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Abstract 
 

Imatinib is a rationally-designed tyrosine kinase inhibitor that is a highly-successful 

treatment for chronic myeloid leukaemia (CML) and gastrointestinal stromal tumours. In a 

retrospective study, it was previously shown that imatinib therapy is associated with an 

increase in trabecular bone volume. In this current study, a prospective analysis of bone 

indices in imatinib-treated CML patients was carried out to determine the mechanism 

responsible for this altered bone remodelling. Imatinib therapy resulted in an increase in 

trabecular bone volume and trabecular thickness in iliac crest trephines, relative to prior to 

treatment. This was associated with a significant decrease in osteoclast numbers, assessed 

histologically, and in serum levels of a marker of osteoclast activity. Osteoblast numbers 

were not altered by up to 12 months of treatment. These data suggest that imatinib 

dysregulates bone remodelling by inhibiting osteoclast activity. 

It was next examined whether a second-generation tyrosine kinase inhibitor, 

dasatinib, which is successfully used to treat CML in imatinib-resistant patients, could 

similarly alter bone remodelling. Dasatinib treatment significantly increased trabecular 

bone volume and trabecular thickness in a rat model of normal bone remodelling. This was 

primarily attributable to inhibition of osteoclast activity, at least in part through inhibition 

of Fms. These studies show for the first time that dasatinib treatment is associated with a 

decrease in osteoclast formation and activity in vitro and in vivo, suggesting that decreased 

bone resorption is a likely side-effect of dasatinib therapy. Additionally, these studies 

highlight the possibility that both imatinib and dasatinib may represent potential treatments 

for diseases characterised by aberrant bone loss. 

While imatinib is well-tolerated in children, emerging data suggest that long-term 

therapy may result in decelerated growth in juvenile CML patients. To date, there are no 

reports suggesting a mechanism for altered growth in imatinib-treated paediatric patients. 

In a normal mature rat model, we found that daily treatment with imatinib or dasatinib 

significantly decreased growth plate thickness at the proximal tibia, with a complete fusion 

of the growth plate by 12 weeks of treatment in imatinib-treated animals. Furthermore, 

chondrocyte proliferation and activity were significantly decreased by imatinib and 

dasatinib treatment in vitro, through a mechanism that may involve inhibition of PDGFR�. 

The dramatic effect of imatinib and dasatinib on growth plate morphology in rats suggests 

that growth plate closure should be investigated as a potential mechanism for inhibited 

growth in pre-pubescent patients receiving imatinib. 
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1.1 Overview 
Imatinib mesylate, a rationally-designed ATP-competitive protein tyrosine kinase inhibitor, 

is currently the gold standard therapy for Philadelphia chromosome-positive chronic 

myeloid leukaemia (CML) and some gastrointestinal stromal tumours (GIST), based on its 

inhibition of Bcr-Abl and Kit signalling, respectively.1 The significant incidence of 

acquired resistance to imatinib has led to the development of second generation tyrosine 

kinase inhibitors, such as nilotinib and dasatinib, that have greater affinity and/or 

specificity for their target kinases (reviewed in 2). 

Although the efficacy and tolerability of imatinib are a vast improvement over 

conventional chemotherapies, the drug exhibits off-target effects.3,4 Unanticipated side-

effects of imatinib therapy include hypophosphataemia (serum phosphate < 0.8 mM) and 

hypocalcaemia (serum calcium < 2.1 mM)5-12, which in part have been attributed to drug-

mediated changes to renal and gastrointestinal handling of phosphate and calcium. 

However, emerging data suggest that imatinib also targets cells of the skeleton10,13-19, 

stimulating the retention and sequestration of calcium and phosphate to bone, leading to 

decreased circulating levels of these minerals. Significantly, recent studies suggest that 

normal skeletal remodelling is dysregulated in patients receiving imatinib therapy.5,10,12,20 

The following introduction highlights our current understanding of the mechanisms 

underlying the effects of imatinib on the skeleton. In particular, it examines recent studies 

which suggest that imatinib has direct effects on bone-resorbing osteoclasts and bone-

forming osteoblasts through inhibition of the macrophage colony stimulating factor 1 

(M-CSF; also known as CSF1) receptor (Fms [McDonough feline sarcoma viral oncogene 

homologue]; also known as CSF1R), the stem cell factor (SCF) receptor (Kit), carbonic 

anhydrase II (CAII), Abelson kinase (Abl) and the platelet-derived growth factor receptor 

(PDGFR). 

 

1.2 Bone structure, remodelling and growth 
1.2.1 Macroscopic organisation 

Bone is a specialised connective tissue which primarily acts to provide mechanical support 

for the organs, act as anchor sites for muscles to facilitate locomotion, protect vital organs 

and the bone marrow and to serve as a metabolic reserve for calcium and phosphate to 

maintain mineral homeostasis (reviewed in 21). 

The bones of the skeleton can be categorised into two broad groups based on gross 

morphology: the flat bones, comprising the ilium, mandible, scapulae and the bones of the 
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scull; and the long bones, including the tibia, femur and humerus. Long bones can be 

segmented into three broad regions: the epiphyses, which make up the extremities of the 

bones; the cylindrical middle portion of the bone, known as the diaphysis; and the 

metaphysis, which is the transitional region between the midshaft and the ends of the bone 

(figure 1.1). In the growing skeleton, the epiphysis and the metaphysis are separated by a 

layer of epiphyseal cartilage, known as the growth plate. The outer surface of the bone is 

made up of dense layers of calcified bone, known as the cortex, which encases the 

haematopoietic bone marrow in the medullary cavity. In young animals the marrow space 

is filled with haematopoietic stem cells and mature erythrocytes (red marrow). In contrast, 

the marrow of the long bones of aging animals becomes increasingly filled with adipocytes 

(yellow marrow) and becomes less haematopoietically active. 

In the medullary cavity at the metaphysis and epiphysis of long bones, and in the 

axial skeleton, the marrow space is filled with a rigid sponge-like meshwork of thin, 

calcified bone struts, known as trabecular or cancellous bone. In general, cortical bone is 

less metabolically active and primarily fulfils a mechanical function, while trabecular bone 

is more metabolically active and also contributes to mechanical strength. 

 

1.2.2 Bone matrix and mineral composition 

Bone is a mineralised extracellular matrix which is composed of type I collagen fibrils, 

making up approximately 90% of the matrix proteins, and a small proportion of 

osteonectin, osteopontin, bone sialoprotein and serum-derived globular proteins.22-31 

Healthy mature bone is composed of tightly-packed bundles of collagen fibres that form 

layers (lamellae) to allow the highest possible density of collagen in the bone tissue. The 

inorganic mineral component of bone is predominantly calcium and phosphate in the form 

of hydroxyapatite crystals [Ca10(PO4)6(OH)2] (reviewed in 32). Following rapid bone 

formation, for example in development or fracture healing, the collagen fibres are formed 

in randomly oriented bundles, termed woven bone.33 Woven bone is progressively 

resorbed and replaced by lamellar bone. 

 

1.2.3 Bone formation 

1.2.3.1 Osteoblasts 

Osteoblasts are mature, non-proliferative cubiodal cells with a single eccentric nucleus, an 

intensely basophilic cytoplasm and a prominent golgi apparatus.33,34 These cells, which 



Figure 1.1. Anatomy of long bones. 
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derive from multipotent mesenchymal stem cells in the bone marrow, are responsible for 

the production and secretion of bone matrix, collagen and non-collagenous proteins.  

During the initial phase of bone synthesis, osteoblasts rapidly deposit a layer of 

non-mineralised matrix, termed osteoid. Osteoblasts then release membrane-bound vesicles 

which allow the nucleation of hydroxyapatite crystals as a precursor to mineralisation of 

the matrix (reviewed in 35). During the matrix secretion process, some osteoblasts become 

encapsulated in the newly-synthesised matrix and differentiate further into osteocytes. 

