previously 

undescribed furin- substrates involved in the coupling activities of osteoblast and 

osteoclasts. The precise molecular mechanisms through which furin regulates osteoclast 

and osteoblast function remains to be elucidated. 

 

8.2 General Discussion 

The roles of furin in osteoclast and osteoblast biology have not been previously described. 

In this study, it was shown for the first time that the proprotein convertase furin is an 

important regulator of osteoclastic bone resorption. The key role of furin in this process 

may reflect its high levels of expression in osteoclasts as compared to other PCs. 

Furthermore, the intracellular cleavage and maturation of proAc45 was found to be 

impaired in the absence of furin in osteoclasts in vitro, indicating that Ac45 is a bona fide 

cleavage target of furin in osteoclasts. As Ac45 has recently been implicated to be an 

essential component of the osteoclast acidification machinery, this finding provides a 

potential molecular explanation for the resorptive deficiencies observed in FurinΔOC 

osteoclasts (Qin et al., 2011, Yang et al., 2012). To further address the physiological 

implications of these findings, an osteoclast-specific transgenic mice model with furin-

resistant cleavage site of Ac45 could be generated in future studies. 

The impaired processing of several other propeptides might contribute to the 

phenotype of FurinΔOC mice as well. Preliminary findings indicated that furin potentially 

plays a role in the inactivation of a novel-osteoclast-repressor, mesothelin. In addition, 

cleavage-activation of key bone resorption-related-proteins such as αV integrin, MT1-

MMP, ROR2, TGFβ and VEGF-C have not been previously described in osteoclasts and 

remains to be investigated.  

On the other hand, in osteoblasts, furin appears to play a pivotal role in bone 

remodelling through the regulation of osteoclastogenesis, however, the precise 

mechanism behind this remains to be elucidated. The vast number of bioinformatics-

predicted substrates suggests that furin and/or other PC members may play important 

roles in the regulation of multiple proteins crucial for the maintenance of bone 

homeostasis. It can be assumed that a lack of cleavage-activation would reflect a 

reduction in substrate function and hence will lead to a phenotype similar to the particular 
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respective substrate-deficient mice. Base on this assumption, several bioinformatics-

predicted substrates were proposed as candidate in vivo-substrates of furin in osteoblasts. 

These include the propeptides of ADAM15, BMP3, DKK1, NOTCH1/2, M-CSF, 

Osteocalcin, PlexinB1, SOST and TGFβ, and several of which have been implicated in 

the coupling activities of osteoblast to osteoclast. The possible disruption in propeptide 

cleavage-activation of one or several of these candidate propeptides may provide 

explanation(s) for the altered bone remodelling in FurinΔOB mice. 

In addition, other crucial osteoblast-regulators such as BMP2/4, Cadherins (CDH-

2 and -11), IGF1R, MT1-MMP and SEMA3A are predicted to require furin-cleavage for 

activation. However, it is unlikely that furin is the primary convertase that mediates 

processing of these propeptides in osteoblasts in vivo as these respective substrate-

deficient mice did not display a similar bone phenotype to that of FurinΔOB mice. It is 

possible that other PC members (namely PC5, PACE4 and PC7) with overlapping 

functions may compensate for the lack of furin activity in mature osteoblasts from 

FurinΔOB mice. Moreover, because bone mineral density and formation appeared to be 

slightly elevated in FurinΔOB mice in vivo, it is hypothesized that neighbouring cells (such 

as pre-osteoblasts) likely compensate for bone mineralization by providing PC-regulated 

mature growth factors and/or enzymes. Taken together, these findings suggests that the 

bone phenotypes of FurinΔOC and FurinΔOB mice may be attributed to the dysregulation 

of multiple cell specific furin-substrates in osteoclasts and osteoblasts respectively. 

Hence, a comprehensive proteomic validation approach is required to uncover previously 

undescribed furin-substrate parings to better define the specific substrates and pathways 

regulated by furin in osteoclast and osteoblast biology. 

One of the limitations of this study was that the bone formation parameters in 

FurinΔOC and FurinΔOB mice were not thoroughly investigated. Thus, it is important to 

assess the bone formation rates in FurinΔOC and FurinΔOB mice to get a clear indication of 

the contribution of osteoblast function in the bone phenotypes of these cKO mice. 

Furthermore, it is possible that the bone phenotypes of FurinΔOC and FurinΔOB mice could 

be attributed to the inactivation of furin in cells other than in mature osteoclasts and 

osteoblasts respectively. In the case of FurinΔOC mice (on a CtskCre/+ background), 

Cathepsin K-Cre driven furin inactivation could occur in other Cathepsin-K expressing 

cells in the bone such as osteoblasts/osteocytes and perichondrial groove of Ranvier cells 

(Kogawa et al., 2013, Lotinun et al., 2013, Yang et al., 2013b), and that the bone 

phenotype of these mice could be associated to changes occurring in these cells. 
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Furthermore, it has been shown that Ctsk is also expressed by osteocytes and osteoblasts 

(Qing et al., 2012, Kogawa et al., 2013). It is therefore important to assess the expression 

of Cre recombinase in these cell types in the bones of FurinΔOC mice and their possible 

contribution to the bone phenotype. By contrast, Osteocalcin driven Cre recombinase 

activity has been shown to be expressed as early as E17 in the calvaria osteoblasts and 

osteocytes, and in trabecular osteoblasts and osteocytes in 6 week old mice (Tan et al., 

2007). Off-target effects of this osteoblast-specific Cre promoter have not been reported, 

hence, the FurinΔOB model reflects the inactivation of furin in both mature osteoblasts and 

osteocytes and underlies the importance of addressing the role(s) of furin in these two 

cell types independently in future studies. 

Aforementioned, the possible compensation by other PC members could also 

influence the bone phenotypes observed in FurinΔOC and FurinΔOB mice. Several studies 

have addressed the possibility of substrate-parings by more than one PC member 

(Essalmani et al., 2013, Siegfried et al., 2003). For example, in the report by Essalmani 

et al., it was shown that angiopoietin-like-3 was specifically activated intracellularly by 

furin and extracellularly by PACE4 and furin in hepatocytes in vitro. It is therefore also 

important to analyse the possible contribution of other PC members (concomitantly 

expressed by osteoclasts/osteoblasts) in the proteolytic-cleavage of candidate-substrates 

implicated in the maintenance of bone homeostasis. 

The pharmacological modulation of furin could be beneficial in the treatment of 

various cancers/pathological infections (Seidah and Prat, 2012), however, there is limited 

knowledge regarding the use of furin-modulating agents against bone disorders. In a study 

by Lin et al., exogenous furin protected against immune response-mediated joint 

destruction by re-establishment of regulatory T cell function/balance in mice with 

collagen-induced arthritis (Lin et al., 2012). In another study by Yuan et al., the HYP 

phenotype (the murine homologue for human XLH, characterized by 

rickets/osteomalacia) in mice was rescued by treatment with the only known stimulant of 

PC2 activity, the polyarginine - Hexa-D-Arginine (D6R) (Yuan et al., 2013). However, 

this inhibitor is also a potent inhibitor of other PC members (Cameron et al., 2000) and 

suggests that multiple PC modulation may be involved in the treatment of this particular 

disorder. In the same report, the authors also found that systemic administration of 

another PC inhibitor, Dec-RVKR-CMK (the PC inhibitor used in cell based assays in this 

thesis) in mice resulted in hypophosphatemia, possibly owning to dysregulation of FGF23 

processing by osteoblasts (Yuan et al., 2013). It is presently unclear whether FGF23 
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processing is affected in furin cKO mice and remains to be elucidated. Furthermore, in 

vitro results in this thesis showed that the inhibition of furin/PCs resulted in reduced 

mineralized nodule formation. Similarly, furin/PC inhibition in osteoclasts resulted in 

suppressed osteoclast formation and bone resorption. These findings have further 

implications and suggests that interfering with furin activity might have unexpected 

consequences of repressing bone formation. Thus a specific furin inhibitor/silencer 

targeting osteoclasts, while sparing osteoblasts, may be considered as a therapeutic 

possibility in the treatment of osteolytic diseases. 

