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Scientific Abstract  
 

Bone is a metabolically active tissue that is continuously remoulded, shaped and 

repaired in a process termed bone remodelling. The remodelling process is primarily 

involved in the maintenance of bone structure and function during adult life. It is a 

complex, tightly regulated process that is carried out by two keys cell types: osteoclasts 

and osteoblasts.  

 

Osteoclasts originate for haematopoietic progenitor cells in the bone marrow. They are 

multinucleated giant cells formed by the fusion of mononuclear precursor cells in a 

process termed osteoclastogenesis. Two key factors regulating this process are RANKL 

and M-CSF. Osteoclasts are the principal resorptive cell of bone, playing an important 

role in the formation of the skeleton and regulation of bone mass.   

 

Osteoblasts are derived from mesenchymal stem cells present in the bone marrow. The 

primary function of the osteoblast is bone formation. Therefore, osteoblasts have a role 

in the formation of the skeleton as well as continued bone growth and remodelling. 

Osteoblasts also play a role in osteoclast formation as they secrete RANKL and OPG. 

Mature osteoblasts have the potential to either incorporate into the newly formed matrix 

and become terminally differentiated cells termed osteocytes or become cells that line 

the bone surface.  

 

The remodelling process relies on the balance between osteoblastic bone formation and 

osteoclastic bone resorption. The coupling of these activities is highly regulated by local 

and systemic factors to maintain bone homeostasis. When this balance is disrupted 

pathologic conditions arise such as osteoporosis, osteopetrosis, arthritis and Paget’s 

disease of bone. The exact mechanisms causing these pathological conditions are still 

unclear. Therefore, understanding the molecular mechanisms involved in the 

maintenance of bone homeostasis may provide important insight for the development of 

novel therapeutic targets for these disease conditions.  

 

In search of novel molecules that may potentially regulate bone homeostasis we 

employed an ENU-induced mutagenesis screen. Through X-ray screening, we found 

one ENU-induced mutant mouse line to have reduced bone mass. Genetic mapping and 

sequencing analysis has revealed that the mutation in this mouse line lies in the choline 
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kinase beta (CHKB) gene. The point mutation occurs in the first amino acid residue 

where there is a substitution from A to T in the start codon. Therefore the CHKB 

protein is not expressed in the mutant mouse. CHKB catalyses the first phosphorylation 

reaction in the biosynthesis of phosphatidylcholine, a major membrane phospholipid. 

There is little known about the exact role of CHKB although choline kinase beta 

deficient mice develop a rostrocaudal muscular dystrophy and a forelimb deformity. 

This study examines the role of CHKB in bone homeostasis.  

 

The CHKB mutant mice are smaller in size compared to wildtype littermates and 

display a forelimb deformity consistent with previous reports. By X-ray it is clearly 

evident that there is a bending of the radius and ulna resulting in a reduction in forelimb 

length. The deformity in the forelimb can be observed at 18.5dpc, indicating a potential 

developmental role for CHKB in forelimb patterning.  

 

MicroCT analysis confirmed the decreased bone mass seen in the initial X-ray 

screening. Analysis of two month old, male CHKB mutant mice showed decreased 

trabecular bone volume, reduced trabecular thickness with increased trabecular 

separation and decreased trabecular number. Cortical bone volume and cortical 

thickness were also reduced in CHKB mutant mice compared to wildtype littermates. A 

similar reduction in trabecular and cortical bone volume is observed in three month old, 

female CHKB mutant mice. Therefore, the CHKB mutation results in an osteoporotic 

phenotype in both male and female mice.  

 

Histomorphometric analysis further confirmed the decreased bone mass in the two 

month old, male CHKB mutant mice. Analysis of TRAP stained sections revealed an 

increase in osteoclast numbers ex vivo, with no significant difference in osteoblast 

numbers. This increase in osteoclast numbers gives some insight into the possible 

cellular mechanism(s).  

 

Given the osteoporotic phenotype of the CHKB mutant mice, we proceeded to analyse 

the cellular mechanism causing the reduced bone mass. Bone marrow was isolated from 

wildtype and CHKB mutant mice and cultured in vitro over a timecourse of seven days 

with RANKL and M-CSF. At day five and seven of RANKL stimulation there was a 

significant increase in osteoclast numbers in CHKB mutant derived bone marrow 
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cultures. The CHKB mutant derived bone marrow cultures also formed more osteoclasts 

at lower doses of RANKL, suggesting that the CHKB mutant derived bone marrow 

macrophages are more sensitive to RANKL. The osteoclasts derived from the CHKB 

mutant bone marrow macrophages had a smaller cell spread area and contained fewer 

nuclei when compared with wildtype osteoclasts, indicating that there may be 

underlying fusion defects and therefore, there are more numerous but smaller 

osteoclasts in the CHKB mutant derived bone marrow cultures.   

 

The function of the osteoclast was examined by culturing mature osteoclasts, derived 

from wildtype and CHKB mutant bone marrow, on bone slices. Scanning electron 

microscopy showed there was no significant difference in the area resorbed by the 

osteoclasts however, it appeared that the depth of the resorption pits formed by the 

CHKB mutant bone marrow derived osteoclasts was deeper. This observation was 

confirmed by quantitative confocal analysis of pit depth. The CHKB mutant derived 

osteoclasts also formed intact F-actin rings, which is consistent with their ability to 

resorb bone efficiently.    

 

The study examining the muscular dystrophy phenotype of CHKB deficient mice found 

that the mitochondria in the muscle of the CHKB deficient mice were significantly 

larger and had reduced function compared to those in wildtype muscle. We examined 

the mitochondria in the muscle of CHKB mutant mice and found a similar increase in 

mitochondrial size. However, in the osteoclast, mitochondrial size is not affected and 

there is no difference in mitochondrial inner membrane potential when compared to 

wildtype cells. This is consistent with the capability of the CHKB mutant derived 

osteoclasts to function effectively.  

 

The mutation in CHKB could affect the osteoblast and since it is also responsible for 

the maintenance of bone homeostasis we analysed bone formation in vivo and in vitro. 

Fluorochrome labelling was performed to assess bone formation rates in vivo. 

Consistent with the bone phenotype of the CHKB mutant mice, there is a significant 

reduction in the mineral apposition rate in the tibias of CHKB mutant mice. CHKB 

mutant bone marrow derived osteoblasts also formed less bone in vitro as evidenced by 

a reduction in alizarin red staining of bone nodule formation. This suggests a defect in 
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osteoblast function in the CHKB mutant mice, as there were normal numbers of 

osteoblasts in vivo. 

 

Finally, we assessed a way of potentially rescuing the bone phenotype of the CHKB 

mutant mice. The muscular dystrophy in the CHKB deficient mice was partially rescued 

by treatment with CDP-choline, a substrate in the biosynthesis of phosphatidylcholine 

that bypasses the deficiency of CHKB. We added CDP-choline to the in vitro osteoclast 

cultures derived from wildtype and CHKB mutant bone marrow macrophages. 

Interestingly, treatment with CDP-choline partially rescued the increased osteoclast 

numbers in the CHKB mutant derived osteoclast cultures. We then explored the effect 

of CDP-choline in vivo. CDP-choline was injected into wildtype and CHKB mutant 

mice three times a week for a period of three weeks. Analysis of the tibias by microCT 

showed that in vivo treatment with CDP-choline did not rescue the decreased bone mass 

of the CHKB mutant mice. Bone marrow was isolated from both wildtype and CHKB 

mutant mice treated in vivo with CDP-choline. The bone marrow was cultured in vitro 

to either form osteoclasts or osteoblasts. Treatment with CDP-choline in vivo rescued 

the increased osteoclast numbers in cultures derived from the CHKB mutant bone 

marrow. However, the decreased mineralisation of the CHKB mutant derived 

osteoblasts was not restored suggesting that the defect in the osteoblast is greater than 

that of the osteoclast and therefore it is more difficult to rescue the osteoblast 

phenotype. It is also likely that CDP-choline is not potent enough to rescue the bone 

phenotype in vivo.  

 

In conclusion, CHKB mutant mice display an osteoporotic phenotype and forelimb 

deformity. The decreased bone mass is caused by an increase in osteoclast number as 

well as an increase in the activity of the osteoclasts. Osteoblasts also contribute to the 

reduced bone mass as they form less bone in vivo and in vitro. The exact molecular 

mechanism(s) by which the osteoclasts and osteoblasts cause the osteoporotic 

phenotype remains to be elucidated. Nevertheless, CHKB is a novel regulator of bone 

homeostasis and may serve as a potential therapeutic target.  
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1.1 Bone Remodelling  

 

Bone is a rigid yet dynamic organ that is characterised as a type of connective tissue. 

Biochemically, it is defined by a mixture of inorganic elements and an organic matrix. 

The inorganic component consists of the mineral calcium hydroxyapatite. This 

component gives the bone strength and hardness. The organic matrix consists largely of 

type 1 collagen (~90%), non-collagenous proteins and cells of the bone (Kumar et al., 

2005). The bone microstructure is patterned to provide maximal strength with minimal 

mass, as determined by the physiological needs of the organism. This fulfils one of the 

major functions of bone - to provide mechanical integrity for locomotion. Bone tissue 

also functions as a reservoir of calcium and other mineral ions such as phosphate, 

sodium and magnesium. Therefore, it is also involved in metabolic pathways regulating 

mineral homeostasis (Duplomb et al., 2007).  

 

In order to maintain its structural integrity, bone is continuously moulded, shaped and 

repaired, a process termed remodelling. Bone remodelling is the predominant metabolic 

process regulating bone structure and function during adult life (Boyle et al., 2003; 

Teitelbaum, 2000). Remodelling is a complex, tightly regulated process carried out by 

two key cell types: osteoclasts and osteoblasts. Osteoclasts are the principal resorptive 

cell of bone, playing an important role in the formation of the skeleton and regulation of 

bone mass. Osteoblasts are specialised bone forming cells that synthesise bone matrix, 

regulate its mineralisation and finally differentiate into mature bone cells. Thus, 

osteoblasts have an equally important role in regulating bone mass. Under physiological 

conditions, remodelling serves to repair microfractures present in the bone matrix, and 

to remove bone mass from areas where low mechanical load is present whilst forming 

bone at sites where increased mechanical load is repeatedly transmitted (Morgan et al., 

2008). The cellular coupling between the activities of the osteoclasts and osteoblasts is 

highly regulated by local and systemic factors to maintain bone homeostasis (Hill, 

1998). An imbalance in the bone remodelling process, favouring either osteoclast or 

osteoblast activity, leads to a number of clinical disease conditions including 

osteoporosis, osteopetrosis, osteopenia and arthritis. The exact mechanisms responsible 

for aberrant bone remodelling are still largely unclear. Therefore, understanding the 

molecular mechanisms involved in bone remodelling may provide important insight(s) 

for therapeutic development.  
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1.2 Osteoblasts 

 

1.2.1 Origin of the osteoblast 

Osteoblasts are derived from precursor cells present in the bone marrow. These 

precursor cells are fibroblast-like cells that are referred to as mesenchymal stem cells. 

They have the potential to differentiate into osteoblasts, chondrocytes, fibroblasts and 

adipocytes provided the appropriate stimuli are present. The exact location and identity 

of the mesenchymal stem cells in vivo is still largely unknown. However there is 

evidence to suggest that they are located in the perivascular spaces as subendothelial 

cells surrounding the vascular sinusoids in the bone marrow (Sacchetti et al., 2007). 

 

1.2.2 Osteoblast differentiation 

Mesenchymal stem cells have the potential to differentiate into mature osteoblasts 

(Pittenger et al., 1999; Dennis et al., 1999). There are four maturational stages that have 

been identified in osteoblast differentiation: the preosteoblast, osteoblast, osteocyte and 

bone-lining cell (shown in Figure 1.1).  Provided the appropriate stimuli are present, the 

mesenchymal stem cells form preosteoblasts. Histologically these cells resemble 

osteoblasts and stain positively for alkaline phosphatase, however, they lack some of the 

characteristics of mature osteoblasts including the ability to produce mineralised tissue 

(Aubin and Liu, 1996).  The preosteoblasts are located one to two cell layers away from 

the osteoblasts lining the bone formation sites.  

 

Preosteoblasts give rise to mature osteoblasts, which can be identified by their cuboidal 

morphology and strong alkaline phosphatase positivity. They reside along the bone 

surface at sites of active bone formation.  Osteoblasts secrete type 1 collagen, the basic 

building block of bone. In addition, they produce non-collagenous proteins including 

osteocalcin (a small vitamin-K dependent calcium binding protein that is specific to 

bone) and alkaline phosphatase, which is essential for mineral deposition (Clarke, 

2008). Alkaline phosphatase knockout mice exhibit impaired growth and die before 

weaning. Examination of the tissues revealed defective mineralisation and 

morphological abnormalities in the osteoblast indicating the importance of alkaline 

phosphatase for osteoblast function (Sonoko et al., 1997).  
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(1) 

(2) 

(3) 

(4) 

(5) 

Figure 1.1: Osteoblast differentiation 

Osteoblasts originate from stromal mesenchymal cells (1) and upon stimulation with 

growth factors and transcription factors such as Runx2 and Osterix they differentiate 

into preosteoblasts (2). Preosteoblastst give rise to osteoblasts (3) which secrete 

organic bone matrix. Osteoblasts that become embedded in the bone matrix are said 

to be terminally differentiated and are termed osteocytes (4). Osteoblasts also give 

rise to quiescent bone lining cells (5) which are inactive in terms of bone matrix 

production.  
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Mature osteoblasts have one of three fates: they undergo apoptosis, differentiate further 

into osteocytes or become quiescent lining cells. Approximately 50 to 70 percent of 

osteoblasts undergo apoptosis (Lynch et al., 1998). Some osteoblasts become flattened 

bone lining cells that line the majority of bone surfaces that are not being remodelled. 

Bone lining cells are post-proliferative and inactive in terms of matrix production. There 

is some evidence to suggest that these lining cells can redifferentiate into active 

osteoblasts in response to certain stimuli such as parathyroid hormone (Dobnig and 

Turner, 1995).  

 

The remaining portion of osteoblasts incorporates into the newly formed matrix and 

become terminally differentiated osteoblasts termed osteocytes. These cells are smaller 

than osteoblasts and have lost many of their cytoplasmic organelles (Aubin, 1998). 

Osteocytes lie within lacunae in the newly formed bone matrix where they reside for 

long periods of time but ultimately undergo apoptosis. Osteocytes are isolated from one 

another however they extend long filipodial extensions, which are rich in actin 

cytoskeleton, connecting them with each other as well as bone lining cells and 

osteoblasts (Dudley and Spiro, 1961; Kayo et al., 1998).  

 

There is emerging evidence to suggest that the primary function of the osteocyte relates 

to the determination and maintenance of bone structure. Osteocytes are mechano-

sensors capable of transducing musculoskeletal derived mechanical input into biological 

output (Cowin et al., 1991). Connexin 43, the most abundant gap junction protein in the 

skeleton, plays a role in osteocyte-to-osteocyte and osteocyte-to-osteoblast 

communication in response to mechanical loading. Mice heterozygous for loss of 

connexin 43 gap junction function in osteocytes exhibit decreased bone mass and 

increased cortical porosity, suggesting a requirement for osteocyte connexin 43 gap 

junction function for normal bone mass accrual (Jiang et al., 2010). Sclerostin, the 

osteocyte-secreted bone formation inhibitor, is thought to be one of the downstream 

mediators of skeletal responses to the mechanical environment. Sclerostin expression is 

up-regulated in patients with disuse-induced bone loss; however the exact mechanism 

by which sclerostin works remains unclear (Gaudio et al., 2010). It is hypothesised that 

sclerostin travels through the osteocytic network to the bone surface where it inhibits 

Wnt/-catenin signalling in osteoblasts. Osteocytes may also impact on osteoclastic 

bone resorption with recent work suggesting that osteocytes produce substantial 
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amounts of RANKL (Receptor activator of Nuclear factor kappa B ligand) (Jiang et al., 

2010).  

 

1.2.3 Function of the osteoblast 

The primary function of the osteoblast is bone formation. Therefore, the osteoblast has a 

role in the initial formation of the skeleton as well as in continued bone growth and 

remodelling processes. Bone formation occurs via two distinct mechanisms: 

intramembranous ossification and endochondral ossification. Intramembranous 

ossification forms the flat bones of the skull and most of the clavicle.  This type of bone 

formation relies on a pre-existing fibrous layer of connective tissue onto which the 

osteoblasts deposit organic matrix composed of Type 1 collagen. Calcium phosphate is 

then deposited in the matrix forming spongy bone. In contrast, endochondral 

ossification, which produces most bones, involves the transformation of mesenchyme 

into a cartilage model that resembles the shape of the bone. The cartilage is then 

gradually broken down as osteoblasts deposit collagenous organic matrix and regulate 

mineralisation of the matrix by releasing small membrane-bound vesicles that contain 

calcium and phosphate (Anderson, 2003). The exact mechanism by which 

mineralisation occurs remains unclear, however it is thought that the activity of alkaline 

phosphatase plays an important role (Wennberg et al., 2000). Hyaline cartilage remains 

on the epiphyseal surfaces where it forms articular cartilage and at the junctions of the 

diaphysis and epiphysis where it forms the growth plate, allowing the long bones to 

extend in length during growth.  

 

Besides their role in bone formation, osteoblasts play an important role in the 

differentiation of osteoclasts. Osteoblasts secrete RANKL and OPG (osteoprotegerin). 

RANKL is the master cytokine for osteoclast differentiation whilst OPG acts as a decoy 

receptor controlling the amount of RANKL activating osteoclasts (Takahashi et al., 

1999).  

 

1.2.4 Transcriptional Regulation of the osteoblast 

The osteoblast is controlled by a series of transcription factors that regulate its 

commitment to the osteoblast lineage and its differentiation. Runt homology domain 

transcription factor Runx2, known as the master regulator of osteoblastogenesis, was 

one of the first transcription factors identified (Ducy et al., 1997). The importance of 

19

Chapter One: Bone Biology



Runx2 has been highlighted by numerous genetic studies. Mice lacking Runx2 are 

deprived of osteoblasts in all skeletal elements whilst in humans, Runx2 

haploinsufficiency results in cleidocranial dysplasia, a disease characterised by 

defective bone formation (Komori et al., 1997; Lee et al., 1997). Runx2 controls bone 

formation by binding to the Runx consensus sequence, originally termed the osteoblast 

specific element (OSE2). This regulatory element can be found in the promoter region 

of all major osteoblast genes including type 1 collagen alpha 1 chain, osteopontin, bone 

sialoprotein and osteocalcin. The expression of all these genes in a cell establishes an 

osteoblast phenotype.    

 

Another transcription factor essential for osteoblast differentiation is Osterix, a zinc 

finger-containing transcription factor expressed by osteoblasts. Osterix is necessary for 

bone formation and like Runx2-deficient mice, Osterix-deficient mice show an absence 

of osteoblasts and defective bone formation (Nakashima et al., 2002). Runx2 is 

expressed in Osterix-deficient mice indicating that Osterix acts downstream of Runx2. 

Transcription of Osterix occurs via Runx2 binding to the Osterix promoter resulting in 

the differentiation of pre-osteoblasts to immature osteoblasts (Nishio et al., 2006). 

Osterix can form a complex with NFATc1, enhancing the activation of the collagen 

1A1 promoter by Osterix (Koga et al., 2005). The exact mechanisms by which Osterix 

is regulated remains poorly understood.  

 

The third transcription factor necessary for osteoblastic bone formation is ATF4 (also 

known as CREB2). ATF4 is not required for the early stages of osteoblast 

differentiation but rather is involved in osteoblast function. ATF4 interacts with Runx2 

at the osteocalcin promoter, regulating the transcriptional activity of osteocalcin (Xiao 

et al., 2005). Additionally, upon activation by Rsk2 (a serine/threonine kinase), ATF4 

controls the transportation of amino acids in osteoblasts, an important step in bone 

formation (Yang and Karsenty, 2004). Consistent with this, ATF4 inactivation results in 

a severe bone phenotype characterised by decreased bone formation (Yang et al., 2004). 

Inactivation of Rsk2 results in Coffin-Lowry syndrome results, whereas increased Rsk2 

activity leads to neurofibromatosis type 1 (Yang et al., 2004; Elefteriou et al., 2006).   

 

In addition to these three major transcription factors, there are a number of others that 

are not osteoblast specific but are important for osteoblast differentiation, proliferation 
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and function. These include SMADs, Twist, AP-1 and Tcf7/Lef1 (for an extensive 

review see (Jensen et al., 2010)).  

 

1.3 Osteoclasts 

 

1.3.1 Osteoclast morphology and location 

Osteoclasts are bone resorbing cells. They have a number of morphological features that 

enable them to be distinguished from other cell types and are specific for their bone 

resorbing function. The osteoclast is a giant cell, in comparison to other cell types, 

ranging in size from 20µm to 100µm (Teitelbaum, 2000). Mature osteoclasts are 

multinucleated with the majority of cells having between 10 and 20 nuclei, although 

some osteoclasts may contain up to 100 nuclei. Ultrastructurally, the osteoclast contains 

a large number of lysosomes, numerous and pleiomorphic mitochondria and extensive 

Golgi complexes located in the perinuclear region (Holtrop and King, 1977). 

 

Osteoclasts exist in two functional states. One is the motile state during which they 

migrate from bone marrow to their resorptive site and the other is the resorptive phase 

where they exert their bone resorbing function (Li et al., 2006b). During these phases 

they display morphological differences. Motile osteoclasts are flattened, non-polarised 

cells. They are characterised by the presence of membrane protrusions, called 

lamellipodia, and podosome complexes containing actin. Osteoclasts move and spread 

by lamellipodia formation. Upon reaching the resorptive site, osteoclasts become 

polarised through cytoskeletal reorganisation. Polarisation results in the formation of a 

number of membrane domains: a ruffled border, sealing zone, functional secretory 

domain and basolateral membrane. The sealing zone is an osteoclast specific structure 

which separates the acidic resorptive environment from the rest of the cell, forming an 

organelle free area (Vaananen and Horton, 1995). The ruffled border and sealing zone is 

seen only in non-motile resorbing cells. During resorption osteoclasts are dome-shaped 

and lack lamellipodias.   

 

Osteoclasts are located on endosteal surfaces within the Haversian system and on the 

periosteal surface beneath the periosteum. Osteoclasts are usually rare cells in the bone 

with only two to three per µm
3
 (Roodman, 1996). 
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1.3.2 Origin of the osteoclast 

Several lines of evidence indicate that osteoclasts are haematopoietic in origin. Early 

studies demonstrated that osteopetrosis could be cured through the parabiotic union of 

osteopetrotic mice with normal littermates (Walker, 1973). Further parabiotic studies 

provided evidence of a haematopoietic origin for osteoclasts. Rats were joined in pairs 

through a junction of their body walls. One rat was subjected to irradiation to destroy its 

haematopoietic tissue. Following a fracture to the femur in both rats, the second rat 

received an intraperitoneal injection of tritiated thymidine. The labelled cells seen in the 

irradiated rat seven days after fracture were monocyte-like cells, histiocytes and 

mononuclear macrophages. After fourteen days bi-nuclear macrophages and the nuclei 

of osteoclast-like giant cells were seen and by 21 days the majority of labelled cells 

were osteoclasts. This suggested that the osteoclast precursors were of haematopoietic 

origin from the non-irradiated rat (Gothlin and Ericsson, 1976). Another study 

investigating the osteoclast cell lineage used a chimaera of quail limb and bone 

rudiments grown on the chorioallantoic membrane of the chicken embryo. The 

observations from this study support the concept that osteoclasts are derived from 

mononucleated haematogenous cells such as monocytes and phagocytes (Kahn and 

Simmons, 1975). Transplantation studies in lethally irradiated mice with osteopetrosis 

confirmed that osteoclasts are present in haematopoietic tissues such as the bone 

marrow and spleen (Walker, 1975). It is now generally accepted that osteoclasts are 

derived from haematopoietic progenitor cells in the bone marrow. These progenitor 

cells also give rise to macrophages and histiocytes in tissue, and monocytes in 

peripheral blood (Li et al., 2006b).  

 

1.3.3 Osteoclast differentiation and fusion 

Osteoclasts are multinucleated, giant cells formed by the fusion of mononuclear 

progenitors of the monocyte/macrophage family in a process termed osteoclastogenesis 

(Teitelbaum, 2000). Osteoclast differentiation and fusion requires a number of steps to 

occur and a number of osteoclastogenic factors regulate these processes, as shown in 

Figure 1.2. Haematopoietic stem cells give rise to osteoclast precursors which are 

mononuclear cells termed colony forming unit-granulocyte/macrophages (CFU-GM). 

These cells then require factors produced either by marrow stromal cells or osteoblasts 

to differentiate further (Udagawa et al., 1990). Two such factors, which are necessary 

and sufficient to promote osteoclastogenesis, are macrophage colony-stimulating factor 
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Figure 1.2 : Osteoclastogenesis 

Schematic representation showing the development of haematopoietic precursor 

cells into mature osteoclasts. M-CSF and RANKL are the master cytokines 

regulating this process. (Figure adapted from Boyle et al, 2003) 
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(M-CSF) and receptor for activation of nuclear factor kappa B (NF-B) (RANK) ligand 

(RANKL). 

 

M-CSF is critical for macrophage maturation and binds to its receptor, c-fms, on early 

osteoclast precursors thereby promoting their survival and proliferation. M-CSF 

activates early transcription factors such as c-Fos and PU.1. Mice deficient in PU.1 lack 

osteoclasts and macrophages whilst the inactivation of c-Fos results in arrested 

osteoclastogenesis and an osteopetrotic phenotype (Tondravi et al., 1997; Grigoriadis et 

al., 1994). Osteoclastogenesis requires contact between stromal cells or osteoblasts and 

osteoclasts (Udagawa et al., 1990). Thus, stromal cells and osteoblasts must synthesise a 

surface-residing molecule necessary for osteoclastogenesis. This was later identified as 

osteoclast-differentiating factor (ODF), also known as RANKL. RANKL binds to 

RANK which is present on osteoclasts and their precursors (Lacey et al., 1998). 

RANKL stimulates the M-CSF-expanded precursors to commit to the osteoclast 

phenotype. These cells then express key osteoclast markers such as calcitonin receptor 

and tartrate resistant acid phosphatase (TRAP).  

 

Upon further stimulation with M-CSF and RANKL the preosteoclasts fuse to form 

multinucleated cells. These cells begin to express more specific osteoclast markers such 

as Cathepsin K. Although these cells are mature osteoclasts they are not functional as 

they lack a ruffled border, which is essential for osteoclast bone resorption. Activation 

of RANK by its ligand results in polarisation of the osteoclast cytoskeleton and 

formation of the ruffled border (Burgess et al., 1999). 

 

RANKL and M-CSF are the primary cytokines involved in osteoclastogenesis, 

however, other pro-osteoclastic cytokines may augment osteoclast differentiation. For 

instance, tumour necrosis factor (TNF) and Interleukin 1 (IL-1) stimulate the formation 

of osteoclast-like cells (Pfeilschifter et al., 1989). Parathyroid hormone (PTH) is an 

osteoclastogenic agent that targets stromal cells and osteoblasts to increase RANKL 

expression (Lee and Lorenzo, 1999). 1,25-dihydroxyvitamin D3, the biologically active 

form of vitamin D3, works in a similar manner to PTH (Kitazawa et al., 1999).        

 

 

 

24

Chapter One: Bone Biology



1.3.4 Osteoclastic bone resorption  

The sequence of cellular events required for bone resorption is termed the resorption 

cycle and is shown in Figure 1.3. This includes the cellular activities of migration of the 

osteoclast to the site of bone resorption, attachment to the bone surface, polarisation and 

formation of new membrane domains, dissolution of hydroxyapatite, degradation of 

organic matrix, removal of degradation products from resorption lacuna and, finally, 

either apoptosis of the osteoclast or their return to the non-resorbing stage.  

  

1.3.4.1 Attachment of osteoclasts to the bone surface 

Once an osteoclast migrates to the resorption site, attachment to the bone matrix takes 

place. Upon adherence, the cytoskeleton of the osteoclast is reorganised. Microfilaments 

are accumulated into podosome-like structures in osteoclasts that are not resorbing. 

Podosomes consist of F-actin anchored via integrins to the extracellular matrix proteins. 

The main integrin in the podosome is the vitronectin receptor (αvβ3 integrin). In the 

podosome, F-actin co-localises with vinculin and talin (Lakkakorpi et al., 1991). When 

osteoclasts prepare for resorption the podosomes accumulate to the areas of the bone 

facing membrane, gradually forming large circular structures. Actin forms a dense belt-

like structure, characteristic of a resorbing osteoclast (Lakkakorpi et al., 1993). A 

similar actin ring has been seen around the resorption lacuna in vivo (Sugiyama and 

Kusuhara, 1994). Several agents such as tyrosine kinase inhibitors and PI3-Kinase 

inhibitors inhibit osteoclast function by disrupting the actin ring (Nakamura et al., 1995; 

Tanaka et al., 1995). The reorganisation of the cytoskeleton and formation of the actin 

ring is therefore an essential step in bone resorption. At this stage the co-localisation of 

actin and the vitronectin receptor no longer occurs (Lakkakorpi et al., 1991). The F-

actin ring corresponds to the clear zone in the osteoclast, a region which does not 

contain any organelles and is known as the sealing zone (Vaananen and Horton, 1995). 

This structure provides an area of attachment to the bone surface and creates an isolated 

microenvironment for resorption.    