Other cells lose their synthetic capabilities and become bone-lining cells.  

 

1.2.3.2 Osteoblast differentiation 

Osteoblasts originate from multipotent mesenchymal stem cells which also give rise to 

chondroblasts, fibroblasts, myoblasts and adipoblasts.36,37 The differentiation of 

mesenchymal progenitors into osteoblasts is associated with a defined sequence of changes 

in gene expression and cell activity which is controlled by a sequence of transcription 

factors and cytokines (figure 1.2). Bone morphogenetic proteins (BMPs), the canonical 

Wnt (wingless-type MMTV integration type family member) pathway and the transcription 

factors Runx2 (runt-related transcription factor 2) and Osterix (also known as Sp7 

transcription factor) play critical roles in osteoblast differentiation.38-43 

 

1.2.3.2.1 Transcriptional control of osteoblast differentiation 

Runx2 is required to drive mesenchymal stem cell differentiation to the osteoblast 

lineage.38,39,44 Runx2 binds to DNA as a multimeric complex with CBF-� (core-binding 

factor-�) and comodulators, including Smad1/5 (mothers against decapentaplegic 

homologues 1 and 5) and C/EBP (CCAAT/enhancer binding protein), and upregulates the 

expression of osteoblast genes, including those for type I collagen, osteocalcin and bone 

sialoprotein.44 Runx2 knockout mice have a complete absence of endochondral and 

intramembranous ossification due to defective osteoblast differentiation.38,39 RUNX2 

expression is negatively regulated by the transcription factor Twist1, which maintains a 

proliferative immature mesenchymal stem cell phenotype.45 

The transcription factor Osterix, which acts downstream of Runx2, is another key 

regulator of osteoblast formation, driving the final commitment of progenitors into 

osteoblasts. Osterix interacts with NFAT (nuclear factor for activated T cells) family 

members and drives expression of osteoblast-specific genes.46 Osterix-deficient (Osx-/-) 



Figure 1.2. Osteoblast differentiation. The transcription factors Runx2 and Osterix 

drive mesenchymal stem cell differentiation down the osteoblast lineage. Twist1 

inhibits osteoblast differentiation, maintaining mesenchymal cells in an immature 

phenotype. Wnt promotes osteoblastogenesis, while sclerostin, Dkk1, sFRP and Wif 

antagonise Wnt signalling, inhibiting commitment to the osteogenic lineage. BMP 

stimulation induces osteoblast differentiation, driving the expression of genes involved 

in osteoblast maturation. 
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mice lack mature osteoblasts and, like Runx2-/- mice, have a complete absence of 

endochondral or intramembranous bone synthesis.42 

 

1.2.3.2.2 Canonical Wnt signalling 

Canonical Wnt/�-Catenin signalling is critical for bone formation, inhibiting chondrogenic 

differentiation and promoting osteoblastogenesis. Wnt ligands bind to a receptor complex 

comprising Frizzled and LRP5/6 (low density lipoprotein receptor-related protein 5 and 6), 

inducing a signalling cascade that directs osteoblast differentiation at the pre-osteoblast 

stage, enhancing Runx2 expression (figure 1.3). Wnt signalling stabilises �-Catenin, which 

then interacts with members of the Tcf/Lef (T-cell-specific transcription factor/lymphoid 

enhancer-binding factor) transcription factor family to drive the expression of genes 

involved in osteoblast differentiation41 (reviewed in 47). In the absence of Wnt ligands, 

glycogen synthase kinase-3� (GSK-3�) negatively regulates �-Catenin by mediating 

�-Catenin phosphorylation and thus targeting it for ubiquitination and proteasomal 

degradation.48,49 However, the binding of Wnt ligands to the membrane Frizzled/LRP5/6 

receptor complex inhibits the phosphorylation of �-Catenin by GSK-3�, thus allowing �-

Catenin to translocate to the nucleus and to regulate gene transcription.40  

A number of molecules, including secreted Frizzled-related proteins (sFRPs) and 

Wnt inhibitory factors (Wif), negatively regulate osteoblast differentiation by binding and 

sequestering Wnt ligands.50,51 Additionally, Sclerostin and Dickkopff family members 

Dkk1 and Dkk2 bind the LRP5/6 receptors, precluding their binding with Wnt ligands.52-54 

The importance of canonical Wnt signalling in osteoblastogenesis is illustrated by 

conditional knockout studies which show that �-Catenin is essential for osteoblast 

differentiation and bone formation in vivo.43,55,56 Additionally, loss of function mutations in 

the Wnt co-receptor LRP5 are associated with abnormal bone phenotypes in humans, 

including the low bone mass disease Osteoporosis Pseudo-Glioma syndrome, while gain of 

function mutations lead to the High Bone Mass phenotype.57-59 In addition, deletion 

mutations in the SOST gene, encoding the Wnt inhibitor Sclerostin, also cause diseases of 

abnormally increased bone density (osteosclerosis), including Sclerosteosis and Van 

Buchem disease.60-62 

 

1.2.3.2.3 BMPs 

BMPs are members of the transforming growth factor-� (TGF-�) superfamily that are 

potent stimulators of osteoblast differentiation.63,64 Signalling downstream of the BMP 



Figure 1.3 The canonical Wnt signalling pathway. A. In the absence of Wnt signal, 

�-Catenin is degraded following interactions with Axin, APC and GSK-3�. B. Wnt 

ligands bind to the Frizzled/LRP5/6 receptor complex, resulting in inhibition of �-

Catenin degradation. This allows the accumulation of �-Catenin in the cytoplasm and 

nucleus, resulting in the transcription of osteoblast-specific genes. C. Extracellular Wnt 

antagonists Sclerostin and Dkk1 inhibit Wnt signalling through the binding and 

sequestering of LRP5/6, while sFRP binds Wnt, preventing its binding to Frizzled. 



A
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receptors is regulated by the Smad family of intracellular signalling molecules, which 

translocate to the nucleus following activation of BMP receptors and upregulate the 

expression of genes that are crucial for osteoblast formation (reviewed in 65). BMPs also 

transcriptionally activate RUNX2 and OSX in mesenchymal precursors in vitro, promoting 

osteoblastic differentiation.66,67 

 

1.2.4 Osteocytes 

The calcified bone matrix contains a network of specialised cells (osteocytes) that have 

important roles in monitoring skeletal integrity via a mechanosensory network. Osteocytes 

are terminally differentiated, non-proliferative cells that are derived from mature 

osteoblasts that have been embedded in the bone matrix during the process of bone 

formation (reviewed in 68). Osteocytes reside in small lacunae in the bone or osteoid 

matrix.33 These cells form a syncytium, connecting with other osteocytes and with 

osteoblasts and bone lining cells via numerous cellular processes in canaliculi (reviewed 

in 68). 

The osteocyte network acts as a mechanical sensor, responding to changes in 

extracellular fluid flow or mechanical strain by producing factors, such as insulin-like 

growth factor I (IGF-1) and nitric oxide, that may act as signalling molecules involved in 

the adaptive response to skeletal load.69-73 It is hypothesised that osteocytes play an 

important role in the response to tissue strain and microfracture damage, increasing bone 

remodelling by stimulating osteoclast recruitment.74,75 Studies in murine and chicken 

osteocyte cultures have demonstrated that osteocytes exert a constitutive inhibitory effect 

on osteoclast activity76,77 and induction of osteocyte apoptosis relieves this inhibition.77 

Indeed, osteocyte apoptosis is suggested to be an essential mechanism for the induction of 

bone remodelling, particularly following microfracture damage.75,78,79 In addition, 

osteocytes express receptors for a number of factors that are known to be important in bone 

function, including the parathyroid hormone (PTH)/parathyroid hormone-related peptide 

(PTHrP) receptor80 and oestrogen receptor �81, suggesting that the cells may be able to 

respond to systemic and locally-produced hormones and growth factors. 