A hypothetical model illustrating the proposed role(s) of furin in the regulation of 

osteoclast and osteoblast function during bone remodelling was devised (Figure 8.1). In 

this model, furin in osteoclasts meditates the proteo-activation of Ac45 in the regulation 

of acidification and bone resorption. Furin is also implicated in the inactivation of 

mesothelin either at the cell surface or intracellularly, to regulate the differentiation of 

osteoclast precursors and bone resorption.  In osteoblasts, furin activity is required for the 

regulation of yet to be identified furin-substrates and coupling factors crucial for the 

formation/activity of osteoclasts. These potential furin-substrates need to be identified 

and provide areas of future investigations (described in the section 8.3 below). 

In conclusion, the findings from this study have established that furin is a novel 

regulator of bone homeostasis and may serve as a potential therapeutic target for the 

treatment of osteolytic bone disorders. The furin cKO mice used in this study constitute 

valuable models to allow for future validation of the in vivo role of furin as a “protein- 

regulator” vital for the maintenance of bone homeostasis. 
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Figure 8.1 Proposed model through which furin regulates osteoclasts and osteoblasts 

during bone remodelling. Furin cleaves substrates after basic amino acid residues 

(Arginine/R) leading to a minimal consensus recognition sequence of (R-X-X-R↓), 

where X represents any amino acid and the arrow indicates the cleavage site. Furin 

cleaves its specific substrates intracellularly as well as at the cell surface resulting in 

zymogen activation or sometimes the inactivation of active proteins. It is proposed that 

furin regulates cell-specific substrates vital for osteoclast and osteoblast activities during 

bone remodelling. (1) Furin mediates the activation of Ac45 to regulate osteoclast 

acidification and bone resorption. (2) It is proposed that furin processing is required for 

the inactivation of mesothelin. Whereby the loss of furin-mediated mesothelin cleavage 

would result in an accumulation of the full-length mesothelin. This may lead to repressed 

osteoclast precursor differentiation and bone resorption. Furin potentially regulates the 

activities of previously undescribed furin-substrates that play important roles in: (3) 

osteoblast to osteoclast crosstalk (coupling) and (4) autocrine regulation of osteoblasts 

and osteoclasts during bone remodelling. 
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8.3 Future Directions 

The findings from this thesis have highlighted areas that require further investigations. 

Some of these proposed approaches will expand on the phenotypic characterisation of 

FurinΔOC and FurinΔOB mice, while others might provide better insights into the possible 

substrates regulated by furin in osteoclasts and osteoblasts. 

 

Are other aspects of bone resorption affected in osteoclasts from FurinΔOC mice? 

The specific inactivation of furin in osteoclasts resulted in impaired bone resorption 

activity. This thesis investigated the osteoclast cytoskeletal reorganisation, proteinase 

secretion and the intracellular acidification of furin-deficient osteoclasts. However, other 

aspects of bone resorption such as osteoclast motility, ruffled border membrane 

formation, osteoclast survival and the endocytosis uptake of degraded bone matrix 

products (a pathway linked to V-ATPase function) needs to be explored in future studies. 

Furthermore, mRNA and protein expression analyses can also be carried out on other key 

bone resorption/acidification markers such as carbonic anhydrase -2 (CAR2), chloride 

channel -7 (CLCN7) in osteoclasts from FurinΔOC mice.  These experiments will more 

precisely define the role of furin in osteoclastic bone resorption.  

 

Are other aspects of V-ATPase function altered in osteoclasts from FurinΔOC mice? 

The findings presented in this thesis indicated that osteoclasts from FurinΔOC mice exhibit 

a reduction in acridine orange and LysoSensor™ staining intensity compared to control 

osteoclasts, implying that intracellular acidification was disturbed as a possible 

consequence of reduced Ac45 maturation. To further assess the proton transport activity 

of V-ATPase in osteoclasts from FurinΔOC mice, a more quantitative analysis of 

lysosomal acidification needs to be performed. For instance, an acid influx assay can be 

performed using the acridine orange dye to investigate the uptake and protonation of the 

dye over time within osteoclast membrane vesicles (Li et al., 1999, Jensen et al., 2011). 

Furthermore, previous findings from Yang et al., showed that depletion of Ac45 resulted 

in disruption of lysosomal trafficking to the ruffled border in osteoclast-mediated bone 

resorption (Yang et al., 2012). To test whether this particular function of Ac45 could be 

altered from the lack of Ac45 maturation in osteoclasts from FurinΔOC mice, the co-

localisation of lysomal membrane proteins such as Lysosomal Associated Membrane 
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Protein -1 and -2 (LAMP1/LAMP2) with other subunits of the V-ATPase complex, such 

as the a3 subunit (ATP6V0A3), can be assessed by immunostaining in osteoclasts from 

FurinΔOC mice.  

 

Is the bone phenotype in FurinΔOC mice the result of furin inactivation in cells other 

than mature osteoclasts in vivo? 

Histomorphometric analysis revealed that osteoclast parameters (osteoclast 

number and surface area) were found to be reduced in FurinΔOC mice. However, no 

significant changes in osteoclast formation were observed in vitro from the loss of furin. 

Due to the ubiquitous expression of furin, and the report that cathepsin K-Cre transgene 

has the potential to inactivate conditional alleles (floxed genes) in other cell types (Yang 

et al., 2013b). Furthermore, as discussed in chapter 5, Ctsk expression has been 

demonstrated in osteocytes and osteoblasts, which may result in Cre recombinase 

expression and furin inactivation in these cells in FurinΔOC mice. The extent of this on the 

bone phenotype of FurinΔOC mice is also unclear. Hence, to address these possibilities, 

immunohistochemistry (IHC) will need to be performed on femoral sections from 

FurinΔOC mice, to identify if Cre recombinase expression is present in other cathepsin K-

expressing cells types in the bone microenvironment. This technique has recently been 

reported by other studies using the cathepsin K-Cre transgenic mice showing that Cre 

expression was mainly expressed by osteoclasts in vivo (Okamoto et al., 2011, Nakamura 

et al., 2007). It can be anticipated that the osteoclasts are the predominant Cre expressing 

cell type in the bone microenvironment of FurinΔOC mice.   

 

Does the furin have additional roles in osteoclast precursor differentiation and 

function?  

The results from PC inhibitor assays in this thesis revealed that inhibition of PCs causes 

a significant impairment in the early stages of osteoclastogenesis, but had minimal effects 

on the later stages of osteoclast formation. These findings highlight important roles of 

PCs in osteoclast commitment/differentiation from bone marrow monocytes and pre-

osteoclast cell populations. To investigate the involvement of furin in osteoclast precursor 

cells, other Cre recombinase promoter systems can be employed to inactivate furin in 

osteoclast precursors  
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or pre-osteoclasts. Cre drivers such as Rank-Cre and Tracp-Cre have been utilised in 

other studies for this purpose and could identify additional roles of furin in osteoclast 

precursor cell differentiation and function (Xie et al., 2014, Maeda et al., 2012). In 

addition, an inducible expression of Cre recombinase approach can be considered to limit 

the knockdown of conditional furin alleles at specific time points to provide a more 

precisely defined role of furin at different stages of the life cycle (Sanchez-Fernandez et 

al., 2012). Given that recent evidence has shown that a potential furin substrate, PDGF-

BB, expressed by osteoclast precursors was found to be involved in the coupling of bone 

formation and angiogenesis (Xie et al., 2014), these additional furin cKO models could 

provide further insights into the role of furin in other cells of the osteoclast lineage. 

 

Are the propeptides of αV integrin, BMP6, Mesothelin, MT1-MMP, ROR2 and 

VEGF-C specific substrates of furin in osteoclasts? 

Bioinformatics screening uncovered a myriad of potential furin substrates highly 

expressed in osteoclasts. The propeptide of several candidate substrates have been 

identified based on the presence of the furin consensus recognition motif R-X-X-R. In 

evaluating the phenotype of FurinΔOC mice, it was proposed that the processing of several 

key osteoclasts regulators such as αV integrin, BMP6, MT1-MMP, ROR2 and VEGF-C 

may be impaired/diminished in furin deficient osteoclasts. Furthermore, preliminary in 

vitro findings from the laboratory have also identified that furin could be a potential 

regulator of mesothelin function. To investigate whether these candidate substrates are 

specific substrates of furin, propeptide cleavage studies can be conducted using western 

blot analysis to identify possible furin-substrate pairings in osteoclasts from FurinΔOC 

mice. In the case of mesothelin, overexpression studies are currently being performed in 

the laboratory to evaluate the cleavage potential of full-length mesothelin by furin. It is 

proposed that furin cleavage inactivates the osteoclast-repressive function(s) of 

mesothelin to regulate bone resorption.  