 

The exact nature of the molecular mechanisms responsible for the attachment between 

the bone surface and the sealing zone remains unclear. Several lines of evidence suggest 

that integrins play a role in the attachment of the osteoclast. At least three different 

integrins are expressed in osteoclasts: αvβ3, α2β1 and αvβ1 (Nesbitt et al., 1993). The 

most studied has been αvβ3 (vitronectin receptor). Antibodies against αvβ3 and peptides 
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Figure 1.3: Stages of Osteoclastic Bone Resorption 

(1) The osteoclast initiates resorption through attachment to the bone surface via 

actin mircofilaments and αvβ3 integrin. (2) Following attachment, osteoclasts 

undergo membrane polarisation through the formation of intracellular acidified 

vesicles (AV), which fuse to the bone facing membrane to create a ruffled membrane 

domain. (3) The ruffled border (RB) is the ‘resorbing organ’ and is enriched with V-

ATPase proton pumps (VP). During degradation and resorption, a sealing zone (SZ) 

seals off the acidic microenviroment generated by the release of protons (H+) and 

chloride ions (Cl-). (4) Degraded bone matrix products are then endocytosed and 

transported via transcytotic carrier vesicles (TCV) from the ruffled border to the 

functional secretory domain (FSD) and released to the extracellular environment. 

(Figure adapted from Xu et al, 2007) 
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containing the RGD motif (arg-lys-asp) successfully block the attachment of the 

vitronectin receptor to RGD-containing bone matrix proteins both in vivo and in vitro 

(Lakkakorpi et al., 1991; Engleman et al., 1997). The β3 knockout mouse model 

supported these findings. β3 knockout mice produce dysfunctional osteoclasts as 

evidenced by their reduced bone resorbing activity. This defect may be caused by an 

absence of matrix-derived intracellular signals due to cytoskeletal abnormalities 

including the failed formation of the actin ring and ruffled border (McHugh et al., 

2000a). This highlights an important role for αvβ3 in bone resorption. The αvβ3 integrin 

is present at the plasma membrane, however the distribution has not been able to be 

localised to the sealing zone (Vaananen, 2005). The vitronectin receptor therefore may 

not be involved in osteoclast attachment at the sealing zone, rather it may function to 

transmit bone matrix-derived signals to direct events required for bone resorptive 

activity such as cytoskeletal reorganisation in the formation of the ruffled border 

(McHugh et al., 2000b).   

 

1.3.4.2 Polarisation of the osteoclast membrane  

Resorbing osteoclasts are highly polarised cells compared to non-resorbing osteoclasts.  

The change in polarisation of the osteoclast is driven by reorganisation of the actin 

cytoskeleton (Marchisio et al., 1984). Polarisation of the osteoclast results in the 

formation of a number of specialised membrane domains: the ruffled border, sealing 

zone, functional secretory domain and a basolateral domain.  

 

Once an osteoclast migrates to the resorption site a specific membrane domain, the 

sealing zone, forms. The plasma membrane attaches to the bone surface and forms a 

tight seal, isolating the resorption area from its surroundings (Vaananen and Horton, 

1995). The sealing zone also prevents the lateral diffusion of proteins from the 

basolateral membrane to the ruffled border.  

 

The ruffled border is the resorbing organelle, formed by the fusion of intracellular 

acidic vesicles with the bone facing plasma membrane (Blair et al., 1989; Vaananen et 

al., 1990). The fusion of late endosomal membranes to the plasma membrane is 

dependent upon the function of the small GTP-binding protein rab7 (Zhao et al., 2001). 

Other rab GTPases are present in osteoclasts and may be important in mediating the 

fusion of acidic vesicles and the plasma membrane (Zhao et al., 2001). Many of the 
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proteins found in the ruffled border are similar to those found in endosomal and 

lysosomal membranes, such as the vacuolar proton pump (Vaananen et al., 1990). 

Initially the resorption area is acidified by the fusion of acidic vesicles. Following this, 

H
+
-ATPase proton pumps are inserted into the ruffled border from the cytoplasm (Blair 

et al., 1989). This results in a high concentration of vacuolar H
+
-ATPase (V-ATPase) at 

the ruffled border, as does the extensive folding of the ruffled border structure (Tanaka 

et al., 2005). H
+
-ATPases secrete protons from the cytoplasm to create an acidic 

resorptive environment. A large amount of energy is required by the osteoclast to form 

the ruffled border and the acidic compartment. The energy is supplied by a number of 

mitochondria in the cell through the production of adenosine triphosphate (ATP) and 

guanine triphosphate (GTP) (Vaananen, 2005).     

 

The functional secretory domain is situated in the centre of the basolateral domain and 

is believed to be an equivalent to the apical membrane of epithelial cells (Salo et al., 

1996). It functions in the removal of the degraded bone matrix.   

 

1.3.4.3 Degradation of the Bone Matrix   

The primary function of the osteoclast is to dissolve the mineralised bone matrix. This 

involves dissolution of hydroxyapatite crystals followed by the proteolytic cleavage of 

the organic matrix, which is rich in collagen.  

 

Dissolution of the mineral component of bone occurs by acidification of the resorption 

lacunae (Baron et al., 1985). This is the extracellular space between the ruffled border 

membrane and the bone matrix and is sealed off from the extracellular fluid by the 

sealing zone. Acidification occurs by targeted secretion of protons into the resorption 

lacunae which is achieved through the action of ATP-consuming vacuolar proton pumps 

(Blair et al., 1989; Vaananen et al., 1990). Inhibition of proton pump activity through 

the use of bafilomycin A1 (a specific inhibitor of V-ATPases) or antisense 

oligonucleotides against different subunits results in the inhibition of bone resorption 

both in vitro and in vivo (Laitala and Vaananen, 1994; Mattsson et al., 1991; Sundquist 

and Sandy, 1994). Protons transported by the proton pump are produced by cytoplasmic 

carbonic anhydrase II (Gay and Mueller, 1974). Excess cytoplasmic bicarbonate is 

removed via the chloride-bicarbonate exchanger located in the basolateral membrane. 

28

Chapter One: Bone Biology



To maintain electroneutrality there are a number of chloride channels in the ruffled 

border, allowing for the flow of chloride anions (Schlesinger et al., 1997).   

 

Proteolytic enzymes can only degrade the organic matrix once the hydoxyapatite 

crystals have been dissolved. Lysosomal cysteine proteinases and matrix 

metalloproteinases (MMPs) are the two major classes of proteolytic enzymes involved 

in the resorption process. Cathepsins, which are lysosomal cysteine proteinases, have 

been shown to be present in osteoclasts. Several cathepsins can degrade type I collagen 

in vitro. Cathepsin K is present at high levels in osteoclasts and is secreted into the 

resorption lacuna (Drake et al., 1996). Cathepsin K knockout mice are osteopetrotic due 

to impaired osteoclast function (Li et al., 2006a). The role of Cathepsin K in the 

resorption process is supported by evidence that patients who possess a mutation in the 

gene that encodes cathepsin K display pycnodysostosis (an inherited condition 

characterised by short stature and fragile bones) (Fujita et al., 2000). The function of 

metalloproteinases in osteoclastic bone resorption is less clear. Osteoclasts express high 

levels of MMP-9 (Tezuka et al., 1994). However, MMP-9 knockout mice have only a 

slight disruption of bone resorption (Vu et al., 1998).  

 

1.3.4.4 Removal of Degradation Products 

Degraded bone fragments are removed from the resorption lacuna by endocytosis into 

the osteoclast. The degraded products are transported in vesicles via transcytosis 

through the resorbing osteoclast from the ruffled border to the functional secretory 

domain. From there the degraded products are released into the extracellular space 

(Nesbitt and Horton, 1997; Salo et al., 1997). Microtubule formation from the ruffled 

border to the functional secretory domain provides a scaffold for vesicle transport (Abu-

Amer et al., 1997). Tartrate-resistant acid phosphatase (TRAP) is localised in the 

transcytotic vesicles of resorbing osteoclasts. TRAP generates reactive oxygen species 

which are able to destroy collagen (Halleen et al., 1999). This could aid in further 

degradation of the matrix products in transcytotic vesicles (Vaananen et al., 2000). The 

mechanisms and signalling pathways regulating transcytosis are still unclear.  

 

1.3.4.5 Cycling of the osteoclast  

In vitro studies have shown that an osteoclast can go through more than one resorptive 

cycle (Kanehisa and Heersche, 1988). Whether this occurs in vivo is unclear. Once the 
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osteoclast has completed its resorptive activity, the cell depolarises and loses its ruffled 

border. The osteoclast then detaches, reorganises its cytoskeleton and moves to a new 

resorption site or undergoes apoptosis. The action of resorption inhibitors are implicated 

in the mediation of apoptosis (Vaananen, 2005). It has been suggested that oestrogen 

reduces the lifespan of the osteoclast (Hughes et al., 1996). However, other studies 

show that oestrogen can protect osteoclasts from serum starvation induced apoptosis 

(Parikka et al., 2001). Currently, there is no evidence that the molecular pathways 

leading to apoptosis are different in osteoclasts compared to other cell types (Vaananen, 

2005).    

 

 

1.4 Bone-related diseases 

 

1.4.1 Osteoporosis  

Osteoporosis is a major health problem in Australia due its age related, exponential 

increase in prevalence. It is ranked as one of the three most important musculoskeletal 

conditions in Australia and, in 2002, was declared a National Health Priority Area 

(AIHW, 2005). This is due to the socio-economic impact of the disease. The direct 

health expenditure from osteoporosis between 2004 and 2005 was over 300 million 

dollars (AIHW, 2008). In Australia, 60% of women and 30% of men over 60 years will 

suffer from an osteoporotic fracture (Lavelle, 2004).  

 

Osteoporosis is characterised biologically by the net loss of bone, which results in a 

decrease in total mineralised bone without a decrease in the ratio of bone mineral to the 

organic matrix. Thus, there is a decrease in the total amount of bone. Ultimately, 

osteoporosis leads to bone with less tensile strength and significantly greater 

susceptibility to fracture with less force (Riggs and Melton, 1983). There are usually no 

signs or symptoms of osteoporosis until a fracture occurs; which is why osteoporosis is 

often called the 'silent disease'. 

 

During the first 30 years of an individual’s life, bone mass usually increases. This is 

followed by a plateau phase whereby bone formation and bone resorption occur at equal 

pace and, therefore, there is no net loss or gain of bone mass. At menopause most 

women experience an accelerated period of bone loss. This constant bone loss also 
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affects men and women over 70 years of age. In postmenopausal osteoporosis, 

accelerated bone loss is the dominant effect seen whereas in elderly patients, a decrease 

in synthesis of new bone with either accelerated or stable bone resorption occurs 

(Simon, 2005).  

 

Type I osteoporosis occurs in hypogonadal women or men. This subtype most often 

occurs in postmenopausal women (Riggs and Melton, 1983). This is due to a deficiency 

in oestrogen that affects circulating levels of cytokines such as IL-1, TNF-, 

granulocyte macrophage colony stimulating factor (GM-CSF) and IL-6. As the levels of 

oestrogen decrease, the levels of these cytokines increases thereby enhancing bone 

resorption by increasing the recruitment, differentiation and activation of osteoclasts 

(Horowitz, 1993). The increased level of cytokines generates transcription factors that 

increase osteoclast recruitment and activation. This is mediated by RANKL, generated 

from osteoblasts and other cells types, leading to increased bone resorption. Patients 

with Type I osteoporosis tend to develop fractures in the distal forearm and vertebral 

bodies (Simon, 2005).  

 

Type II osteoporosis is associated with the normal aging process. This subtype occurs in 

both men and women, usually over the age of 60 (Riggs and Melton, 1983). A decline 

in the number and activity of osteoblasts is seen without a decline in the activity of 

osteoclasts. Thus, a net bone loss is observed due to decreased bone formation 

(Dempster, 1995). Fractures of cortical bone (for example femur and pelvis) occur more 

commonly in patients with type II osteoporosis.  

 

Treatments for osteoporosis aim to reduce the risk of further fractures. Anti-resorptive 

agents, such as bisphosphonates, and the selective oestrogen-receptor modulator 

raloxifene reduce the intensity of bone remodelling. Slower remodelling permits more 

complete secondary mineralisation giving the bone more strength. These treatments 

however do not reverse the structural damage (Delmas, 2002). The anabolic agent 

parathyroid hormone produces some reconstruction of the bone skeleton through the 

deposition of new bone tissue. The overall effect of this is to increase bone strength and 

reduce fracture risk (Seeman and Delmas, 2001). In addition to these treatments calcium 

and vitamin D supplements can be given. Calcium reduces the rate of bone loss and 

therefore is often used in conjunction with other treatment forms particularly if a 
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patient’s dietary calcium intake is low (Simon, 2005). More recent therapeutic 

developments have focused on modulating specific steps in the bone remodeling 

process such as reducing bone resorption and increasing bone formation. Denosumab, a 

recombinant fully human monoclonal RANKL specific antibody, is an example of one 

such therapy. Phase I clinical trials on postmenopausal women indicated that 

denosumab effectively suppresses bone resorption (Bekker et al., 2004). Phase II studies 

using a dose range showed a sustained decrease in bone turnover and a rapid increase in 

bone mineral density (McClung et al., 2006). Phase III studies confirmed the increase in 

bone mineral density and suppression of bone turnover markers but also revealed the 

positive impact of denosumab on cortical bone (Bone et al., 2008). The Food and Drug 

Administration in the US and the European Medicines Agency in Europe have approved 

Denosumab for clinical use. Emerging data from these clinical trials indicates a 

promising new treatment for postmenopausal osteoporosis.  

 

1.4.2 Osteopetrosis 

Osteopetrosis is defined as a group of conditions characterized by increased bone 

density. It can be classified into three categories based on its mode of inheritance: 

autosomal recessive, autosomal dominant and X-linked inheritance. Overall these 

conditions are considered rare with Autosomal Recessive Osteopetrosis (ARO) having 

an incidence of 1 in 250,000 in the general population and Autosomal Dominant 

Osteopetrosis (ADO) being more frequent with 5 in 100,000 births (Bollerslev and 

Andersen Jr, 1988; Balemans et al., 2005). 

 

ARO is the most severe form, clinically manifesting in the first few months of life.  

Patients are predisposed to fractures and osteomyelitis, as the increased bone density 

can weaken bone strength. The expanding bone can narrow nerve foramina resulting in 

blindness, deafness and facial palsy (Whyte, 2002). However the most severe 

complication of ARO is bone marrow suppression which can be life threatening. 

Untreated children usually don’t survive past the first decade of life (Whyte, 2002). 

There are many variations to the classical cases of ARO including neuropathic ARO 

(characterized by seizures and developmental delay) and ARO with renal tubular 

acidosis.  
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ADO (also termed Albers-Schönberg disease) is less severe with conditions ranging 

from asymptomatic to rarely fatal. The onset of disease is late in childhood or 

adolescence and is confined most to the skeleton. Patients are predisposed to fractures, 

scoliosis, hip osteoarthritis and osteomyelitis. Hearing and visual loss due to cranial 

nerve compression is rare (Benichou et al., 2000).  

 

Osteopetrosis is caused by a defect in either osteoclast differentiation or function with at 

least ten mutations identified as being causative in humans. Mutations in RANKL and 

RANK genes result in rare, osteoclast-poor forms of ARO where no osteoclasts are 

present (Sobacchi et al., 2007; Guerrini et al., 2008). Defects in components of the 

acidification machinery constitute the majority of osteoclast-rich forms of osteopetrosis. 

Mutations in TCIRG1 (a3 subunit of V-ATPase) are responsible for ARO in more than 

50% of affected patients, highlighting the importance of the V-ATPase proton pump in 

osteoclast function (Frattini et al., 2000). Chloride channel 7 mutations cause ARO with 

neuronal complications (Kasper et al., 2005). Whilst mutations in carbonic anhydrase 

type II (CAII) result in ARO with tubular acidosis which is not surprising given the role 

of CAII in kidney function (Sly et al., 1983). All the mutations identified so far only 

account for approximately 70% of cases. Therefore the search continues to find 

mutations in novel genes. In patients with TCIRG1 gene mutations it was observed that 

the osteoblasts were very active (Taranta et al., 2003). This, together with reports that 

hyperactive osteoblasts were seen in human and osteopetrotic animals, suggests that 

osteoblasts could contribute to the increased bone mass (Lian and Marks, 1990; 

Lajeunesse et al., 1996).  

 

Currently there is no effective treatment for osteopetrosis. Rather, treatment is largely 

supportive and relies on multidisciplinary surveillance. Fractures and arthritis are 

common and require the expertise of an orthopaedic surgeon due to the brittleness of 

bone and the frequency of secondary complications (Landa et al., 2007). The associated 

risks of developmental delay and seizures require neurological evaluation and 

ophthalmologic surveillance is required for detecting optic nerve atrophy. Regular 

dental management is also necessary as dental problems are common. Haematopoietic 

stem cell transplation is usually reserved for severe forms of ARO due to high mortality 

as survival depends on the degree of HLA-match. Haematopoietic stem cell 

transplantation should be preformed as early as possible, preferably before three months 
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of age for maximum benefit. However transplantation does not cure some symptoms 

that arise due to severe osteopetrosis (Landa et al., 2007).  

 

1.4.3 Rheumatoid Arthritis  

Rheumatoid Arthritis (RA) is another musculoskeletal condition which has been 

identified as a national health priority area in Australia (AIHW, 2005). RA is a chronic 

systemic inflammatory disorder characterised by progressive joint destruction. RA 

affects about 2% of the population over 60 years of age and is known to increase in 

prevalence and incidence up to the age of 85 (AIHW, 2008). RA can occur in children, 

although the onset of disease most commonly begins from the age of 25 to 50.  

 

The cause of RA is unknown although it is thought to be multifactorial with genetic and 

environmental factors playing a role. RA is strongly linked to major histocompatibility 

complex class II human leukocyte antigen (HLA)-DR4. Pro-inflammatory cytokines 

(such as IL-1 and TNF-) are secreted by activated T-lymphocytes, macrophages and 

fibroblasts and play a key role in synovitis and tissue destruction (Tutuncu and 

Kavanaugh, 2005). The bone erosion seen in RA begins early in the onset of the disease 

and gradually increases resulting in severe deformity of the affected joints, therefore 

impairing activity and the quality of life of patients. Bone erosion is usually seen at the 

interface of the bone and pannus. At this area osteoclasts have been observed and it is 

now known that osteoclasts are the primary cell involved in bone destruction in RA 

(Bromley and Woolley, 1984). RANKL is highly expressed in the synovial tissues of 

RA patients. It is predicted that the upregulation of RANKL is due to the synovial 

fibroblastic cells which produce RANKL in response to IL-1 and TNF-α (Takayanagi et 

al., 2000). These preliminary results indicate that the RANKL/RANK signalling 

pathways are important in the regulation of bone destruction seen in RA patients.  

 

Preventing such a disease is a challenging issue as the exact aetiology of the disease is 

unknown. As such current treatments aim to relieve the symptoms through the use of 

non-steroidal anti-inflammatory drugs such as cyclooxygenase 2 inhibitors. These 

treatments have little effect in delaying joint destruction (Tanaka et al., 2005). Anti-

TNF antibodies and IL-1 antagonists are reported to relieve the symptoms and delay 

the progression of RA in some patients (Weinblatt et al., 1999; Lipsky et al., 2000; 

Maini et al., 1999). However there is still a significant proportion of patients who do not 
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respond to these treatments and the long-term efficacy of this medicine is not yet 

known. The involvement of the RANK/RANKL signalling pathway in RA means 

therapeutics in this area may be beneficial for patients. A phase II study examining the 

effect of Denosumab on RA patients reports that treatment with Denosumab inhibits 

structural damage in RA patients (Cohen et al., 2008). These results are promising and it 

may not be long before a new treatment option for RA patients becomes available.  

 

 

1.4.4 Paget’s Disease of Bone  

Paget’s disease of bone (PDB) is the second most common bone disorder diagnosed 

after osteoporosis. It is characterised by areas of increased osteoclast activity and 

abnormal bone remodelling. PDB is usually seen in patients over forty years of age, 

affecting both men and women. It is a relatively asymptomatic disease with the 

proportion of PDB patients presenting with symptoms being approximately five 

percent. The most common symptoms include pain, bone enlargement and deformity, 

fractures and deafness. PDB is highly localised with patients affected either in one bone 

or multiple bones (Kanis, 1991). However, once diagnosed a patient rarely develops 

new pagetic lesions. The most serious complication of PDB is the development of 

osteosarcomas in the pagetic bone although this is rare with one percent of patients 

affected (Hansen et al., 2006). 

 

The first stage to occur in PDB is increased bone resorption in one particular area and 

this can be detected, by radiological examination, as an osteolytic lesion. Following this 

there is an increase in bone formation with a large number of hyperactive but 

morphologically normal osteoblasts. The osteoblasts deposit bone in a disorganised 

manner and therefore the new bone is of a poor quality. This accounts for the bowing or 

fracture of bones in PDB patients. During the advanced stages of PDB, bone formation 

predominates and sclerotic lesions are seen with fibrous tissue deposited in the bone 

marrow and thickening of the bone observed. The osteoclasts in PDB are increased in 

size and have a large number of nuclei (up to 100) (Roodman and Windle, 2005). An 

unusual feature seen in the pagetic osteoclasts is the presence of nuclear inclusions 

which consist of paracrystalline arrays that are similar to the nucleocapsids of 

paramyxoviruses (Rebel et al., 1981).  In addition to these morphological features, 

pagetic osteoclast precursors are physiologically abnormal. They respond hyper-
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sensitively to osteoclastogenic factors including RANKL and 1,25-(OH)2D3 (Neale et 

al., 2000; Menaa et al., 2000).  

 

In determining the aetiology of the disease both genetic and nongenetic factors have 

been taken into consideration and are current areas of research. The importance of 

genetic factors is evident as 15-40% of patients have a first degree relative with PDB. 

Other studies have shown an autosomal dominant mode of inheritance (Roodman and 

Windle, 2005). Several loci that may be susceptible to mutations causing PDB have 

been identified. Mutations in RANK have not been identified in the typical form of 

PDB which occurs more commonly in elderly patients and less commonly in Asians. 

However, a mutation in the RANK gene was found in one family with early-onset PDB 

(Nakatsuka et al., 2003). Laurin et al. identified a point mutation in SQSTM1, a gene 

encoding sequestosome 1 also known as p62 (Laurin et al., 2002). p62 is a ubiquitin 

binding protein that is involved in the IL-1, RANKL and TNF signalling pathways. 

Other mutations have since been identified in the p62 gene including mutations that 

result in the complete deletion of the ubiquitin binding domain of p62 (Hocking et al., 

2004; Rea et al., 2006). SQSTM1 is the gene most frequently linked to PDB however 

researchers are studying other possible genes that increase or activate osteoclasts.  

 

Due to the unusual finding of viral-like nuclear inclusions in pagetic osteoclasts much 

research has investigated a possible viral aetiology of PDB. The presence of measles 

virus nucleocapsid proteins has been detected in osteoclasts derived from patients with 

PDB. However, this is not a universal finding with other groups unable to detect viral 

transcripts in osteoclasts or bone marrow from PDB patients (Roodman and Windle, 

2005). Other factors may therefore be involved in the initiation of PDB in patients with 

a genetic predisposition to the disease. Pagetic osteoclasts also express a number of 

osteotropic factors such as IL-6, NF-B and RANKL (Roodman et al., 1992; Menaa et 

al., 2000). The increased expression of these and other cytokines may lead to the 

increased number of osteoclasts seen in PDB. The mechanisms behind the increase in 

expression of certain cytokines remain to be elucidated.  

 

Calcitonin was initially used to treat PDB patients as it inhibits osteoclast formation and 

bone resorption. However over longer periods of treatment osteoclasts lose their 

sensitivity to calcitonin due to mRNA downregulation and receptor degradation (Wada 
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et al., 1997). Bisphosphonates, which block osteoclast formation and induce osteoclast 

apoptosis, are currently used in the treatment of PDB. First generation bisphosphonates 

relieve symptoms and can induce partial or complete remission whilst intravenous 

bisphosphonates can be used in patients with numerous bones affected. Newer, more 

potent bisphosphonates are being developed however bisphosphonates and calcitonin 

only control the disease process, they do not cure PDB. As the mechanisms and 

signalling pathways that are involved in the development of PDB are better understood, 

treatment that targets the cause can be developed.  
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2.1 Introduction 

 

A number of kinases have been shown to be important in bone biology. An examination 

of the RANKL signalling pathway (shown in Figure 2.1) highlights the number of 

kinases that are important for osteoclast formation and function. In the mitogen 

activated protein kinase (MAPK) signalling pathway three kinases are important; 

extracellular signal-regulated kinase (ERK), p38 MAPK and c-jun N-terminus kinase 

(JNK). Inhibition of these kinases results in attenuated RANKL-induced osteoclast 

differentiation (Lee et al., 2002; Matsumoto et al., 2000). In the NF-B signalling 

cascade one example of an important kinase is inhibitor of the B kinase (IKK). In vitro 

and in vivo studies have shown that disruption to IKK (involved in the classical 

pathway of NF-B activation) results in an impairment of osteoclastogenesis (Ruocco et 

al., 2005). In the NFATc1 (nuclear factor of activated T cells c1) signalling pathway, 

Calmodulin kinase (CaMK) is essential as inhibitors to CaMK inhibited 

osteoclastogenesis and bone resorption in vitro (Ang et al., 2007). Further, CaMK4 

knockout mice have an increased bone volume due to a decrease in osteoclastic bone 

resorption suggesting that CaMKs are important in osteoclasts (Sato et al., 2006). AMP-

activated protein kinase (AMPK) has previously been reported to stimulate 

differentiation and proliferation of osteoblasts, however recently its importance in 

osteoclasts was reported (Shah et al., 2010). Pharmacological inhibition of AMPK 

enhanced RANKL-induced osteoclast formation and bone resorption, therefore AMPK 

serves as a negative regulator of RANKL (Lee et al., 2010).  

 

The significance of kinases in osteoclast biology is clearly evident and many have been 

proposed as potential therapeutic targets. One recent example is the identification 

through a proteomics approach of brain-type creatine kinase (Ckb) (Chang et al., 2008). 

The expression of Ckb is greatly enhanced during osteoclastogenesis in response to 

RANKL. Inhibition of Ckb in vitro, through RNA interference and pharmacological 

inhibition, suppressed the bone-resorbing ability of the osteoclasts. Furthermore, in vivo 

studies using Ckb knockout mice showed that these mice were better protected from 

bone loss induced by ovariectomy or lipopolysaccharide challenge (Chang et al., 2008). 

This study establishes Ckb as having a vital role in osteoclast bone resorption.  
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Figure 2.1: RANK/RANKL signaling network in osteoclasts 

Proteins involved in RANK signal transduction during osteoclast development and 

activation are arranged in signalling cascades from the cytoplasmic membrane to 

nuclear effectors. Molecules highlighted in red indicate kinases involved in 

osteoclast formation and function. (Figure adapted from Boyle et al, 2003) 
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In search of other molecules that may potentially be important in bone biology we have 

utilised an ENU-mutagenesis approach (See chapter 5). We have identified choline 

kinase beta as a candidate regulator of bone homeostasis.  

   

2.2  Choline Kinase 

 

Choline kinase catalyses the first phosphorylation reaction in the biosynthesis of 

phosphatidylcholine (PC), a major membrane phospholipid in mammalian cells (shown 

in Figure 2.2). Choline kinase is a cytosolic enzyme and upon entry into the cell, 

choline is immediately phosphorylated to phosphocholine (Vance and Vance, 2008). 

Although choline kinase catalyses the initial step in PC biosynthesis, it is not considered 

to be rate limiting and neither does it regulate the rate of PC biosynthesis. The second 

step, the conversion of phosphocholine to CDP-choline, is catalysed by 

CTP:phosphocholine cytidylyltransferase and is considered the rate limiting step of the 

pathway (Vance, 1990).  

 

Choline kinase exists as three isoforms in mammals encoded by two genes, Chka and 

Chkb. In the mouse, Chka and Chkb reside on chromosome 19 and 15 respectively.  

Alternative splicing of the Chka transcript results in two isoforms choline kinase alpha 

1 (CHKA1) (50kDa) and choline kinase alpha2 (CHKA2) (52kDa) (Uchida and 

Yamashita, 1992; Uchida, 1994). CHKA2 has an additional 18 amino acids, however 

the functional difference between the CHKA1 and CHKA2 isoforms (that is, the 

function of the 18 amino acid insertion) is still unclear. Chkb encodes choline kinase 

beta (CHKB) (45kDa) (Aoyama et al., 1998). Overall, the amino acid sequence of 

CHKB has approximately 60% identity to the CHKA1 isoform. However, the N-

terminal regions of the sequence have no significant identity.  

 

Each isoform is inactive in its monomeric form but becomes active when it associates 

with each other forming dimeric complexes. In most mouse tissues, a predominant part 

of choline kinase activity arises from / dimers with a smaller proportion of activity 

arising from / and / dimers (Aoyama et al., 2004). Both CHKA and CHKB are 

ubiquitously expressed (Aoyama et al., 2002). CHKA is highly expressed in the testis 

and liver whereas CHKB is highly expressed in the liver and heart. The difference in 

tissue distribution suggests that each isoform may have a different function.  
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Figure 2.2: Phosphatidylcholine biosynthesis pathway 

Choline is transported into the cell cytosol where it is phosphorylated by 

choline kinase (CK) to give phosphocholine (P-choline). The subsequent step, 

the conversion of P-choline to CDP-choline by CTP:phosphocholine 

cytidylyltransferase (CT), is the rate limiting step in the pathway. The final step 

in the pathway is catalysed by CDP-choline:1,2-diacylglycerol 

cholinephosphotransferase (CPT) and yields phosphatidylcholine (PC). The 

second pathway for the biosynthesis of PC is catalysed by 

phosphatidylethanolamine N-methyltransferase (PEMT), however this reaction 

is only significant in the liver.  

 

 

42

Chapter Two: Kinases in Bone Biology



2.2.1 Function of Choline Kinase 

Through the study of knockout mice the roles of CHKA and CHKB are beginning to 

become clearer. Disruption of the Chka gene results in embryonic lethality indicating 

that CHKA is essential for early embryonic development (Wu et al., 2008). However, 

the full expression of CHKA is not required as heterozygous mice (Chka
+/-

) appeared 

normal in their embryonic development and had adequate levels of PC. It is thought that 

the embryonic lethality may be due to decreased CK activity resulting in reduced PC 

biosynthesis (Wu et al., 2008). PC is required for cell proliferation and in growing 

embryos there is a higher demand for PC due to increased cell division and proliferation 

(Esko et al., 1982).   