 

1.2.5 Bone resorption 

1.2.5.1 Osteoclasts 

Osteoclasts are motile, multinucleated monocyte/macrophage family members of 

haematopoietic origin that arise from mononucleated osteoclasts precursors.82-84 They have 
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a highly vacuolated cytoplasm with abundant Golgi complexes and vesicles containing 

lysosomal enzymes.33,34,85 

Activation of mature osteoclasts is a multi-step process that involves recognition of 

and binding to matrix proteins, cell polarisation and the formation of the actin ring sealing 

zone, which creates a enclosed microenvironment between the osteoclast and the bone 

surface.33,34,86 The attachment of the cell to the bone matrix is predominantly performed via 

�v�3 integrins.87 Following adhesion, cytoskeletal reorganisation drives cell spreading and 

polarisation. In a process which is thought to involve microtubules, vesicles containing 

protons and proteases are transported to the osteoclast surface adjacent to the bone, where 

they fuse with the plasma membrane, forming the ruffled membrane.33,34,85 The 

acidification of the extracellular compartment adjacent to the bone is achieved by the 

production of protons through the action of the cytoplasmic enzyme CAII.88-91 The protons 

are transported across the ruffled border membrane via proton pumps (H+-ATPase), where 

the decreased pH solubilises the mineral component of bone.91-93 The collagen matrix is 

then degraded by the activity of secreted enzymes such as cathepsin K.94 During bone 

resorption, collagen type I fragments and solubilised calcium and phosphate are released 

into the circulation.95,96 After resorbing bone at one site, the osteoclast disassembles the 

sealing zone cytoskeletal structures, migrates to a new site and restarts the bone resorption 

process. 

 

1.2.5.2 Osteoclast differentiation 

1.2.5.2.1 RANK-RANKL-OPG axis 

Molecular interactions between osteoblasts and osteoclasts ensure the close regulation of 

bone turnover. These interactions are primarily under the control of two factors: receptor 

activator of nuclear factor-�B (RANK; also known as tumour necrosis factor [TNF] 

receptor superfamily member 11a), which is expressed on the surface of mature osteoclasts 

and osteoclast precursors, and its cognate ligand, receptor activator of nuclear factor-�B 

ligand (RANKL; also known as TNF ligand superfamily member 11), which is expressed 

primarily by stromal cells and osteoblasts.97,98 This interaction regulates the fusion of 

osteoclast precursors and the subsequent activation and survival of mature osteoclasts 

(figure 1.4).98,99 A soluble form of RANKL (sRANKL) is also secreted by the stromal and 

osteoblast cells, or can be produced by proteolytic cleavage of the membrane bound form 

of RANKL.97 The importance of the interaction between RANK and RANKL has been 

demonstrated in mice lacking RANKL (TNFSF11-/-) and RANK (TNFRSF11A-/-), which 



Figure 1.4. Osteoclast differentiation. Commitment of haematopoietic stem cells to 

the osteoclast lineage requires the expression of the transcription factor PU.1, which 

drives the expression of osteoclast-specific genes, including that for Fms. Activation of 

Fms by M-CSF promotes pre-osteoclast and osteoclast proliferation and survival and 

upregulates the expression of genes that are essential for commitment to the osteoclast 

linage, including that for RANK. Binding of RANK by RANKL drives fusion of 

osteoclast precursors and activation of the mature multinucleated osteoclasts thus 

formed. Signalling downstream of RANK activates the transcription factor NFATc1 

which drives the expression of genes involved in osteoclast activity, including TRAP, 

cathepsin K and �3 integrin. OPG, secreted by osteoblasts, prevents the RANK-RANKL 

interaction by acting as decoy receptor for RANKL, thereby preventing 

osteoclastogenesis. 
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develop severe osteopetrosis (hyper-dense bones) due to the absence of mature 

osteoclasts.100,101 Administration of sRANKL in mice results in reduced bone volume and 

high blood calcium98; in vitro, sRANKL is essential for stimulation of osteoclastogenesis 

in the absence of osteoblasts and stromal cells.102 

A third protein, osteoprotegerin (OPG; also known as TNF receptor superfamily 

member 11b), produced by osteoblasts and other cells, acts as a soluble decoy receptor for 

RANKL, controlling the osteoclastogenic signal by sequestering RANKL and thus 

inhibiting the RANK-RANKL interaction.97,98,103 The crucial role for OPG in bone 

remodelling was demonstrated in Opg-/- mice, which exhibited uncontrolled bone 

resorption, a severe decrease in total bone density and an accompanying high incidence of 

fractures.98,104,105 It has been proposed that dysregulation of the balance between OPG and 

RANKL results in abnormal bone turnover and pathologically increased or decreased bone 

mass.101,104 In support of this hypothesis, at the mRNA level, increasing RANKL/OPG 

ratio is associated with increased bone resorption in human bone and with increased 

osteoclastogenesis in co-cultures of the human pre-osteoclast-like cell line HL60 and the 

stromal cell line ST2.106,107 Thus, the relative quantity of OPG and RANKL in the bone 

microenvironment, not absolute amounts of either, determines whether osteoclastogenesis 

and osteolytic activity occurs. 

The systemic regulation of bone resorption is primarily mediated through the action 

of hormones on stromal cells and osteoblasts. Osteotropic factors (such as 

1,25-dihydroxyvitamin D3, PTH, PTHrP, interleukin [IL]-6, IL-1�, IL-11) stimulate 

osteoclastogenesis by acting on osteoblasts and bone marrow stromal cells to upregulate 

the production of RANKL and M-CSF (reviewed in 108). 

 

1.2.5.2.2 Transcriptional control of osteoclastogenesis 

The early commitment to the osteoclast lineage requires the transcription factor PU.1 (also 

known as SPI1 [spleen focus forming virus proviral integration oncogene]) (figure 1.4). 

PU.1 induces the expression of a number of osteoclast-specific genes, including the Fms 

gene CSF1R, which are required to commit the precursors to the pre-osteoclast lineage.109-

111 Activation of Fms by M-CSF then drives cell proliferation and survival and upregulates 

the expression of RANK.112-114 M-CSF also activates microphthalmia-associated 

transcription factor (Mitf), which is important in regulating genes involved in 

osteoclastogenesis, including that for cathepsin K (CTSK).115 Deficiency in either PU.1 or 

Fms results in an complete absence of osteoclasts and causes severe osteopetrosis.109-111 
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Stimulation of osteoclasts by RANKL drives the formation of mature osteoclasts 

through activation of NFATc1. This involves the recruitment of TRAF6 (TNF receptor-

associated factor 6) to the intracellular domain of RANK116-118 which results in the 

activation of NFATc1119,120 via NF-�B (nuclear factor of � light polypeptide gene enhancer 

in B-cells 1), JNK (Jun N-terminal kinase; also known as mitogen-activated protein kinase 

8), p38 (also known as AHSA1 [activator of heat shock 90 kDa protein ATPase 

homologue 1]) and FOS (FBJ murine osteosarcoma viral oncogene homologue) signalling 

pathways (reviewed in 121). Loss of expression of TRAF6122, Fos123,124, NF-�B125,126, or 

NFATc1124 results in osteopetrosis due to a complete lack of multinucleated osteoclasts, 

despite a normal, or greater than normal, number of monocyte/macrophage cells. The 

activation of the NFATc1 transcription factor induces the expression of genes that are 

essential for osteoclast function, including the genes encoding tartrate-resistant acid 

phosphatase 5 (TRAP)120,127,128, calcitonin receptor127,128, cathepsin K128 and �3 integrin129. 

 

1.2.6 Bone remodelling 

In healthy adults, bone is not static; old bone is constantly being resorbed and new bone 

reformed in a coordinated process known as bone remodelling. This provides the ability to 

alter the microarchitecture of the skeleton, to correct microfracture damage, to change bone 

density and to allow for management of calcium and phosphate homeostasis. The 

resorptive and formative components of the remodelling sequence are tightly coupled in 

time and space so that, in healthy adult bone, osteoclast activity is counterbalanced by 

equal osteoblast activity, resulting in a net balance in bone volume.  