 

Can the resorption defect of osteoclasts from FurinΔOC mice be rescued by 

overexpression of furin? 

To determine whether the function of osteoclasts from FurinΔOC mice can be rescued by 

the reintroduction of furin expression. Osteoclasts from FurinΔOC mice can be transduced 

with furin-overexpression vectors (such as retrovirus containing pMX-IRES-GFP-furin 
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using the cathepsin K promoter) and bone resorption assays can be carried out to examine 

for their ability to resorb bone. It is expected that the overexpression of furin should 

rescue any deficiency of furin function in FurinΔOC osteoclasts.  

 

Does PC7 compensate for furin deficiency in osteoclasts? 

PC gene profiling revealed that furin and Pcsk7 (PC7) were abundantly expressed in 

osteoclasts, and that PC7 levels were much lower than furin. Furthermore, Ac45 cleavage 

analyse in Chapter 6 revealed that Ac45 processing was not completely abolished in 

osteoclasts from FurinΔOC mice. Since furin and PC7 exhibit both unique and 

complementary functions, this suggests that PC7 could also play a role in Ac45 

maturation, albeit to a lesser extent. Along this line, PC7 could be knocked down by 

siRNA in osteoclasts from wildtype and FurinΔOC mice to gain valuable insights into the 

extent of processing compensation of Ac45 (or other candidate substrates) by PC7. Unlike 

PC5- and PACE4-null mice, the lack of any overt phenotypes of PC7-null mice hints that 

PC7 might not play a crucial role in development (Wetsel et al., 2013, Constam et al., 

1996). However, the bone phenotype of PC7-null mice has not been investigated and will 

probably be worth exploring in the future. 

 

Are RANKL signalling pathways in furin deficient osteoclasts altered? 

Osteoclast formation and function are coordinated by various RANKL signalling 

pathways (Nakashima et al., 2012). Although RANKL-induced osteoclastogenesis was 

not affected in bone marrow cells from FurinΔOC mice, western blot analysis of these 

common pathways include NF-κB, MAPK, p-38, JNK and PI3K/Atk needs to be 

performed to identify or rule out possible interactions of furin with these signalling 

pathways.  

 

Are bone formation parameters altered in FurinΔOC and FurinΔOB mice? 

Preliminary analysis of paraffin embedded calcein labelled calvaria tissue from FurinΔOC 

and FurinΔOB mice revealed no significant differences in mineral apposition rate as 

compared to Furinfl/fl mice. However, altered osteoblast function cannot be ruled out in 

other skeletal sites such as the hindlimbs, as trabecular thickness parameters were 

unchanged in these two furin cKO models. Thus, the use of un-decalcified hindlimb 
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sections for histomorphometric analysis could provide further insights in terms of bone 

formation parameters (such as osteoblast number, osteoid volume, surface and thickness) 

in the trabecular and cortical compartments.  

 

Are osteoclast and osteoblast progenitor cell populations altered in FurinΔOC and 

FurinΔOB mice? 

It is possible that the differences observed in osteoclast/osteoblast in vitro cultures from 

FurinΔOC and FurinΔOB mice, are due to alterations in their respective progenitor cell 

composition in the bone marrow. The populations of osteoblast and osteoclast precursors 

within the bone marrow can be assessed by flow cytometry techniques. This will aim to 

investigate if the specific loss of furin results in altered progenitor populations and will 

also provide insights into the mechanisms behind the decreased osteoclast numbers in 

FurinΔOC and FurinΔOB mice. 

 

Is endogenous TGFβ maturation altered in furin deficient osteoclasts and 

osteoblasts? 

Furin has been implicated to be the primary convertase that mediates the initial step of 

TGFβ activation in vivo (Pesu et al., 2008, Constam, 2014). To investigate if TGFβ 

maturation is altered in osteoclasts and osteoblasts following the loss of furin, western 

blot analysis using antibodies that react with proTGFβ and mature TGFβ can be 

performed on protein lysates from FurinΔOC osteoclasts and FurinΔOB osteoblasts cultures. 

Similarly, the total levels of TGFβ (both latent and active forms) can also be analysed 

from bone tissues of FurinΔOC and FurinΔOB mice. These experiments would provide 

additional insights into the possible mechanisms behind the regulation of 

osteoclast/osteoblast formation and function by furin-mediated TGFβ processing.  

 

Are osteoblast signalling pathways affected in furin deficient osteoblasts? 

To assist in identifying the possible furin-substrates in osteoblasts, analysis of common 

osteoblast-related signalling pathways would provide indirect evidence for altered 

endogenous substrate function from the loss of furin activity in osteoblasts. Western blot 

analysis of β-catenin, Smads (Smad1/5 and 4) can be carried out to identify alterations in 

canonical Wnt and TGFβ/BMPs signalling respectively. Moreover, mRNA expression of 
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Notch target genes (Hey1, Hey2 and HeyL) in osteoblasts cultures from FurinΔOB mice 

will need to be analysed to identify possible changes to Notch signalling. Moreover, the 

protein and mRNA levels of M-CSF, OPG, RANKL, SOST and DKK1 (potential furin-

substrates commonly associated with these signalling pathways) needs to be assessed 

from osteoblasts cultures and in the bone tissue from FurinΔOB mice, to identify if the 

expression and/or processing of these important bone regulators are altered from the loss 

of furin. Furthermore, these signalling pathways and substrate expression analyses can be 

extended to Adeno-Cre-mediated furin inactivation for in vitro osteoblast cultures. Any 

changes observed in these signalling events or substrate expressions could assist in 

narrowing down the molecular mechanisms and substrates responsible for the decreased 

mineralization activity of osteoblasts lacking furin activity.  

 

Can other furin-specific substrates be identified in osteoclasts and osteoblasts? 

Using bioinformatics-predicted protein cleavage of key bone regulators by furin 

(Supplementary Table 1-4), a combination of proteomics analysis, western blot and 

ELISA will need to be carried out to examine the other potential substrate candidates of 

furin. Targeted proteomic screens of these candidate furin substrates in cell lysates and 

culture supernatant from FurinΔOB osteoblasts, FurinΔOC osteoclasts as well as from 

coculture experiments can be performed using techniques such as iTRAQ®. Furthermore, 

to examine if the loss of furin activity in osteoblasts leads to altered FGF23 processing, 

ELISA will need to be performed to examine the serum levels of intact and N-/C-terminal 

fragments of FGF23 in FurinΔOB mice. Several of these candidate substrates have been 

implicated in the coupling/cross-talk between osteoblasts and osteoclasts, and variations 

in the cleavage of these proteins through the loss of furin will provide a comprehensive 

molecular basis for how furin regulates bone remodelling.   

 

Does furin play a role in pathological conditions of bone loss? 

To investigate the role of furin in pathological conditions of bone loss, two well 

characterised experimental models of bone loss can be performed on FurinΔOC, FurinΔOB 

and Furinfl/fl control mice. First of all, an ovariectomised mouse model (OVX) will 

examine whether specific inactivation of furin gene in osteoclasts/osteoblasts protects the 

bone from bone loss associated with estrogen deficiency. Secondly, a LPS-injection 
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model can be carried out to investigate whether furin plays a role in inflammatory bone 

loss.  

Furthermore, a pharmacological inhibition approach using specific furin 

inhibitors can also be considered in these two experimental models of bone loss. 

However, caution should be taken in the choice of furin inhibitors to be used in vivo as 

many commercially available inhibitors are not specific and may result in multiple PC 

inhibition. As discussed above, Dec-RVKR-CMK, the PC inhibitor used in this study, 

has also been recently shown to reduce phosphate levels in wildtype mice when 

administered systemically, resulting in hypophosphatemia (Yuan et al., 2013). For this 

reason, this particular inhibitor is probably unsuitable for use in an OVX study. 

Alternatively, a targeted delivery approach of specific furin inhibitors/silencers to 

osteoclasts/osteoblasts may be employed to investigate the role of furin in pathological 

conditions of bone loss. For example, delivery systems such as the (D-Asp8)-liposome-

antagomir–linked inhibitors/silencers or Aptamer-based lipid nanoparticles could deliver 

furin inhibiting/silencing agents targeting osteoclasts and osteoblasts respectively, may 

be employed (Liu et al., 2015, Liang et al., 2015). 