 

Since CHKA is actively involved in cell proliferation it has been shown to have a role 

in the generation of human tumours. In several types of clinical cancers, such as breast, 

lung and colon, there is increased CHKA expression and activity (Ramirez de Molina et 

al., 2002b; Ramirez de Molina et al., 2002a). CHKA has been identified as a new 

oncogene that mediates human cell transformation and induces in vivo tumourigenesis 

(Ramirez de Molina et al., 2005). Studies have shown that CHKB is not able to induce 

tumour growth. Furthermore, in a number of human tumour cells lines CHKA 

expression was increased but no change in CHKB expression was observed (Gallego-

Ortega et al., 2009). Given that high levels of CHKA expression and activity are 

associated with malignant transformation it is not surprising to see the recent 

development of specific inhibitors to CHKA. CHKA plays a critical role in the 

aggressiveness of bladder carcinomas and treatment with a specific inhibitor to CHKA 

was able to inhibit tumour growth (Hernando et al., 2009). CHKA has also been 

reported as a new prognostic marker for predicting outcome in patients with small cell 

lung cancer (Ramirez de Molina et al., 2007). In the future, it is expected that more 

novel pharmacological and gene therapies will be developed to specifically inhibit 

CHKA. 

 

The traditional view that choline kinase is involved solely in lipid metabolism has 

changed significantly in recent years. In particular, the study on CHKB deficient mice 

produced some unexpected findings. Mice that have a genomic deletion of Chkb display 

hindlimb muscular dystrophy and a forelimb bone deformity (Sher et al., 2006). Choline 

kinase activity and PC levels are reduced in the skeletal muscles of CHKB deficient 
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mice. Further studies showed that PC biosynthesis is impaired in the hindlimb muscles 

of these mice with an accumulation of choline and decreased amount of phosphocholine 

(Wu et al., 2009b). When CDP-choline was injected into CHKB deficient mice 

(bypassing the reaction catalysed by CK) there was increased PC content in the 

hindlimb muscle. In the muscle of CHKB deficient mice there is also enhanced PC 

turnover due to increased activity of phospholipase C and A2 (Wu et al., 2009b). 

Therefore, it was concluded that the muscular dystrophy in the hindlimb is due to 

reduced PC biosynthesis and enhanced catabolism of PC.  

 

The muscular dystrophy in the CHKB deficient mice predominately occurred in the 

hindlimbs. Although there was a reduction in choline kinase activity in the forelimb 

muscles, the muscular dystrophy was not significantly developed (Wu et al., 2009a). 

This was due to the major contribution of CHKA in the forelimb muscles and therefore 

PC homeostasis was maintained. The expression of choline kinase is limb dependent 

with CHKA being the predominant isoform in forelimb muscle whereas CHKB is the 

major isoform in hindlimb muscle (Wu et al., 2009a).  

 

Interestingly, a recent study has reported mutations in CHKB in human cases of 

congenital muscular dystrophy. These patients have a mitochondrial phenotype similar 

to that observed in the CHKB deficient mice, that is, enlarged mitochondria at the 

periphery of the muscle fiber (Mitsuhashi et al., 2011). In addition to the muscular 

dystrophy, these patients have severe mental retardation suggesting that CHKB 

deficiency and decreased biosynthesis of phosphatidylcholine are important for both 

muscle and brain function. It has not reported if patients carrying the CHKB mutation 

diplay a forelimb deformity similar to that of the CHKB deficient mice.  
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3.1 General Hypothesis and Aim  

 

Bone is a dynamic tissue that is constantly moulded, shaped and repaired in a process 

termed remodelling. The bone remodelling process is dependent upon the functions of 

two key cell types: the osteoblast and the osteoclast. The osteoblast is responsible for 

bone formation whilst the osteoclast is the principle resorptive cell of bone. The 

maintenance of bone homeostasis is dependent upon the balanced activities of these two 

cell types. Disruptions to this balance leads to a number of pathological conditions 

including osteoporosis, osteopetrosis and arthritis. The mechanism(s) by which these 

conditions occur is still largely unknown, as are the factors regulating bone 

homeostasis. Therefore the major hypothesis of this project is that there are novel 

factors involved in the maintenance of bone homeostasis that have not, as yet, been 

identified. Based on this the major aim of this thesis was to identify novel factors 

involved in the regulation of bone homeostasis through an ENU-induced mutagenesis 

screen.  

 

 

3.2 Specific Hypothesis and Aims 

 

Given that our initial screen revealed that CHKB mutant mice exhibit an osteoporotic 

phenotype, we hypothesised that CHKB was important for the maintenance of bone 

homeostasis.  

 

Therefore the further aims of this project were:  

 To characterise the bone phenotype of the CHKB mutant mice 

 

 To understand the cellular mechanisms underlying the bone phenotype of the 

CHKB mutant mice 

 

 To gain insight into the molecular mechanisms by which CHKB regulates bone 

homeostasis  

 

 To examine the possibility of restoring the bone phenotype of CHKB mutant mice 
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4.1 Materials 

 

4.1.1 Equipment 

 

Name/Model Manufacturer and Country of 

manufacture 

Automatic CO2 incubator  Forma Scientific, USA 

Biological Safety Cabinet Class II Gelman Sciences, USA  

Biophotometer Plus Eppendorf AG, Germany 

Centrifuge 5415D  Eppendorf AG, Germany  

Chiltern Vortex Mixer MT17 Scot Scientific, Australia  

Clemco FCS Fume cupboard Clemco Industries Corp., USA  

Eclipse TE2000S Fluorescent Microscope Nikon Instruments Inc., USA 

Epson Perfection 3490 Photo Scanner Seiko Epson Corporation, Japan 

Harvard Trip Balance 2kg-5lb CHAUS, USA 

IsoMet® Low speed saw Buehler, USA 

LAS-3000 mini Imager  Fujifilm Medical Systems USA Inc, 

USA  

Leitz Laborlux S microscope  Leitz Wetzlar, Germany 

Micro One TOMY centrifuge Quantum Scientific, Australia  

MilliQ Reagent Water system Millipore Corporation, USA 

Mini-PROTEAN® 3 Cell Assembly Kit  Bio-rad, USA 

Minispin centrifuge Eppendorf AG, Germany  

Mini-sub® Cell GT Bio-rad, USA  

Model 680 Microplate Reader  Bio-rad, USA 

MyiQ icycler Real-time PCR macine Biorad, USA 

Olympus CK30 Microscope  Olympus Optical Co Ltd, Japan  

pH211 Microprocessor pH meter Rowe Scientific, Australia  

POLARstar OPTIMA BMG labtechnologies Pty Ltd, Australia  

PowerPac HC Bio-rad, Australia  

Ratek Hybridisation Oven  Ratek Instruments, Australia  

Ratek Platform mixer  Ratek Instruments, Australia  

Ratek Waterbath  Ratek Instruments, Australia  
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Rotofix 32 Hettich Zentrifugen  HD Scientific Supplies Pty Ltd, 

Australia  

Senographe DS digital mammography 

machine 

GE Healthcare, United Kingdom 

Shimadzu Balance ELB300 Walker Scientific, Australia  

Skyscan 1174 compact microCT scanner Skyscan, Belgium 

Stereoscopic microscope SMZ-143 Motic, China 

Thermomixer Comfort  Eppendorf AG, Germany  

Tissue Processor – TP1020 Leica Microsystems, Germany 

Tissue-Tek III Embedding console Miles Scientific, USA 

Ultraviolet Transilluminator  Fujifilm Medical Systems USA Inc, 

USA  

Veriti 96-well thermal cycler Applied Biosystems, USA 

 

 

4.1.2 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   

Acetone  Scot Scientific, Australia  

Acridine Orange  Sigma-Aldrich, 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   

β-glycerophosphate Sigma-Aldrich, USA 

Bafilomycin A1  Sigma-Aldrich, USA 

Baxter Water  Baxter Healthcare Pty Ltd, Australia 

Bio-rad Protein Assay Bio-rad, USA  
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Bovine Serum Albumin (BSA)  Sigma-Aldrich, USA 

Bromophenol Blue  Sigma-Aldrich, USA  

Calcein Sigma-Aldrich, USA 

ClearMount Mounting solution Invitrogen, Australia 

Cytidine 5’-diphosphocholine sodium salt 

dihydrate (CDP-choline) 

Sigma-Aldrich, USA   

DePeX BDH Laboratory Supplies, England 

Di-sodium phosphate (Na2HPO4)  Sigma-Aldrich, USA   

Dexamethasone Sigma-Aldrich, USA 

EDTA BDH Laboratory Supplies, England 

Eosin-Y disodium salt Sigma-Aldrich, USA 

Ethanol  BDH Laboratory Supplies, England 

Ethidium Bromide Sigma-Aldrich, USA   

Ethylene Glycol Sigma-Aldrich, USA 

Fast Red Violet LB salt Sigma-Aldrich, USA 

Formaldehyde solution Sigma-Aldrich, USA 

Glacial Acetic Acid  Sigma-Aldrich, USA   

Glutaraldehyde solution Fisher Scientific, USA 

Glycine  Sigma-Aldrich, USA   

Glycerol  BDH Laboratory Supplies, England 

Haematoxylin Sigma-Aldrich, USA 

Hydrochloric acid  BDH Laboratory Supplies, England 

JC-1  Sigma-Aldrich, USA   

L-ascorbic acid Sigma-Aldrich, USA 

Methanol  BDH Laboratory Supplies, England 

Mono-sodium phosphate (NaH2PO4)  Sigma-Aldrich, USA   

Naphthol AS-MX phosphate Sigma-Aldrich, USA 

Nonidet® P40 Substitute (NP-40) Fluka BioChemika, Switzerland 

Paraformaldehyde Sigma-Aldrich, USA   

Paraplast Tissue Embedding medium McCormick Scientific, USA 

Phloxine B Sigma-Aldrich, USA   

Potassium hydroxide  BDH Laboratory Supplies, England 

Prolong Gold Antifade reagent Invitrogen, USA 
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PMSF Roche Diagnostics, Germany  

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  BDH Laboratory Supplies, England 

Sodium deoxycholate  BDH Laboratory Supplies, England 

Sodium Hydroxide  BDH Laboratory Supplies, England 

Sodium Iodate Sigma-Aldrich, USA 

Sodium Orthovanadate Sigma-Aldrich, USA 

Sodium phosphate dibasic (Na2HPO4) Sigma-Aldrich, USA   

Sodium phosphate monobasic (NaH2PO4) Sigma-Aldrich, USA 

Sodium tartrate dihydrate  AJAX chemicals, Australia 

TEMED Bio-rad, U.S.A 

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  

 

 

4.1.3 Molecular Products 

 

Molecular Product Manufacturer and Country of 

Manufacture 

1kb DNA ladder  Promega Corporation, USA  

100bp DNA ladder  Promega Corporation, USA  

dNTPs – dATP, dGTP, dTTP, dCTP Promega Corporation, USA  

GoTaq Green Master Mix  Promega Corporation, USA  

iQ SYBR green Supermix Bio-rad, USA 

Moloney Murine Leukaemia Virus Reverse 

Transcriptase (M-MLV RT)  

Promega Corporation, USA  
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M-MLV RT buffer (5x)  Promega Corporation, USA  

Precision Plus Protein™ Standards Bio-rad, USA  

Oligo dT  Sigma-Aldrich, USA   

RNasin® RNase inhibitor  Promega Corporation, USA  

 

 

4.1.4 Primers for PCR reactions 

 

Oligonucleotide primers for use in PCR amplification were purchased from Geneworks, 

Australia. The primers were shipped in freeze-dried from and upon receipt were 

resuspended in ddH2O. Primers were stored at -20°C.  

 

Primer Sequence (5’→3’) Amplicon 

Size (bp)  

18s rRNA (forward) ACCATAAACGATGCCGACT 120 

18s rRNA (reverse) TGTCAATCCTGTCCGTGTC 120 

Alk Phos (forward)  AACTGCTGGCCCTTGACCCCT 186 

Alk Phos (reverse)  TCCTGCCTCCTTCCACCAGCA 186 

Cathepsin K (forward) GGGAGAAAAACCTGAAGC 350 

Cathespin K (reverse)  ATTCTGGGGACTCAGAGC 350 

CHKB (forward)  AGCCTCAAGGACGAGATGAA 422 

CHKB (reverse)  GACCACAGACCCCAGAAAAA 422 

Calcitonin Receptor 

(forward) 

TGGTTGAGGTTGTGCCAA 503 

Calcitonin Receptor (reverse) CTCGTGGGTTTGCCTCATC 503 

DC-STAMP (forward)  CTTGCAACCTAAGGGCAAAG 246 

DC-STAMP  (reverse)  TCAACAGCTCTGTCGTGACC 246 

Osteocalcin (forward)  CCCACACAGCAGCTTGGCCC 143 

Osteocalcin (reverse)  GACATGAAGGCTTTGTCAGACT

CAGGG 

143 

Osteopontin (forward)  GCCTCCTCCCTCCCGGTGAAA 104 

Osteopontin (reverse)  GGGTCAGGCACCAGCCATGTG 104 

Osterix (forward)  TTCCCTCACTCATTTCCTGG 348 
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Osterix (reverse)  GTAGGGAGCTGGGTTAAGGG 348 

RANK (forward)  GCTGGCTACCACTGGAACTC 182 

RANK (reverse)  GTGCAGTTGGTCCAAGGTTT 182 

Runx2 (forward) GCCGGGAATGATGAGAACTA 200 

Runx2 (reverse) GGACCGTCCACTGTCACTTT 200 

TRAP (forward) AGTGGCCATCTTTATGCT 462 

TRAP (reverse) GTCATTTCTTTGGGGCTT 462 

V-ATPase d2 (forward) GTGTCCCATTCTTGAGTTTGAG

GCCG 

111 

V-ATPase d2 (reverse) CCGGAGGTGGGGAAGAGGGT 111 

 

 

 

4.1.5 Antibodies 

 

Antibody Manufacturer and Country of 

Manufacture 

Anti-mouse β-actin (JLA-20) Developmental Studies Hybridoma Bank, 

University of Iowa, USA 

Anti-mouse IgG (Fab specific) 

Peroxidase conjugate  

Sigma-Aldrich, USA  

Anti-mouse p-ERK (E-4) Santa Cruz Biotechnology, USA 

Anti-mouse NFATc1 antibody  Santa Cruz Biotechnology, USA 

Anti-rabbit CHKB antibody Donated by Dr Chieko Aoyama 

Anti-rabbit ERK1/2 Promega Corporation, USA  

Anti-rabbit IgG (whole molecule) 

Peroxidase antibody produced in goat  

Sigma-Aldrich, USA 

Hoesht 33258 Molecular Probes, USA 

Polyclonal Rhodamine-conjugated Anti-

Phalloidin 

Molecular Probes, USA 
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4.1.6 Commercial kits 

 

Commercial Kit Manufacturer and Country of 

Manufacture 

DNase I Amplification grade Sigma-Aldrich, USA 

ECL Plus Western Blotting Detection System  GE Healthcare, England  

RNeasy Mini RNA extraction kit Qiagen, Australia 

 

 

4.1.7 Other products 

 

Product  Manufacturer and Country of 

Manufacture 

Acrodisc Syringe Filters with Supor 

membrane, sterile – 0.2μm, 0.8μm 

PALL Corp, USA 

Coverslips – round 5mm, 22x40mm Knittel Glaser, Germany  

Diamond wafering blade, high concentration Buehler, USA 

Filter Paper Whatmans International, UK 

Glass slides- star frost Knittel Glaser, Germany 

Hybond™-C 45 Micron Nitrocellulose 

membrane  

Amersham Biosciences, UK  

icycle iQ™ PCR plates – 96 wells Bio-rad, USA 

icycler iQ™ Optical tape Bio-rad, USA 

Terumo® Needles – 23G x 1¼’’ Terumo Corporation, Japan 

Terumo® Syringe – 3ml sterile Terumo Corporation, Japan 

Transfer pipettes – 1ml  Sarstedt, Germany 

 

 

4.1.8 Tissue culture materials 

 

Product  Manufacturer and Country of 

Manufacture 

Gibco® α-MEM Invitrogen, Australia 
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Biocoat Collagen 1 cellware – 6 well palte Beckton Dickson Labware, USA 

Cell Dissociation solution, non-enzymatic Sigma-Aldrich, USA 

Cell scrapers  Sarstedt, Germany 

Cryogenic Vials (2ml)  Asahi Techno Glass Corporation, 

Japan  

Falcon Cell Strainer - 100μm BD Biosciences, USA 

Fetal Bovine Serum  Invitrogen, New Zealand  

Glass Bottom Culture dish – 3mm with 

10mm microwell, No. 1.5 coverglass 

MatTek Corporation, USA 

Hanks’ Balanced salt solution Invitrogen, New Zealand 

L-glutamine  Invitrogen, New Zealand 

Penicillin/Streptomycin  Invitrogen, New Zealand  

Serological pipettes – 5ml, 10ml Sarstedt, Germany 

Tissue Culture Flask – 75cm
2
 Nunc, Denmark  

Tissue Culture Plate – 6 wells  Greiner Bio-one, Germany 

Tissue Culture Plate – 24 wells  Sarstedt, Germany 

Tissue Culture Plate – 96 wells Greiner Bio-one, Germany 

Trypsin Invitrogen, Australia 

 

 

4.1.9 Cytokines 

 

Description Supplier 

M-CSF (Macrophage Colony 

Stimulating Factor) 

Produced in the Centre for Orthopaedic Research, 

School of Surgery, UWA using conditioned 

media from CMG14-12 cells 

RANKL Produced in the Centre for Orthopaedic Research, 

School of Surgery, UWA (Xu et al., 2000) 

 

 

4.1.10 Solutions 

 

All solutions and buffers were prepared using MilliQ double distilled water (ddH2O) 

and stored at room temperature unless otherwise indicated.  
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Solution Composition and preparation 

Ammonium persulphate 10% (w/v) ammonium persulphate dissolved in ddH2O. 

Stored at 4°C. 

Bafilomycin A1 100μM stock dissolved in DMSO and stored at -20°C. 

BSA-PBS 0.2% (w/v) BSA dissolved in 1x PBS, filter sterilised and 

stored at 4°C.  

dNTPs – dATP, dCTP, 

dGTP, dTTP 

100mM stock solution of each dNTP prepared.  

25% (v/v) of each dNTP was added together to give a 

25mM stock of combined dNTPs 

5mM dNTP was prepared by dilution of the 25mM stock 

in ddH2O. dNTPs were stored in aliquots at -20°C. 

EDTA  14% (w/v) EDTA. Initially adjusted to pH 8 to dissolve 

EDTA then adjust to pH 7.4  

Eosin Stain Eosin stock solution: 1% (w/v) Esoin Y dissolved in 

ddH2O 

Phloxine Stock solution: 1% (w/v) Phloxine B dissolved 

in ddH2O 

Eosin stain working solution: 100ml eosin stock solution, 

10ml Phloxine stock solution, 780ml 95% ethanol and 

4ml glacial acetic acid.  

Ethidium Bromide 

(10mg/ml) 

Prepared as stock 10mg/ml Ethidium Bromide. Aliquoted 

and stored at 4°C in the dark 

Haematoxylin (Gill’s) 250ml ethylene glycol dissolved in 750ml ddH2O, 6g 

haematoxylin, 0.6g sodium iodate, 80g aluminium sulfate 

and 20ml glacial acetic acid. Dilute 1:5 with ddH2O and 

filter before use.  

Neutral Buffered 

Formalin (10%) 

10% (v/v) formaldehyde solution, 45mM Na2HPO4 and 

33mM NaH2PO4 

Paraformaldehyde 4% (w/v) in 1x PBS. Aliquoted and stored at -20°C.  

PBS  10x Stock solution: 70mM Na2HPO4, 30mM NaH2PO4, 

1.3M NaCl dissolved in ddH2O. 

1x PBS: Dilution of 10x Stock solution and adjusted to 

pH: 7.4 
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PMSF  Prepared as stock 17.4mg/ml in isopropanol. Aliquoted 

and stored at -20°C.   

Ripa Lysis Buffer  

 

50mM Tris-HCl, 150mM Sodium Chloride, 1% Nonident 

P-40, 0.5% sodium deoxycholate, 0.1% SDS. Adjusted to 

pH 7.5 and stored at 4°C.  

At the time of cell lysis, 100ug/ml PMSF, 1x complete 

protease inhibitor, 1mM sodium orthovanadate and 

500ug/ml DNaseI is freshly added to the required amount 

of lysis buffer.   

SDS-PAGE Loading 

Buffer  

5x Stock solution: 156.25mM Trizma base, 5% (w/v) 

SDS, 25% (v/v) glycerol and 0.2% (w/v) bromophenol 

blue dissolved in ddH2O and adjusted to pH: 6.8.  

2-Mercaptoethanol added and stored at 4°C.   

SDS-PAGE Running 

Buffer  

10x Stock solution: 25mM Trizma base, 1.92M Glycine 

and 1% (w/v) SDS. 

1x Solution: Dilution of 10x Stock solution  

SDS-PAGE Separating 

gel buffer  

1.5M Trizma base. Adjusted to pH 8.8  

SDS-PAGE Stacking 

Gel Buffer  

1M Trizma base. Adjusted to pH 6.8.  

TAE  50x Stock solution: 2M Trizma base, 5.71% (v/v) glacial 

acetic acid and 50mM EDTA  

1x TAE solution: dilution of 50x stock solution  

TBS  10x Stock solution: 0.5M Trizma base and 1.5M NaCl 

dissolved in ddH2O and adjusted to pH: 7.4 

1x TBS: Dilution of stock solution  

TBS-Tween  10x stock TBS diluted to 1x TBS then add 0.1% (v/v) 

Tween-20 

TRAP stain Solution A 100mM Sodium acetate trihydrate, 50mM Sodium tartrate 

dihydrate and 0.22% glacial acetic acid. Adjusted to pH 5. 

TRAP stain (complete) 5mg Naphthol AS-MX dissolved in 250μl 2-

ethoxyethanol and 30mg Fast Red-Violet LB salt 

dissolved in 50ml of TRAP stain solution A. Aliquots 

stored at -20°C until required. Filtered before use.  
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Triton X-100/PBS 0.1% (v/v) Triton X-100 in 1x PBS. Filtered and stored at 

4°C. 

Western Blot Membrane 

Stripping Buffer  

62.5mM Trizma base and 2% (w/v) SDS dissolved in 

ddH2O and adjusted to pH 6.7. Then 100mM 2-

mercaptoethanol added.  

Western Blot Transfer 

Buffer  

25mM Trizma base, 192mM Glycine and 10% (v/v) 

Methanol 

 

 

4.1.11 Software 

 

Description Supplier 

CT analyser Version 1.10.1.0 Skyscan, Belgium 

Dataviewer Version 1.4.3.0 Skyscan, Belgium  

ImageJ 1.43u National Institutes of Health, USA 

Osteomeaurexp™ Version 1.2.0.3 OsteoMetrics Inc, USA 

NIS-Elements Basic Research  Nikon Instruments Inc, USA 

NIS-Elements C Nikon Instruments Inc, USA 

NRecon Version 1.5.1.4 Skyscan, Belgium 

Stata/IC 11.0 for Windows StataCorp LP, USA 

 

 

4.2 Animals 

 

The CHKB mutant mice used in this study were generated by the Australian Phenomics 

Facility at the Australian National University (ANU) in Canberra, Australia. The mutant 

mice were produced by ENU-induced mutagenesis as described previously (Nelms and 

Goodnow, 2001). Briefly, a C57BL/6 male mouse (G0) was treated with ENU (N-ethyl-

N-Nitrosurea) for three weeks. The treated male was mated with a wildtype C57BL/6 

female mouse. Individual first generation male offspring (G1) were used as founders of 

inbreeding pedigrees by breeding with a wildtype female. The resulting G2 offspring 

were crossed in brother-sister pairings resulting in the G3 progeny. At the G3 stage a 

subset of mutations would reach homozygousity and therefore screening for phenotypes 

begins at this stage. 
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The mapping and sequencing of the CHKB mutation was also carried out by the 

Australian Phenomics Facility at ANU. For the mapping of recessive mutations an 

intercross breeding approach was used. The mutant C57BL/6 mice were outcrossed to a 

mapping strain (NOD) to produce F1 carrier mice. The F1 mice were crossed to produce 

F2 progeny. 25% of the F2 progeny will be homozygous for the recessive mutation. 

DNA from the F2 C57BL/6xNOD mice was pooled and analysed by PCR using 

microsatellite markers spanning the genome at 2-30Mb intervals. Once the preliminary 

chromosomal map location was determined, fine mapping analyses were performed to 

determine the genetic location of the mutation. The genomic sequence of the CHKB 

gene was obtained by sequencing each of the coding exons and the flanking intronic 

regions of all genes in the interval from an affected mouse. The sequences were aligned 

against mouse reference sequences (NCBI) and the single base substitution (A to T in 

the first codon) was identified.  

 

All the mice used in this study were housed at the Australian Phenomics Facility. When 

required, the mice were shipped overnight to the School of Surgery, UWA. Breeding 

was performed using mice heterozygous for the CHKB mutation. The resulting 

wildtype and CHKB homozygous mutant mice from the F10 to F16 progeny were used 

in this study.  

 

All animal handling procedures were carried out in accordance with protocols approved 

by the UWA Animal Ethics committee and the ANU Animal Ethics committee.  

 

 

4.3 Isolation and Culture of primary cells 

 

4.3.1 Isolation and culture of bone marrow cells 

Bone marrow cells were freshly isolated from the long bones (tibia, femur and humerus) 

of wildtype and CHKB mutant mice. The long bones were dissected out from the mice, 

placed in complete α-MEM (α-MEM supplemented with 10% heat inactivated FBS, 

2mM L-glutamine 100U/ml Penicillin and100μg/ml Streptomycin) and kept on ice until 

all the samples had been collected. The isolation of the bone marrow was achieved by 

flushing the bone marrow cavity with complete α-MEM using a 23G needle. The bone 

marrow cells were resuspended in α-MEM and filtered through a 100μm cell strainer. 
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The bone marrow cell suspension was then centrifuged at 1500rpm for 5 minutes to 

pellet the cells. The cell pellet was resuspended in completed α-MEM.  

 

For osteoclast culture, bone marrow macrophages (BMM) are required. Therefore, the 

bone marrow cells were initially cultured in 10ml of complete α-MEM supplemented 

with 10ng/ml M-CSF in 75cm
2
 tissue culture flasks. Once the BMM was confluent, the 

cells were trypsinised and plated into the appropriate culture dishes. The BMM were 

only kept for one passage. The BMM were always cultured in complete α-MEM with 

10ng/ml M-CSF. For the generation of osteoclasts 100ng/ml RANKL was added to the 

culture media (complete α-MEM + M-CSF). The culture media was replaced every two 

days.   

 

For osteoblastogenesis assays, the nucleated bone marrow cells were counted and 

directly plated into culture dishes. The cells were cultured in complete α-MEM until 

they were confluent, at which point differentiation media (complete α-MEM 

supplemented with 10nM dexamethazone, 2mM β-glycerophosphate and 50μg/ml 

ascorbate) was used. The culture media was replaced every 3-4 days. 

 

All cells were grown and maintained in a 37°C tissue culture incubator with 5% CO2.   

 

4.3.2 Isolation and culture of spleen cells 

The spleen was dissected out from wildtype and CHKB mutant mice and placed in 

complete α-MEM (α-MEM supplemented with 10% heat inactivated FBS, 2mM L-

glutamine 100U/ml Penicillin and100μg/ml Streptomycin). The samples were kept on 

ice until all required tissue was collected. Each spleen was cut into small pieces, which 

were then ground with the back of a syringe against a cell strainer to separate the cells. 

Complete α-MEM was pipetted into the cell strainer to wash the cells through. The 

spleen cell suspension was centrifuged at 1500rpm for 5 minutes to pellet the cells. The 

cell pellet was resuspended in α-MEM supplemented with 10ng/ml M-CSF and the cells 

transferred to a 75cm
2
 tissue culture flask. The cells were grown until confluent, at 

which point they were trypsinised and plated into the appropriate tissue culture dishes. 

The cells were not kept past the first passage. The cells were maintained in a 37°C 

tissue culture incubator with 5% CO2 and the culture media was replaced every two 

days.  
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4.4 Experimental Methods 

 

4.4.1 Western Blot analysis of CHKB protein expression 

4.4.1(A) Osteoclastogenesis time-course assay 

Bone marrow macrophages (BMM) from wildtype and CHKB mutant mice were grown 

to approximately 90% confluency in a 75cm
2
 tissue culture flask. The medium was 

removed from the flask and the cells were trypsinised for approximately 20 minutes. As 

the BMM adhere strongly to the plastic, scraping is required to detach the cells. The 

trypsin was deactivated by the addition of complete α-MEM before the cells were 

pelleted by centrifugation at 1500rpm for 5 minutes. The cells were resuspended in α -

MEM and a cell count was performed using the Neubauer counting chamber. BMM 

were seeded at a cell density of 5x10
4
 cells per well in a 6-well tissue culture plate. The 

cells were left overnight to attach to the plate, before stimlation with 100ng/ml RANKL. 

The cells were stimulated for either 3 or 5 days. Unstimulated cells were used as a 

control.  

 

4.4.1(B) Protein Extraction and Quantification of protein concentration 

The BMM from the osteoclastogenesis time-course were directly lysed in the 6-well 

tissue culture plates using Ripa Lysis Buffer (200µl per well). Lysis was allowed to 

occur on ice for 20 minutes following which the resulting lysate suspension was 

transferred to 1.5ml microcentrifuge tubes. Protein lysates were centrifuged at 

12000rpm for 20 minutes at 4ºC to pellet cell nuclei and unlysed cells. The cleared post-

nuclear supernatant was retained and transferred to fresh 1.5ml microcentrifuge tubes 

and stored at -70 ºC until further use.  