Bone remodelling is a cyclical process that is carried out by the basic multicellular 

unit (BMU), which is made up of a group of osteoclasts which transverse the bone 

undergoing resorption, followed by a group of osteoblasts that progressively synthesise 

bone matrix to fill the resorption lacunae (reviewed in 130). The remodelling cycle begins 

on a quiescent bone surface, covered with bone lining cells. In response to signals, 

probably originating from osteocytes, the bone lining cells are activated and retract to 

expose the bone surface. A blood vessel then advances to the exposed bone surface and 

osteoclast precursors are recruited to the site from the marrow or the circulation. The 

precursors fuse to form mature osteoclasts, which adhere to the bone and undergo 

resorption. Once the osteoclasts have moved on from the region being resorbed, or have 

undergone apoptosis, osteoblasts assemble on the resorbed surface and synthesise new 

bone matrix. 
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Crosstalk between the osteoclasts and osteoblast in the BMU ensures the balanced 

activity of the two cell types. Osteoblasts secrete a number of proteins which are essential 

regulators of bone resorption, including M-CSF, RANKL and OPG.97,98,103 The activation 

of osteoblasts occurs via a process that may involve osteoclast-mediated release of factors 

that are sequestered in the bone matrix (reviewed in 108). In addition, cell-cell interactions 

between osteoclasts and osteoblasts mediated by membrane-bound receptors and ligands 

(for example, Ephrin B2-EphB4 binding) may be involved in the regulation of osteoblast 

activation in the BMU.131 

 

1.2.7 Pathological bone remodelling 

An uncoupling of bone resorption from bone formation can result in local or systemic bone 

loss or, alternatively, in an abnormal increase in bone density. Focal bone loss is 

symptomatic of inflammatory arthritis, multiple myeloma and skeletally metastatic breast 

cancer (reviewed in 132,133). In contrast, lesions resulting from prostate cancer skeletal 

metastases have both osteoblastic and osteolytic components, although they usually result 

in an overall increase in local bone volume (reviewed in 132,133). Irrespective of the lesion 

type, bone resorption is almost universally increased in patients with bone tumours 

(reviewed in 134). Moreover, studies suggest that bone resorption is necessary for the 

establishment of tumour cells in the bone, resulting in the local release of growth factors 

that promote establishment of the secondary tumour.135 

In osteolytic tumours, there is evidence to suggest that tumour cells can act directly 

or indirectly to increase the recruitment, maturation, activity and survival of osteoclasts, 

leading to an imbalance in bone remodelling and, therefore, bone loss. Additionally, 

factors released from the bone during osteolysis stimulate cancer cell survival, thus 

instigating a “vicious cycle” resulting in decreased bone density and increased tumour 

burden in the bone marrow microenvironment (reviewed in 133). Thus, while direct 

induction of tumour cell death is the primary strategy for decreasing tumour size, 

anti-osteoclastogenic agents are a potential therapeutic strategy for limiting tumour 

progression by inhibiting tumour-associated osteolysis. 

 

1.2.8 Bone growth 

Bone formation and growth occurs through two distinct developmental mechanisms: 

intramembranous and endochondral bone formation. Intramembranous ossification is the 

primary mechanism in the development of flat bones, such as certain bones of the skull and 
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the lateral part of the clavicles, whereas long bones of the limbs, vertebrae and ribs are 

lengthened through endochondral ossification (reviewed in 136). In intramembranous 

ossification, mesenchymal cells differentiate into osteoblasts which directly synthesise 

bone. This process is independent of prior cartilage formation. In contrast, in endochondral 

ossification the mesenchymal cells differentiate into chondrocytes which synthesise a 

cartilaginous template. This process is followed by the recruitment of osteoprogenitors 

which differentiate and then synthesise bone matrix. 

  

1.2.8.1 Intramembranous ossification 

In embryonic development, intramembranous bone formation begins with the proliferation 

of mesenchymal cells that form a connective tissue sheet of condensed mesenchymal cells 

(reviewed in 137). The formation of mesenchymal condensations is driven by 

mesenchymal-epithelial and cell-cell matrix interactions. Within the mesenchymal 

condensations, cells differentiate into osteoblasts, which synthesise woven bone matrix 

which is gradually mineralised. Blood vessels invade through the newly-formed bone and 

form the haematopoietic bone marrow. The woven bone is later remodelled and replaced 

with mature lamellar bone. 

 

1.2.8.2 Endochondral ossification 

The embryonic development of long bones commences with the formation of a 

mesenchymal condensation, as is seen in the development of flat bone; however, in long 

bone development, cells in the mesenchymal condensation proliferate and differentiate into 

prechondroblasts and then into chondroblasts (figure 1.5). These chondroblasts secrete the 

cartilaginous matrix, predominantly composed of type II collagen30 and chondroitin sulfate 

proteoglycan (aggrecan) aggregates, which consist of a core protein and keratin sulphate 

glycosaminoglycan (GAG) chains (reviewed in 138). The chondroblasts become embedded 

within lacunae in the cartilage matrix, at which point they are termed chondrocytes. This 

cartilage matrix forms a template for the formation of the bony elements of the skeleton 

during embryonic development and in postnatal growth. Mesenchymal cells surrounding 

the cartilage anlage flatten and form a condensed multilayered structure known as the 

perichondrium and a collar of bone gradually develops around the cartilage anlage. At each 

end of the anlage, centres of ossification develop at specialised cartilaginous regions, 

known as growth plates. It is these growth plates that are responsible for the continued 

elongation of long bones during skeletal growth. 



Figure 1.5. Endochondral ossification. A. During embyronic development, 

mesenchymal progenitors condense and differentiate into chondrocytes which produce a 

cartilagenous anlage that is later replaced by bone. B. Perichondrial mesenchymal cells 

differentiate into osteoblasts and synthesise a collar of bone around the cartilage anlage. 

C. Chondrocytes in the centre of the anlage proliferate and then hypertrophy, the area 

becomes vascularised and osteoblasts are recruited to replace the hypertrophic cartilage 

with mineralised bone. D. At the epiphyseal growth plate, the hypertrophic cartilage is 

progressively replaced with mineralised trabecular bone, resulting in longitudinal bone 

growth. At the epiphyses, secondary ossification centres are formed which undertake 

mineralisation of the distal ends of the bone. 
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Within growth plate cartilage, there are morphologically distinct zones of cellular 

activity (figure 1.6).139-142 The zone furthest from the ossification front is the zone of 

resting (reserve) chondrocytes.141,142 In the adjacent zone, chondroblasts proliferate, 

become flattened in tightly-packed isogenous clusters and synthesise cartilage matrix.139-143 

These chondrocytes then stop proliferating and undergo a maturation process to become 

enlarged (hypertrophic) chondrocytes.34,141,142 The hypertrophic chondrocytes synthesise 

mineralised matrix through calcification of cartilage in the zone of provisional calcification 

and the chondrocytes then undergo apoptosis.34,140,143 Following matrix calcification, the 

mineralised matrix is partially resorbed by osteoclasts and blood vessels invade to allow 

vascularisation of the tissue, facilitating ingress of osteoblasts and cells of the 

haematopoietic bone marrow.34,140 Prehypertrophic chondrocytes then produce Indian 

hedgehog (Ihh), which induces the perichondrial cells to undergo osteogenic 

differentiation.144 The resulting osteoblasts synthesise woven bone over the scaffold 

formed by the remnants of calcified cartilage to form the primary spongiosa.34,140 This 

woven bone is then remodeled and replaced with lamellar bone to form mature trabecular 

of the secondary spongiosum.140 

The continuing cycles of chondrocyte differentiation, cartilage mineralisation, bone 

matrix synthesis and remodelling at the epiphyseal growth plate allows the continued 

longitudinal growth of long bones and the formation of the adult bone shape. The rate of 

longitudinal bone growth is primarily controlled by the rate of chondrocyte proliferation, 

the rate of hypertrophy and the rate of matrix synthesis and degradation.143,145 With aging, 

there is a progressive deceleration of chondrocyte proliferation, leading to a gradual 

thinning of the growth plate. The width of the growth plate correlates with the rate of 

longitudinal bone growth.145 In humans, the post-natal growth rate steadily decreases until 

sexual maturity is reached, coinciding with the closure of the growth plate and its 

replacement with trabecular bone (reviewed in 146,147). 