 

Are alterations in furin expression linked to human cases of osteoporosis? 

Whilst there are numerous reports that furin levels are enhanced in several cancers 

(Seidah and Prat, 2012, Artenstein and Opal, 2011), altered furin expression has not been 

reported in human cases of osteoporosis. The most straightforward approach would be to 

determine if patients with osteoporosis have mutations/epigenetic changes to the FURIN 

gene. Towards this goal, preliminary investigations by Dr Benjamin Mullin at the 

University of Western Australia, did not find significant associations of single nucleotide 

polymorphisms (SNPs) in, and in the proximal regions, of the FURIN gene in a range of 

osteoporotic phenotypes from the Genetic Factors of osteoporosis (GEFOS) consortium 

dataset (personal communications with Dr Benjamin Mullin). Hence, it seems unlikely 

that deleterious mutations in FURIN is associated with osteoporosis, probably because of 

its absolute requirement for cellular homeostasis. Nonetheless, the findings from this and 

other epigenetic screening approaches would broaden the understanding of furin in 

pathologic bone conditions. 
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Supplementary Figure 1. Genotyping analyses of Furinfl/fl, FurinΔOC and FurinΔOB 

mice. PCR was performed on genomic DNA from tail tip extracts to visualize floxed 

(fl/fl), ∆flox (deleted furin exon 2), Ctsk-Cre/WT, Ocn-Cre knockin alleles in tail tip 

extracts. Cre recombinase expression was only detected in (A) osteoclast specific 

(FurinΔOC) and (B) osteoblast specific (FurinΔOB) furin conditional knockout  mice and 

not in Furinfl/fl mice. 
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Supplementary Figure 2. Bone formation in FurinΔOC mice was unchanged in vivo. 

(A) Fluorochrome (calcein) double labelling of calvaria from 9 week old female Furinfl/fl 

and FurinΔOC mice (scale bar: 50 μm). (B) Mineral Apposition Rate (MAR) was 

quantified. Data are presented as percentage ±SEM. NS=non-significant. n=3. 
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Supplementary Figure 3. Osteoclastogenesis in FurinΔOC derived bone marrow 

cultures was unchanged when cultured in different doses of RANKL. BMMs were 

isolated from Furinfl/fl and FurinΔOC mice and cultured with M-CSF and 100 ng/ml or 25 

ng/ml of RANKL for 5 days. Cells were TRACP stained (Scale bar 50 µm). The number 

of TRACP positive multinucleated cells (MNCs) per field of view (FOV) were scored. 

Data are presented as mean ±SD and are representative of three independent experiments 

showing similar results. NS=non-significant. 
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Supplementary Figure 4. The effect of proprotein convertase inhibition on bone 

marrow and osteoblast cell proliferation.  (A-C) BMMs, pre-osteoclasts (BMMs pre-

treated with RANKL for 48 hours) and osteoblasts were cultured with Dec-RVKR-CMK 

(CMK) for 24 hours. CellTiter 96® AQueous One Solution Reagent was added for 2 

hours and absorbance was measured at 490 nm. The experiment was conducted in 

triplicate wells and data are presented as mean ±SD. NS=non-significant; **P<0.01. 
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Supplementary Figure 5. Treatment of osteoclasts with Hexa-D-Arginine results in 

shallower bone resorption pit formation. BMMs were cultured with M-CSF and 

RANKL for 4 days on collagen coated plates, osteoclasts were detached and cultured on 

bovine bone slices with 1 µM Hexa-D-Arginine (D6R) for 48 hours. The osteoclasts on 

the bone slice were TRACP stained (top). Bone resorption pit depth was analysed by 

confocal reflective imaging (middle) and  bone resorption pit depth was quantified 

(bottom graph). 50 resorption pits were quantified per group. Panels indicate how depth 

was measured. Data are presented as percentage ±SD. *P<0.05  
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Supplementary Figure 6. Furin mediates mesothelin proprotein processing in 

osteoclasts. (A) Schematic diagram illustrating the putative furin cleavage site in murine 

mesothelin protein sequence. Furin recognition motif is highlighted in red. (B) Furin 

ablation (FurinΔOC) leads to reduced mesothelin protein processing in mature osteoclasts. 

(Immunoblotting performed by Mr. Mingli Yang). 
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Supplementary Figure 7. Efficient knockdown of furin by adenoviral mediated Cre 

recombinase overexpression in osteoblasts. Osteoblasts from the calvaria of 12 week 

old male Furinfl/fl mice were transduced with Adenovirus-GFP control (Ad-GFP) or 

Adenovirus-Cre (Ad-Cre) for one hour at 100 MOI. The cells were allowed to recover in 

culture media for two days prior to total cell RNA isolation. Real-time PCR was 

performed to analyse the knockdown efficiency of furin exon 2 against the housekeeping 

gene Hprt. Data are presented as relative fold change ±SEM. **P<0.01, n=3. 
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Supplementary Figure 8. Increased trabecular bone mass in female FurinΔOB mice. 

(A-H) MicroCT analysis of the femora from 24 week old (n=4/group) and 52 week old 

(n=3/group) female Furinfl/fl and FurinΔOB  mice. Trabecular bone parameters; trabecular 

bone mineral density (BMD; g/cm3), bone volume per tissue volume (BV/TV; %), 

trabecular number (Tb. N; mm-1), trabecular separation (Tb. Sp; µm), trabecular thickness 

(Tb. Th; µm), structure model index (SMI) and connectivity density (Conn.D 1/mm3). 

Data are presented as mean ±SEM. NS=non-significant; *P<0.05; **P<0.01; 

****P<0.0001. 
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Supplementary Figure 9. Bone formation in FurinΔOB mice was unchanged in vivo. 

(A) Histological sections of distal femur from 12 week old male Furinfl/fl or FurinΔOB mice 

stained with Hematoxylin and Eosin and visualised under polarising light (scale bar: 250 

μm). (B) Fluorochrome (calcein) double labelling of calvaria from 9 week old male 

Furinfl/fl and FurinΔOC mice (scale bar: 100 μm). Mineral Apposition Rate (MAR) was 

quantified. Data are presented as percentage ±SEM. NS=non-significant. n=3. 
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Supplementary Figure 10. Decreased osteoblast progenitor population in FurinΔOB 

mice bone marrow. Adherent bone marrow cells from 12 week old male Furinfl/fl and 

FurinΔOB mice were cultured in dexamethasone (10 nM), β-glycerophosphate (10 mM) 

and ascorbic acid (50 µg/mL) to form osteoblasts. After 7 days, cells were fixed and 

stained with toludine blue to visualize colony forming unit - fibroblasts (CFU-F) and 

alkaline phosphatase (CFU-ALP). After 21 days, cells were fixed and stained with 

Alizarin Red S to visualize bone nodules forming osteoblasts (CFU-OB). Results are 

representative images from two independent experiments conducted in triplicate. Note 

that cells from FurinΔOB mice display reduced number of adherent colonies as compared 

to Furinfl/fl controls. 
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Supplementary Figure 11. BMP2 rescues the bone nodule formation defect in long 

bone derived osteoblasts but not in calvaria derived osteoblasts from FurinΔOB mice. 

(A) Osteoblasts derived from the calvaria (Calv-Ob) of 12 week old male Furinfl/fl and 

FurinΔOB mice were cultured in osteogenic media containing dexamethasone (10nM), β-

glycerophosphate (10mM) and ascorbate (50µg/mL) for 21 days. (B) BMP2 (50ng/mL) 

was added to long bones (LB-Ob) or calvaria (Calv-Ob) from Furinfl/fl and FurinΔOB mice 

and cultured for 21 days in ostegenic media. Cells were fixed and stained with Alizarin 

Red S to visualize bone nodule formation. Representative data from two independent 

experiments showing similar results.  
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Supplementary Figure 12. The gene expression profile of proprotein convertases in 

brain and bone tissue. Total RNA was isolated from mice brains or bone tissue 

(humerus) and subjected to RT-PCR to validate the gene expression of proprotein 

convertase members. β-actin (Actb) was used as the loading control.  