 

Protein concentrations were determined using the Bio-Rad Protein Assay which is 

based on the method of Bradford (Bradford, 1976). This involves the addition of an 

acidic dye to the protein solution and subsequent measurement of absorbance at 595nm 

with a spectrophotometer or microplate reader. Protein can be extrapolated from a 

Bovine Serum Albumin (BSA) standard curve. To prepare the BSA standard curve, 6 

dilutions of the BSA standard were prepared from a 10mg/ml BSA stock with known 

concentrations ranging from 0.05mg/ml, 0.1mg/ml, 0.2mg/ml, 0.3mg/ml, 0.4mg/ml and 

0.5mg/ml. Using a 96-well microplate, 10µl of diluted protein standard and samples of 

interest was pipetted into each well containing 200µl of dye reagent (1/5 dilution of 

61

Chapter Four: Materials and Methods



Bio-rad Protein assay dye). The samples were mixed gently and incubated at room 

temperature for 5-10 minutes followed by an absorbance reading at 595nm using the 

Bio-Rad Microplate reader.  

 

4.4.1(C) Separation of Proteins by SDS-PAGE gel electrophoresis  

The proteins were separated by SDS-PAGE gel electrophoresis using the Mini-

PROTEAN® 3 Cell Electrophoresis system. A 10% acrylamide gel with 1.5mm 

thickness was prepared. The gel is divided into two parts, a separating gel and a 

stacking gel. Firstly the separating gel was prepared to separate proteins according to 

size as follows:  

Reagent Volume 

30% Acrylamide/Bis solution 2.5ml 

1.5M Tris-HCl, pH=8.8 1.875ml 

10% SDS  75μl 

MilliQ water  2.97ml 

10% APS  25µl 

TEMED  6µl 

 7.5ml 

  

Once prepared the separating gel solution was poured into a pre-assembled glass plate 

sandwich aligned with the bottom of the casting frame. 20% ethanol was added to 

overlay the separating gel to remove bubbles and smoothen out the surface to which the 

stacking gel is to be cast. The separating gel was allowed to set at room temperature and 

polymerisation was indicated by an apparent separation between the gel and the ethanol. 

Once set, the ethanol was removed by inversion and blotting with tissue paper. The 

stacking gel was prepared as follows and cast on top of the separating gel:  

 

Reagent Volume 

30% Acrylamide/Bis solution  0.5ml 

1.0M Tris-Hcl, pH=6.8  375ml 

10% SDS 30μl 

MilliQ water  2.062ml 

10% APS 30µl 

TEMED  3µl 

 3ml 
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The stacking gel was poured and a 1.5mm 15 well comb inserted into the stacking 

solution. The gel was left to set at room temperature after which the comb was removed. 

The SDS-PAGE gel was then assembled into the Mini-PROTEAN® 3 Cell 

Electrophoresis system. The tank was filled with 1x SDS-PAGE running buffer to a 

level that covers the inner chamber and the electrode wire in the tank.  

 

Using the protein concentration readings an equal amount of protein was loaded into 

each well and a pre-stained protein molecular weight marker was loaded into one well 

to confirm the protein size. The gel was electrophoresed at 150V for approximately one 

hour or until the dye front of the 5x SDS-PAGE loading buffer had reached the bottom 

of the gel. The proteins were then transferred onto a nitrocellulose membrane for 

detection of proteins. 

 

4.4.1(D) Transfer of proteins onto nitrocellulose membranes  

The SDS-PAGE gel was disassembled from the casting system before transfer onto a 

nitrocellulose membrane. The protein transfer was prepared by soaking pieces of filter 

paper, scotch pads and Hybond™ C extra membrane in western transfer buffer. The 

Mini Trans-Blot Electrophoretic Transfer Cell was arranged with the negative (black) 

side facing upwards in western transfer buffer and a fibre pad was laid on the bottom 

followed by 3 pieces of filter paper, the nitrocellulose membrane, the SDS-PAGE gel 

and the sandwich was completed with 3 more pieces of filter paper on top of the gel and 

a fibre pad. The transfer cell was locked to form a sandwich and put in the Western 

Transfer tank filled with western transfer buffer. An ice block was placed in the tank to 

maintain a constant temperature as the transfer was left to run overnight at a constant 

current of 0.03 Amperes.   

 

4.4.1(E) Western Blot analysis of CHKB, NFATc1 and β-actin 

Following the transfer of proteins onto the nitrocellulose membrane, the membrane was 

blocked by the addition of 10ml of a 5% Skim Milk solution in 1x TBS-Tween. The 

membrane was incubated in this solution for one hour at room temperature with gentle 

rocking. The blocking solution reduces non-specific binding that may occur upon the 

addition of the primary antibody. The membrane was then washed for 5 minutes with 1x 

TBS-Tween before the addition of a primary antibody. To detect CHKB expression, a 

1/200 dilution of anti-rabbit CHKB antibody in a solution of 1% skim milk in TBS-
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Tween was added and the membrane left to incubate overnight at 4°C with gentle 

rocking. The membrane was again washed with TBS-Tween for 5 minutes and this was 

repeated 3 times. A 1/5000 dilution of anti-rabbit IgG Peroxidase conjugate (secondary 

antibody) in 1% Skim milk-TBS-Tween solution was applied to the membrane and 

incubated for 45 minutes at room temperature with rocking. The membrane was then 

washed twice with TBS-Tween for 5 minutes and a further two times with 1x TBS. 

Protein expression was then detected using the ECL Plus Western Blotting Detection 

System according to the manufacturer’s guidelines. The protein expression was 

visualised by the use of a luminescent image analyser, LAS-3000.  

 

To detect NFATc1, an anti-mouse NFATc1 antibody (1/1000) was prepared as above 

and an anti-mouse IgG peroxidise conjugated antibody used as a secondary antibody. 

An anti-mouse β-actin (1/5000) antibody was used to confirm equal amounts of protein 

loading. These antibodies were only incubated with the membrane for two hours at 

room temperature before the secondary antibody was added. The proteins were detected 

as described above.  

 

4.4.2 Radiographic screening of CHKB mutant mice 

Radiographic assessment of the hindlimbs, spine and tail of wildtype and CHKB mutant 

mice was performed using a Senographe DS digitial mammography machine at the Sir 

Charles Gairdner Hospital, Perth. The hindlimbs were imaged using an X-ray voltage of 

22kV and current of 12.5mA. To image the tail, a 22kV voltage was used with a current 

of 10mA and for the spine, a voltage of 25kV was used with a current of 14mA.  

 

4.4.3 MicroCT analysis of CHKB mutant mice 

MicroCT X-ray tomography (microCT) was performed using Skyscan 1174 microCT 

scanner (Skyscan N.V., Belgium). The tibia was imaged using an X-ray tube voltage of 

50kV and current 800μA, with a 0.5mm aluminium filter. The scanning angular rotation 

was 180° and the angular increment 0.4°. Datasets were reconstructed using the cone 

beam reconstruction software (NRecon) based on the Feldkamp algorithm and 

segmented into binary images using adaptive local thresholding. Bone volume analysis 

was performed using the CT analyser software (Skyscan). Trabecular bone distal to the 

proximal growth plate was selected for analysis within a conforming volume of interest 

(excluding cortical bone). A region 0.3mm from the growth plate, with a height of 1mm 
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was analysed. Morphometric parameters including trabecular bone volume (BV/TV), 

trabecular thickness (Tb.Th), trabecular number (Tb.N) and trabecular separation 

(Tb.Sp) were calculated. Mid-diaphysis cortical volume was assessed by similar 

methods in a region 3.3mm from the growth plate, with a height of 0.6mm. Cortical 

bone volume (Cortical BV) and cortical thickness were measured.    

 

MicroCT analysis was performed in the same way for each experiment, that is, for the 

analysis of all age group and sexes of mice as well as the in vivo rescue experiment.  

 

4.4.4 Histological analysis of CHKB mutant mice 

4.4.4(A) Fixation, Decalcification, tissue embedding and sectioning 

Tibias from wildtype and CHKB mutant mice were fixed in 10% Neutral Buffered 

Formalin for 24 hours. Following this they were transferred into 70% Ethanol and 

stored at 4°C until they were required for decalcification and processing.  

 

Decalcification was carried out at 37°C in an ultrasonic bath with 10% EDTA (pH 7.4) 

for 3-4 days. The decalcified bones were processed using the TP1020 tissue processor 

over 24 hours according to following protocol:  

 

Station Reagent Time (mins) 

1 70% Ethanol 90 

2 70% Ethanol 90 

3 80% Ethanol 90 

4 95% Ethanol 90 

5 100% Ethanol 90 

6 100% Ethanol 90 

7 Xylene 120 

8 Xylene 120 

9 Paraffin wax 150 

10 Paraffin wax 150 

11 Paraffin wax 150 

 

The processed samples were then paraffin-embedded and cut into 5μm thick sections 

using a Reichert-Jung® 2030 microtome (sectioning was performed by staff in the 
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School of Surgery, University of Western Australia). Sections were adhered to 

microscopy slides and dried overnight at 37°C.  

 

4.4.4(B) Dewaxing and H&E staining 

Sections were dewaxed by treatment in 3 changes of fresh xylene at 3 minutes each. 

Sections were then rehydrated by: 3 changes of 100% ethanol for 3 minutes each, 1 

change of 95% ethanol for 3 minutes, 1 change of 70% ethanol for 3 minutes, finishing 

with 3 washes in ddH2O (double distilled water).  

 

Following rehydration all sections were H&E (haematoxylin and eosin) stained for 

histomorphometric analysis. Sections were removed from ddH2O and immersed in 

Gill’s Haematoxylin for 3 minutes, then rinsed in ddH2O to remove excess stain. 

Sections were then counterstained with 1% esoin for 1 minute followed by dehydration 

through 70% ethanol for 3 minutes, 95% ethanol for 3 minutes and 3 changes in 100% 

ethanol for 3 minutes each. Before mounting sections were immersed in absolute 

alcohol/xylene (1:1) for 3 minutes then cleared in 3 changes of xylene for 3 minutes 

each. Sections were mounted with DePeX mounting medium.  

 

4.4.4(C) Dewaxing and TRAP staining 

Sections were dewaxed and rehydrated as indicated above. Slides were removed from 

ddH2O and excess liquid removed from the slide without letting the section dry out. 

Filtered TRAP stain was applied to each slide and the slides were incubated at 37°C for 

approximately 2 hours (the slides were checked every 30 minutes to follow the 

development of the stain). The slides were then rinsed in ddH2O before counterstaining 

with a quick dip in Gill’s haematoxylin. The slides were rinsed in ddH2O to remove 

excess stain. Sections were mounted with aqueous mounting medium, then dried at 

60°C for 45 minutes.   

 

4.4.4(D) Histomorphometric analysis  

Histomorphormometic analysis was performed using Osteomeaurexp™ V1.2.0.3 

software. For all analysis (H&E and TRAP stained sections) a region 0.5mm away from 

the growth plate, with a height of 1mm was analysed. Trabecular bone volume 

(BV/TV), trabecular thickness (Tb.Th), trabecular number (Tb.N) and trabecular 

separation (Tb.Sp) were analysed from H&E stained sections. Osteoclast number per 
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bone perimeter (Oc.N/B.Pm) and osteoblast number per bone perimeter (Ob.N/B.Pm) 

were analysed from TRAP stained sections. Osteoblasts with cuboidal morphology 

were counted as well as bone lining cells. Three sections were analysed for each 

sample.  

 

4.4.5 Double fluorochrome labelling of CHKB mutant mice 

To assess bone formation rates in vivo, double fluorochrome labelling using calcein was 

performed. Three wildtype and three CHKB mutant mice were give an intraperitoneal 

injection of calcein (5mg/kg). The same mice were given a second intraperitoneal 

injection of calcein (5mg/kg) seven days later. The mice were sacrificed two days after 

the second injection. The hindlimbs were dissected from the mice and fixed in 70% 

ethanol. The samples were then processed for plastic embedding.  

 

The processing and sectioning of the plastic embedded tissue was performed by our 

collaborators in China. Briefly, the samples were dehydrated at room temperature under 

vacuum through 3 changes of 95% ethanol for 4 hours each, followed by 4 changes of 

100% ethanol also for 4 hours at each step. The samples were then immersed in 10ml of 

freshly prepared embedding solution (8.4ml Methylmethacrylate, 1.4ml 

Dibutylphthalate, 100μl Polyethylene glycol 400 and 70mg Benzoyl peroxide). 

Infiltration was carried out at room temperature for 3-4 days. Subsequently the plastic 

resin was polymerised by incubating at 37°C for 2-3 days. Sections were then cut at 

5μm thickness.  

 

The calcein labelling was imaged by confocal microscopy and the distance between the 

two labels was measured using ImageJ (Rasband, 1997-2011) software. The distance 

between the two labels was measured in cortical bone, at 3 points along the bone.  

 

4.4.6 Differential staining of forelimb and hindlimb  

To track the forelimb deformity, differential staining was performed on the forelimbs of 

mice aged 18.5dpc, 1 day old, 1 week old, 5 weeks old and 10 weeks old. The forelimbs 

of at least three wildtype and three mutant mice were stained for each age group. For the 

18.5dpc embryos, the whole embryo was stained, whereas for the rest of the age groups 

the forelimbs were dissected out then stained. Upon dissection, the samples were fixed 

in 95% ethanol at room temperature for at least 5 days. The skin was removed from the 
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samples before fixation. Following fixation, the samples were placed in acetone for at 

least 2 days at room temperature with gently rocking to remove fat and to keep the 

specimen firm. The samples were then incubated in 10ml of freshly prepared staining 

solution (1 volume – 0.3% Alcian blue in 70% ethanol, 1 volume – 0.1% alizarin red S 

in 95% ethanol, 1 volume – acetic acid and 17 volumes – 70% ethanol) for 3 days at 

room temperature with gently shaking. The samples were thoroughly washed in ddH2O 

before clearing in 1% aqueous potassium hydroxide (KOH) for 48 hours. The 5 week 

and 10 week old samples were left in 1% KOH for a longer period of time, until the 

skeleton was clearly visible through the surrounding tissue. The samples were 

transferred to a 20% glycerol in 1% KOH solution to clear the tissue.  

 

Once most of the surrounding tissue was removed the samples were imaged. The 

forelimbs and hindlimbs of the 18.5dpc embryos were dissected from the embryo at this 

stage. The 18.5dpc, 1 day and 1 week old samples were imaged using a stereoscopic 

microscope. The 5 week and 10 week old samples were imaged with a Canon Digital 

IXUS 110 IS camera. The samples were immersed in 20% glycerol/KOH solution 

during imaging. For long-term storage, the samples were cleared through 50% glycerol 

in 1% KOH and then finally transferred to 80% glycerol in 1% KOH. 

 

The measurement of forelimb and hindlimb length was performed with ImageJ software 

(Rasband, 1997-2011). 

 

4.4.7 In vitro osteoclastogenesis assay  

Osteoclastogenesis assays were carried out using either bone marrow macrophages 

(BMM) or spleen cells from wildtype and CHKB mutant mice. The cells were grown to 

approximately 90% confluency in a 75cm
2
 tissue culture flask. The medium was 

removed from the flask and the cells were trypsinised for approximately 20 minutes, 

followed by scraping to detach the cells. The trypsin was deactivated by the addition of 

complete α-MEM before the cells were pelleted by centrifugation at 1500rpm for 5 

minutes. The cells were resuspended in α -MEM and a cell count was performed using 

the Neubauer counting chamber. BMM were seeded at a cell density of 6x10
3
 cells per 

well in a 96-well tissue culture plate whereas spleen cells were seeded at a density of 

8x10
3
 cells per well. The cells were stimulated with 100ng/ml RANKL over a time-

course of 3, 5, 7 days. At day 7 of culture, the cells were fixed with 4% 

68

Chapter Four: Materials and Methods



paraformaldehyde for 20 minutes at room temperature then washed three times with 

PBS. Following fixation, the cells were incubated with filtered TRAP stain for 30 

minutes at 37°C in a CO2 incubator. The TRAP stained cells were washed with PBS and 

the plates then stored at 4°C until osteoclasts were counted and imaged.  

 

The osteoclast cultures were imaged using Eclipse TE2000S (Nikon) microscope and 

NIS-Elements Basic Research (Nikon) software. TRAP stained osteoclasts with more 

than three nuclei were counted.       

 

4.4.8 Quantification of osteoclast size 

The BMM-derived osteoclasts stimulated with RANKL for 5 days, from the above 

osteoclastogenesis assays, was used for quantification. Firstly, the cell spread area of the 

osteoclasts was measured using NIS-Elements Basic Research software (Nikon). The 

osteoclasts from three wells were measured and then the 50 largest osteoclasts used for 

analysis. Next, osteoclasts were classified according to the number of nuclei they 

contained. TRAP stained osteoclasts with 3-5 nuclei were categorised as small, those 

with 6-10 nuclei were classified as medium and those with 11 or more nuclei were 

considered large. The results from 4 wells were used for statistical analysis.  

 

4.4.9 In vitro RANKL dose response assay 

Bone marrow macrophages (BMM), isolated from wildtype and CHKB mutant mice, 

were grown to approximately 90% confluency in a 75cm
2
 tissue culture flask. The 

medium was removed from the flask and the cells were trypsinised for approximately 

20 minutes, followed by scraping to detach the cells. The trypsin was deactivated by the 

addition of complete α-MEM before the cells were pelleted by centrifugation at 

1500rpm for 5 minutes. The cells were resuspended in α -MEM and a cell count was 

performed using the Neubauer counting chamber. BMM were seeded at a cell density of 

6x10
3
 cells per well in a 96-well tissue culture plate. The cells were stimulated with 25, 

50 or 100ng/ml RANKL for 5 to 7 days depending depending on the formation of 

mature osteoclasts. Once mature osteoclasts formed, they were fixed with 4% 

paraformaldehyde for 20 minutes at room temperature and then washed three times with 

PBS. Following fixation the cells were incubated with TRAP stain for 30 minutes at 

37°C in a CO2 incubator. The TRAP stained cells were washed with PBS and the plates 

then stored at 4°C until osteoclasts were counted and imaged.  
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TRAP stained osteoclasts with more than three nuclei were counted. The osteoclast 

cultures were imaged with the Eclipse TE2000S microscope and NIS-Elements Basic 

Research software (Nikon).  

 

4.4.10 Analysis of osteoclast marker gene expression by RT-PCR 

4.4.10(A) Culture of cells and RNA extraction 

Bone marrow macrophages (BMM) from wildtype and CHKB mutant mice were grown 

to approximately 90% confluency in a 75cm
2
 tissue culture flask. The medium was 

removed from the flask and the cells were trypsinised for approximately 20 minutes, 

followed by scraping to detach the cells. The trypsin was deactivated by the addition of 

complete α-MEM before the cells were pelleted by centrifugation at 1500rpm for 5 

minutes. The cells were resuspended in α -MEM and a cell count was performed using 

the Neubauer counting chamber. BMM were seeded at a cell density of 5x10
4
 cells per 

well in a 6-well tissue culture plate. The cells were stimulated with 100ng/ml RANKL 

over a time-course of 1, 3, 5 and 7 days. Unstimulated cells were used as a control. 

RNA was extracted using the Qiagen RNeasy Mini Extraction kit according to the 

manufacturer’s guidelines. 

 

4.4.10(B) DNA amplification of genes by Polymerase Chain Reaction 

Polymerase Chain Reaction (PCR) was carried out to compare the gene expression of 

osteoclast marker genes. The extracted RNA (as described above) was converted to 

cDNA according to the following protocol:  

 

Reagent Volume 

dNTP(5mM) 2µl 

OligodT (100µM)  0.25µl 

Baxter water  12.75µl 

Template RNA  2µl 

 17µl 

 

To minimise errors in pipetting between each sample, a master mix was made for 

multiple reactions. These samples were heated for three minutes at 75°c to denature the 
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RNA and allow the binding of the OligodT primers to single stranded RNA. To these 

samples the following reaction mixture was added:  

 

Reagent Volume 

10x M-MLV RT Buffer  2µl 

RNasin 0.5µl 

M-MLV RT  0.5µl 

 6µl 

 

Once again a master mix was made up for multiple samples. The samples were heated 

at 42°C for one hour followed by heating at 92°C for ten minutes. The resulting cDNA 

was stored at -20°C until needed.  

 

The primers used for PCR reactions are as listed in 4.1.4. Each PCR reaction was 

prepared according to the following protocol:  

 

Reagent Volume 

Primer Forward (20µM)  0.5µl 

Primer Reverse (20µM) 0.5µl 

2x GoTaq Green Master mix  10µl 

Baxter water  8µl 

Template cDNA  1µl 

 20µl 

 

A master mix was prepared for multiple reactions. The PCR for all genes was carried 

out for 30 cycles. Each PCR cycle was set at a denaturing temperature of 94°C for 40 

seconds, an annealing temperature of 58°C (for all genes except calcitonin receptor 

which was set at 62°C) for 40 seconds and an extension temperature of 72°C for 50 

seconds. The PCR samples were stored at -20°C if not analysed immediately.  

 

4.4.10(C) Analysis of PCR product by agarose gel electrophoresis 

To visualise and analyse the PCR product agarose gel electrophoresis was used. This 

technique separates DNA based on its size and appropriate charge. Agarose gels were 

made to a 1.2% concentration of agarose (1.2g agarose powder dissolved in 100ml 1x 
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TAE buffer by microwave heating). The agarose mixture was left to cool before 6µl of 

ethidium bromide was added to a give a final concentration of 0.5µg/ml. The mixture 

was poured into a large sealed gel tray with a 20-well comb in place. The gel was left to 

set for approximately 20 minutes before the gel and tray was transferred into a Mini-

sub® cell gel tank filled with 1x TAE buffer to cover the gel and fill the wells. A 1 

kilobase (kb) ladder containing DNA fragments of known sizes was used for correct 

identification of the DNA sample. The DNA was separated by electrophoresis at 90V 

for 30 minutes and visualised by UV transillumination. The gel was photographed using 

a Nikon camera.    

 

4.4.11 In vitro bone resorption assay   

4.4.11(A) Preparation of bone slices 

Bovine bone was thoroughly cleaned to remove any excess tissue. The bone was sliced 

into 0.75mm thick sections using an IsoMet® low speed saw (Buehler). Circles with a 

diameter of 5mm were punched from the bone slices and stored in 70% ethanol at 4°C 

until required. A day before the bone slices were required they were washed three times 

with serum free α-MEM then incubated overnight in serum free α-MEM to ensure the 

ethanol was completely removed. Before placing the bone slices into the wells of a 96-

well plate the bone slices were washed a further three times. The cells are then plated 

directly onto the bone slices.  

 

4.4.11(B) Osteoclast culture on bone slices 

Bone marrow macrophages (BMM) isolated from wildtype and CHKB mutant mice 

were cultured in 6-well collagen-coated plates at cell density of 5x10
4
 cells per well. 

The BMM were stimulated with RANKL (100ng/ml) until small osteoclasts began to 

form. At this point the cells were dissociated from the collagen-coated plates and 

reseeded onto bone slices. The cells were incubated in cell dissociation solution for 20 

minutes before gently scraping the cells off. The cell suspension was centrifuged at 

1500rpm for 5 minutes and the cells from one well of the 6-well plate were resuspended 

in 1.5ml of complete α-MEM supplemented with 10ng/ml M-CSF and 100ng/ml 

RANKL. 100μl of the cell suspension was seeded onto each bone slice in a 96-well 

plate. The osteoclasts were left on the bone slices for 48 hours following seeding to 

allow the osteoclasts to resorb the bone. The osteoclasts were fixed with 4% 

paraformaldehyde for 20 minutes followed by three washes with PBS. To visualise the 
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osteoclasts, the bone slices were incubated with TRAP stain for 30 minutes then washed 

three times with PBS. The osteoclasts were imaged using the Laborlux S microscope 

and Osteomeausrexp™ software. The number of osteoclasts on the bone slices was 

counted.  

 

4.4.11(C) Scanning electron microscopy and resorption pit analysis 

For scanning electron microscopy (SEM), the osteoclasts were mechanically removed 

(by gently brushing) to expose the underlying resorption pits.  Bone slices were washed 

extensively with 1xPBS and dehydrated in 70% ethanol overnight.  The bone slices 

were air-dried overnight before being gold-coated using the sputter coater.  The samples 

were visualized using a Phillips XL30 Scanning Electron Microscope. The area of bone 

resorbed was measured using ImageJ (Rasband, 1997-2011) software.  

 

4.4.11(D) Confocal analysis of resorption pit depth 

To analyse the depth of the resorption pits formed by the wildtype and CHKB mutant 

osteoclasts confocal analysis was used. The coated bone slice samples used for SEM 

were mounted onto glass slides. Serial optical sections of the top portion of the bone 

slices were acquired (z-stacks) by reflective microscopy using the Nikon Ti-E inverted 

motorised microscope with Nikon A1Si spectral detector confocal system. The z-stacks 

were used to construct three-dimensional (3-D) images. An xz or yz slice of the 3-D 

image was taken to obtain a two dimensional profile of the resorption pit. The depth of 

the resorption pit was measured using the xz or yz slices. NIS-Elements Basic Research 

(Nikon) software was used to analyse the depth of 100 resorption pits for each group.   

 

4.4.12 F-actin staining of osteoclasts 

For F-actin staining on coverslips, bone marrow macrophages (BMM) isolated from 

wildtype and CHKB mutant mice were cultured in a 96-well plate with a 5mm glass 

coverslip at the bottom of the well at a cell density of 6x10
3 

cells per well. The BMM 

were cultured with RANKL (100ng/ml) for approximately 7 days or until mature 

osteoclasts formed. The osteoclasts were fixed with 4% paraformaldehyde for 20 

minutes then washed 3 times with 1x PBS.  

 

For F-actin staining on bone slices, the BMM are initially cultured in 6-well collagen-

coated plates. Once osteoclasts begin to form they are then dissociated from the 
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collagen plate and seeded onto bone slices (as described in section 4.4.12). Two days 

after seeding the cells onto the bone slices, the cells are fixed with 4% 

paraformaldehyde for 20 minutes at room temperature. The cells are washed three times 

with PBS before F-actin staining. 

 

The F-actin staining procedure was the same for osteoclasts cultured on glass and bone. 

To permeabilise the cells, they were incubated in 0.1% Triton X-100 in PBS for 5 

minutes at room temperature. Following permeabilisation, cells were washed twice with 

0.2% Bovine Serum Albumin (BSA) in PBS. The cells were then incubated with 

Rhodamine-conjugated Phalloidin (1:200 in 0.2% BSA-PBS), for two hours at room 

temperature. The cells 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 before the cells were 

washed three times with PBS. The coverslips and bone slices were mounted onto glass 

slides with Prolong Gold antifade (Invitrogen) mounting medium.  

 

The F-actin staining was visualised and the images collected using the Nikon Ti-E 

inverted motorised microscope with Nikon A1Si spectral detector confocal system 

running NIS-Elements C software. Serial optical sections were taken to view the whole 

osteoclast on the bone slice and to construct three-dimensional images.  

 

4.4.13 Analysis of intracellular acidification by acridine orange staining 

Bone marrow macrophages (BMM) isolated from wildtype and CHKB mutant 

osteoclasts were cultured in 96-well plates at a cell density of 6x10
3 

cells per well. The 

cells were stimulated with RANKL (100ng/ml) to induce osteoclast formation. Once 

mature osteoclasts had formed intracellular acidification was assessed. As a control, 

Bafilomycin A1 was used to inhibit intracellular acidification. Control cells were pre-

treated with Bafilomycin A1 (50nM) for one hour before acridine orange staining. The 

cells were incubated with acridine orange (10ug/ml in α-MEM) for one hour at 37°C in 

a CO2 incubator. Following this the cells were washed twice with PBS, then incubated 

in Hanks buffer for fluorescence measurements. The fluorescence intensity was 

measured with the PolarStar Optima Spectrofluorometer using an excitation wavelength 

of 485nm and emission wavelength of 520nm. Intensity readings were taken every 10 

minutes over a 40-minute period.  
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4.4.14 Western blot analysis of RANKL signalling pathways  

4.4.14(A) RANKL time-course assay and SDS-PAGE gel analysis 

Bone marrow macrophages (BMM) from wildtype and CHKB mutant mice were grown 

to approximately 90% confluency in a 75cm
2
 tissue culture flask. The medium was 

removed from the flask and the cells were trypsinised for approximately 20 minutes. As 

the BMM adhere strongly to the plastic, scraping is required to detach the cells. The 

trypsin was deactivated by the addition of complete α-MEM before the cells were 

pelleted by centrifugation at 1500rpm for 5 minutes. The cells were resuspended in α -

MEM and a cell count was performed using the Neubauer counting chamber. BMM 

were seeded at a cell density of 5x10
5
 cells per well in a 6-well tissue culture plate. The 

cells were left to adhere to the plastic for 48 hours. The cells were then serum-starved 

for four hours before being stimulating with 200ng/ml RANKL over a time-course of 

one hour at the following time points: 5, 10, 20, 30 and 60 minutes. Unstimulated cells 

were used as a control.  

 

The extraction of proteins and quantification of protein concentration was carried out as 

described in section 4.4.1(B). The proteins were separated by SDS-PAGE gel 

electrophoresis and transferred onto nitrocellulose membrane as explained in section 

4.4.1(C-D).  

 

4.4.14(B) Western Blot analysis of p-ERK and total ERK 

Following the transfer of proteins onto the nitrocellulose membrane, the membrane was 

blocked by the addition of 10ml of a 5% Skim Milk solution in 1x TBS-Tween 

supplemented with sodium orthovanadate (1mM) to inhibit phosphatase activity. The 

membrane was incubated in the blocking buffer for one hour at room temperature with 

gentle rocking. The membrane was then washed for 5 minutes with 1x TBS-Tween 

before the addition of a primary antibody. To detect p-ERK expression, a 1/1000 

dilution of anti-mouse p-ERK antibody in a solution of 1% skim milk in TBS-Tween 

was added and the membrane left to incubate for two hours with gentle rocking. 