 

1.2.8.3 Chondrocyte differentiation 

1.2.8.3.1 Transcriptional control of chondrocyte differentiation 

Chondrocytes, like osteoblasts, arise from multipotent mesenchymal stem cells.36 A 

number of transcription factors play a key role in the preferential commitment of 

mesenchymal precursors to the chondrocyte lineage (figure 1.7). The transcription factors 

Runx2 and Sox9 (sex determining region Y box 9) control the commitment and 

differentiation to the chondrocytic lineage (reviewed in 136). Upregulation of Sox9, together 



Figure 1.6. The growth plate. During longitudinal bone growth, chondrocytes at the 

growth plates at the distal ends of the bone undergo coordinated phases of proliferation 

and differentiation. Chondrocytes in the growth plate are arranged into vertical columns 

that can be stratified into horizontal layers corresponding to different phases of 

chondrocyte differentiation: the resting zone, the proliferating zone and the 

prehypertrophic and hypertrophic zones. In the initial phase, resting zone chondrocytes 

are activated to proliferate and synthesise cartilagenous matrix. The cells of the 

proliferative zone then become quiescent and undergo hypertrophic maturation. The 

hypertrophic chondrocytes initiate cartilaginous matrix mineralisation and then undergo 

terminal differentiation and apoptosis. Following chondrocyte apoptosis, the area 

becomes vascularised and osteoclasts and osteoblasts are recruited to replace the 

hypertrophic cartilage with mineralised bone matrix, forming the primary spongiosa. 





Figure 1.7. Chondrocyte differentiation. The transcription factor Sox9, together with 

downstream targets Sox5 and Sox6, drives chondrocyte differentiation and proliferation. 

Chondrocyte hypertrophy is driven by the transcription factor Runx2 and is negatively 

regulated by Sox9. Stimulation with Ihh induces PTHrP expression which stimulates 

chondrocyte proliferation while inhibiting hypertrophic maturation. Conversely, FGF 

signaling inhibits chondrocyte proliferation whilst driving hypertrophic differentiation.  
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with its targets Sox5 and Sox6, is required for the differentiation of mesenchymal stem 

cells into chondroblasts and chondrocytes.148-150 Sox9 stimulates the in vitro expression of 

genes encoding cartilaginous extracellular matrix proteins, including collagen II, IX and XI 

and aggrecan.148,151-154 Conditional knockout of Sox9 in mouse chondrocytes resulted in 

dwarfism, decreased chondrocyte proliferation and inhibited expression of cartilage matrix 

genes.155 Deletion of Sox9 in early mesenchymal precursors resulted in an absence of the 

bones of the limbs, resulting from a complete lack of mesenchymal condensation 

formation.155 

The transcription factor Runx2 also plays an important role in growth plate 

development. Runx2 is expressed by prehypertrophic and hypertrophic chondrocytes and 

promotes hypertrophic differentiation.38,156-158 Runx2-/- mice, in addition to having a 

complete lack of osteoblasts, have decreased numbers of hypertrophic chondrocytes.38,39,156 

Conversely, over-expression of Runx2 results in accelerated hypertrophic differentiation 

and aberrant mineralisation of cartilage.158 

 
1.2.8.3.2 Ihh and PTHrP 

A negative feedback loop involving Ihh and PTHrP regulates the rate of chondrogenic 

proliferation and hypertrophy at the growth plate.159-162 Ihh, secreted by prehypertrophic 

and early hypertrophic chondrocytes, stimulates chondrocyte proliferation and inhibits 

chondrocyte hypertrophy.144,160,163,164 Ihh binds to the membrane receptor Patched-1, 

resulting in activation of the membrane protein Smoothened which triggers an intracellular 

signalling cascade that results in the activation of target genes (reviewed in 136). Ihh 

knockout mice exhibit severe dwarfism with a complete lack of endochondral bone 

formation.144 

In vitro and in vivo studies have demonstrated that PTHrP mediates the effects of 

Ihh, with the inhibition of chondrocyte hypertrophy being dependent on the Ihh-dependent 

induction of PTHrP expression in perichondrial cells and early proliferating 

chondrocytes.144,160,165,166 PTHrP acts on late proliferative zone and prehypertrophic 

chondrocytes, stimulating proliferation and delaying hypertrophy.166,167 The inhibition of 

hypertrophy by PTHrP thus decreases the number of cells expressing Ihh, negatively 

regulating its expression.167 PTHrP and PTH/PTHrP receptor deficient mice display 

dwarfism due to premature chondrocyte hypertrophy.160,167-169 In humans, inactivating 

mutations in the PTH/PTHrP receptor gene PTH1R are associated with Blomstrand 

chondro-osteodystrophy, a condition associated with prenatal death, shortened limbs and 

premature ossification.170-172 
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1.2.8.3.3 Fibroblast growth factor (FGF) 

Members of the FGF family play an important role in chondrogenic differentiation, 

negatively regulating bone growth. In vivo and in vitro studies have demonstrated that 

FGFs inhibit chondrocyte proliferation and increase hypertrophic differentiation. In 

embryonic limb explant cultures, treatment with FGF2 or FGF1 inhibits the rate of 

chondrocyte proliferation and accelerated hypertrophy, countering the effects of 

Ihh/PTHrP signalling.173,174 Mice with activating mutations in Fgfr3 have severely 

shortened limbs and decreased numbers of proliferating and hypertrophic chondrocytes.175-

179 In contrast, Fgfr3-/- mice have hyperproliferative chondrocytes and prolonged 

endochondral bone growth, resulting in abnormally long limbs.180,181 In addition, in 

humans, constitutively activating mutations in FGFR3 are associated with several common 

forms of dwarfism, including achondroplasia182, hypochondroplasia183 and thanatophoric 

dysplasia184. 

 
1.2.8.3.4 IGF-I 

IGFs are produced locally in the growth cartilage to mediate the effects of growth hormone 

on long bone growth. IGF deficiency, resulting from insensitivity to growth hormone, 

results in short stature in Laron syndrome in humans (reviewed in 185). Additionally, 

deletion of Igf1 or Igfr1 in mice results in severe dwarfism.186 In vitro studies have 

demonstrated that IGF-1 is a potent chondrocyte mitogen that promotes chondrogenic 

differentiation.187-189 

 

1.3 Calcium and phosphate metabolism 
In addition to its mechanical and protective roles, the skeleton serves as a homeostatic 

reservoir for calcium and phosphate storage. These minerals can be mobilised to maintain 

systemic mineral homeostasis in response to hormonal regulatory signals. Serum calcium 

and phosphate levels are primarily regulated by two hormones, PTH and 1,25-

dihydroxyvitamin D3, acting on the bone, the kidney and the gastrointestinal tract. These 

hormones act to maintain serum and extracellular fluid calcium and phosphate within the 

normal range and to maintain levels required for cellular activities, including neural and 

muscle function. 
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1.3.1 Hormonal control of calcium and phosphate metabolism 

1.3.1.1 PTH 

PTH is an 84-amino-acid peptide, secreted by the parathyroid gland, which mediates its 

effects through binding of its amino terminus to the PTH/PTHrP receptor. PTH is 

responsible for regulating the distribution of calcium. A decrease in serum ionised calcium 

levels stimulates the rapid release of PTH from the parathyroid gland and upregulates the 

transcription of PTH (reviewed in 190). This hormone acts on bone-resorbing osteoclasts to 

increase dissolution of calcium and phosphate from the bone, increases renal resorption of 

calcium and excretion of phosphate and stimulates the production of 

1,25-dihydroxyvitamin D3 via the activation of 1�-hydroxylase enzyme (reviewed in 190). 