 

 

 

 

 

 

 

 

 

 



Appendix 

247 

Supplementary Table 1. 
Soluble putative furin-substrates expressed by osteoclasts  
Peptide sequence 
P4-P4’ 

Cleavage 
position 

Protein 
length Protein name Gene symbol 

RRRRAVLP 205 655 
 ADAM metallopeptidase domain 9 isoform 2 precursor 
[Homo sapiens] ADAM9 

RWRRVAVG 74 496  ADP-dependent glucokinase [Homo sapiens] ADPGK 
RTGRSIVY 196 429  alpha-galactosidase A precursor [Homo sapiens] GLA 
RLLRDADD 168 317  apolipoprotein E precursor [Homo sapiens] APOE 
RTGRSREV 57 248  canopy 4 homolog [Homo sapiens] CNPY4 
RIRRGTDE 443 463  cathepsin C isoform a preproprotein [Homo sapiens] CTSC 
RRRRSIQN 1273 1445  CD109 antigen isoform 1 precursor [Homo sapiens] CD109 
RIVRSLMP 227 449  clusterin isoform 2 [Homo sapiens] CLU 

RMKRSRCP 673 769 
 colony stimulating factor 3 receptor isoform b precursor 
[Homo sapiens] CSF3R 

RYRRCVGW 103 469  complement factor properdin precursor [Homo sapiens] CFP 

RDRRGCFA 226 622 
 glycosyltransferase 25 domain containing 1 [Homo 
sapiens] GLT25D1 

RQRRAFQV 48 678 
 growth arrest-specific 6 isoform 1 precursor [Homo 
sapiens] GAS6 

RKRRAAIP 250 364  growth differentiation factor 3 precursor [Homo sapiens] GDF3 
RQKRIHSA 192 206  immature colon carcinoma transcript 1 [Homo sapiens] ICT1 
RKRRGYSE 172 213  insulin-like 6 precursor [Homo sapiens] INSL6 

KSARSVRA 119 158 
 insulin-like growth factor 1 isoform 1 preproprotein 
[Homo sapiens] IGF1 

RAKRSSKM 324 475  lipoprotein lipase precursor [Homo sapiens] LPL 
RFKRSAQF 46 727  lysyl hydroxylase 1 precursor [Homo sapiens] PLOD1 

RKFRSGLI 404 487 
 multiple inositol polyphosphate histidine phosphatase 1 
[Homo sapiens] MINPP1 

RWKRDSSG 180 350  nudix-type motif 9 isoform a [Homo sapiens] NUDT9 
RMRRGAGG 519 545  oncoprotein-induced transcript 3 [Homo sapiens] OIT3 
RVLRSDGK 215 545  oncoprotein-induced transcript 3 [Homo sapiens] OIT3 

RRKRSIEE 86 211 
 platelet-derived growth factor alpha isoform 1 
preproprotein [Homo sapiens] PDGFA 

RGRRSLGS 81 241 
 platelet-derived growth factor beta isoform 1 
preproprotein [Homo sapiens] PDGFB 

RQKRDTTH 1164 1838  plexin B2 [Homo sapiens] PLXNB2 
RVKRDLVL 442 1838  plexin B2 [Homo sapiens] PLXNB2 
RKRRANSL 41 676  protein S, alpha preproprotein [Homo sapiens] PROS1 

RRKRKVLH 295 730 
 Rap guanine nucleotide exchange factor (GEF) 5 [Homo 
sapiens] RAPGEF5 

RDKRSALQ 167 418 
 serine (or cysteine) proteinase inhibitor, clade H, 
member 1 precursor [Homo sapiens] SERPING1 

RHRRALDT 278 390  transforming growth factor, beta 1 [Homo sapiens] TGFB1 
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Supplementary Table 2.  
Membrane-associated putative furin-substrates expressed by 
osteoclasts  
Peptide 
sequence P4-P4’ 

Cleavage 
position 

Protein 
length Protein name Gene symbol 

RVKRRADP 214 824 
 a disintegrin and metalloprotease domain 17 preproprotein 
[Homo sapiens] ADAM17 

VRKRDLQT 58 824 
 a disintegrin and metalloprotease domain 17 preproprotein 
[Homo sapiens] ADAM17 

RRRRDVVT 206 772 
 a disintegrin and metalloproteinase domain 15 isoform 1 
preproprotein [Homo sapiens] ADAM15 

RAKRAVSH 51 748  ADAM metallopeptidase domain 10 [Homo sapiens] ADAM10 

RKKRTTSA 213 748  ADAM metallopeptidase domain 10 [Homo sapiens] ADAM10 

RMKRDTSL 77 748  ADAM metallopeptidase domain 10 [Homo sapiens] ADAM10 

RTRRHLHD 282 856  ADAM metallopeptidase domain 8 precursor [Homo sapiens] ADAM8 

RRRRAVLP 205 819 
 ADAM metallopeptidase domain 9 isoform 1 precursor [Homo 
sapiens] ADAM9 

RVARDVAV 231 470 
 ATPase, H+ transporting, lysosomal accessory protein 1 
precursor [Homo sapiens] ATP6AP1 

RAARHVVA 33 464  beta-1,4-mannosyltransferase [Homo sapiens] ALG1 

RRGRAARH 30 464  beta-1,4-mannosyltransferase [Homo sapiens] ALG1 

RKARFIHD 505 2322  chondroitin sulfate proteoglycan 4 [Homo sapiens] CSPG4 

RVRRQIHA 312 895  dystroglycan 1 preproprotein [Homo sapiens] DAG1 

RQPRSNGD 178 236  ecotropic viral integration site 2A isoform 2 [Homo sapiens] EVI2A 

RKAREVCD 360 428 
 ectonucleoside triphosphate diphosphohydrolase 5 [Homo 
sapiens] ENTPD5 

RSKRSTLL 312 500  endonuclease domain containing 1 [Homo sapiens] ENDOD1 

RSYRIVRT 489 986  ephrin receptor EphA4 [Homo sapiens] EPHA4 

IKKRSLRS 272 734  Fc receptor-like 3 precursor [Homo sapiens] FCGR4 

RSLRSQIR 275 734  Fc receptor-like 3 precursor [Homo sapiens] FCGR4 

RPKRYFTI 974 1032  integrin alpha 4 precursor [Homo sapiens] ITGA4 

RKKREITE 902 1091  integrin alpha chain, alpha 6 isoform a precursor [Homo sapiens] ITGA6 

VHKRSAER 561 1613  low density lipoprotein receptor-related protein 6 [Homo sapiens] LRP6 

RRRRGAPE 309 1400  macrophage stimulating 1 receptor precursor [Homo sapiens] MST1R 

RSARDTAQ 89 358 
 major histocompatibility complex, class I, E precursor [Homo 
sapiens] HLA-E 

RRKRYAIQ 111 582  matrix metalloproteinase 14 preproprotein [Homo sapiens] MMP14 

RNKRYALT 155 645  matrix metalloproteinase 24 preproprotein [Homo sapiens] MMP24 

RRRRNKRY 152 645  matrix metalloproteinase 24 preproprotein [Homo sapiens] MMP24 

RFRREVEK 295 622  mesothelin isoform 1 preproprotein [Homo sapiens] MSLN 

RKKRSTKK 307 1408  met proto-oncogene isoform a precursor [Homo sapiens] MET 

RCPRQVST 316 515 
 N-acetylglucosamine-1-phosphodiester alpha-N-
acetylglucosaminidase precursor [Homo sapiens] NAGPA 

RLPRDCTR 49 515 
 N-acetylglucosamine-1-phosphodiester alpha-N-
acetylglucosaminidase precursor [Homo sapiens] NAGPA 

RIKRDSQG 1581 2471  notch 2 preproprotein [Homo sapiens] NOTCH2 

RRKKSLSE 2133 2471  notch 2 preproprotein [Homo sapiens] NOTCH2 

RLKRYHSQ 169 667  osteosarcoma amplified 9 isoform 1 precursor [Homo sapiens] OS9 

RSKRLLSD 148 395 
 phosphatidylinositol glycan anchor biosynthesis, class K 
precursor [Homo sapiens] PIGK 

RAKRVSWD 342 1568  plexin C1 [Homo sapiens] PLXNC1 

RLPRSAPP 581 944 
 protocadherin gamma subfamily C, 5 isoform 1 precursor [Homo 
sapiens] PCDHGC5 

RDRRQATE 41 402  selectin P ligand [Homo sapiens] SELPLG 

SKERSKRS 96 98  small inducible cytokine B10 precursor [Homo sapiens] CXCL10 

RIFRSSDF 199 831  sortilin 1 preproprotein [Homo sapiens] SORT1 
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Peptide 
sequence 