Following washing with 1x TBS-Tween (3 times for 5 minutes each), an anti-mouse 

IgG peroxidase conjugate was used as the secondary antibody at a dilution of 1/5000. 

The membrane was incubated with the secondary antibody for 45 minutes. To detect 

total ERK, an anti-rabbit ERK antibody (1/5000) was prepared as above and an anti-

rabbit IgG peroxidise conjugated antibody used as a secondary antibody. An anti-mouse 
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β-actin (1/5000) antibody was used to confirm equal amounts of protein loading. The 

proteins were detected as described above in section 4.4.1(E).  

 

4.4.15 Ultrastructural analysis of mitochondria in muscle and osteoclasts 

4.4.15(A) Transmission electron microscopy of muscle 

Skeletal muscle was dissected from the hindlimb of wildtype and CHKB mutant mice. 

The freshly dissected tissue was tied to a toothpick to prevent shrinkage of the muscle 

during fixation. The samples were fixed in 2.5% glutaraldehyde in phosphate buffer (pH 

7.4) for 2 hours then washed in phosphate buffer (pH 7.4). The samples were post-fixed 

in 2% aqueous osmic acid for an hour followed by another wash in phosphate buffer. 

The samples were dehydraded through a series of ethanol concentrations from 70% to 

absolute ethanol. The samples were then passed through propylene oxide (1 hour), a 

mixture of 70% propylene oxide and 30% araldite (1 hour), then 30% propylene oxide 

and 70% araldite (1 hour) before being placed into pure araldite for 2 hours. The 

samples were embedded in pure araldite and cured overnight at 60°C. One micron-thick 

sections were cut, stained with toluidine blue and selected areas were chosen prior to 

cutting thin sections using a diamond knife. Thin sections were stained with uranyl 

acetate and lead citrate prior to examination in a Phillips CM10 electron microscope. 

All processing and imaging of the samples was performed by Dr Robert Cook.  

 

4.4.15(B) Transmission electron microscopy of osteoclasts 

BMM from wildtype and CHKB mutant mice were cultured on 6-well collagen-coated 

plates at a cell density of 5x10
4
 cells per well. The cells were stimulated with RANKL 

(100ng/ml) until mature osteoclasts formed (approximately 5-7 days). The cells were 

washed with PBS then fixed in 2.5% glutaraldehyde in phosphate buffer for two hours. 

The cells were gently scraped off and collected into a new tube. The cells were pelleted 

by centrifugation at 1500rpm for 5 minutes. The cell pellet was processed and sectioned 

as indicated above by Dr Robert Cook. Analysis of mitochondrial size was carried out 

using ImageJ software (Rasband, 1997-2011).  

 

4.4.16 Measurement of mitochondrial inner membrane potential  

To measure the mitochondrial inner membrane potential, JC-1 staining dye was used. 

Firstly, BMM from wildtype and CHKB mutant mice was cultured in a glass bottom 

petri dish at a cell density of 1.2x10
4 

cells per dish. The cells were stimulated with 
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RANKL (100ng/ml) until mature osteoclasts formed (approximately 5 days). The JC-1 

staining procedure requires live cell imaging. Fresh JC-1 staining solution (10μg/ml in 

culture media) was added to the mature osteoclasts and incubated for 10 minutes in a 

37°C tissue culture incubator. The cells were then washed three times with PBS and 

transferred to the Tokai Hit Stage Top (model INUG2E-TIZ) live-cell chamber for 

confocal analysis. The osteoclasts were imaged with the Nikon Ti-E inverted motorised 

microscope with Nikon A1Si spectral detector confocal system running NIS-Elements 

C software.  

 

 

4.4.17 In vitro bone formation assay  

Bone marrow cells were isolated from the long bones (tibia, femur and humerus) of 

wildtype and CHKB mutant mice and resuspended in complete α-MEM. The nucleated 

cells were counted using a haemocytometer and directly plated into a 24-well plate at a 

cell density of 1x10
6
 cells per well. The cells were left to adhere to the plastic and 2-3 

days following the initial cell seeding the medium was changed. Subsequently, the 

media was then changed every 3-4 days. Once the cells at the centre of the wells 

reached confluence (approximately 10 days after the initial seeding) the culture medium 

was replaced with differentiation medium (complete α-MEM supplemented with 10nM 

dexamethasone, 2mM β-glycerophosphate and 50μg/ml ascorbate). The media was 

changed every 3-4 days for approximately 10 days (that is, approximately 20 days from 

initial seeding) or until sufficient bone had formed in the wildtype cultures. At this point 

the media was removed from the wells and the cells washed with PBS. The cells were 

fixed with 2.5% glutaraldehyde solution for 5 minutes at room temperature. The cells 

were washed three times with PBS before staining with alizarin red. For the alizarin red 

staining, the cells were washed with 70% ethanol three times and left to dry completely. 

Then a 1% alizarin red staining solution was added to the cells for 2 minutes before 

washing three times with 50% ethanol. The plates were left to air dry completely and 

stored at room temperature.  

 

To analyse the area of bone formed the plates were scanned at 600dpi using an Epson 

perfection 3490 Photo scanner. ImageJ (Rasband, 1997-2011) software was then used to 

measure the area of bone formed.  
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4.4.18 Analysis of osteoblast marker gene expression  

4.4.18(A) Osteoblast culture and RNA extraction 

Bone marrow cells from wildtype and CHKB mutant mice were directly cultured in 

complete α-MEM in a 6-well plate at a cell density of 1x10
6
 cells per well. Once the 

cells were confluent, mineralising media (complete α-MEM supplemented with 10nM 

dexamethazone, 2mM β-glycerophosphate and 50μg/ml ascorbate) was added to the 

cells. Cells were harvested at 9 and 14 days after the addition of mineralising media. 

Time-point 0 indicates cells without mineralising media.   

 

RNA extraction was carried out using the Trizol method. At each time-point the cells 

were washed once with PBS then 1ml of Trizol added. The Trizol was triturated several 

times to aid lysis of the plasma membrane and then transferred to a 1.5ml tube and 

stored at -70°C until required for RNA extraction. To isolate the RNA the tubes 

contained cell lysate were thawed and incubated at room temperature for 5 minutes to 

allow the complete dissociation of the nucleoprotein complex. Chloroform (200μl) was 

added to each tube. The tubes were mixed vigorously for approximately 30 seconds 

before incubation at room temperature for 3 minutes. The tubes were then centrifuged at 

1300 x g for 15 minutes at 4°C. The upper aqueous phase contains the RNA and was 

transferred into a fresh tube, 500μl of isopropanol was added and the tubes mixed well 

by inversion to precipitate the RNA. The tubes were incubated at room temperature for 

10 minutes then the RNA was pelleted by centrifugation at 13000 x g for 10 minutes at 

4°C. The supernatant was poured off and the RNA pellet washed with 1ml of 75% 

ethanol, then centrifuged for 10 minutes at 10000 x g at 4°C. The supernatant was 

discarded and the pellet air-dried briefly before being dissolved in 50μl of nuclease free 

water. The samples were incubated for 10 minutes at 55°C in a waterbath. The RNA 

was stored at -70°C until required for RT-PCR.  

 

 

4.4.18(B) Osteoblast marker gene by RT-PCR 

The concentration of the RNA samples was determined using the Biophotometer Plus 

(Eppendorf). Before RT-PCR, the RNA was treated with DNAse. To 600ng of RNA, 

1μl of 10x Buffer and 1μl of DNAse was added. Baxter water was added to make a total 

volume of 10μl. The tubes were incubated at room temperature for 15 minutes before 

the addition of 1μl stop solution. The tubes were then incubated at 70°C for 10 minutes. 

The resulting DNAse treated RNA was used in the subsequent RT-PCR.  
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RNA was converted to cDNA as outlined in section 4.4.11(B). The primers used for 

PCR reactions are as listed in 4.1.4. Each PCR reaction was prepared according to the 

following protocol:  

Reagent Volume 

Primer Forward (20µM)  0.25µl 

Primer Reverse (20µM) 0.25µl 

2x GoTaq Green Master mix  5µl 

Baxter water  3.5µl 

Template cDNA  1µl 

 10µl 

 

A master mix was prepared for multiple reactions. To examine the gene expression of 

osteocalcin and osteopontin the PCR was carried out for 25 cycles whereas for Runx2, 

Osterix, Alkaline phosphatase and 18S ribosomal RNA house keeping gene it was 

performed for 30 cycles. Each PCR cycle was set at a denaturing temperature of 94°C 

for 40 seconds, an annealing temperature of 55°C for 40 seconds and an extension 

temperature of 72°C for 50 seconds. The PCR samples were stored at -20°C if not 

analysed immediately.  

 

Gels were visualised as indicated in section 4.4.10(C).  

 

4.4.18(C) Real-Time PCR analysis of osteoblast marker genes 

To quantify and confirm the results from the RT-PCR carried out in section 4.4.19(B), 

real-time PCR was performed. The same cDNA samples were used, that is, cDNA from 

wildtype and CHKB mutant bone marrow derived osteoblasts. Each PCR reaction was 

carried out using the following protocol:  

 

Reagent Volume 

SYBR green master mix  7.5µl 

Primer forward (10µM) 0.75µl 

Primer reverse (10µM)  0.75µl 

Baxter water  5µl 

cDNA  1µl 

 15µl  
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To reduce pipetting error a master mix was made up. The real-time PCR was performed 

on the Bio-rad MyiQ icycler real-time PCR machine. The real-time PCR was carried  

 

out at 95ºC for 10 minutes (activation) followed by 40 cycles consisting of a denaturing 

step for 15 seconds at 95ºC, an annealing step for 20 seconds at 58ºC and an extension 

phase at 72ºC for 20 seconds finishing with a final extension step at 72ºC for one 

minute. A cycle threshold (Ct) value was obtained for each sample. For each cDNA 

sample the PCR was done in triplicates and the average Ct value used. The relative 

expression ratio was calculated using the Pfaffl equation (Pfaffl, 2001): 

 

                    

                          

 

Where E stands for the real time PCR efficiency, the target gene is the gene of interest, 

reference gene is 18S ribosomal RNA and control refers to the non-template control (ie. 

cDNA substituted with water).  

 

4.4.19 In vitro CDP-choline rescue assays 

4.4.19(A) In vitro osteoclastogenesis with CDP-choline 

The osteoclastogenesis assay was carried out as described in section 4.4.7. However, for 

the in vitro rescue experiment only bone marrow macrophages were used. Also, the 

culture medium was supplemented with 100ng/ml RANKL and CDP-choline at a 

concentration of either 0.1μM or 1μM. Once mature osteoclasts formed the BMM 

cultures were fixed with 4% paraformaldehyde and TRAP stained. Osteoclasts with 

more than three nuclei were counted and osteoclast cultures imaged using the Eclipse 

TE2000S microscope and NIS-Elements Basic Research (Nikon) software.  

 

4.4.19(B) In vitro bone mineralisation with CDP-choline   

The in vitro rescue of bone formation was carried out exactly as outlined in section 

4.4.17. However, 0.1μM CDP-choline was added to the cells at the time of seeding. 

CDP-choline (0.1μM) was added to the media for the duration of the assay.   

Ratio =  (Etarget) 
ΔCttarget(control-sample) 

(Eref) 
ΔCtref(control-sample) 
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4.4.20 In vivo rescue with CDP-choline  

4.4.20(A) Treatment with CDP-choline in vivo  

To assess the effects of CDP-choline in vivo, 5 wildtype and 5 CHKB mutant (female, 3 

months old) mice were treated with CDP-choline. The CDP-choline (500mg/kg) was 

administered by intraperitoneal injection, three times a week for three weeks. As a 

control, 5 wildtype and 5 CHKB mutant mice (also female, 3 months old) were given an 

intraperitoneal injection of PBS at the same time-points as the mice receiving CDP-

choline treatment.  

 

Following treatment, the mice were sacrificed and the hindlimbs dissected out. One 

hindlimb was kept for microCT analysis, the other hindlimb and the humerus was used 

to extract bone marrow for osteoclast and osteoblast cultures in vitro. MicroCT analysis 

was carried out as described in section 4.4.3.  

 

4.4.20(B) Osteoclastogenesis assay 

The bone marrow isolated from the PBS and CDP-choline treated wildtype and CHKB 

mutant mice were cultured in vitro with 10ng/ml M-CSF. The resulting BMM were 

cultured as described in section 4.4.7.  

 

To analyse the effect of CDP-choline injection in vivo, BMM from PBS and CDP-

choline treated wildtype and CHKB mutant mice were seeded at a cell density of 6x10
3
 

cells per well in a 96-well tissue culture plate. The cells were stimulated with 100ng/ml 

RANKL over a time-course of 3, 5, 7 days. No additional CDP-choline was added to 

the in vitro cultures. At day 7 of culture, the cells were fixed with 4% paraformaldehyde 

for 20 minutes at room temperature then washed three times with PBS. Following 

fixation, the cells were incubated with filtered TRAP stain for 30 minutes at 37°C in a 

CO2 incubator. The TRAP stained cells were washed with PBS and the plates then 

stored at 4°C until osteoclasts were counted and imaged.  

 

The osteoclast cultures were imaged using Eclipse TE2000S (Nikon) microscope and 

NIS-Elements Basic Research (Nikon) software. TRAP stained osteoclasts with more 

than three nuclei were counted.       
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4.4.20(C) Bone resorption assay 

The in vitro bone resorption assay was performed as described in section 4.4.11. The 

BMM were initially cultured on collagen-coated plates until mature osteoclasts formed. 

The cells were dissociated from the collagen plates and then cultured on bone slices for 

two days. The cells were fixed, TRAP stained and osteoclast number counted. The 

resulting bone resorption pits were imaged by scanning electron microscopy, as outlined 

in section 4.4.11(C).   

 

4.4.20(D) Bone formation assay 

This assay was performed as described in section 4.4.17. The bone marrow isolated 

from the PBS and CDP-choline treated wildtype and CHKB mutant mice was directly 

plated into a 24-well plate. Once sufficient bone had formed the cultures were fixed and 

stained with alizarin red. Bone mineralisation area was analysed using ImageJ 

(Rasband, 1997-2011) software.  

 

 

4.4.21 Statistics and Data presentation 

All data presented in this thesis is expressed as the mean ± standard error of the mean 

(SEM). The results are representative of at least three independent experiments. Where 

a direct comparison is made between the wildtype and mutant, an unpaired Student’s t-

test was performed. For multiple comparisons (as was used in the rescue experiments) 

ANOVA statistical analysis was carried out with a post-hoc Bonferroni test to correct 

for multiple comparisons. In all analysis the threshold for statistical significance was 

p<0.05. Statistical analysis was performed using Stata/IC 11.0 software.     

82

Chapter Four: Materials and Methods



 

 

 

 

 

CHAPTER 5:  

 

CHARACTERISATION OF THE 

BONE PHENOTYPE OF CHKB 

MUTANT MICE 

 

 

83



5.1 Introduction 

 

Despite its relatively static appearance, bone is a dynamic and metabolically active 

tissue that undergoes cycles of remodelling. Remodelling is the process involving the 

break-down and formation of bone to maintain its structural integrity (Morgan et al., 

2008). Bone remodelling repairs mechanical microdamage that forms as a result of the 

heavy loads placed on the bone during everyday life. The remodelling process must be 

highly regulated in order to maintain bone homeostasis. An imbalance in bone 

formation or resorption results in a number of osteolytic conditions including 

osteoporosis, osteopetrosis and arthritis (Teitelbaum, 2000). These conditions cause 

considerable suffering and place an economic burden on society. Currently, little is 

known about the mechanisms causing the aberrant bone remodelling in these 

conditions. This is not surprising, however, as the mechanisms regulating physiological 

bone remodelling are still not completely understood. Therefore, it is important to 

increase our knowledge of the mechanisms regulating bone homeostasis to be able to 

decipher the causes of these disease conditions and thus, develop novel therapeutic 

targets.  

 

In an attempt to identify novel genes regulating bone homeostasis we employed an 

ENU-induced mutagenesis screening approach. ENU (N-ethyl-N-nitrosourea) is a 

potent chemical mutagen that randomly induces point mutations throughout the genome 

at an approximate rate of one nucleotide change per million bases (Concepcion et al., 

2004). ENU is an alkylating agent that transfers its ethyl group to nucleophilic sites on 

all four nucleotides of DNA. The addition of the ethyl group results in mispairing in the 

next round of DNA replication (Balling, 2001). Therefore, ENU targets various dividing 

tissues, most importantly the spermatogonial stem cells of male mice.  

 

In a genome wide ENU-induced mutant mouse screening program a male mouse (G0) is 

initially treated with ENU for three weeks. The G0 mouse is then crossed with a 

wildtype female to generate the G1 progeny each carrying a unique set of mutations as 

shown in Figure 5.1. At this G1 stage the mice can be screened for dominant 

phenotypes. To examine recessive phenotypes, the G1 mice are crossed to double the 

number of mutations in the line. The resulting G2 mice are then crossed to yield the G3 

progeny (Kile and Hilton, 2005). It is at this stage that a number of mutations will reach 
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G1   

G2   

G3  

G0   

ENU treated male 

* 

Wild-type female 

Figure 5.1 Schematic representation of ENU-induced mutagenesis model 

A male mouse (G0) is treated with ENU to induce random mutations in spermatogonial 

stem cells. The G0 male mouse is paired with a wildtype female and the resulting litter 

(G1) each carries a unique set of mutation. The G1 mice are crossed, producing the G2 

litter. This doubles the number of mutations in the line. Crossing of G2 littermates brings 

some of the mutations to homozygousity at the G3 stage. At this stage screening for 

recessive phenotypes begins. 
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homozygousity and therefore screening for phenotypes of interest begins at the G3 

stage.  

 

Once a phenotype is detected the point mutation is mapped. Briefly, this involves a 

genome wide scan to locate the chromosome carrying the mutation. Fine mapping is 

then used to narrow down the mutation to a particular chromosomal interval. From this 

region, candidate and novel genes are selected and sequenced to identify the exact point 

mutation. ENU-mutagenesis is often referred to as a ‘forward genetics’ approach as it 

involves identifying a phenotype of interest first and then elucidating the gene causing 

the phenotype.   

 

In collaboration with the Australian Phenomics Facility at the Australian National 

University we screened a number of ENU-induced mutant mice lines for bone 

phenotypes. These mouse lines had a pre-existing phenotype of interest and therefore 

the mutation had been mapped. The ENU-induced mutant mouse line studied in this 

thesis has a point mutation in the gene encoding choline kinase beta (CHKB). The 

mutation lies in the first amino acid residue resulting in a substitution from A to T in the 

start codon (Figure 5.2A). Therefore, the start codon reads TTG instead of ATG.  

 

Choline kinase catalyses the first phosphorylation reaction in the biosynthesis of 

phosphatidylcholine, a major membrane phospholipid. Choline kinase alpha (CHKA) 

has been more widely studied due to its involvement in malignant transformation 

(Ramirez de Molina et al., 2005). CHKA deficient mice are embryonically lethal 

suggesting a role for CHKA in embryonic development (Wu et al., 2008). On the other 

hand, CHKB deficient mice develop rostrocaudal muscular dystrophy in the skeletal 

muscles and display a bone deformity in the forelimb (Sher et al., 2006).  

 

This chapter examines the bone phenotype of CHKB mutant mice. Initially, the 

hindlimbs were screened by X-ray to detect differences in bone mass. This was further 

confirmed by microCT analysis and histomorphometric analysis.  
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5.2 Results 

 

5.2.1 CHKB protein is not expressed in CHKB mutant mice 

Having established that the mutation in CHKB occurs in the initial codon (Figure 5.2A), 

we probed for the effect of this mutation on the protein expression of CHKB. For this 

purpose western blotting was performed using bone marrow macrophage derived 

osteoclasts as a model cell type. Protein lysates were obtained from bone marrow, 

harvested from wildtype and CHKB mutant mice, cultured in vitro with RANKL and 

M-CSF over a time course of 5 days. As illustrated in Figure 5.2B, CHKB protein could 

not be detected in the CHKB mutant mouse derived bone marrow macrophages as 

compared to bone marrow macrophages isolated from wildtype mice where CHKB 

expression was detected at all stages of osteoclastogenesis (Figure 5.2B). Interestingly, 

CHKB is upregulated during RANKL-induced osteoclastogenesis, suggesting it may 

play a role in mature osteoclast formation and function. This increased expression 

paralleled that of the known preosteoclast marker protein NFATc1, which was also up-

regulated during osteoclastogenesis in both wildtype and mutant bone marrow 

macrophages. β-actin served as a control to ensure equal levels of protein loading in 

each sample.  

 

5.2.2 CHKB mutant mice are smaller in size and display a forelimb deformity 

To confirm that the CHKB mutant mice have a gross forelimb deformity similar to that 

reported by Sher et al. in the CHKB deficient mice, X-ray analysis was carried out (Sher 

et al., 2006). It is clearly evident that the radius and ulna are malformed in the CHKB 

mutant mice (Figure 5.3A). The bending of the forearm results in an overall shortening 

of forelimb length (Figure 5.3B). To determine the stage of development in which the 

deformity occurs, we analysed the forelimbs of wildtype and CHKB mutant mice over a 

range of ages beginning at 18.5dpc. The forelimbs were stained with alcian blue and 

alizarin red stain for cartilage and bone respectively. The forelimb deformity in the 

CHKB mutant mice can be observed as early as 18.5dpc and is present through all 

stages examined (Figure 5.3C-G). Importantly, the bending of the forelimb does not 

affect the ability of the mice to move to obtain food and water.  

 

Overall, the CHKB mutant mice are smaller in size when compared to wildtype 

littermates (Figure 5.4A). At 18.5dpc the hindlimbs of the CHKB mutant mice are also 
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Mutant  Wildtype 

β-actin 

CKβ 

NFATc1 

Days of RANKL stimulation 

Bone Marrow Macrophages 
B 

Mutant Forward 

Sequence #2 

Mutant Forward 

Sequence #1 

Mutant Reverse 

Sequence #1 

Mutant Reverse 

Sequence #2 

WT CHKB seq 

A 

A T 

Figure 5.2 Mapping of CHKB mutation and protein expression of CHKB 

(A) Genetic mapping and sequencing analysis (performed by Australian Phenomics 

Facility, ANU) reveals the mutation in CHKB gene occurs in the first amino acid where 

there is substitution from A to T in the start codon. (B) Expression of CHKB protein in 

wildtype and CHKB mutant derived bone marrow macrophages. CHKB protein is not 

expressed in mutant cells. NFATc1 used as a marker of osteoclastogenesis. β-actin serves 

as a control for equal loading of protein samples. Proteins detected with anti-rabbit CHKB 

(1:200), anti-mouse NFATc1 (1:500) and anti-mouse β-actin (1:5000). 
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Figure 5.3 Forelimb deformity of CHKB mutant mice 

(A) X-ray of forelimb of 3 month old, female mice (B) Total forelimb length of 18.5dpc 

embryos. Results are from 3 mice/group and are presented as mean ± SEM. (C-G) 

Alizarin red and alcian blue double staining of forelimbs from wildtype and CHKB mutant 

mice. (C) 18.5dpc (D) 1 day old (E) 1 week old (F) 5 weeks old (G) 10 weeks old.  

**p < 0.01 vs wildtype littermates 

B A 

E D C 

G F 
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shorter in length (Figure 5.4B-C). Since both the forearm deformity and reduced limb 

length are present during embryonic development it indicates a potential a role for 

CHKB in skeletal development and growth.  

 

5.2.3 CHKB mutant mice exhibit decreased bone mass, reduced trabecular 

thickness and number and increased trabecular separation  

As a first step to assess whether CHKB mutant mice exhibit a bone phenotype we 

screened the hindlimbs of 2 month old, male CHKB mutant mice and wildtype 

littermate controls. By X-ray analysis it is clear that the hindlimbs of the CHKB mutant 

mice have a reduced bone mass in comparison to wildtype controls (Figure 5.5A). The 

spine and tail were also examined by X-ray screening and there is a consistent reduction 

in bone mass in the CHKB mutant mice (Figure 5.5B-C).  

 

To quantitatively assess the difference in bone mass the tibias of 2 month old, male 

mice were scanned and analysed by microCT. There was a significant reduction in 

trabecular bone volume, more than fifty percent decrease, in CHKB mutant mice 

compared to littermate controls (Figure 5.6A-B). This corresponded to a decrease in 

trabecular thickness, increased trabecular separation and a reduction in trabecular 

number (Figure 5.6C-E). Trabecular bone mineral density was also reduced in the 

CHKB mutant mice (Figure 5.6F). The cortical bone was also analysed for differences. 

Consistently, there was a significant reduction in cortical bone volume and cortical 

thickness in the CHKB mutant mice compared to the wildtype mice (Figure 5.6G-H). 

However, no difference was observed in cortical bone mineral density (Figure 5.6I). 

These results confirm the decreased bone mass of the CHKB mutant mice. 

 

To confirm if the observed decreased bone mass in CHKB mutant mice occurs in both 

sexes, we examined the tibias of 3 month old, female mice by microCT. Consistent with 

the male data there was a significant decrease (approximately fifty percent) in bone 

volume in the tibias of the CHKB mutant mice compared to littermate controls (Figure 

5.7A-B). Trabecular thickness was also reduced in the female CHKB mutant mice 

(Figure 5.7C). On the other hand, while there was a trend of decrease in trabecular 

number, this did not reach significance. Furthermore, there was no significant difference 

in trabecular separation (Figure 5.7D-E). Trabecular bone mineral density was lower in 

the CHKB mutant, however it did not reach statistical significance (Figure 5.7F). 
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Figure 5.4 CHKB mutant mice are smaller and have reduced hindlimb length 

(A) 1 week old female, wildtype and CHKB mutant mice. CHKB mutant mice are smaller 

compared to wildtype littermates (B) Alcian blue and alizarin red staining of hindlimb 

from 18.5dpc wildtype and CHKB mutant mice. (C) Total hindlimb length of 18.5dpc 

wildtype and CHKB mutant mice. Results are from 3 mice/group and are presented as 

mean ± SEM. *p<0.05 vs wildtype littermates 
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Figure 5.5 Mutation in CHKB gene results in decreased bone mass 

X-ray screening of (A) Hindlimb (B) Spine (C) Tail from 2 month old male wildtype and 

CHKB mutant mice. Note the decreased bone mass of the CHKB mutant mice.  
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Figure 5.6 Male CHKB mutant mice have reduced bone volume  

Morphometric properties of tibias from 2 month old male wildtype and CHKB mutant mice 

by microCT. Results are from 3 mice/group and are presented as mean ± SEM. **p < 0.01; 

*p < 0.05; n.s.=no significance vs wildtype littermates 
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93

Chapter Five: Characterisation of the Bone Phenotype of CHKB mutant mice



Cortical bone volume was also decreased with a trend of decrease in cortical thickness 

and no difference in cortical bone mineral density (Figure 5.7G-I). This data suggests 

that the decreased bone mass caused by the mutation in CHKB occurs in both male and 

female mice.  

 

We also confirmed that the bone phenotype was sustained in aged female mice (that is, 

8 month old mice). By microCT analysis, there was a significant reduction in bone 

volume in the tibias of CHKB mutant mice in comparison to wildtype littermates 

(Figure 5.8A-B). This correlated to a decrease in trabecular thickness and trabecular 

number with no significant difference in trabecular separation (Figure 5.8C-E). There 

was a trend of decrease in trabecular bone mineral density but this did not reach 

statistical significance (Figure 5.8F). Cortical bone volume was also reduced with a 

trend of decrease in cortical thickness (Figure 5.8G-H). However, the cortical bone 

mineral density of the CHKB mutant mice was not affected (Figure 5.8I). Therefore, the 

bone phenotype of the CHKB mutant mice is maintained in older mice.  

 

5.2.4 CHKB mutant mice display an osteoporotic phenotype and have increased 

osteoclast numbers in vivo 

To assess if the decreased bone mass in CHKB mutant mice is caused by excessive 

osteoclast formation and bone resorption, histomorphometric analysis was performed. 

Analysis of the tibias of 2 month old, male CHKB mutant mice and wildtype littermate 

controls showed a significant decrease in bone volume in the CHKB mutant mice, 

consistent with the X-ray and microCT results (Figure 5.9A-B). There was a 

corresponding increase in trabecular separation, decrease in trabecular number and 

decrease in trabecular thickness in the tibias of CHKB mutant mice (Figure 5.9C-E). 

These results further confirm the osteoporotic phenotype of the CHKB mutant mice.  

 

To explore the possible cellular mechanism of bone loss, osteoclast and osteoblast 

numbers were analysed. For this purpose TRAP (a marker for osteoclasts) stained 

sections were used. By visually examining the TRAP stained sections there was a clear 

increase in TRAP staining in the tibias of CHKB mutant mice (Figure 5.10A). 

Quantitatively, this relates to an increase in the number of osteoclasts in the tibias of the 

CHKB mutant mice (Figure 5.10B). By comparison, there was no obvious difference in 
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the number of osteoblasts seen in vivo (Figure 5.10C) suggesting that the osteoporotic 

phenotype may, at least in part, be due to an osteoclast abnormality.  
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Figure 5.7 Female CHKB mutant mice have reduced bone volume 

Morphometric properties of tibias from 3 month old female wildtype and CHKB mutant 

mice by microCT. Results are from 5 mice/group and are presented as mean ± SEM. **p < 

0.01; *p < 0.05; n.s.=no significance vs wildtype littermates 

Wildtype Mutant 
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Figure 5.8 Reduced bone mass is present in older CHKB mutant mice 

Morphometric properties of tibias from 8 month old female wildtype and CHKB mutant 

mice by microCT. Results are from 4 mice/group and are presented as mean ± SEM. **p 

< 0.01; *p < 0.05; n.s.=no significance vs wildtype littermates 
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Figure 5.9 Reduced trabecular bone mass in CHKB mutant mice by histological 

analysis 

H&E staining of tibias from 2 month old, male wildtype and CHKB mutant mice. 