In the kidney, PTH increases the reabsorption of calcium, predominantly in the 

distal convoluted tubule. This occurs in part through upregulation of calbindin and 

basolateral membrane Na/Ca exchanger expression and by increasing the activity of the 

PMCA1 calcium pump (reviewed in 190). In addition, PTH inhibits the reabsorption of 

phosphate in the kidney, in part through stimulating the internalisation of sodium-

phosphate co-transporters (reviewed in 191). Thus, hyperparathyroidism generally results in 

increased serum calcium and decreased serum phosphate. 

There are complex regulatory effects of PTH on the bone. Continuous exposure to 

high levels of PTH, such as in primary and secondary hyperparathyroidism, increases 

osteoclastic bone resorption. This is primarily due to the stimulation osteoblasts and 

stromal cells to induce the production of osteoclastogenic factors, such as RANKL.192-194 

However, sporadic exposure to PTH increases osteoblast differentiation and bone matrix 

synthesis.195 Some studies have also suggested that osteoclasts may directly respond to 

PTH as human osteoclasts express the PTH/PTHrP receptor196, although this has not been 

determined conclusively.  

In addition, PTH acts to stimulate the conversion of 25-hydroxyvitamin D3 to 1,25-

dihydroxyvitamin D3 in the kidney, thereby indirectly increasing the intestinal absorption 

of calcium and phosphate (reviewed in 190). In turn, 1,25-dihydroxyvitamin D3 has a 

negative regulatory effect on PTH production, by inhibiting PTH gene transcription.197 

 

1.3.1.2 Vitamin D 

Vitamin D is responsible for maintaining serum calcium and phosphate levels. The 

endogenous form of vitamin D, 1,25-dihydroxyvitamin D3, is synthesised in a series of 

reactions in the skin, liver and kidney. Unhydroxylated vitamin D3 (cholecalciferol) is 
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formed in the skin from the cholesterol metabolite 7-dehydrocholesterol in a reaction 

driven by ultraviolet (UV) radiation (reviewed in 190). The cholecalciferol is transported in 

the circulation to the liver, where it is converted by a hydroxylase enzyme, CYP27B1, to 

25-hydroxyvitamin D3. In the proximal tubule of the kidney, 25-hydroxyvitamin D3 is 

1�-hydroxylated to produce 1,25-dihydroxyvitamin D3, the most metabolically active form 

of the hormone. This reaction can also occur in other tissues including epidermal 

keratinocytes198,199, the liver200, monocytes/macrophages201 and bone cells202-204. However, 

in normal circumstances, extra-renal production does not contribute to circulating levels of 

1,25-dihydroxyvitamin D3, although it may act in an autocrine and paracrine manner to 

regulate local cellular activity.199,204-206 The renal synthesis of 1,25-dihydroxyvitamin D3 is 

stimulated by PTH and by decreased serum phosphate and, in a positive feedback loop, by 

1,25-dihydroxyvitamin D3 itself (reviewed in 190).  

Vitamin D metabolites bind to a nuclear hormone receptor, the vitamin D receptor 

(VDR), which homodimerises or heterodimerises to the retinoic acid X receptor (RXR). 

This complex then binds to vitamin D response elements in the promoter region of target 

genes to regulate the transcription of genes that mediate the effects of vitamin D on 

calcium and phosphate metabolism. 

The primary role of vitamin D is to increase intestinal absorption of calcium and 

phosphate (reviewed by 190). 1,25-dihydroxyvitamin D3 increases calcium absorption by 

inducing the expression of genes involved in transcellular calcium transport, including the 

calcium channel TRPV6207, the calcium binding protein calbindin (CALB1)208 and the 

calcium ATPase PMCA1b (ATP2B1)209,210. In addition, vitamin D may also stimulate rapid 

effects on transcellular calcium absorption in the intestine through directly acting on 

putative membrane receptors to rapidly stimulate cellular calcium flux (reviewed in 190). 

1,25-dihydroxyvitamin D3 also increases phosphate absorption, although the mechanisms 

involved are less well understood. Phosphate absorption in the small intestine occurs via 

passive paracellular and active transcellular mechanisms. Vitamin D upregulates intestinal 

phosphate resorption through stimulation of the activity of the luminal Na+/Pi transporter 

NPT2b or by upregulating NPT2B expression.211 

In the kidney, 1,25-dihydroxyvitamin D3 stimulates resorption of phosphate at the 

proximal tubule and of calcium in the distal nephron (reviewed in 190). However, these 

effects are weak relative to the action of PTH on renal handling of calcium and phosphate. 

1,25-dihydroxyvitamin D3 also maintains serum phosphate and calcium levels by 

stimulating osteoclast activity. 1,25-dihydroxyvitamin D3 indirectly increases the 



CHAPTER 1: Introduction 

 17

formation and resorptive activity of mature osteoclasts through induction of RANKL 

expression and inhibition of OPG production by osteoblasts.97,212 1,25-dihydroxyvitamin 

D3 also promotes mineralisation of osteoid, perhaps through increased local concentrations 

of calcium caused by increased osteoclast activity.213 However, in patients with 

inactivating VDR mutations, and in vitamin D-deficient rats and Vdr knockout mice, 

normal bone formation can be restored by normalising serum calcium and phosphate 

levels213-215 (reviewed in 216). Therefore, the actions of 1,25-dihydroxyvitamin D3 may not 

be necessary for regulation of osteoclast and osteoblast activity in situations where serum 

calcium and phosphate levels are maintained in the normal range. 

 

1.4 Tyrosine kinase inhibitors 
1.4.1 Imatinib mesylate 

Imatinib mesylate (Glivec/Gleevec, STI571, CGP 57148B; Novartis, Basel, Switzerland) is 

a 2 phenylaminopyrimidine derivative that binds to the ATP-binding site of a select group 

of protein tyrosine kinases, thereby precluding ATP-binding and inhibiting kinase activity 

(figure 1.8).1 Imatinib was originally discovered during a small molecule screen for 

specific inhibitors of tyrosine kinase activity and was subsequently found to have 

specificity for Bcr-Abl, Kit and PDGFR, suggesting its application for the treatment of 

tumours and non-malignant proliferative disorders characterised by dysregulated activity 

of these kinases.1 Imatinib was the first small molecule tyrosine kinase inhibitor to be 

successfully used in the clinic. It is currently the gold standard treatment for Philadelphia 

chromosome-positive CML in chronic phase and for some forms of GIST, based on its 

inhibition of Bcr-Abl and Kit, respectively. 

Although imatinib was designed to specifically target Bcr-Abl, many off-target 

kinases are affected by imatinib. At therapeutically-achievable concentrations (4.6 μM at 

400 mg/day)4, imatinib inhibits the tyrosine kinases Abl (IC50 = 0.22 μM)217, Abl2 (also 

known as abl-related gene [ARG]; IC50 = 0.5 μM)218, collagen-induced discoiddin domain 

receptor 1 (DDR1; IC50 = 0.34 μM)219 and DDR2 (IC50 = 0.68 μM)219, the PDGFR family 

members stem cell factor (SCF) receptor (Kit; IC50 = 0.1 μM)220, PDGFR� and -� (IC50 = 

0.1 μM)220 and Fms (IC50 = 1.4 μM)221. Additionally, imatinib has recently been 

determined to potently inhibit the non-tyrosine kinase targets NAD(P)H:quinone 

oxidoreductase 2 (NQO2; IC50 = 0.080 μM)222,223 and some members of the carbonic 

anhydrase (CA) family of metalloproteases, including CAII (IC50 = 0.030 μM) and CAXIV 

(IC50 = 0.47 μM)224. 