Cleavage 
position 

Protein 
length Protein name Gene symbol 

RWRRSAPG 77 831  sortilin 1 preproprotein [Homo sapiens] SORT1 

RLKRIVFD 358 454  thioredoxin domain containing 10 [Homo sapiens] TMX3 

RKRRSTDF 455 1041  toll-like receptor 8 [Homo sapiens] TLR8 

RSRRDREE 217 321  torsin family 2, member A isoform a [Homo sapiens] TOR2A 

RFRRGLDN 215 226  transmembrane protein 204 [Homo sapiens] TMEM204 

RPKRADTF 162 348  tumor suppressor candidate 3 isoform a [Homo sapiens] TUSC3 
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Supplementary Table 3.  
Soluble putative furin-substrates expressed by 
osteoblasts  
Peptide sequence 
P4-P4’ 

Cleavage 
position 

Protein 
length Protein name Gene symbol 

RRRRAVLP 205 655 

 ADAM metallopeptidase 
domain 9 isoform 2 precursor 
[Homo sapiens] ADAM9 

RKKRFVSS 252 967 

 ADAM metallopeptidase with 
thrombospondin type 1 motif, 1 
preproprotein [Homo sapiens] ADAMTS1 

RQRRGTGA 66 1103 

 ADAM metallopeptidase with 
thrombospondin type 1 motif, 
10 preproprotein [Homo 
sapiens] ADAMTS10 

LSRRSISK 240 1594 

 ADAM metallopeptidase with 
thrombospondin type 1 motif, 
12 preproprotein [Homo 
sapiens] ADAMTS12 

RRKRDLDG 82 1594 

 ADAM metallopeptidase with 
thrombospondin type 1 motif, 
12 preproprotein [Homo 
sapiens] ADAMTS12 

RARRHAAD 259 1211 

 ADAM metallopeptidase with 
thrombospondin type 1 motif, 2 
isoform 1 preproprotein [Homo 
sapiens] ADAMTS2 

RRRRSISR 261 930 

 ADAM metallopeptidase with 
thrombospondin type 1 motif, 5 
preproprotein [Homo sapiens] ADAMTS5 

RTKRFLSY 287 1935 

 ADAM metallopeptidase with 
thrombospondin type 1 motif, 9 
preproprotein [Homo sapiens] ADAMTS9 

RTRRSINS 74 1935 

 ADAM metallopeptidase with 
thrombospondin type 1 motif, 9 
preproprotein [Homo sapiens] ADAMTS9 

RTARSEED 27 525 
 ADAMTS-like 1 isoform 2 
precursor [Homo sapiens] ADAMTSL1 

RNTRSDED 69 1691 
 ADAMTS-like 3 precursor 
[Homo sapiens] ADAMTSL3 

RWRRVAVG 74 496 
 ADP-dependent glucokinase 
[Homo sapiens] ADPGK 

RGKRELRM 44 185 
 adrenomedullin [Homo 
sapiens] ADM 

RRRRSLPE 152 185 
 adrenomedullin [Homo 
sapiens] ADM 

RVKRYRQS 94 185 
 adrenomedullin [Homo 
sapiens] ADM 

RPRRETCH 249 921 

 alpha 1 type IX collagen 
isoform 1 precursor [Homo 
sapiens] COL9A1 

RRGRAGSD 611 1838 
 alpha 1 type V collagen 
preproprotein [Homo sapiens] COL5A1 

RTRRNIDA 1585 1838 
 alpha 1 type V collagen 
preproprotein [Homo sapiens] COL5A1 

RDRRAAGS 2610 3177 

 alpha 3 type VI collagen 
isoform 1 precursor [Homo 
sapiens] COL6A3 

RQKREIDV 97 491 
 angiopoietin-like 1 precursor 
[Homo sapiens] ANGPTL1 

RYKRAGES 46 493 
 angiopoietin-like 2 precursor 
[Homo sapiens] ANGPTL2 

RRKRLPEM 164 406 

 angiopoietin-like 4 protein 
isoform a precursor [Homo 
sapiens] ANGPTL4 

RHARNVDR 250 333 

 anthrax toxin receptor 1 
isoform 3 precursor [Homo 
sapiens] ANTXR1 

RLLRDADD 168 317 
 apolipoprotein E precursor 
[Homo sapiens] APOE 

RHKRTIPM 117 204  B9 protein [Homo sapiens] B9D1 
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Peptide sequence 
P4-P4’ 

Cleavage 
position 

Protein 
length Protein name Gene symbol 

RRTRSFSW 413 685 

 BMP-binding endothelial 
regulator precursor protein 
[Homo sapiens] BMPER 

RSRRAATS 120 730 

 bone morphogenetic protein 1 
isoform 1 precursor [Homo 
sapiens] BMP1 

RRRKSLKT 805 823 

 bone morphogenetic protein 1 
isoform 2 precursor [Homo 
sapiens] BMP1 

RKKRSTGV 289 472 
 bone morphogenetic protein 3 
preproprotein [Homo sapiens] BMP3 

RAKRSPKH 292 408 
 bone morphogenetic protein 4 
preproprotein [Homo sapiens] BMP4 

RSIRSTGS 292 431 
 bone morphogenetic protein 7 
precursor [Homo sapiens] BMP7 

RVRRHSDP 128 247 

 brain-derived neurotrophic 
factor isoform a preproprotein 
[Homo sapiens] BDNF 

RTGRSREV 57 248 
 canopy 4 homolog [Homo 
sapiens] CNPY4 

RLKRAVWI 187 437 
 carboxypeptidase A6 isoform 1 
precursor [Homo sapiens] CPA6 

RNRRSLSG 129 437 
 carboxypeptidase A6 isoform 1 
precursor [Homo sapiens] CPA6 

RMKRAGRV 573 652 
 carboxypeptidase Z isoform 1 
[Homo sapiens] CPZ 

RNKREDRT 724 1184 
 cartilage intermediate layer 
protein [Homo sapiens] CILP 

RQQRASRG 1157 1184 
 cartilage intermediate layer 
protein [Homo sapiens] CILP 

RVRRAGQG 71 484  cathepsin F [Homo sapiens] CTSF 

RRRRSIQN 1273 1445 
 CD109 antigen isoform 1 
precursor [Homo sapiens] CD109 

RQRRGCFR 205 595 

 cerebral endothelial cell 
adhesion molecule 1 [Homo 
sapiens] CERCAM 

RIVRSLMP 227 449 
 clusterin isoform 2 [Homo 
sapiens] CLU 

RRRRFVPV 1500 1745 
 collagen, type V, alpha 3 
preproprotein [Homo sapiens] COL5A3 

RVCRDLMD 1691 1860 
 collagen, type XXVII, alpha 1 
[Homo sapiens] COL27A1 

RAPRSKVP 719 752 

 complement component 2 
isoform 1 preproprotein [Homo 
sapiens] C2 

RRRRSVQL 671 1663 
 complement component 3 
precursor [Homo sapiens] C3 

RKKRNVNF 679 1744 
 complement component 4B 
preproprotein [Homo sapiens] C4B 

RQIRGLEE 1352 1744 
 complement component 4B 
preproprotein [Homo sapiens] C4B 

RQRRALER 1600 1744 
 complement component 4B 
preproprotein [Homo sapiens] C4B 

RRRREAPK 1453 1744 
 complement component 4B 
preproprotein [Homo sapiens] C4B 

RRKRCMRH 120 266 
 dickkopf homolog 1 precursor 
[Homo sapiens] DKk1 

RCKRTVLD 45 184 

 endothelial cell-specific 
molecule 1 isoform a precursor 
[Homo sapiens] ESM1 
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Peptide sequence 
P4-P4’ 

Cleavage 
position 

Protein 
length Protein name Gene symbol 

REKRAAEQ 184 213 

 estrogen receptor binding site 
associated antigen 9 [Homo 
sapiens] EBAG9 

RAKRRGGG 44 2871 
 fibrillin 1 precursor [Homo 
sapiens] FBN1 

RKRRSTNE 2731 2871 
 fibrillin 1 precursor [Homo 
sapiens] FBN1 

RAKRAFLP 143 251 
 fibroblast growth factor 23 
precursor [Homo sapiens] FGF23 

RHTRSAED 179 251 
 fibroblast growth factor 23 
precursor [Homo sapiens] FGF23 

RHTRSYDY 54 194 
 fibroblast growth factor 7 
precursor [Homo sapiens] FGF7 

RVRRLFCR 68 194 
 fibroblast growth factor 7 
precursor [Homo sapiens] FGF7 

RDRRGCFA 226 622 
 glycosyltransferase 25 domain 
containing 1 [Homo sapiens] GLT25D1 