Histomorphometric analysis of (B) BV/TV (C) Tb.Th (D) Tb.Sp (E) Tb.N. Results are from 

3 mice/group and are presented as mean ± SEM. **p < 0.01; *p < 0.05 vs wildtype 

littermates 

* 
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Figure 5.10 Increased osteoclast numbers in CHKB mutant mice ex vivo 

(A) TRAP staining of tibias from 2 month old male wildtype and CHKB mutant mice. 

Histomorphometric analysis of (B) osteoclast number (C) osteoblast number. Results are 

from 3 mice/group and are presented as mean ± SEM. *p < 0.05; n.s.=no significance vs 

wildtype littermates 
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5.3 Discussion 

 

Using an ENU-induced mutagenesis screen we have identified that CHKB mutant mice 

display an osteoporotic bone phenotype. To our knowledge, this is the first report of 

CHKB’s involvement in bone homeostasis. This highlights one of the benefits of using 

a phenotypic approach such as the ENU-induced mutagenesis model where novel 

molecules involved in bone homeostasis can be identified.   

 

Genetic mapping and sequencing has pinpointed the ENU-induced mutation in CHKB 

to the start codon (ATG to TTG). Therefore, the mRNA is not translated and the protein 

is not expressed in its full form as indicated in the immunoblots presented here. The 

next ATG site is located in exon 3 so it is possible that a truncated form of the protein is 

expressed without the N-terminus. It is difficult to detect by western blot analysis if a 

truncated CHKB protein is present as antibodies against choline kinase isoforms are 

targeted at the N-terminus because this region has the least sequence homology between 

isoforms. Choline kinase isoforms are inactive in their monomeric state and only 

become active upon dimerisation with other isoforms (Aoyama et al., 2002). Since the 

N-terminus region of choline kinase is involved in dimerisation, any truncated form of 

the protein (i.e. lacking the N-terminus) is most likely to be inactive. To ensure that this 

is the case, a choline kinase activity assay could be performed. Briefly, this would 

involve incubating cells with radiolabelled choline and assessing choline kinase activity 

based on the phosphorylation of choline to phosphocholine. Any reduction in 

phosphocholine levels in the CHKB mutant cells could then be attributed to the lack of 

active CHKB.  

 

In assessing the protein expression of CHKB it was interesting to note that CHKB 

appears to be upregulated during RANKL-induced osteoclastogenesis in wildtype cells. 

Given that other upregulated genes, such as NFATc1, are known to be involved in 

mature osteoclast formation and function it is possible that CHKB may also play a role 

in regulating osteoclast formation and function. CHKB is implicated in membrane 

phospholipid biosynthesis so it is feasible that membrane-associated events such as the 

fusion process and bone resorption require alterations in membrane composition. The 

fact that CHKB protein expression is increased upon RANKL stimulation suggests that 

RANKL may be involved in regulating CHKB expression.  
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The mutation in CHKB results in an osteoporotic bone phenotype in all skeletal sites 

examined including the hindlimb, spine and tail. By microCT and histomorphometric 

analysis it is apparent that there is reduced bone mass in both the male and female 

CHKB mutant mice. Trabecular and cortical bone mass are reduced in CHKB mutant 

mice. Consistently, the bone parameters such as trabecular thickness, trabecular 

separation and trabecular number correspond to the reduced bone mass of the CHKB 

mice. The number of animals used for each group in the microCT and 

histomorphometry analysis could be increased to improve the statistical integrity of the 

results. Despite this, the reduced bone mass of the CHKB mutant mice is clearly evident 

and indicates a role for CHKB in regulating bone homeostasis.  

 

The hindlimbs of the CHKB mutant mice are notably shorter in length. As such, 

although the region analysed by microCT and histomorphometry is the same distance 

away from the growth plate for each sample, it most likely corresponds to a lower 

region of the bone in the tibias of CHKB mutant mice. This may affect some of the 

trabecular bone parameters such as trabecular separation, which is not significantly 

different in the female mice analysed.  

 

The decreased limb length and forelimb deformity of CHKB mutant mice suggests a 

role for CHKB in skeletal development and growth. This is exemplified by the reduced 

limb length and forelimb deformity that can be seen in the embryonic stages. It is also 

possible that there might be cartilage defects in the CHKB mutant mice that may 

contribute to the reduction in limb length however, this is yet to be analysed in the 

CHKB mutant mice. In terms of the forelimb deformity, it appears that CHKB may be 

involved in the early patterning of the forelimb. CHKB may control the expression of 

genes such as T-Box family member 5 (Tbx5), which is expressed exclusively in 

developing forelimbs from 9.5dpc and regulates forelimb identity (Chapman et al., 

1996; Gibson-Brown et al., 1998; Gibson-Brown et al., 1996). These possibilities 

remain to be explored and are exciting areas of future study.   

 

Histomorphometric characterisation of the CHKB mutant mice provided some insights 

into the possible cellular mechanisms underlying the bone phenotype. The increase in 

osteoclast numbers in the TRAP stained sections is consistent with the decreased bone 

mass as increased osteoclast numbers equates to increased resorption therefore, less 
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bone mass. There was no significant difference in osteoblast numbers indicating the 

phenotype may be due to the osteoclast however, we cannot exlude the possibility that 

osteoblast function may be affected. The use of undecalcified tissue sections for 

histomorphometric analysis would provide further information in terms of bone 

formation parameters such as osteoid volume, osteoid thickness and osteoid surface. 

Nonetheless, histomorphometric analysis has shown that there are elevated numbers of 

osteoclasts in CHKB mutant mice.  

 

In conclusion, CHKB has been identified as a novel regulator of bone homeostasis. 

CHKB mutant mice exhibit a reduced bone volume that appears to be due to intrinsic 

abnormalities in osteoclast formation and function.  
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6.1 Introduction  

 

Bone homeostasis is maintained by the coordinated actions of osteoblast mediated bone 

formation and osteoclast mediated bone resorption during bone remodelling. For this 

reason, the bone remodelling process is tightly regulated. The coordinated activity of 

osteoblasts and osteoclasts is often referred to as coupling. This is based on the concept 

that each cell type plays a role in regulating the differentiation and function of the other.  

Osteoblasts produce RANKL and M-CSF thereby signalling to osteoclast precursors to 

differentiate (Rodan and Martin, 1981; Takahashi et al., 1988). Conversely, it is thought 

that osteoclasts signal back to osteoblast progenitors by releasing growth factors such as 

TGF-β (transforming growth factor beta) from the bone matrix during resorption 

(Bonewald et al., 1991; Oreffo et al., 1989). Therefore, depending on the defect, a 

particular bone phenotype could be solely due to either the osteoclast or the osteoblast 

or if the defect affects coupling it could be due to both cell types.  

 

As established in Chapter 5, the CHKB mutant mice exhibit a reduction in bone mass 

that is consistent with an osteoporotic phenotype. However, it is not clear whether 

deficiencies in osteoblasts, osteoclasts or both cell types are responsible for this net 

bone loss. In cases of post-menopausal osteoporosis, reduced bone mass is the result of 

increased osteoclast resorption. This is, in part, due to the loss of oestrogen, which 

increases the levels of circulating cytokines such as interleukin-1 and tumour necrosis 

factor alpha (Pacifici et al., 1987; Pacifici et al., 1991). The increase in these cytokines 

enhances the differentiation and activation of osteoclasts. On the other hand, age-related 

osteoporosis is thought to arise as a consequence of a decline in the number of 

osteoblasts, resulting in a net boss loss (Dempster, 1995).  

 

Characterising the bone phenotype of CHKB mutant mice revealed some insight into 

the possible cellular actions contributing to the reduced bone mass. An increase in 

osteoclast number was observed suggesting the osteoporotic phentoype may due to the 

osteoclast. The aim of this chapter is to better understand the cellular mechanism by 

which CHKB regulates bone homeostasis. Through a series of in vitro experiments we 

demonstrated that both osteoclasts and osteoblasts are altered by the CHKB mutation.  
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6.2 Results – Part 1: The osteoclast 

 

The results from the initial characterisation of the bone phenotype of the CHKB mutant 

mice showed an increase in osteoclast number. Based on this observation, we 

speculated that the osteoporotic phenotype of the CHKB mutant mice may be due to 

increased osteoclast number and function. To examine this, in vitro osteoclastogenesis 

and bone resorption assays were carried out.  

 

6.2.1 Osteoclastogenesis is increased in CHKB mutant mice  

To assess if there is a difference in osteoclast formation in CHKB mutant mice, in vitro 

osteoclastogenesis assays were performed. To this end, bone marrow was harvested 

from CHKB mutant and wildtype mice and cultured in vitro with RANKL and M-CSF 

over a time-course of 0, 3, 5 and 7 days. At days 5 and 7 of RANKL-induced 

osteoclastogenesis there was a significant increase in the number of osteoclasts formed 

in the bone marrow cultures derived from CHKB mutant mice (Figure 6.1).  

 

This elevation in osteoclast numbers was further confirmed using spleen cell derived 

cultures. Spleen cells were cultured in the presence of RANKL and M-CSF over a time-

course of 0, 3, 5 and 7 days. There was a significant increase in osteoclast number in the 

CHKB mutant spleen cell cultures, particularly at day 3 of RANKL stimulation where 

there is more than a 5 times increase in osteoclast number (Figure 6.2). It appears that 

the CHKB mutant osteoclasts form earlier in comparison to the wildtype osteoclasts as 

their numbers peak at day 5 of RANKL stimulation and by day 7 have already 

progressed towards apoptosis, due to the decreased osteoclast number. In contrast, the 

number of osteoclasts in the wildtype bone marrow culture steadily increases to day 7.  

 

Next, we assessed the sensitivity of the wildtype and CHKB mutant bone marrow 

cultures to RANKL. Wildtype and CHKB mutant bone marrow was cultured either with 

0, 25, 50 or 100ng/ml RANKL. The concentration of M-CSF was kept consistent 

between the various RANKL doses. At both 50 and 100ng/ml of RANKL there was a 

significant increase in the number of osteoclasts formed in the CHKB mutant bone 

marrow cultures compared to the number of wildtype osteoclasts (Figure 6.3). This 

suggests that the CHKB mutant osteoclast precursors are more sensitive to RANKL as 

they can form greater numbers of osteoclasts at lower doses of RANKL.  
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Figure 6.1 Increased osteoclast number in CHKB mutant bone marrow cultures 

Bone marrow macrophages were isolated from CHKB mutant and wildtype mice and 

cultured in vitro with RANKL (100ng/ml) over a time-course of 7 days. Cultures were 

TRAP stained and osteoclasts with more that 3 nuclei counted. There is a significant 

increase in the number of CHKB mutant bone marrow derived osteoclasts at day 5 and 7 of 

osteoclastogenesis. Results are presented as mean ± SEM and are representative of three 

independent experiments. **p < 0.01; *p < 0.05 vs wildtype 
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Figure 6.2 Increased osteoclast numbers in CHKB mutant spleen cell derived cultures 

Spleen cells were isolated from CHKB mutant and wildtype mice and cultured in vitro with 

RANKL (100ng/ml) over a time-course of 7 days. Cultures were TRAP stained and 

osteoclasts with more that 3 nuclei counted. Consistent with the bone marrow results, the 

number of CHKB mutant spleen cell derived osteoclasts is significantly increased 

compared to wildtype cultures. Results are presented as mean ± SEM and are 

representative of three independent experiments. *p  < 0.01 vs wildtype 
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Figure 6.3 Increased osteoclast numbers in CHKB mutant BMM derived osteoclast 

cultures at lower doses of RANKL 

BMM were isolated from CHKB mutant and wildtype mice and cultured in vitro with 0, 

25, 50 and 100ng/ml RANKL for 7 days. Cultures were TRAP stained and osteoclasts with 

more that 3 nuclei counted. At 50 and 100ng/ml RANKL the number of osteoclasts formed 

in the CHKB mutant bone marrow cultures was significantly increased compared to 

wildtype cultures. Results are presented as mean ± SEM and are representative of three 

independent experiments. **p < 0.01; *p < 0.05 vs wildtype 
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6.2.2 Osteoclasts derived from CHKB mutant bone marrow are smaller and 

contain fewer nuclei 

When analysing the osteoclasts from the in vitro osteoclastogenesis assays, the 

osteoclasts derived from the CHKB mutant bone marrow appeared to be 

morphologically smaller (Figure 6.4A). This was observed in both TRAP (Tartrate 

Resistant Acid Phosphatase) and F-actin stained cultures. Indeed, quantitative analysis 

of the osteoclast cell spread area showed that the osteoclasts derived from the CHKB 

mutant bone marrow had a significant reduction in cell spread area compared to 

wildtype osteoclasts (Figure 6.4B). To assess if this was due to a defect in the ability of 

the osteoclasts to spread or due to a defect in the fusion process, the number of nuclei 

per osteoclast was counted. The osteoclasts were categorised into three groups based on 

the number of nuclei per osteoclast. Osteoclasts were classed as small if they contained 

three to five nuclei; medium if they consisted of six to ten nuclei; and large if they had 

eleven or more nuclei. Based on this quantification method, there were more small 

osteoclasts and less large osteoclasts in the cultures derived from CHKB mutant bone 

marrow (Figure 6.4C). This finding indicates that there may be a defect in the fusion of 

the osteoclast precursors to mature osteoclasts. However, there are still some large 

osteoclasts present in the CHKB mutant bone marrow cultures and there is no 

significant difference in the number of medium osteoclasts formed compared to the 

wildtype cultures.    

 

6.2.3 Mutation of CHKB does not affect the expression of osteoclast marker genes  

RT-PCR was performed to assess if there were differences in osteoclast marker gene 

expression between wildtype and CHKB mutant osteoclasts. To test this, RNA was 

extracted from wildtype and CHKB mutant bone marrow over an osteoclastogenesis 

time-course. First, the expression of CHKB during osteoclastogenesis was assessed. 

CHKB is constitutively expressed during osteoclastogenesis (Figure 6.5). The osteoclast 

marker genes: RANK, TRAP, V-ATPase d2 subunit, DC-STAMP, Cathepsin K and 

calcitonin receptor (CTR), were all upregulated during osteoclastogenesis in both 

wildtype and CHKB mutant bone marrow cultures (Figure 6.5). Although there is no 

significant difference in the marker gene expression patterns between wildtype and 

CHKB mutant bone marrow cultures, there may be a slight increase in osteoclast 

marker gene expression in the CHKB mutant cultures, consistent with the increase in 

109

Chapter Six: The Cellular Mechanism Behind the Osteoporotic Phenotype of CHKB mutant mice



Mutant Wildtype 

T
R

A
P

 s
ta

in
in

g
 

F
-a

c
ti

n
 s

ta
in

in
g

 

0 

0.1 

0.2 

0.3 

0.4 

0.5 

0.6 

0.7 

O
s

te
o

c
la

s
t 

s
p

re
a

d
 a

re
a

 (
m

m
2
) 

Wildtype Mutant 

** 

0 

20 

40 

60 

80 

100 

120 

140 

160 

Small  Medium  Large 

N
u

m
b

e
r 

o
f 

o
s
te

o
c

la
s

ts
 

Wildtype Mutant 

* 
** n.s 

Figure 6.4 Osteoclasts derived from CHKB mutant mice are smaller  

(A) For TRAP stained cultures, bone marrow macrophages (BMM) were isolated from 

CHKB mutant and wildtype mice and cultured in vitro with 100ng/ml RANKL for 7 days. 

For F-actin stained cultures, BMM were cultured on glass coverslips with RANKL 

(100ng/ml) for 7 days. (B) Analysis of osteoclast cell spread area. The cell spread area of 

the CHKB mutant osteoclasts is reduced compared to wildtype osteoclasts. Results are for 

50 of the largest osteoclasts per group (C) Number of osteoclasts based on nuclei number. 

Small refers to osteoclasts with 3-5 nuclei, medium refers to osteoclasts with 6-10 nuclei 

and large osteoclasts are classified as having 11 or more nuclei. In the CHKB mutant bone 

marrow cultures there are more smaller osteoclasts and fewer larger osteoclasts compared 

to the wildtype cultures. Results are presented as mean ± SEM and are representative of 

three independent experiments. **p < 0.01; *p  < 0.05; n.s.= no significance vs wildtype 
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Figure 6.5 RT-PCR analysis of osteoclast marker gene expression 

Bone marrow macrophages were isolated from wildtype and CHKB mutant mice and 

cultured in vitro over a time course of 7 days with RANKL. RNA was extracted and 

subjected to RT-PCR analysis. 18S ribosomal RNA is used as an internal loading control. 

Overall, there is no significant difference in the osteoclast marker gene expression between 

wildtype and CHKB mutant osteoclasts.  
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osteoclast numbers in the CHKB mutant bone marrow cultures. The expression of 18S 

ribosomal RNA was used as an internal loading control.  

 

6.2.4 CHKB mutant osteoclasts have increased resorptive activity 

To determine if the reduced bone mass of the CHKB mutant mice was due to an 

increase in osteoclast activity, in vitro bone resorption experiments were performed. 

Again, bone marrow was isolated from wildtype and CHKB mutant mice and cultured 

in vitro on collagen-coated plates in the presence of RANKL and M-CSF. Upon the 

fusion of bone marrow macrophages into small osteoclasts, cells were detached from 

the collagen plates and seeded onto bovine bone slices. After 48 hours the cells were 

fixed and TRAP stained (Figure 6.6A). The formation of resorption pits was analysed 

by scanning electron microscopy (SEM) (Figure 6.6B). When similar numbers of 

mature osteoclasts, derived from wildtype and CHKB mutant bone marrow, were 

seeded onto the bone slices they exhibited a similar resorptive capacity as reflected by 

the area of bone resorbed (Figure 6.6C-D). Interestingly, by observation of the SEM 

images, it was noted that the resorption pits formed by the CHKB mutant osteoclasts 

appeared to be deeper compared to those formed by the wildtype osteoclasts. The depth 

of the resorption pits formed by the wildtype and CHKB mutant osteoclasts was 

quantified by confocal microscopy. Indeed, the resorption pits formed by the CHKB 

mutant osteoclasts were deeper compared to those of the wildtype osteoclasts (Figure 

6.6E).  

 

One of the features of an active osteoclast is its ability to form an F-actin ring, a 

structure essential for bone resorption. Consistent with their ability to resorb bone 

efficiently, immunostaining and confocal analysis shows the intact F-actin ring formed 

by the CHKB mutant bone marrow derived osteoclasts when cultured on bone 

suggesting that osteoclast polarisation was not altered in the CHKB mutant mice 

(Figure 6.7).  

 

To assess if the increased resorption by the CHKB mutant osteoclasts was due to 

increased acidification, acridine orange staining was performed. Bone marrow was 

harvested from wildtype and CHKB mutant mice and cultured for 7 days with RANKL 

(100ng/ml). The resulting mature osteoclasts were stained with acridine orange for 1 

hour before fluorescence intensity readings were taken over a time-course of 40 
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Figure 6.6 Increased depth in resorption pits formed by CHKB mutant osteoclasts 

(A) Mature BMM-derived osteoclasts from wildtype and CHKB mutant mice were cultured 

on bovine bone slices for 48 hours. Cultures were then TRAP stained. (B) Scanning electron 

microscopy showing resorption pits formed by wildtype and CHKB mutant osteoclasts. (C) 

A similar number of mature osteoclasts were cultured on the bone slices. n_= 3 bone slices 

(D) There is no significant difference in the area of bone resorbed by wildtype and CHKB 

mutant osteoclasts. n=3 bone slices (E) Confocal analysis of resorption pit depth. Panels 

indicate how depth was measured. The resorption pits formed by the CHKB mutant 

osteoclasts are deeper compared to those formed by wildtype osteoclasts. n=50 resorption 

pits measured over 3 bone slices. All Results are presented as mean ± SEM and are 

representative of 3 independent experiments. **p < 0.01; n.s.=no significance (p>0.05) vs 

wildtype 

D 

0 

0.5 

1.0 

1.5 

2.0 

2.5 

3.0 

3.5 

4.0 

Wildtype Mutant R
e

s
o

rp
ti

o
n

 p
it

 d
e
p

th
 (

μ
m

) 

** 

E 

XZ 

XZ 

113

Chapter Six: The Cellular Mechanism Behind the Osteoporotic Phenotype of CHKB mutant mice



XZ 
RB 

RB 

XY 

RB 

RB 

10 µm 

XZ 
RB 

XY 

RB 

10 µm 

Wildtype Mutant 

Figure 6.7 Confocal microscopy shows the intact F-actin ring formation 

BMM-derived osteoclasts from wildtype and CHKB mutant mice were cultured on bone. 

Cells were then immunostained for F-actin (red), counterstained with the nuclear dye 

Hoeschst 33258 (blue) and visualised by confocal microscopy. Yellow dotted line indicates 

where XZ section was taken. The CHKB mutant osteoclasts form intact F-actin rings 

consistent with their ability to resorb bone efficiently. (RB=ruffled border) Images 

representative of one of three independent experiments. (Confocal microscopy performed 

by Dr Nathan Pavlos) 
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minutes. There was no significant difference in intracellular acidification between 

wildtype and CHKB mutant osteoclasts (Figure 6.8A-B). Upon addition of the V-

ATPase inhibitor bafilomycin A1 (50nM), there is an increase in fluoresence quenching 

in both the wildtype and CHKB mutant osteoclasts indicating reduced acidification 

(Figure 6.8A,C). Although there is no significant difference in acidification between the 

wildtype and CHKB mutant osteoclasts treated with bafilomycin A1, there is a trend of 

a decrease in fluorescence intensity in the CHKB mutant osteoclasts (Figure 6.8C). This 

suggests that the CHKB mutant osteoclasts might be more tolerant to bafilomycin A1 

treatment.  

 

6.2.5 Mitochondrial membrane potential is not altered in CHKB mutant 

osteoclasts 

During previous assessment of the muscular dystrophy of the CHKB knockout mice, 

Sher et al observed an enlargement of mitochondria in both the forelimb and hindlimb 

muscle (Sher et al., 2006). To determine whether the muscle in the CHKB mutant mice 

similarly exhibited megamitochondria we analysed the muscle by electron microscopy. 

Consistent with the previous study we observe megamitochondria in the muscle of 

CHKB mutant mice (Figure 6.9).  

 

On the other hand, ultrastructural analysis of osteoclasts derived from wildtype and 

CHKB mutant bone marrow revealed a decrease in mitochondrial size in the CHKB 

mutant osteoclasts (Figure 6.10A). The average length of mitochondria in the CHKB 

mutant osteoclasts is less than two times smaller and the average mitochondrial area in 

the CHKB mutant osteoclasts is less than three times smaller compared to those of 

wildtype osteoclasts (Figure 6.10B-C). Nonetheless, this decrease in mitochondrial size 

is not that significant overall as it has been reported previously that, due to natural 

swelling, mitochondrial size may change two to three times (Wakabayshi, 2007).  

 

To check that the difference in mitochondrial size did not affect its function, 

mitochondrial inner membrane potential was also assessed. The mitochondrial stain JC-

1 is commonly used to measure mitochondrial inner membrane potential, a marker of 

mitochondrial function. In healthy cells, the JC-1 dye concentrates in the mitochondrial 

membrane where it forms aggregates that fluoresce red. In cells where the 

mitochondrial membrane is affected, the JC-1 is not able to accumulate and hence 

115

Chapter Six: The Cellular Mechanism Behind the Osteoporotic Phenotype of CHKB mutant mice



0 
5000 

10000 
15000 
20000 
25000 
30000 
35000 

0 10 20 30 40 
Time (minutes) 

Fl
uo

re
sc

en
ce

 In
te

ns
ity

 
 (r

el
at

iv
e 

un
its

) 

Wildtype 
Mutant 
Wildtype + Baf 
Mutant + Baf 

0 
2000 
4000 
6000 
8000 

10000 
12000 
14000 
16000 
18000 

0 10 20 30 40 
Time (minutes) 

Fl
uo

re
se

nc
e 

In
te

ns
ity

  
(r

el
at

iv
e 

un
its

) 

Wildtype 
Mutant 

Figure 6.8 Analysis of intracellular acidification by acridine orange staining 
(A) Fluorescent images of wildtype and CHKB mutant bone marrow derived osteoclasts 
stained with acridine orange (AO), with or without Bafilomycin A1 (Baf) treatment. 
Bafilomycin A1 treatment blocks acidification resulting in a green fluorescent signal (B) 
Fluorescence intensity measurements of mature osteoclasts derived from wildtype and 
CHKB mutant bone marrow stained with acridine orange (10μg/ml) over a time-course of 
0, 10, 20, 30 and 40 minutes. There is no significant difference in intracellular acidification 
between wildtype and CHKB mutant bone marrow derived osteoclasts. (C) Fluorescence 
intensity measurements, over a 40 minute time period, of wildtype and CHKB mutant 
osteoclasts pretreated with Bafilomycin A1 (50nM) and stained with acridine orange. 
Results are represented as mean ± SEM and are representative of 3 independent 
experiments. n.s.=no significance 
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Mutant Wildtype 

Figure 6.9 Ultrastructural analysis of mitochondria in hindlimb muscle 

Transmission electron microscopy (TEM) images of wildtype and CHKB mutant hindlimb 

muscle. Red arrows indicate mitochondria. Megamitochondria are seen in CHKB mutant 

muscle. Images representative for 3 independent experiments. (TEM performed by Dr 

Robert Cook)  

1μm 1μm 
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Figure 6.10 Ultrastructural analysis of wildtype and CHKB mutant bone marrow 

derived osteoclasts 

(A) Transmission electron microscopy (TEM) images of wildtype and CHKB mutant 

osteoclasts. Red arrows indicate mitochondria. N indicates nucleus of osteoclast. (B) 

Quantification of mitochondrial length from TEM images using ImageJ software. The 

mitochondria in the CHKB mutant osteoclasts are smaller in length (C) Quantification of 

the area of the mitochondria from TEM images using ImageJ software. The area of the 

mitochondria in the CHKB mutant osteoclasts is reduced. Results are representative of 

mean ± SEM. 50 mitochondria were measured for each group. Results are representative 

of 3 independent experiments. **p < 0.01 vs wildtype (TEM performed by Dr Robert 

Cook) 
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remains in monomeric form, fluorescing green. Confocal analysis of the mitochondrial 

membrane potential of osteoclasts derived from wildtype and CHKB mutant bone 

marrow showed no obvious difference in mitochondrial membrane potential between 

the wildtype and CHKB mutant osteoclasts (Figure 6.11A-B) indicating that despite 

their size difference, the mitochondria of the CHKB mutant osteoclasts were 

functionally intact.  

 

6.2.6 Phosphorylation of ERK may account for the increased activity of CHKB 

mutant osteoclasts 

To further characterise the molecular mechanism by which CHKB regulates osteoclast 

formation and function we assessed its effects on established RANKL signalling 

pathways. To this end, bone marrow macrophages from wildtype and CHKB mutant 

mice are treated with RANKL for a time-course of 0, 5, 10, 20, 30 and 60 minutes. The 

phosphorylation of ERK by RANKL is increased in wildtype cultures at 10 and 20 

minutes of RANKL stimulation and then reduces by 30 minutes of stimulation (Figure 

6.12). A similar pattern is observed in the CHKB mutant bone marrow cultures 

however, there is increased phosphorylation of ERK in CHKB mutant cultures 

compared to wildtype (Figure 6.12). Total ERK levels were similar in both wildtype 

and CHKB mutant cultures. β-actin served as an internal loading control.  
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Figure 6.11 Analysis of osteoclast mitochondrial membrane potential  

(A) Confocal analysis of mitochondrial membrane potential in osteoclasts derived from 

wildtype and CHKB mutant bone marrow macrophages. Osteoclasts were stained with JC-1 

(10ug/ml). Live cell confocal microscopy was performed to visualise J-aggregate formation 

(red fluorescence) and J-monomers (green fluorescence). (B) Quantification of 

mitochondrial membrane potential. Fluorescence intensity was measured using NIS 

Elements Basic Research (Nikon) software. Red/Green fluorescence ratio indicates a 

change in mitochondrial membrane potential. Mitochondrial membrane potential is not 

affected by the CHKB mutation. Results are representative of mean ± SEM. 20 osteoclasts 

were measured for each group. Results shown represent 3 independent experiments. n.s.= 

no significance (Confocal microscopy performed by Dr Nathan Pavlos) 
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Figure 6.12 Western blot analysis of osteoclast signalling pathways 

Wildtype and CHKB mutant bone marrow macrophages were treated with RANKL over a 

time-course of 0, 5, 10, 20, 30 and 60 minutes. Protein lysates were harvested and subjected 

to western blot analysis. Phosphorylation of ERK is increased in CHKB mutant bone 

marrow macrophages at 10 and 20 minutes of RANKL stimulation. β-actin serves as an 

internal loading control. Proteins detected with anti-mouse p-ERK (1:1000), anti-rabbit 

ERK (1:5000) and anti-mouse β-actin (1:5000). Result is representative of 3 independent 

experiments. 
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6.3 Results – Part 2: The osteoblast 

 

The maintenance of bone homeostasis is dependent upon the balanced activities of the 

osteoclast and osteoblast. Therefore, even though we have shown that the increased 

number and activity of the CHKB mutant osteoclasts is associated with the bone 

phenotype of CHKB mutant mice, we must assess the possibility of an osteoblast 

abnormality. To examine osteoblast function, bone formation was analysed both in vivo 

and in vitro.  

 

6.3.1 CHKB mutant mice have reduced bone formation in vivo 

Although the histomorphometric analysis implied that there was no difference in 

osteoblast numbers in the CHKB mice in vivo, it does not provide information of 

whether the CHKB mutant osteoblasts exhibit any functional deficiencies that may 

contribute to the low bone mass phenotype. Therefore, to assess if there were any 

differences in osteoblast function we performed double fluorochrome labelling. To this 

end, mice were injected with the calcium-chelating fluorescein, calcein. Calcein 

becomes incorporated into the mineralisation front of newly mineralised tissue 

formation in the skeleton. By comparing the distance between two labels, differences in 

bone formation can be determined. Two month old, male CHKB mutant mice and 

wildtype littermate controls were administered with two labels, seven days apart. 