Figure 1.8. Imatinib mesylate. Imatinib binds to the ATP-binding pocket of receptor 

and non-receptor protein tyrosine kinases, precluding ATP binding and thus inhibiting 

kinase activity and downstream signalling. 
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1.4.1.1 Imatinib resistance and second-generation tyrosine kinase inhibitors 

Imatinib is an effective treatment for CML in the proliferative chronic phase, resulting in 

complete haematological remission in 98% of chronic-phase, newly-diagnosed CML 

patients and complete cytogenetic response in 86% of patients.4 Primary resistance to 

imatinib is only occasionally seen in chronic-phase CML patients, whereas patients with 

advanced CML or Bcr-Abl-positive acute lymphoblastic leukaemia (ALL) show 

substantially decreased initial response rates.225,226 Mechanisms of resistance are complex 

and include high serum levels of the imatinib-binding protein �1-acid glycoprotein227, 

increased activity of the ATP-binding cassette transporter B1 (ABCB1; also known as 

multidrug resistance-1 [MDR1] and p-glycoprotein) drug efflux pump228 or decreased 

function of the imatinib influx pump OCT-1229-231. In the majority of cases, however, 

relapse is associated with point mutations in the BCR-ABL or KIT kinase domain, resulting 

in a decrease in the affinity of imatinib for the kinase232-234 (reviewed in 2). Amino acid 

substitutions associated with imatinib resistance are believed to either stabilise the closed 

conformation of the kinase domain, or to occur at residues that come into direct contact 

with the drug thereby precluding drug binding.233  

Resistance to imatinib therapy in ALL and acute/blast phase CML, and relapse in 

chronic CML and GIST, highlighted the need for tyrosine kinase inhibitors that show 

greater specificity or affinity for their target kinases to overcome imatinib-resistant 

mutations. This has lead to the development of second generation ATP-competitive 

inhibitors, such as nilotinib (Novartis), bosutinib and dasatinib (Brystol-Myers Squibb). 

 

1.4.1.1.1 Dasatinib 

Dasatinib (SPRYCEL; BMS-354825) is a thiazolecarboxamide, structurally unrelated to 

imatinib. Dasatinib was originally selected as a potent small molecule inhibitor of sarcoma 

viral oncogene homologue (Src) family kinases (including Src, Lck, Hck, Yes, Fgr, Lyn 

and Fyn) that was subsequently found to have activity against Abl, Kit and PDGFR� and � 

at concentrations of less than 10 nM.235-237 Dasatinib has significant preclinical activity 

against the majority of imatinib-resistant point mutations and has been shown to be highly 

successful clinically in imatinib-resistant CML.235,238 In a phase I trial of patients with 

chronic phase CML and imatinib-resistance, dasatinib treatment resulted in a 92% 

complete haematological response rate and a major cytogenetic response rate of 45%.239 

Furthermore, dasatinib showed a high activity in patients with accelerated or blast phase 
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CML, or Bcr-Abl-positive ALL, with a major haematological response rate of 70% in 

these patients.239 In an open label, single-arm, phase II clinical trial in patients with 

advanced chronic-phase Bcr-Abl-positive CML, 87% of dasatinib patients achieved a 

complete haematological response within 8 months of treatment.238 Based on these results, 

in November 2006, dasatinib was granted approval in the US and Europe for use in the 

treatment of imatinib resistant and intolerant Bcr-Abl-positive CML and of Bcr-Abl-

positive ALL (reviewed in 240). While dasatinib has proven to be a safe and effective 

treatment, it is yet to be seen whether the increased potency of dasatinib against a broader 

spectrum of kinase targets will result in an increase in off-target toxicities in the long term.  

 

1.4.2 Altered calcium and phosphate metabolism in imatinib-treated patients 

Considering the wide range of signalling pathways inhibited by imatinib, one might expect 

that imatinib therapy would be associated with severe adverse effects. However, imatinib is 

well tolerated, compared with traditional chemotherapies, with adverse effects that are 

commonly only mild to moderate, including oedema, musculoskeletal pain, nausea, 

diarrhoea and rash.3,4 An additional common and unexpected side-effect of imatinib 

therapy is disturbed calcium and phosphate metabolism, as evidenced by decreased serum 

phosphate and calcium levels. 

Altered phosphate metabolism was first reported in patients receiving imatinib 

therapy for GIST, CML and sarcoma by Berman et al.5 These studies showed that a 

subgroup (25 of 49) of imatinib-treated patients had low serum phosphate levels, compared 

with healthy controls. This group was receiving significantly higher doses of imatinib than 

the patients with normal serum phosphate levels. Furthermore, the group of patients with 

low serum phosphate levels also exhibited significantly lower total calcium and, 

subsequently, significantly higher serum PTH levels than the group of imatinib-treated 

patients with normal phosphate levels. These findings were consistent with results from 

two clinical trials which showed that 50% of patients receiving imatinib exhibited 

hypophosphataemia of grade 2 or above at some stage during imatinib therapy.6 

Subsequent to this report, several other groups have reported altered phosphate 

metabolism as a side-effect of imatinib treatment. A longitudinal study of GIST patients 

receiving imatinib for 24 months found that 10/11 patients had lower mean plasma 

phosphate levels during treatment than at baseline.7 Similarly, a prospective study of 9 

CML patients found that, relative to baseline, phosphate levels were significantly 

decreased after 3, 6 and 18 months of imatinib treatment.8,12 In a retrospective study of 17 
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CML patients receiving imatinib therapy over 17 – 69 months, there was a significant 

decrease in serum phosphate levels, compared with baseline.10 Osorio et al.9 reported that 

36 CML patients showed a significant decrease in serum phosphate levels after 3 months 

of imatinib treatment that was sustained until the final analysis at 12 months. In the largest 

study to date, Franceschino et al.11 observed significantly decreased serum phosphate 

levels after 6 and 12 months of imatinib treatment in a cohort of 50 CML patients. 

These studies strongly suggest that imatinib treatment results in decreased serum 

phosphate levels7-12, resulting in hypophosphataemia in at least 50% of patients5-7. In 

addition, these patients exhibit an increase in serum levels of PTH, secondary to decreased 

calcium levels, and increased serum 1,25-hydroxyvitamin D3.5,8-10,12  

As discussed in section 1.3, homeostatic control of serum phosphate and calcium 

levels is achieved via three mechanisms: (1) resorption of phosphate and calcium by the 

kidneys, (2) absorption of dietary phosphate and calcium by the gut and (3) dissolution of 

phosphate and calcium from bone. Therefore, it is conceivable that reduced levels of 

calcium and phosphate seen in imatinib treated patients could result from one or a 

combination of the following mechanisms: decreased intestinal absorption of phosphate 

and calcium, increased urinary loss of phosphate and calcium, decreased dissolution of 

calcium and phosphate from bone, or sequestration of phosphate and calcium from 

extracellular fluid into the bone. 

It is unlikely that the decreased serum calcium and phosphate levels result from 

gastrointestinal malabsorption. Although approximately 50% of imatinib-treated CML and 

GIST patients experience nausea and diarrhoea241,242, which could result in increased loss 

of electrolytes, the severity of these conditions is usually mild to moderate and is unlikely 

to result in a sustained loss of calcium and phosphate.  