RISRSISE 354 556  glypican 4 [Homo sapiens] GPC4 

RSARSAPE 354 555 
 glypican 6 precursor [Homo 
sapiens] GPC6 

RQRRAFQV 48 678 

 growth arrest-specific 6 
isoform 1 precursor [Homo 
sapiens] GAS6 

RVRRAAQA 290 478 
 growth differentiation factor 10 
precursor [Homo sapiens] GDF10 

RMKREITT 752 791 

 hexose-6-phosphate 
dehydrogenase precursor 
[Homo sapiens] H6PD 

RAGRSAPL 29 480 
 HtrA serine peptidase 1 
precursor [Homo sapiens] HTRA1 

RQKRIHSA 192 206 
 immature colon carcinoma 
transcript 1 [Homo sapiens] ICT1 

RRRRGLEC 310 426 
 inhibin beta A precursor 
[Homo sapiens] INHBA 

KSARSVRA 119 158 

 insulin-like growth factor 1 
isoform 1 preproprotein [Homo 
sapiens] IGF1 

VSRRSRGI 62 180 

 insulin-like growth factor 2 
isoform 1 precursor [Homo 
sapiens] IGF2 

RQCRSSQG 202 240 

 insulin-like growth factor 
binding protein 6 [Homo 
sapiens] IGFBP6 

RKRRKGKA 94 282 

 insulin-like growth factor 
binding protein 7 [Homo 
sapiens] IGFBP7 

RRARSWAE 1594 1798 
 laminin, beta 2 precursor 
[Homo sapiens] LAMB2 

RGRRSPHT 501 736  leprecan-like 2 [Homo sapiens] LEPREL2 

RAKRSSKM 324 475 
 lipoprotein lipase precursor 
[Homo sapiens] LPL 

RFKRSAQF 46 727 
 lysyl hydroxylase 1 precursor 
[Homo sapiens] PLOD1 

RFRKAYKP 317 774 
 lysyl oxidase-like 2 precursor 
[Homo sapiens] LOXL2 

RYFRKRRG 100 103 
 matrix Gla protein [Homo 
sapiens] MGP 

RLRRSNYF 153 173 
 microfibrillar associated 
protein 5 [Homo sapiens] MFAP5 

RKFRSGLI 404 487 

 multiple inositol polyphosphate 
histidine phosphatase 1 [Homo 
sapiens] MINPP1 

RKRRRQHG 1761 2555 
 notch1 preproprotein [Homo 
sapiens] NOTCH1 

RRKKSQDG 2182 2555 
 notch1 preproprotein [Homo 
sapiens] NOTCH1 
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Peptide sequence 
P4-P4’ 

Cleavage 
position 

Protein 
length Protein name Gene symbol 

RRRRELDP 1664 2555 
 notch1 preproprotein [Homo 
sapiens] NOTCH1 

RAARSLLQ 1751 2003 
 notch4 preproprotein [Homo 
sapiens] NOTCH4 

RWKRDSSG 180 350 
 nudix-type motif 9 isoform a 
[Homo sapiens] NUDT9 

RPRRYLYQ 51 100 
 osteocalcin preproprotein 
[Homo sapiens] BGLAP 

RIKRQHSS 242 401 
 osteoprotegerin precursor 
[Homo sapiens] TNFRSF11B 

RQRRQVWK 199 1791 
 pappalysin 2 isoform 1 [Homo 
sapiens] PAPPA2 

RVKKSPPE 233 1791 
 pappalysin 2 isoform 1 [Homo 
sapiens] PAPPA2 

RFRRGARS 32 562 

 plasminogen activator, tissue 
isoform 1 preproprotein [Homo 
sapiens] PLAT 

RRKRSIEE 86 211 

 platelet-derived growth factor 
alpha isoform 1 preproprotein 
[Homo sapiens] PDGFA 

RRRRVVPE 1305 2135  plexin B1 [Homo sapiens] PLXNB1 
RYKRMVER 2047 2135  plexin B1 [Homo sapiens] PLXNB1 
RQKRDTTH 1164 1838  plexin B2 [Homo sapiens] PLXNB2 
RVKRDLVL 442 1838  plexin B2 [Homo sapiens] PLXNB2 
RIKRSAPL 905 3571  polydom [Homo sapiens] SVEP1 
NCSRKRRT 3568 3571  polydom [Homo sapiens] SVEP1 

RQKRLFCR 308 535 

 prolyl 4-hydroxylase, alpha II 
subunit isoform 1 precursor 
[Homo sapiens] P4HA2 

RMARNVLK 265 544 

 prolyl 4-hydroxylase, alpha III 
subunit precursor [Homo 
sapiens] P4HA3 

RRKRYISQ 60 258 
 protease inhibitor 15 
preproprotein [Homo sapiens] PI15 

RRKRQIYG 128 383 
 protease, serine, 23 precursor 
[Homo sapiens] PRSS23 

RVKRTHVP 226 383 
 protease, serine, 23 precursor 
[Homo sapiens] PRSS23 

RKRRANSL 41 676 
 protein S, alpha preproprotein 
[Homo sapiens] PROS1 

RFERAIGP 1306 1404 
 proteoglycan 4 isoform A 
[Homo sapiens] PRG4 

RRRRFERA 1303 1404 
 proteoglycan 4 isoform A 
[Homo sapiens] PRG4 

RKKRNGLT 925 1651 
 roundabout 1 isoform a [Homo 
sapiens] ROBO1 

RSKRASYV 31 243 
 R-spondin family, member 2 
[Homo sapiens] RSPO2 

RWRRSKRA 28 243 
 R-spondin family, member 2 
[Homo sapiens] RSPO2 

KAKRSVPP 809 870 

 scavenger receptor class F, 
member 2 isoform 1 [Homo 
sapiens] SCARF2 

RPRRELSL 480 870 

 scavenger receptor class F, 
member 2 isoform 1 [Homo 
sapiens] SCARF2 

RNRRTHEF 760 771 
 semaphorin 3A precursor 
[Homo sapiens] SEMA3A 

RTRRQDIR 555 771 
 semaphorin 3A precursor 
[Homo sapiens] SEMA3A 

RGRRSEDQ 147 751 
 semaphorin 3C [Homo 
sapiens] SEMA3C 

RSRRQDVR 552 751 
 semaphorin 3C [Homo 
sapiens] SEMA3C 

RFRRQDVR 560 775  semaphorin 3E [Homo sapiens] SEMA3E 
RSRRQDVR 586 785  semaphorin 3F [Homo sapiens] SEMA3F 
     
     
     
     
     



Appendix 

254 

Peptide sequence 
P4-P4’ 

Cleavage 
position 

Protein 
length Protein name Gene symbol 

RDKRSALQ 167 418 

 serine (or cysteine) proteinase 
inhibitor, clade H, member 1 
precursor [Homo sapiens] SERPING1 

RRRRAAAT 34 882 
 SH3 domain containing ring 
finger 3 [Homo sapiens] SH3RF3 

RKKRIVTG 683 1529  slit homolog 2 [Homo sapiens] SLIT2 
RSKRRKYS 1499 1529  slit homolog 2 [Homo sapiens] SLIT2 
RQRRTVGQ 234 1523  slit homolog 3 [Homo sapiens] SLIT3 
RSKRRKYV 1494 1523  slit homolog 3 [Homo sapiens] SLIT3 

RFLRHTGR 53 950 
 steroid-sensitive protein 1 
[Homo sapiens] CCDC80 

RPARFLRH 50 950 
 steroid-sensitive protein 1 
[Homo sapiens] CCDC80 

RKKRTLRG 1290 1299  tenascin N [Homo sapiens] TNN 
RRSRNVST 1051 1299  tenascin N [Homo sapiens] TNN 

RSKRNIIG 161 406 

 thioredoxin domain containing 
4 (endoplasmic reticulum) 
[Homo sapiens] ERP44 

RHRRALDT 278 390 
 transforming growth factor, 
beta 1 [Homo sapiens] TGFB1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Appendix 