Analysis of the undecalcified tibias by confocal microscopy showed a decrease in bone 

formation in the CHKB mutant mice (Figure 6.13A). This was quantitatively confirmed 

by measuring the distance between the two labels, which is expressed as the mineral 

apposition rate (Figure 6.13B), implying a possible deficiency in bone deposition by 

CHKB mutant osteoblasts in vivo.  

 

6.3.2 Reduced mineralisation in CHKB mutant osteoblastic cultures 

Given the reduced bone formation in the CHKB mutant mice in vivo, we analysed the 

ability of the osteoblasts to form bone in vitro. Bone marrow was harvested from 

wildtype and CHKB mutant mice and cultured in the presence of osteogenic media for 

14 days in vitro. The osteoblasts derived from the CHKB mutant bone marrow had a 

significant reduction in bone mineralisation as evidenced by a reduction in alizarin red 

staining of bone nodule formation assays (Figure 6.14). This result supports the reduced 
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Figure 6.13 Decreased bone formation in CHKB mutant mice in vivo 

(A) Fluorochrome (calcein) double labelling of tibias of 2 month old, male wildtype and 

CHKB mutant mice. Images taken at 40X magnification. (B) Mineral apposition rate 

(MAR). The bone formation rate in CHKB mutant mice is significantly decreased, 

consistent with the osteoporotic phenotype of these mice. Results are from 3 mice/group 

and are presented as mean ± SEM. **p < 0.01 vs wildtype littermates 
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Figure 6.14 In vitro bone mineralisation 

(A) Bone marrow was isolated from wildtype and CHKB mutant mice and cultured in vitro 

with dexamethazone (10nM), β-glycerophosphate (2mM) and ascorbate (50μg/ml) for 14 

days to stimulate bone formation. Upon formation of bone nodules, cultures were fixed 

with 4% paraformaldehyde and stained with alizarin red. Bone nodule formation area was 

analysed by ImageJ software. Bone formation is also significantly reduced in the CHKB 

mutant bone marrow cultures in vitro. Results are presented as mean ± SEM and are 

representative of three independent experiments. **p < 0.01 (Bone nodule assay performed 

by Dr Jennifer Tickner) 
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bone formation seen in the CHKB mutant mice in vivo and suggests that osteoblast 

function is compromised in the CHKB mutant mice.   

 

6.3.3 Analysis of osteoblast marker gene profile  

To gain some insight into the mechanism behind the reduced bone formation in the 

CHKB mutant mice, the expression of osteoblast marker genes between wildtype and 

CHKB mutant osteoblasts was compared. RNA was harvested from wildtype and 

CHKB mutant bone marrow derived osteoblasts at day 0, 9 and 14 of culture in 

osteogenic medium. First, the expression of CHKB in osteoblasts was analysed. CHKB 

was constitutively expressed during osteoblastogenesis (Figure 6.15A). By RT-PCR 

analysis there was no significant difference in alkaline phosphatase or osteopontin gene 

expression between wildtype and CHKB mutant osteoblasts (Figure 6.15A). At day 9 of 

osteoblastogenesis there was reduced expression of osteocalcin in the CHKB mutant 

osteoblasts however, at day 14 osteocalcin expression levels returned to the same level 

as those of the wildtype osteoblasts (Figure 6.15A). The transcription factors Runx2 and 

osterix had a slightly reduced expression in the CHKB mutant osteoblasts (Figure 

6.15A). The upregulation of osteocalcin in both the wildtype and CHKB mutant 

osteoblasts during the time course confirms the osteoblastogenic time-course. 

Ribosomal 18s RNA was used as an internal loading control to ensure equal levels of 

cDNA and loading over the time course.  

 

To confirm and quantify the RT-PCR results, some genes of interest were selected and 

real-time PCR analysis performed. Supporting the RT-PCR results, osteocalcin gene 

expression was reduced in the CHKB mutant osteoclasts at day 9 of osteogenic 

stimulation, though the levels increased at day 14 and were significantly higher 

compared to the wildtype osteoblasts (Figure 6.15B). Overall, alkaline phosphatase 

gene expression was consistent with the RT-PCR results. There was no difference in 

expression between wildtype and CHKB mutant osteoblasts except at day 0 were there 

is a slight, yet significant, decrease in alkaline phosphatase expression in the CHKB 

mutant osteoblasts (Figure 6.15C). The expression of the transcription factor Runx2 was 

decreased in the CHKB mutant osteoblasts at day 9 and 14, however the difference did 

not reach statistical significance, most likely due to the large error bars (Figure 6.15D). 

The expression of all genes was normalised against 18s ribosomal RNA expression.  
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Collectively, the PCR results indicate that osteoblast function is altered in the CHKB 

mutant mice with no effect on osteoblast formation. The decreased bone formation in 

the CHKB mutant mice can be partly explained by the reduction in Runx2 gene 

expression, which leads to decreased osteocalcin expression in the CHKB mutant 

osteoblasts.    
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Figure 6.15 PCR analysis of osteoblast marker gene expression 

(A) Semi-quantitative RT-PCR analysis of CHKB gene expression and osteoblast marker 

genes during osteoblastogenesis. RNA was extracted from wildtype and CHKB mutant 

bone marrow derived osteoblasts at Day 0, 9 and 14 of stimulation with osteogenic media. 

Runx2, osterix and osteocalcin expression appears to be slightly reduced in the CHKB 

mutant osteoblast cultures. 18s ribosomal RNA expression was used as an internal loading 

control. (B-D) Quantitative real-time PCR analysis of osteoblast marker genes normalised 

against 18s ribosomal RNA expression. In the CHKB mutant osteoblast cultures osteocalcin 

is reduced at day 9 of culture. Consistent with the RT-PCR results, there is no significant 

change in alkaline phosphatase expression but there is a trend of decrease in Runx2 levels 

in the CHKB mutant osteoblasts. Results are presented as mean ± SEM and are 

representative of three independent experiments. **p < 0.01; *p < 0.05; n.s.= no 

significance 
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6.4 Discussion  

 

The aim of this chapter was to further understand the cellular mechanism(s) by which 

CHKB regulates bone homeostasis. Given that a balance between the activities of the 

osteoclast and osteoblast is required for bone homeostasis, it was important to analyse 

both cell types in the CHKB mutant mice. In vitro experiments have shown that the 

bone phenotype of the CHKB mutant mice is due to abnormalities in both osteoclasts 

and osteoblasts.  

 

In vitro osteoclastogenesis assays revealed an increase in osteoclast number in CHKB 

mutant bone marrow and spleen cultures compared to wildtype, consistent with the 

increased osteoclast numbers seen in vivo. Surprisingly, the osteoclasts formed from the 

CHKB mutant bone marrow are smaller in size in comparison to wildtype osteoclasts. It 

is possible that there may be fusion defects underlying this difference in size. It has 

been shown that lipid composition of the plasma membrane affects fusion and there is 

an optimal ratio of membrane phospholipids that provides a balance between fusion and 

membrane rupture (Haque et al., 2001). Since the deficiency in CHKB may affect 

phosphatidylcholine (PC) levels, it is possible that the balance of phospholipids may be 

altered in osteoclast precursors, therefore affecting fusion. Little is known about the 

exact mechanisms of membrane fusion in osteoclasts however, DC-STAMP and the V-

ATPase V0 domain subunit d2 have been implicated in the fusion of mononuclear 

precursors to form mature osteoclasts (Yagi et al., 2005; Lee et al., 2006). The 

expression of these genes was not altered in CHKB mutant bone marrow derived 

osteoclasts. If there is any defect in the fusion process the only impact it has is that there 

is an increased number of smaller osteoclasts present in the CHKB mutant bone marrow 

cultures. This increase in osteoclast numbers partly explains the decreased bone mass of 

the CHKB mutant mice.  

 

In vitro bone resorption assays revealed that function and possibly the motility of 

CHKB mutant osteoclasts is not impaired as they resorb a similar area of bone 

compared to wildtype osteoclasts. Interestingly, the depth of the resorption pits formed 

by the CHKB mutant osteoclasts is increased in comparison to the resorption pits of the 

wildtype osteoclasts. We assessed if this increase was due to enhanced acidification 

however, there was no significant difference between wildtype and CHKB mutant 
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osteoclasts. There is still the possibility that extracellular acidification is affected as this 

assay only examined intracellular acidification. The decreased sensitivity of the CHKB 

mutant osteoclasts to Bafilomycin A1 was a surprising result and may be due to 

potential differences in membrane permeability as a result of alterations in membrane 

composition. The exact effect of the CHKB deficiency on the osteoclast membrane is 

still unknown and requires further study.   

 

The plasma membrane plays an important role in osteoclast function and differences in 

membrane composition may be the cause of irregular bone resorption. As the 

mechanism behind the increased resorption is still unclear, it can be hypothesised that 

the increased depth of the resorption pits may be due to alterations in membrane-bound 

proteins resulting in the defective transfer of signals from the extracellular resorptive 

lacuna to the cell cytosol. As such, the osteoclast may not receive the signal to stop 

resorption and retract from the resorption lacuna resulting in enhanced resorption (as 

evidenced by increased depth of resorption pits) at each site. It has already been shown 

that alterations in phospholipid content and distribution in the plasma membrane can 

affect the proper positioning of membrane-bound proteins (Devaux and Morris, 2004). 

A candidate membrane-bound protein that may be affected by a difference in membrane 

composition, due to the deficiency in CHKB, is ryanodine receptor type II isoform 

(RyR2). RyR2 has been shown to be located in the plasma membrane of osteoclasts 

(Zaidi et al., 1995). It serves as a calcium-sensing receptor, detecting changes in 

extracellular calcium (Ca
2+

) levels and transducing them into intracellular events such 

as the release of intracellular Ca
2+

 (Zaidi et al., 2004). Elevated intracellular Ca
2+ 

levels 

cause cell retraction from the resorptive lacuna and a decrease in secretion of 

osteoclastic enzymes, in particular TRAP, ultimately reducing bone resorption (Zaidi et 

al., 2004). We speculate that improper positioning of the membrane-bound protein 

RyR2 in CHKB mutant osteoclasts may result in reduced detection of extracellular Ca
2+ 

and consequently increased resorption at each site. RyR2 is one example of a 

membrane-bound protein that may be affected. It is most likely that a number of 

membrane-bound proteins are affected and cumulatively contribute to the increased 

resorption at each site. Another possibility is that the difference in composition of 

membrane phospholipids in the CHKB mutant osteoclasts may make the plasma 

membrane more permeable and as such there could be an increased secretion of 

enzymes during resorption.  
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PC is also a major component of the mitochondrial membrane (Osman et al., 2011). 

Mitochondrial phospholipids are important for a diverse range of processes including 

mitochondrial fusion, protein import into mitochondria and apoptosis. A deficiency in 

CHKB could affect PC levels and therefore, it was essential to assess the mitochondria 

in osteoclasts especially since the presence of megamitochondria was found in muscle 

of Chkb
-/-

 mice (Sher et al., 2006). Megamitochondria also have an altered level of PC 

(Adachi et al., 1994). By electron microscopy, the presence of extremely enlarged 

mitochondria was observed in the CHKB mutant skeletal muscle, confirming the results 

of the muscular dystrophy study. Analysis of the mitochondria in the CHKB mutant 

osteoclasts showed a reduction in size compared to the mitochondria of wildtype 

osteoclasts. Although this difference is statistically significant it is not physiologically 

significant as it has been reported that mitochondrial size may change two to three times 

in magnitude due to simple swelling (Wakabayshi, 2007). The difference in size 

between the wildtype and CHKB mutant mitochondria falls within this range. Further, 

there was no difference in mitochondrial membrane potential, an indicator of 

mitochondrial function, between the wildtype and CHKB mutant osteoclasts. These 

results are consistent with the ability of the CHKB mutant osteoclasts to resorb bone 

efficiently.  

 

The molecular mechanism(s) by which CHKB regulates osteoclast formation and 

function remains to be elucidated. As a starting point, the classical RANKL signalling 

pathways in osteoclasts was analysed. From Figure 5.2, there is no difference in 

NFATc1 protein expression between wildtype and CHKB osteoclasts. Phosphorylation 

of ERK is increased in CHKB mutant bone marrow cultures compared to wildtype. 

ERK has been associated with cell survival and therefore an increased activation of 

ERK in the CHKB mutant bone marrow cultures may suggest enhanced osteoclast 

formation in CHKB mutant bone marrow cultures (Miyazaki et al., 2000). The 

increased depth of the resorption pits may be explained by the increased survival of the 

CHKB mutant osteoclasts, highlighting the possibility that CHKB may regulate ERK 

activation. However, this is preliminary data and more in depth analysis is required to 

identify the precise molecular pathway through which CHKB regulates osteoclasts. To 

obtain a clear picture, all the RANKL signalling pathways including NF-κB, JNK, p38 

and AKT should also be examined.    
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The bone phenotype of the CHKB mutant mice can be explained by the increased 

osteoclast formation and activity. However, the role of the osteoblast in the maintenance 

of bone homeostasis cannot be ignored. In vitro, the CHKB mutant osteoblasts form 

less mineralised bone, supporting the reduction in bone formation in vivo. In an attempt 

to identify potential molecular targets through which CHKB may regulate osteoblast 

function, we analysed the differences in osteoblast marker gene expression between 

wildtype and CHKB mutant bone marrow derived osteoblasts. Alkaline phosphatase 

and osteopontin expression are not affected by the deficiency in CHKB. This correlates 

with the in vivo results showing no difference in osteoblast number and suggests that the 

priming stages of bone formation are not affected as osteopontin is thought to be 

deposited by osteoblasts before they completely mature (McKee and Nanci, 1996). The 

trend of decreased Runx2 expression could partly explain the reduction in bone 

formation as Runx2 regulates the expression of genes necessary for mineralisation 

including osterix and osteocalcin (both of which are reduced in the CHKB mutant 

osteoblasts) (Nishio et al., 2006; Xiao et al., 2005). The analysis of genes involved in 

osteoblastic bone formation is incomplete. To further understand the molecular 

mechanism(s) through which CHKB regulates bone formation, a more detailed study is 

required. The expression of genes more specifically involved in the bone formation 

process such as the transcription factor ATF4, which regulates the transportation of 

amino acids, should be included (Yang and Karsenty, 2004).  

 

It is quite possible that the differences observed in osteoclast and osteoblast cultures in 

vitro, between wildtype and CHKB mutant mice, is due to alterations in the cellular 

composition of bone marrow. The number of osteoblast and osteoclast precursors within 

the bone marrow could be assessed by flow cytometry techniques. Further studies will 

aim to investigate this and will provide insight into the mechanisms behind the 

increased osteoclast number and decreased bone formation in CHKB mutant mice.  

 

In conclusion, this chapter characterises the cellular mechanisms by which CHKB 

regulates bone homeostasis. Through an in vitro approach we have shown that CHKB 

regulates osteoclast formation and function, as CHKB mutant mice have increased 

osteoclast numbers and activity. Further, CHKB also regulates osteoblastic bone 

formation as evidenced by a reduction in bone mineralisation. Although the cellular 
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mechanisms have been identified, the molecular mechanism(s) through which CHKB 

regulates these cellular events remains to be elucidated and is a focus for future study.    
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7.1 Introduction  

 

The major aim of this project was to identify novel molecules that regulate bone 

homeostasis. The exact mechanism(s) regulating bone homeostasis are still unclear and 

therefore, it is difficult to completely understand the cause of bone diseases. As 

described in Chapter 5, we have identified CHKB as an important regulator of bone 

homeostasis, with a mutation in CHKB resulting in low bone mass. However, it remains 

unknown whether modulation of CHKB activity presents a potential therapeutic avenue. 

By using the work carried out on the muscular dystrophy mice as a guide, this chapter 

explores the potential of CHKB as a candidate therapeutic target, by by-passing the 

CHKB deficiency through CDP-choline treatment.  

 

During the characterisation of the muscular dystrophy caused by deletion of choline 

kinase beta, Wu et al. hypothesised that treatment with CDP-choline could be used to 

bypass the deficiency in CHKB (Wu et al., 2009b). In the phosphatidylcholine (PC) 

biosynthesis pathway, CDP-choline is the last substrate before PC is synthesised (see 

Figure 2.2) (Vance and Vance, 2008). Treatment of myoblasts from wildtype and  

Chkb
-/-

 mice with CDP-choline, in vitro, significantly reduced the leakage of creatine 

kinase, where creatine kinase is a marker of muscle damage (Wu et al., 2009b; 

Brancaccio et al., 2010). As the in vitro model of CDP-choline treatment did not 

completely recapitulate the muscle damage in vivo, an in vivo approach was used. 

Wildtype and Chkb
-/-

 mice were treated with CDP-choline (0.5mg/g body weight) for 

three weeks, after which creatine kinase activity was determined. Treatment with CDP-

choline in vivo significantly reduced creatine kinase activity in Chkb
-/-

 mice, however, it 

did not restore it to wildtype levels (Wu et al., 2009b). Therefore, in vivo treatment with 

CDP-choline improved the condition of the muscle in Chkb
-/-

 mice.  

 

Generically, CDP-choline is termed Citicoline and is sold under a variety of brand 

names including Somazina, Neuraxon, Ceraxon and Cognizin. CDP-choline was 

originally developed for the treatment of stroke however, as more research is carried out 

it is becoming evident that CDP-choline is also beneficial for the treatment of 

Alzheimer’s disease, Parkinson’s disease and cerebral ischemia to name a few 

(Cacabelos et al., 1996; Adibhatla and Hatcher, 2005). In stroke patients, CDP-choline 

treatment increases the levels of PC in the brain by reducing the breakdown of PC by 
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phospholipase A2 and increasing PC synthesis (Adibhatla et al., 2006). CDP-choline has 

a low toxicity profile and appears to be safe for long-term clinical use and consumption 

as a dietary supplement. In human studies, no serious side effects have been observed 

although, transient side effects such as stomach pain and diarrhoea were reported in a 

small number of patients (Davalos and Secades, 2011). 

 

The previous chapters have shown that CHKB mutant mice have reduced bone mass 

due to an increase in osteoclast number and activity and a decrease in osteoblast bone 

formation. Through the use of CDP-choline, this study aims to restore osteoclast 

numbers and osteoblast bone formation in CHKB mutant mice. The results demonstrate 

that treatment with CDP-choline partially rescued the osteoclast numbers but had no 

effect on bone mass in CHKB mutant mice.  
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7.2 Results 

 

7.2.1 Treatment with CDP-choline in vitro rescues the increased osteoclast 

numbers in CHKB mutant bone marrow macrophage cultures 

From the previous in vitro osteoclastogenesis assays there was a significant increase in 

osteoclast number in bone marrow cultures derived from CHKB mutant mice compared 

to wildtype. In an attempt to rescue the elevation in osteoclast numbers in the CHKB 

mutant bone marrow cultures we utilised CDP-choline as a way of bypassing the 

deficiency in CHKB. Bone marrow was isolated from wildtype and CHKB mutant mice 

and cultured in vitro for 7 days with RANKL (100ng/ml) and CDP-choline at a dose of 

either 0.1μM or 1μM. Without CDP-choline treatment there was a significant increase 

in osteoclast numbers in the CHKB mutant derived cultures, consistent with the results 

from Chapter 5 (Figure 7.1). Treatment with CDP-choline at both doses (0.1 and 1μM) 

reduced the number of osteoclasts in the CHKB mutant derived cultures such that there 

was no longer a significant difference in osteoclast number between the wildtype and 

CHKB mutant CDP-choline treated cultures (Figure 7.1). However, the number of 

osteoclasts in the CDP-choline treated, CHKB mutant bone marrow cultures was still 

marginally higher than the wildtype. Nevertheless, treatment with CDP-choline in vitro 

partially restored osteoclast numbers in CHKB mutant bone marrow cultures.  

 

Since we had observed a difference in size between wildtype and CHKB mutant bone 

marrow derived osteoclasts, the cell spread area of the osteoclasts treated with CDP-

choline in vitro was analysed. Confirming the previous results, there was a significant 

decrease in the cell spread area in the CHKB mutant derived osteoclast cultures without 

CDP-choline treatment (Figure 7.2). The addition of CDP-choline (0.1μM) in the in 

vitro osteoclast cultures did not affect the size of the CHKB mutant derived osteoclasts. 

Interestingly however, the cell spread area of the wildtype osteoclasts increased with 

CDP-choline treatment.  Therefore, the addition of CDP-choline did not rescue the 

reduced cell spread area of the CHKB mutant bone marrow derived osteoclasts.  

 

We next attempted to restore the abnormality in the CHKB mutant osteoblasts. Bone 

marrow was isolated from wildtype and CHKB mutant mice and cultured in vitro either 

with or without CDP-choline (0.1μM). Without CDP-choline, there is a consistent 

decrease in bone mineralisation in the CHKB mutant derived osteoblasts (Figure 7.3A-
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Figure 7.1 Osteoclastogenesis assay treated with CDP-choline in vitro 

Bone marrow was isolated from wildtype and CHKB mutant mice and cultured in vitro for 

7 days with RANKL (100ng/ml) and CDP-choline (0, 0.1 or 1μM). Cultures were fixed 

with 4% paraformaldehyde and TRAP stained. TRAP positive osteoclasts with more than 3 

nuclei were counted. Treatment with CDP-choline in vitro partially restores the increased 

osteoclast numbers observed in the CHKB mutant bone marrow cultures. Results are 

presented as mean ± SEM and are representative of three independent experiments. **p < 

0.01; n.s.=no significance 
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Figure 7.2 Cell spread area of osteoclasts treated with CDP-choline in vitro 

Bone marrow was isolated from wildtype and CHKB mutant mice and cultured in vitro for 

7 days with RANKL (100ng/ml) and CDP-choline (0 or 0.1μM). Cultures were fixed with 

4% paraformaldehyde and TRAP stained. The cell spread area was measured using NIS 

Elements Basic Research 3.2 (Nikon) Software. The 50 largest osteoclasts in each group 

were analysed. Treatment with CDP-choline in vitro did not restore the size of the CHKB 

mutant osteoclasts. Results are presented as mean ± SEM and are representative of three 

independent experiments. **p < 0.01; *p < 0.05  
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B). Treatment with CDP-choline slightly increases bone mineralisation in both wildtype 

and CHKB mutant osteoblast cultures (Figure 7.3A-B). However, this increase is not 

statistically significant and thus, not sufficient to rescue the decreased mineralisation in 

the CHKB mutant bone marrow cultures.  

 

7.2.2 The bone phenotype of CHKB mutant mice could not be restored by CDP-

choline treatment in vivo 

To assess whether CDP-choline could restore the decreased bone mass of CHKB 

mutant mice an in vivo approach was used. To this end, three month old, female 

wildtype and CHKB mutant mice were treated with CDP-choline (0.5mg/g body 

weight) or PBS as a control. CDP-choline was administered by intraperitoneal injection, 

three times a week for three weeks at which point the mice were sacrificed. To 

determine if treatment with CDP-choline had an effect on bone mass, microCT analysis 

was performed on the tibia. Consistent with the previous microCT results, there is a 

significant reduction in bone volume in the control (PBS treated) CHKB mutant mice 

compared to the wildtype (Figure 7.4A-B). However, treatment with CDP-choline in 

vivo had no effect on trabecular bone volume in the CHKB mutant mice although, 

treatment with CDP-choline slightly increased trabecular bone volume in wildtype mice 

(Figure 7.4A-B). The differences in the bone volume parameters (trabecular thickness, 

trabecular separation and trabecular number) between the PBS treated mice were not 

altered with CDP-choline treatment (Figure 7.4C-E). CDP-choline did not restore 

cortical bone volume in the CHKB mutant mice (Figure 7.4F). There was also no 

significant difference in cortical thickness in the PBS treated CHKB mutant mice 

compared to the wildtype (Figure 7.4G). Interestingly, with CDP-choline treatment the 

cortical thickness of the wildtype mice increases with no corresponding change in the 

mutant such that there is a significant difference in cortical thickness between CDP-

choline treated wildtype and CHKB mutant mice (Figure 7.4G). CDP-choline treatment 

did not change trabecular or cortical bone mineral density in both wildtype and CHKB 

mutant mice (Figure 7.4H-I). Therefore, taken together, microCT analysis indicates that 

treatment with CDP-choline in vivo does not rescue the decreased bone mass of CHKB 

mutant mice.  

 

To further examine the effects of in vivo treatment with CDP-choline on osteoclast 

formation, bone marrow was harvested from the wildtype and CHKB mutant control 
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Figure 7.3 Effect of in vitro treatment with CDP-choline on bone mineralisation 

(A) Bone marrow was isolated from wildtype and CHKB mutant mice and cultured in vitro 

with dexamethazone (10nM), β-glycerophosphate (2mM) and ascorbate (50μg/ml) to 

stimulate bone formation. Cultures were treated with either 0 or 0.1μM CDP-choline. Upon 

formation of bone nodules, cultures were fixed with 4% paraformaldehyde and stained with 

alizarin red (B) Bone formation area was analysed by ImageJ software. In vitro treatment 

with CDP-choline did not affect bone formation in either wildtype or CHKB mutant 

cultures. All results are presented as mean ± SEM and are representative of three 

independent experiments. **p < 0.01; n.s.=no significance (Bone nodule formation assay 

performed by Dr Jennifer Tickner) 
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Figure 7.4 In vivo treatment with CDP-choline 

MicroCT analysis of the morphometric properties of tibias from 3 month old, female 

wildtype and CHKB mutant mice treated with PBS or CDP-choline in vivo. CDP-choline 

treatment did not restore the bone phenotype of the CHKB mutant mice. Results are 

presented as mean ± SEM. n=5 mice per group. **p < 0.01; *p < 0.05 ; n.s.=no 

significance  
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and CDP-choline treated mice. In vitro culture of the bone marrow with RANKL for 7 

days, showed a significant increase in osteoclast number in the control CHKB mutant 

bone marrow cultures compared to wildtype (Figure 7.5). This is consistent with the 

previous findings in Chapter 6. Interestingly, in vivo treatment with CDP-choline 

reduces the number of osteoclasts formed in the CHKB mutant bone marrow cultures 

(Figure 7.5). With CDP-choline treatment there is no significant difference in osteoclast 

numbers between wildtype and CHKB mutant bone marrow cultures. Treatment with 

CDP-choline in vivo partially rescues the increased osteoclast number in CHKB mutant 

bone marrow cultures.  

 

Next, we analysed the function of the osteoclasts derived from CDP-choline treated 

wildtype and CHKB mutant mice. Mature osteoclasts were seeded onto bovine bone 

slices and cultured for 48 hours before being fixed, TRAP stained and subjected to 

scanning electron microscopy for analysis of resorption pits (Figure 7.6A). The area of 

bone resorbed per osteoclast was the same for wildtype and CHKB mutant osteoclasts. 

Surprisingly, there is a trend of decreased bone resorption in both wildtype and CHKB 

mutant bone marrow derived osteoclasts treated with CDP-choline in vivo (Figure 

7.6B), however this reduction failed to reach statistical significance.  

 

Finally, the effect of CDP-choline on osteoblast mineralisation was investigated. To this 

end, bone marrow from the CDP-choline treated wildtype and CHKB mutant mice was 

cultured in vitro. As shown in Figure 7.7, there was a significant decrease in 

mineralisation in the control CHKB mutant osteoblast cultures compared to wildtype. 

Interestingly, treatment with CDP-choline slightly increases osteoblast mineralisation in 

both wildtype and CHKB mutant cultures. However, this is not sufficient to fully rescue 

the decreased mineralisation by CHKB mutant osteoblasts.  
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Figure 7.5 Osteoclastogenesis of bone marrow treated with CDP-choline in vivo 
Bone marrow was isolated from wildtype and CHKB mutant mice treated with PBS or 
CDP-choline in vivo. The bone marrow was cultured in vitro for 7 days with RANKL 
(100ng/ml). Cultures were fixed with 4% paraformaldehyde and TRAP stained. TRAP 
positive osteoclasts with more than 3 nuclei were counted. In vivo treatment with CDP-
choline rescues the increased osteoclast number in the CHKB mutant bone marrow cultures. 
Results are presented as mean ± SEM and are representative of three independent 
experiments. **p < 0.01; n.s.=no significance  
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Figure 7.6 Effect of in vivo treatment with CDP-choline on bone resorption 
(A) Mature bone marrow derived osteoclasts from wildtype and CHKB mutant mice  
treated with PBS or CDP-choline in vivo were cultured on bovine bone slices for 48 hours. 
Cultures were then TRAP stained. Scanning electron microscopy shows resorption pits 
formed by the osteoclasts. (B) Area of bone resorbed was measured from the scanning 
electron microscopy images using ImageJ software and standarised against the number of 
osteoclasts on the bone slice. Interestingly, there is a trend of decrease in  the area of bone 
resorbed by both wildtype and CHKB mutant osteoclasts treated with CDP-choline in vivo. 
All results are presented as mean ± SEM and are representative of three independent 
experiments. n.s.=no significance (p>0.05) 
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Figure 7.7 Effect of in vivo treatment with CDP-choline on bone mineralisation 
(A) Bone marrow was isolated from wildtype and CHKB mutant mice treated with CDP-
choline in vivo. The bone marrow was cultured in vitro with dexamethazone (10nM), β-
glycerophosphate (2mM) and ascorbate (50μg/ml). Upon formation of bone nodules, 
cultures were fixed with 4% paraformaldehyde and stained with alizarin red (B) Bone 
formation area was analysed by ImageJ software. Treatment with CDP-choline in vivo did 
not restore the reduced bone formation by the CHKB mutant bone marrow derived 
osteoblasts. All results are presented as mean ± SEM and are representative of three 
independent experiments. **p < 0.01; n.s.=no significance (Bone nodule formation assay 
performed by Dr Jennifer Tickner) 
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7.3 Discussion 

 

In an attempt to restore the bone phenotype and the associated cellular abnormalities of 

the CHKB mutant mice we used CDP-choline as a way of bypassing the deficiency in 

CHKB. In the case of muscular dystrophy, CDP-choline addition was successful in 

partially rescuing the damaged muscle both in vitro and in vivo (Wu et al., 2009b). 