255 

Supplementary Table 4.  
Membrane-associated putative furin-substrates expressed by 
osteoblasts  
Peptide sequence 
 P4-P4’ 

Cleavage 
position 

Protein 
length Protein name Gene symbol 

RVKRRADP 214 824 

 a disintegrin and metalloprotease 
domain 17 preproprotein [Homo 
sapiens] ADAM17 

VRKRDLQT 58 824 

 a disintegrin and metalloprotease 
domain 17 preproprotein [Homo 
sapiens] ADAM17 

RRRRDVVT 206 772 

 a disintegrin and 
metalloproteinase domain 15 
isoform 1 preproprotein [Homo 
sapiens] ADAM15 

RAKRAVSH 51 748 
 ADAM metallopeptidase domain 
10 [Homo sapiens] ADAM10 

RKKRTTSA 213 748 
 ADAM metallopeptidase domain 
10 [Homo sapiens] ADAM10 

RMKRDTSL 77 748 
 ADAM metallopeptidase domain 
10 [Homo sapiens] ADAM10 

RHKRETLK 207 909 

 ADAM metallopeptidase domain 
12 isoform 1 preproprotein [Homo 
sapiens] ADAM12 

RMKREDLN 203 918 
 ADAM metallopeptidase domain 
19 preproprotein [Homo sapiens] ADAM19 

RPRRMKRE 200 918 
 ADAM metallopeptidase domain 
19 preproprotein [Homo sapiens] ADAM19 

RRKRAVNP 286 832 
 ADAM metallopeptidase domain 
23 preproprotein [Homo sapiens] ADAM23 

RTRRHLHD 282 856 
 ADAM metallopeptidase domain 
8 precursor [Homo sapiens] ADAM8 

RRRRAVLP 205 819 

 ADAM metallopeptidase domain 
9 isoform 1 precursor [Homo 
sapiens] ADAM9 

RVARDVAV 231 470 

 ATPase, H+ transporting, 
lysosomal accessory protein 1 
precursor [Homo sapiens] ATP6AP1 

RAARHVVA 33 464 
 beta-1,4-mannosyltransferase 
[Homo sapiens] ALG1 

RRGRAARH 30 464 
 beta-1,4-mannosyltransferase 
[Homo sapiens] ALG1 

REKRQAKH 282 396 
 bone morphogenetic protein 2 
preproprotein [Homo sapiens] BMP2 

RISRSLHQ 248 396 
 bone morphogenetic protein 2 
preproprotein [Homo sapiens] BMP2 

RVRRSTAE 223 1114  brother of CDO [Homo sapiens] BOC 

RSKRGWVW 53 796 
 cadherin 11, type 2 preproprotein 
[Homo sapiens] CDH11 

RQKRDWVI 159 906 
 cadherin 2, type 1 preproprotein 
[Homo sapiens] CDH2 

RVKRRLLM 279 999  CEGP1 protein [Homo sapiens] SCUBE2 

RKARFIHD 505 2322 
 chondroitin sulfate proteoglycan 4 
[Homo sapiens] CSPG4 

KTRRSVDG 1514 1736 
 collagen, type XI, alpha 2 isoform 
1 preproprotein [Homo sapiens] COL11A2 

RAQRSPQQ 246 1736 
 collagen, type XI, alpha 2 isoform 
1 preproprotein [Homo sapiens] COL11A2 

RDRRSPAE 450 554 

 colony stimulating factor 1 
isoform a precursor [Homo 
sapiens] CSF1 

RPPRSTCQ 255 554 

 colony stimulating factor 1 
isoform a precursor [Homo 
sapiens] CSF1 

RSIRDILA 500 529 
 corneodesmosin precursor [Homo 
sapiens] CDSN 

RVRRQIHA 312 895 
 dystroglycan 1 preproprotein 
[Homo sapiens] DAG1 

RKAREVCD 360 428 

 ectonucleoside triphosphate 
diphosphohydrolase 5 [Homo 
sapiens] ENTPD5 
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Peptide sequence 
 P4-P4’ 

Cleavage 
position 

Protein 
length Protein name Gene symbol 

CVRRSPCA 245 1541 
 EGF-like-domain, multiple 3 
[Homo sapiens] MEGF6 

RSKRSTLL 312 500 
 endonuclease domain containing 1 
[Homo sapiens] ENDOD1 

RSYRIVRT 489 986 
 ephrin receptor EphA4 [Homo 
sapiens] EPHA4 

RQKRSIHE 2779 2912 
 fibrillin 2 precursor [Homo 
sapiens] FBN2 

RVRKSKGK 727 894 

 glutamate receptor, ionotrophic, 
AMPA 3 isoform 1 precursor 
[Homo sapiens] GRIA3 

RKRRNTIH 36 728 
 hepatocyte growth factor isoform 
1 preproprotein [Homo sapiens] HGF 

RTRRYTLF 2095 2623 
 immunoglobulin superfamily, 
member 10 [Homo sapiens] IGSF10 

RKRRDVMQ 740 1367 
 insulin-like growth factor 1 
receptor precursor [Homo sapiens] IGF1R 

VHKRSAER 561 1613 
 low density lipoprotein receptor-
related protein 6 [Homo sapiens] LRP6 

RSARDTAQ 89 358 

 major histocompatibility complex, 
class I, E precursor [Homo 
sapiens] HLA-E 

RRKRYAIQ 111 582 
 matrix metalloproteinase 14 
preproprotein [Homo sapiens] MMP14 

RIKRDSQG 1581 2471 
 notch 2 preproprotein [Homo 
sapiens] NOTCH2 

RRKKSLSE 2133 2471 
 notch 2 preproprotein [Homo 
sapiens] NOTCH2 

RLKRYHSQ 169 667 
 osteosarcoma amplified 9 isoform 
1 precursor [Homo sapiens] OS9 

RGRRSLEF 1336 1479  peroxidasin [Homo sapiens] PXDN 

RSKRLLSD 148 395 

 phosphatidylinositol glycan 
anchor biosynthesis, class K 
precursor [Homo sapiens] PIGK 

RKRRSIRY 1178 1912 

 protein tyrosine phosphatase, 
receptor type, D isoform 1 
precursor [Homo sapiens] PTPRD 

RRRRQAER 1178 1907 

 protein tyrosine phosphatase, 
receptor type, F isoform 1 
precursor [Homo sapiens] PTPRF 

RTKREAGA 644 1446 

 protein tyrosine phosphatase, 
receptor type, K isoform a [Homo 
sapiens] PTPRK 

RLPRSAPP 581 944 

 protocadherin gamma subfamily 
C, 5 isoform 1 precursor [Homo 
sapiens] PCDHGC5 

RQKRNKIP 363 747 
 quiescin Q6 sulfhydryl oxidase 1 
isoform a [Homo sapiens] QSOX1 

RIKKSKMI 565 787  smoothened [Homo sapiens] SMO 
RRKRKKEV 678 787  smoothened [Homo sapiens] SMO 

RIFRSSDF 199 831 
 sortilin 1 preproprotein [Homo 
sapiens] SORT1 

RWRRSAPG 77 831 
 sortilin 1 preproprotein [Homo 
sapiens] SORT1 

RSIRSVAI 538 870 
 sulfatase 2 isoform a precursor 
[Homo sapiens] SULF2 

RVWRDSFL 409 870 
 sulfatase 2 isoform a precursor 
[Homo sapiens] SULF2 

RHKRQSGV 33 2201 
 tenascin C precursor [Homo 
sapiens] TNC 

LEGRRKRA 2200 2201 
 tenascin C precursor [Homo 
sapiens] TNC 

RLKRIVFD 358 454 
 thioredoxin domain containing 10 
[Homo sapiens] TMX3 

RSRRDREE 217 321 
 torsin family 2, member A 
isoform a [Homo sapiens] TOR2A 

RKKRALDA 330 442 
 transforming growth factor, beta 2 
isoform 1 [Homo sapiens] TGFB2 

RKKRALDT 300 412 
 transforming growth factor, beta 3 
[Homo sapiens] TGFB3 
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Peptide sequence 
 P4-P4’ 

Cleavage 
position 

Protein 
length Protein name Gene symbol 

RFRRGLDN 215 226 
 transmembrane protein 204 
[Homo sapiens] TMEM204 

RPKRADTF 162 348 
 tumor suppressor candidate 3 
isoform a [Homo sapiens] TUSC3 