Similarily, in our in vitro study, we were able to partially rescue the increase in 

osteoclast number at the lowest dose of CDP-choline used (0.1μM). Notably, this was 

the same dose used in the muscular dystrophy study (Wu et al., 2009b). However, when 

the osteoclasts were analysed quantitatively, treatment with CDP-choline did not restore 

the size (measured by cell spread area) of the CHKB mutant bone marrow derived 

osteoclasts. At this point in time, the nuclear number per osteoclast has not been 

assessed. This data would be useful to determine if the reduction in osteoclast number, 

in the CDP-choline treated CHKB mutant osteoclast cultures, was due to the presence 

of an increased number of larger (more than 11 nuclei) osteoclasts. This would give 

some insight into whether aberrant fusion was responsible for the increased osteoclast 

number.  

 

For the osteoblast mineralisation assays, in vitro treatment with CDP-choline failed to 

enhance mineralisation in the CHKB mutant bone marrow derived osteoblast cultures 

and thus, CDP-choline did not rescue the osteoblast defect. Due to the large number of 

bone marrow cells required for in vitro mineralisation assays and the limited 

availability, we were unable to test a wide range of doses of CDP-choline for the 

osteoblast cultures. It is possible that the osteoblasts may require a higher dose of CDP-

choline in vitro.   

 

As the in vitro culture systems do not completely recapitulate the in vivo situation it was 

important to test the effects of CDP-choline in vivo. CDP-choline has been used in a 

number of animal studies and is in clinical use for the treatment of stroke in Europe and 

Japan (Wu et al., 2009b; Adibhatla and Hatcher, 2005; Shuaib et al., 2000). Therefore, 

CDP-choline is considered safe to use and there have been no reported adverse reactions 

to CDP-choline itself. Unexpectedly, treatment with CDP-choline in vivo had no 

significant effect on bone volume or the associated parameters. As such, CDP-choline 

was not able to rescue the bone phenotype of the CHKB mutant mice. On the other 
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hand, when we isolated the bone marrow from the wildtype and CHKB mutant mice 

treated with CDP-choline and cultured in vitro to form osteoclasts or osteoblasts, we 

were able to restore the osteoclast abnormality but not the osteoblast defect. This 

suggests that the irregularity in osteoblast function may be greater than that of the 

osteoclast as only the osteoclast abnormality can be rescued. It is also possible that the 

decrease in bone mineralisation may not be primarily due to the deficiency in PC 

synthesis and thus, CDP-choline treatment will have little effect. It may be that in the 

osteoblast, the deficiency in CHKB may cause an alteration in second messenger signals 

that occur before CDP-choline in the pathway for the biosynthesis of PC. To ascertain if 

this is the case, it will be necessary to determine if there is a decrease in PC levels in the 

CHKB mutant osteoblasts. It would also be worthwhile to assess PC levels in the 

CHKB mutant osteoclasts to verify if there is a decrease in this cell type.  

 

One of the limitations of the in vivo experiment was that the mice were only treated for 

three weeks and then sacrificed. This time frame of treatment may have been too short 

to see any affect on osteoblastic bone formation, given that in bone remodelling bone 

resorption precedes bone formation. Therefore no significant increase in bone volume 

was observed by microCT analysis. Alternatively, CDP-choline itself may not be potent 

enough to induce a significant amount of bone formation. Thus, future studies may 

include the use of more potent anologues of CDP-choline for in vivo rescue.  

 

It is interesting to note that treatment with CDP-choline slightly enhances bone 

formation and reduces bone resorption in both wildtype and CHKB mutant osteoblast 

and osteoclast cultures respectively. In fact, in both cases a greater effect is observed in 

wildtype cultures. CDP-choline is thought to protect cell membranes from damage by 

increasing PC production and reducing the generation of free radicals (Adibhatla and 

Hatcher, 2005; Adibhatla et al., 2006). Reactive oxygen species (ROS) is used to 

describe molecules and free radicals derived from molecular oxygen (Turrens, 2003). In 

bone, an increase in ROS results in enhanced bone resorption and a decrease in bone 

formation (Bax et al., 1992; Almeida et al., 2007). Since CDP-choline reduces free 

radical production, it is tempting to speculate that CDP-choline acts as an antioxidant 

and decreases ROS production. This would result in an increase in bone formation and 

decrease in bone resorption as we see with CDP-choline treatment. However, further 
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experiments are required to show that CDP-choline reduces ROS production in 

osteoclast and osteoblast cultures.  

 

Taken together, the results from this chapter demonstrate that CDP-choline is not 

sufficient to rescue the bone phenotype of CHKB mutant mice but could partially 

restore the elevated osteoclast numbers observed in CHKB mutant mice.  
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8.1 Overview of Thesis and General Discussion  

 

The maintenance of bone homeostasis is dependent upon two key cells types, the 

osteoclast and osteoblast. Osteoclasts are formed by fusion of mononuclear precursors 

of the monocyte/macrophage lineage. They function as the principal resorptive cell of 

bone. RANKL and M-CSF are two key cytokines necessary for osteoclast formation 

and function (Takahashi et al., 1999). Conversely, the osteoblast is derived from 

mesenchymal stem cells residing in the bone marrow. Osteoblasts are involved in bone 

formation and therefore they play a pivotal role in the homeostasis of the skeleton as 

well as in continued bone growth and remodelling. The activities of the osteoclast and 

osteoblast must be tightly regulated to maintain bone mass (Hill, 1998). Disruption to 

the balance of bone homeostasis leads to a number of pathological conditions including 

osteoporosis, osteopetrosis and arthritis. The exact mechanisms underlying these 

pathological conditions remain, however, unclear. Therefore, understanding the 

molecular mechanisms involved in the maintenance of bone homeostasis may provide 

important insight for the development of novel therapeutic targets for these disease 

conditions.  

 

In an attempt to identify novel molecules involved in the maintenance of bone 

homeostasis, we utilised an ENU-induced mutagenesis screening approach. By X-ray 

analysis we uncovered one such ENU-induced mutant mouse line found to exhibit 

reduced bone mass in the hindlimb, spine and tail. Genetic mapping subsequently 

revealed that the mutation in this mouse line occurs in the choline kinase beta (CHKB) 

gene, where the point mutation lies in the first amino acid residue, resulting in an A to T 

substitution in the start codon. In this instance, the CHKB gene is expressed at the 

mRNA level but not translated into CHKB protein. To our knowledge, this is the first 

study to implicate a role for CHKB in bone.  

 

CHKB catalyses the first phosphorylation reaction in the biosynthesis of 

phosphatidylcholine (PC), a major membrane phospholipid. Choline kinase is encoded 

by two genes, choline kinase alpha and choline kinase beta. It was traditionally thought 

that choline kinase is involved solely in lipid homeostasis, however this opinion has 

since been revised in light of recent knockout studies which have uncovered new roles 

of the choline kinase isoforms. Of particular interest is the study of CHKB deficient 
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mice, which produced some unexpected findings. These mice display a hindlimb 

muscular dystrophy and forelimb deformity due to decreased levels of PC (Sher et al., 

2006; Wu et al., 2009b).  

 

Our study of the CHKB mutant mice further extends the role for CHKB to the 

maintenance of bone homeostasis. By microCT analysis, CHKB mutant mice display 

reduced trabecular and cortical bone mass. This phenotype was observed in both male 

and female mice and at all age ranges examined. Bone histomorphometric analysis 

further confirmed this decrease in bone mass in the CHKB mutant mice and indicates a 

potential cellular mechanism, possibly attributed to an increased number of osteoclasts 

in the CHKB mutant mice in vivo. However, analysis of bone formation rates in vivo by 

double fluorochrome labelling revealed a reduction in bone formation in the CHKB 

mutant mice despite showing no difference in osteoblast numbers suggesting that the 

function of osteoblasts may also be compromised by the CHKB mutation. Therefore, it 

appears that both the osteoclast and osteoblast have intrinsic abnormalities in the CHKB 

mutant mice.  

 

The CHKB mutant mice display a forelimb bone deformity similar to that previously 

reported in the Chkb
-/- 

mice (Sher et al., 2006). However, in this study we have assessed 

the forelimb over a range of ages and identified the presence of the deformity as early as 

18.5dpc, suggesting a role for CHKB in forelimb development. Further, the CHKB 

mutant mice are anatomically smaller in size and have reduced total forelimb and 

hindlimb length. This highlights a role for CHKB in skeletal development and growth. 

It may be possible that cartilage defects underlie the reduction in limb length however 

this possibility remains to be explored and provides an area of future study. 

 

To elucidate the cellular mechanism through which CHKB regulates bone homeostasis, 

we performed a series of in vitro experiments to characterise osteoclast and osteoblast 

function in the CHKB mutant mice. In vitro osteoclastogenesis assays showed a 

significant increase in osteoclast number in cultures derived from bone marrow and 

spleen cells of CHKB mutant mice. Furthermore, the bone marrow macrophages 

derived from CHKB mutant mice displayed an increased sensitivity to RANKL, 

forming more osteoclasts at lower doses of RANKL. Interestingly, the osteoclasts 

derived from the CHKB mutant bone marrow had a reduced cell spread area in 
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comparison to the wildtype osteoclasts. Analysis of the number of nuclei in each 

osteoclast revealed that the CHKB mutant bone marrow cultures had a significant 

increase in small (3-5 nuclei) osteoclasts with a significant decrease in the number of 

large (more than 11 nuclei) osteoclasts. Therefore, the increased number of small 

osteoclasts may account for the enhanced osteoclast numbers observed in the CHKB 

mutant mice. In the wildtype cultures these small osteoclasts may fuse reducing the 

osteoclast number. These results also suggest that fusion defects may have a role in the 

increased osteoclast number. However, these would only be mild as the CHKB mutant 

bone marrow can still form medium and large osteoclasts, although a reduced number 

of them. Possible fusion deficiencies may be attributable to altered composition of the 

plasma membrane due to the defective biosynthesis of PC (Haque et al., 2001). Thus, it 

is important to assess the phospholipid composition of the osteoclast plasma membrane 

to get a clear idea of the exact effect of the deficiency in CHKB. Nevertheless, taken 

together, the in vitro osteoclastogenesis assays show an increase in osteoclast number in 

CHKB mutant bone marrow cultures, consistent with the histomorphometric analysis ex 

vivo. This elevation in osteoclast numbers may partially account for the reduced bone 

mass of the CHKB mutant mice.   

 

In vitro bone resorption assays reveal that the area of bone resorbed is similar between 

wildtype and CHKB mutant osteoclasts, indicating that osteoclast function is not 

affected by the deficiency in CHKB. Interestingly however, the depth of the resorption 

pits formed by the CHKB mutant osteoclasts appears deeper. Thus, overall the CHKB 

mutant osteoclasts have enhanced resorptive activity compared to the wildtype 

osteoclasts. The exact mechanism responsible for the increased depth of resorption pits 

formed by the CHKB mutant osteoclasts remains to be identified. Initially, it was 

thought that acidification might be enhanced in the CHKB mutant osteoclasts however, 

no difference in intracellular acidification was observed. However, this result does not 

rule out the possibility that extracellular acidification might still be altered and awaits 

future investigation.  

 

Aforementioned, it can be hypothesised that differences in membrane phospholipid 

composition may underlie the enhanced bone resorption of the CHKB mutant 

osteoclasts. The positioning and content of membrane-bound proteins in the plasma 

membrane can be affected by alterations in phospholipid components. One such 
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membrane-bound protein that might be affected is ryanodine receptor II isoform 

(RyR2), which is involved in the sensing of extracellular calcium levels and transducing 

this signal across the plasma membrane to increase the intracellular calcium 

concentration (Zaidi et al., 1995; Zaidi et al., 2004). An increase in intracellular calcium 

concentration has been implicated in the retraction of the osteoclast from the resorptive 

lacuna, as well as in reducing the secretion of bone degrading enzymes (Zaidi et al., 

2004). We speculate that the positioning of RyR2 may be altered and as such the 

increasing extracellular concentration during resorption is not sensed correctly. Thus, 

the osteoclast does not retract or stop secreting degrading enzymes leading to increased 

resorption at each site. It is most likely that a number of membrane-bound proteins 

would be affected based on their positioning in the plasma membrane. A comparison of 

the membrane-bound proteins present in wildtype and CHKB mutant osteoclast 

membranes may give further clues as to which proteins are affected and may give 

insight into possible mechanisms for the increased osteoclastic bone resorption.  

 

Although we have identified that CHKB plays a role in osteoclast function and 

formation, we have not, as yet, elucidated the molecular mechanism behind this. As a 

starting point, we are beginning to assess the effects of CHKB deficiency on the 

signalling pathways downstream of RANKL, as these are the most important ones 

associated with osteoclast formation and function. Analysis of one of the mitogen 

activated protein kinase (MAPK) signalling pathways, the extracellular signal-regulated 

kinase (ERK) pathway, showed a significant increase in phosphorylated ERK levels in 

the CHKB mutant bone marrow cultures. Since ERK has been implicated in cell 

survival, this result suggests that the CHKB mutant osteoclasts may have enhanced cell 

survival (Miyazaki et al., 2000). The expression of anti-apoptotic genes such as Bcl-2 

and apoptosis assays should be carried out to confirm the enhanced cell survival of 

CHKB mutant bone marrow precursors and osteoclasts. Analysis of NFATc1 protein 

expression showed no significant difference between wildtype and CHKB mutant bone 

marrow osteoclasts, indicating that CHKB does not regulate NFATc1. The complete 

array of RANKL signalling pathways must be examined to gain further understanding 

of the role of CHKB in osteoclast formation and function. Interestingly, RANKL 

stimulation increased CHKB protein expression, although no affect was observed on 

gene expression. The discrepencies between gene expression and protein expression 

have been well studied and although theoretically they should correlate, studies suggest 
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that only a modest correlation can be made (Nie et al., 2007). This may account for the 

difference between CHKB gene and protein expression. The increase in protein 

expression following RANKL stimulation indicates that CHKB may act downstream of 

RANKL. 

 

Phosphatidylcholine is a major component of the mitochondrial membrane (Osman et 

al., 2011). Therefore, it was important to investigate the mitochondria of the osteoclasts, 

especially since megamitochondria were observed in the muscle of Chkb
-/-

 mice (Sher et 

al., 2006). The presence of enlarged mitochondria was confirmed in the muscle of the 

CHKB mutant mice. However, the mitochondria in the CHKB mutant osteoclasts were 

two to three times smaller than those of the wildtype. Although this is a statistically 

significant difference, it has been reported that mitochondrial size may change up to 

three times in size due to normal swelling (Wakabayshi, 2007). Thus, the difference is 

size does not translate to a physiological difference. To confirm this, mitochondrial 

function was analysed using mitochondrial inner membrane potential as a marker. There 

was no significant difference in mitochondrial membrane potential, consistent with the 

ability of the CHKB mutant osteoclasts to resorb bone efficiently.  

 

Given that there was reduced bone formation in the CHKB mutant mice in vivo, with no 

significant change in osteoblast numbers, osteoblast function was assessed in vitro. Our 

findings reveal that there was a significant reduction in bone mineralisation in the 

osteoblasts derived from CHKB mutant bone marrow, supporting the in vivo result. To 

further understand how CHKB affects bone mineralisation, osteoblast marker gene 

expression was analysed. Runx2 gene expression was reduced in CHKB mutant 

osteoblasts, indicating the CHKB may regulate Runx2 expression. The gene expression 

of Osterix and osteocalcin was also decreased in the CHKB mutant osteoblasts, most 

likely explained by the diminution in Runx2 expression as the expression of these genes 

are regulated by Runx2 (Nishio et al., 2006; Xiao et al., 2005). The complete list of 

osteoblast marker genes and signalling pathways is yet to be carried and is planned for 

future study. Nevertheless, a role for CHKB in osteoblast function has been identified.  

 

In an attempt to restore the bone phenotype of the CHKB mutant mice, we used CDP-

choline as a way of bypassing the deficiency of CHKB. CDP-choline has been 

employed in a number of animal studies and is in clinical use in Japan and Europe (Wu 
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et al., 2009b; Adibhatla and Hatcher, 2005; Shuaib et al., 2000). Treatment with CDP-

choline partially rescued the muscular dystrophy phenotype of the Chkb
-/-

 mice (Wu et 

al., 2009b). Treatment of in vitro osteoclastogenesis assays with CDP-choline partially 

rescued the increased osteoclast numbers in the CHKB mutant bone marrow cultures; 

with no significant effect on osteoclast cell spread area. However, treatment of CHKB 

mutant bone marrow derived osteoblasts with CDP-choline had no effect of bone 

mineralisation. This could be due to the dose of CDP-choline used; higher doses may 

increase bone formation of the CHKB mutant osteoblasts. Taken together, the results 

from the in vitro study showed that CDP-choline could partially rescue the osteoclast 

numbers but had no effect on bone formation.  

 

The effect of in vivo treatment with CDP-choline was also analysed. By microCT 

analysis, there was no significant change in bone mass or the associated parameters with 

CDP-choline treatment. This could be attributed to the length of time in which treatment 

was given. The mice were only treated for three weeks and then sacrificed. This time 

frame is likely too short for significant changes in bone volume to occur. Nevertheless, 

in vivo treatment with CDP-choline was able to partially rescue the osteoclast numbers 

in the CHKB mutant bone marrow derived cultures. However, osteoblast function was 

not restored.  

 

One of the limitations of this study is that the ENU-induced mutations are global 

mutations and as such other phenotypes may be present in the mouse line. In the case of 

the CHKB mutant mice they also have muscular dystrophy. The role of muscle in 

modulating bone mass has been well studied. Muscle function during activity gives 

rises to the mechanical loading that is required for bone mass and development (Frost 

and Schonau, 2000). A reduction in muscle use has been associated with reduced bone 

mass in patients with Duchene muscular dystrophy and cerebral palsy (Larson and 

Henderson, 2000; Shaw et al., 1994; Tasdemir et al., 2001). Further, more recent 

evidence has highlighted the role of myokines (cytokines and growth factors secreted by 

the muscle) in the regulation of bone mass. Factors such as insulin-like growth factor 1 

(IGF-1) and fibroblast growth factor 2 (FGF-2), which are known to play a role in bone 

formation, have been implicated as a link between muscle and bone (Hamrick, 2010).  
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In the case of the CHKB mutant mice we cannot completely rule out the possibility that 

the reduced bone mass phenotype is not due to the reduced muscle function. However, 

we feel that the muscular dystrophy only partially accounts for the reduced bone mass 

of the CHKB mice. Studies assessing the role of muscle function on bone mass, using 

the tail suspension model, report a 10-20% change in bone volume with a decrease in 

trabecular thickness but no change in trabecular number (Amblard et al., 2003; Judex et 

al., 2004). In the CHKB mutant mice we observe at least a 50% decrease in bone mass 

at all age ranges examined. Further, we also see a decrease in trabecular number in the 

CHKB mutant mice. The CHKB mutant mice are able to move to obtain food and water 

and have survived up to 18 months of age. The in vitro assays also show intrinsic 

abnormalities in both the osteoclast and osteoblast indicating that CHKB plays a role in 

both cell types. Whilst the muscular dystrophy may partially account for the 

osteoporotic phenotype it doesn’t completely explain the phenotype and the associated 

effects on the osteoclast and osteoblast.  

 

Collectively, the results from this study show that CHKB mutant mice have reduced 

bone mass, a forelimb deformity and decreased limb length. The bone phenotype of the 

CHKB mutant mice can be explained by an increase in osteoclast number and activity 

as well as a decrease in bone formation. The molecular mechanism(s) through which 

CHKB regulates osteoclast formation and activity and osteoblast function remains to be 

elucidated. Nevertheless, choline kinase beta is a novel regulator of bone homeostasis 

and may serve as a potential therapeutic target.  

 

A hypothetical model illustrating the role of CHKB in regulating osteoclast and 

osteoblast function has been devised (Figure 8.1). In this model, it is proposed that a 

deficiency in CHKB will reduce the levels of CDP-choline and PC in the cell. A 

reduction in CDP-choline would increase the levels of reactive oxygen species in both 

the osteoclast and osteoblast. A decrease in PC would change the plasma membrane 

composition leading to, in the case of the osteoclast, improper positioning of 

membrane-bound proteins, altered membrane permeability and fusion defects. Together, 

these modifications give rise to increased osteoclast formation and activity. In the 

osteoblast, altered membrane composition would result in reduced calcium deposition 

and also improper positioning of membrane-bound proteins, decreasing bone formation. 

A number of aspects in this model need to be confirmed and are areas of future study.  
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Figure 8.1 Proposed pathway through which CHKB regulates the osteoclast 

and osteoblast 

The deficiency in CHKB results in decreased levels of CDP-choline and 

phosphatidylcholine (PC). A reduction in CDP-choline increases the levels of 

reactive oxygen species (ROS) in both the osteoclast and osteoblast. Decreased 

levels of PC results in alterations in the composition of membrane phospholipids. In 

the osteoclast, this results in altered positioning of membrane bound proteins, a 

change in membrane potential and fusion deficiencies. In the osteoblast, a change in 

membrane composition causes reduced calcium deposition and altered positioning 

of membrane-bound proteins. Collectively, these changes result in increased 

osteoclast number and activity as well as decreased bone formation as seen in the 

CHKB mutant mice.  
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8.2 Future Directions 

 

The results from this study have highlighted areas that require further investigation. 

Some of these will give more insight into the molecular mechanism by which CHKB 

regulates bone homeostasis whilst other will identify new roles for CHKB.  

 

Do CHKB mutant osteoclasts respond to an increase in extracellular calcium? 

The in vitro bone resorption assays showed that CHKB mutant osteoclasts resorb more 

bone, as evidenced by the formation of deeper resorption pits, compared to wildtype 

osteoclasts. Based on this observation, it was hypothesised that the CHKB mutant 

osteoclasts may not correctly sense increasing concentrations of extracellular calcium 

and therefore do not receive the signal to retract and decrease the secretion of bone 

degrading enzymes (Zaidi et al., 2004). To examine if this is the case, we are planning 

to examine the intracellular calcium levels of wildtype and CHKB mutant osteoclasts, 

using the fluorescent calcium binding dye Fura-2, in the presence of increasing 

extracellular calcium concentrations. Decreased intracellular calcium levels in the 

CHKB mutant osteoclasts compared to wildtype osteoclasts would indicate that the 

CHKB mutant osteoclasts do not sense extracellular calcium levels as well. This would 

give some indication as to why the resorption pits formed by the CHKB mutant 

osteoclasts are deeper.  

 

Are RANKL signalling pathways in the CHKB mutant osteoclasts altered?  

The importance of the RANKL signalling pathway in osteoclast formation and function 

has been well established (Theill et al., 2002). Analysis of the common RANKL 

signalling pathways would provide insight into the possible mechanism(s) behind the 

regulation of osteoclast formation and function by CHKB. These experiments are 

currently underway, with the results of ERK signalling pathway showing an increased 

phosphorylation of ERK in the CHKB mutant bone marrow. Western blot analysis of 

the remaining MAPK signalling pathways, p-38 and JNK needs to be carried out as well 

as NFκB and PI3K/Akt pathways for completeness. These results, whether negative or 

positive, will assist in narrowing down the molecular mechanism for the increased 

formation and activity of CHKB mutant osteoclasts.  
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Are the levels of ROS increased in CHKB mutant osteoclasts and osteoblasts? 

CDP-choline has been associated with reducing free radicals (Adibhatla and Hatcher, 

2005; Adibhatla et al., 2006). We hypothesise that the deficiency in CHKB would 

reduce the levels of CDP-choline and therefore increase the amount of free radicals such 

as reactive oxygen species (ROS) in the osteoclast and osteoblast. To confirm this 

possibility, the levels of ROS must be examined in wildtype and CHKB mutant 

osteoclasts and osteoblasts. This can be done using fluorescent probes that measure 

reactive species in cell culture. A fluorescence microplate reader or confocal 

microscopy can be used to quantify the levels of ROS. An increase in ROS has been 

shown to decrease bone formation and increase bone resorption, similar to what we 

observe in the CHKB mutant mice (Bax et al., 1992; Almeida et al., 2007). 

 

Does the deficiency in CHKB alter plasma membrane composition?  

In the muscle, deficiency of CHKB results in reduced PC levels (Wu et al., 2009b). So 

far we have assumed that PC levels will be reduced in the CHKB mutant osteoclasts and 

osteoblasts however, this needs to be confirmed. To quantify the phospholipid 

components, CHKB mutant osteoclasts and osteoblasts need to be isolated and 

homogenised. Total lipids then need to be extracted using water and chloroform to 

create a biphasic system allowing the lipid component to be extracted. Phospholipids 

are then separated by liquid chromatography. The results from these experiments would 

confirm whether membrane composition is affected by the deficiency in CHKB.  

 

Are there alterations in membrane-bound proteins in CHKB mutant osteoclasts? 

Changes in membrane composition can affect the positioning of membrane-bound 

proteins (Devaux and Morris, 2004). This can have implications in signal transduction 

across the membrane, transport of nutrients and fusion of vesicles and cells with the 

membrane. As we have observed an increase in osteoclast activity as well as potential 

fusion deficiencies, it would be interesting to investigate if there are any differences in 

membrane-bound proteins between wildtype and CHKB mutant osteoclasts. To 

examine this, we propose to isolate the plasma membrane of wildtype and CHKB 

mutant osteoclasts by fractionation of osteoclast protein lysate to isolate the plasma 

membrane component. The membrane-bound protein fraction will then be subjected to 

proteomic analysis to compare if there are any differences in the expression of 

membrane-bound proteins. This is another avenue that will provide insight into the 
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potential molecular mechanism behind the increased formation and activity of CHKB 

mutant osteoclasts.   

 

Is osteoclast/osteoblast signalling affected in CHKB mutant mice? 

The bone remodelling process is dependent on the balance between the activities of the 

osteoclast and osteoblast. Therefore, the cellular coupling of the activities of the 

osteoclast and osteoblast is tightly regulated to maintain bone homeostasis (Hill, 1998). 

Since CHKB is expressed in both the osteoclast and osteoblast and affects the function 

of both cell types, it is worthwhile to examine whether signalling between the osteoclast 

and osteoblast is affected by the deficiency in CHKB. This can be easily examined 

using an in vitro co-culture assay. Using calvarial osteoblasts and bone marrow 

macrophages from wildtype and CHKB mutant mice, and culturing them in various 

combinations, the ability of the osteoblasts to support osteoclast formation can be 

deduced. The results from this experiment will assist in determining if osteoblast 

derived factors are responsible for the increase in osteoclast number in CHKB mutant 

mice. The expression of key signalling molecules such RANKL and OPG should also 

be examined. This study has already shown that RANK gene expression is not affected 

by the CHKB mutation.   

 

Can the phenotype of the CHKB mutant osteoclasts be rescued by overexpression 

of CHKB? 

To ensure the osteoclast phenotype is due solely to the deficiency in CHKB, we propose 

to carry out overexpression studies. Firstly, this requires the generation of a retroviral or 

lentiviral construct containing CHKB. Currently, there are no commercially available 

antibodies against CHKB. Dr Chieko Aoyama has kindly donated the anti-CHKB 

antibody used in this study but there is limited availability, therefore, we plan to use a 

Flag-tagged construct so the overexpression of CHKB can be confirmed by western blot 

analysis. Once the correct construct has been generated, wildtype and CHKB mutant 

bone marrow macrophages must be transduced. The CHKB-overexpressing bone 

marrow macrophages can then be used in in vitro osteoclastogenesis assays and 

resorption assays to assess if the increased osteoclast formation and activity of the 

CHKB mutant osteoblasts can be rescued by adding back CHKB. If the osteoclast 

phenotype can be rescued it would indicate that CHKB is directly responsible for the 

phenotype.  
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Does CHKB play a role in skeletal growth? 

From this study we have shown that CHKB mutant mice are smaller in size and have 

reduced hindlimb and forelimb length. These results suggest that CHKB may play a role 

in skeletal growth however, the mechanism(s) behind this are yet to be examined. It is 

possible that cartilage defects may underlie the growth defect. The growth plate of the 

long bones of the CHKB mutant mice should be analysed to determine this. The CHKB 

mutant osteoblasts could also contribute to the reduced bone length. 

 

Does CHKB play a role in embryonic skeletal development? 

The presence of the forelimb deformity in the CHKB deficient mice has been reported 

previously and we have confirmed that the CHKB mutant mice have a similar deformity 

(Sher et al., 2006). In this study we have traced the deformity over a range of time-

points and found it is present in the embryonic stages at 18.5dpc. This is the earliest 

time-point examined so far. Given the deformity is present at the embryonic stage, it 

suggests a role for CHKB in forelimb development. The exact time-point at which the 

deformity is occurring could be narrowed down, that is, forelimbs from 14.5 and 

16.5dpc embryos must be stained with alcian blue and alizarin red to determine if the 

forelimb deformity can be seen at these stages of development. Further, the expression 

of genes involved in forelimb patterning such as T-box family member 5 (Tbx5) could 

be examined to see if they are affected by the deficiency in CHKB.  

 

Is the deficiency in CHKB linked to human cases of osteoporosis?   

Whilst we have identified a novel factor regulating bone homeostasis, we have not yet 

determined if this translates to any human cases of osteoporosis. One approach would 

be to determine if patients with osteoporosis have a mutation in the CHKB gene. 

Another approach would be to examine the bone mineral density of patients who have a 

choline deficient diet or those who are on CDP-choline supplementation. If a reduced 

choline intake results in reduced bone mass, whilst CDP-choline supplementation 

increases bone mass, it would at least suggest that the PC biosynthesis pathway is 

responsible for bone phenotypes in humans. This would give rise to novel therapeutic 

targets for the treatment of pathologic bone conditions.  
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