Several case reports suggest that imatinib therapy may be associated with renal 

dysfunction. Kitiyakara & Atichartakarn243 described a 67-year-old man with pre-existing 

chronic renal failure who developed acute renal failure following commencement of 

treatment with cytarabine and imatinib for blast phase CML. Pou et al. 244 reported on a 

58-year-old patient who developed acute renal failure with tubular necrosis after starting 

imatinib therapy for CML. Another case study described a patient with haematuria who 

commenced treatment with imatinib and subsequently developed proximal tubular renal 

dysfunction (partial Fanconi Syndrome) and hypophosphataemia.245 A fourth study 

described a 60-year-old woman with microalbuminuria at diagnosis who developed sub-

acute renal failure during imatinib therapy, which resolved following discontinuation of 
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treatment.246 In an additional 3 cases, kidney malfunction resulted from tumour lysis 

syndrome.247-249 The paucity of reports describing acute renal dysfunction with imatinib 

therapy suggests this is a relatively rare event that may only occur as result from tumour 

lysis syndrome or in patients with pre-existing kidney problems.  

Nonetheless, imatinib therapy is associated with decreased reabsorption of 

phosphate by the kidneys, suggesting that increased renal phosphate output may be causing 

the observed decreases in serum phosphate.245 Berman et al.5 reported increased urinary 

phosphate output in patients undergoing imatinib therapy compared with normal controls. 

Another study reported that maximal tubular resorption of phosphate (TmP/GFR) was 

significantly decreased, relative to baseline levels, at 3, 6 and 18 months of imatinib 

treatment in CML patients.8,12  

The analysis of serum hormone levels in imatinib-treated patients suggest that the 

observed phosphaturia may be secondary to increased PTH. Hypophosphataemia caused 

by decreased tubular reabsorption of phosphate is usually associated with decreased serum 

levels of 1,25-dihydroxyvitamin D3 and normal levels of PTH. However, in imatinib-

treated patients, the decreased serum phosphate is associated with increased serum PTH 

and 1,25-dihydroxyvitamin D3.5,8,9,12 As PTH stimulates the proximal tubule in the kidney 

to decrease tubular resorption of phosphate, the increased urinary phosphate levels are 

likely to be secondary to increased serum PTH, rather than a direct inhibitory effect of 

imatinib on the kidneys. While it cannot be ruled out that kidney problems may contribute 

to the decreased serum phosphate levels, there has been no evidence presented thus far to 

demonstrate direct toxic effects of imatinib on the kidney.  

Decreased serum calcium and phosphate levels could result from sequestration of 

these minerals to bone via a decrease in bone resorption and/or an increase in bone 

deposition, as has been described in patients treated with the bisphosphonate zoledronic 

acid.250-252 In support of this hypothesis, there is growing evidence that patients undergoing 

imatinib therapy experience dysregulated bone remodelling. The next section of this 

chapter will discuss the possibility that these changes result from direct inhibitory effects 

on bone-resorbing osteoclasts and anti-proliferative and pro-differentiation effects on 

bone-forming osteoblasts. 

 

1.4.3 Effects of imatinib on bone 

Recent published data suggest that changes in bone parameters may occur in imatinib-

treated patients. Studies from our group have shown that, relative to baseline, CML 
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patients receiving imatinib for periods in excess of 17 months exhibited significantly 

increased iliac spine trabecular bone volumes.10 Almost half of the patients (8/17), 

including 4 patients that had a significant degree of osteoporosis at initial diagnosis, had an 

increase in trabecular bone volume of greater than 2-fold. The changes in trabecular bone 

volume inversely correlated with serum phosphate and total calcium levels. Conversely, no 

changes in trabecular bone volume were observed in a cohort of CML patients that 

responded to interferon-� therapy, suggesting that these changes were not related to 

decreased occupation of the marrow by tumour, but were due to the actions of imatinib. 

In a subsequent study by Jönsson et al.20, regional bone mineral density (BMD) 

was examined in CML patients treated with imatinib for 24 – 73 months. Imatinib-treated 

patients had significantly higher lumbar spine and total hip BMD compared with normal 

aged-matched controls, as determined by dual energy X-ray absorptiometry (DXA). 

Additionally, peripheral quantitative computed tomography (pQCT) analysis revealed that 

the radial and tibial cortical BMD, but not trabecular BMD, was significantly higher in the 

imatinib-treated group than in the control group. This was associated with decreased serum 

phosphate and calcium, as well as a decrease in serum levels of bone formation markers.  

In a prospective study, O'Sullivan et al.12 measured BMD in 9 CML patients 

receiving imatinib therapy over a 24 month period. They observed a small, but significant, 

increase in vertebral BMD and a trend towards an increase in total body BMD by 12 

months; however, no change in proximal femur BMD was observed. 

Preliminary in vivo studies support the hypothesis that imatinib treatment results in 

increased bone volume. In skeletally immature 4-week-old male C3H mice, treatment with 

110 mg/kg/day or 150 mg/kg/day imatinib for 10 weeks resulted in a small, but significant, 

increase in tibial trabecular BMD (assessed by DXA) and bone volume (BV/TV; assessed 

by micro-computed tomography [μ-CT]).253,254 This augmentation of BMD and BV/TV 

was associated with an increase in trabecular number and a decrease in trabecular 

separation. 

Collectively, these data strongly suggest that imatinib alters bone remodelling in 

animals and patients. While the mechanism(s) remain to be fully elucidated, these changes 

in bone remodelling parameters may be due to a decrease in bone resorption that is not 

corrected by a concomitant decrease in osteoblast activity or, conversely, due to an 

increase in osteoblast activity that is not balanced by an increase in osteoclast activity. 

These effects would theoretically result in a decrease in the dissolution of calcium and 

phosphate from bone, or an increase in the sequestration of calcium and phosphate to bone, 
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resulting in decreased serum levels of phosphate and calcium (figure 1.9). In support of 

this hypothesis, there is growing evidence that imatinib has direct effects on the 

proliferation and activity of cells involved in maintaining bone homeostasis: the bone-

resorbing osteoclasts and the bone-forming osteoblasts. 

 

1.4.4 Evidence for anti-osteoclastogenic effects of imatinib 

As discussed in section 1.2.5, osteoclasts are large, multinucleated haematopoietic cells of 

the monocyte/macrophage lineage which are capable of resorbing mineralised bone. The 

formation of osteoclasts from monocyte/macrophage precursor cells in vitro is largely 

dependent on two factors: RANKL, which drives osteoclast fusion, activity and survival97-

99, and M-CSF, which is essential for the proliferation and survival of the osteoclast 

precursor cells and for survival of the mature osteoclast.113,114,255-257 

In vitro studies show that imatinib directly inhibits osteoclastogenesis, with 

treatment reducing the formation of TRAP-positive osteoclasts from human CD14+ 

peripheral blood mononuclear cells, primary rat bone marrow cells and primary rabbit 

bone marrow-derived monocytes at concentrations of 1 μM and greater.13-15 In addition, 

imatinib inhibits the bone resorptive activity of human osteoclasts at concentrations lower 

than those required to decrease osteoclast numbers, with 0.3 μM imatinib and higher 

significantly decreasing their capacity to resorb a dentine substrate.13  

There is also evidence that imatinib inhibits the survival of osteoclast precursors 

and mature osteoclasts in vitro. The proliferation, survival and activity of primary human 

monocyte/macrophage lineage cells were inhibited by imatinib at concentrations of 1.5 μM 

and greater.258,259 In cultures of murine bone marrow cells, imatinib treatment was found to 

dose-dependently decrease the number of viable cells, relative to vehicle controls.14,17 

Additionally, in pure cultures of mature osteoclasts, imatinib treatment reversed the anti-

apoptotic effect of M-CSF treatment, resulting in increased caspase-dependent apoptosis.15 

In contrast, imatinib treatment had no effect on apoptosis of cells cultured in IL-1�, 

RANKL, or without cytokines.15 

Consistent with these in vitro findings, analyses of serum markers of bone turnover 

suggest that osteoclast activity may be decreased in imatinib-treated patients. Berman et 

al.5 observed that patients treated with imatinib had significantly lower levels of the bone 

resorption marker C-terminal collagen crosslinks (CTX-1) when compared with healthy 

controls. This was particularly marked in patients with low serum phosphate.5 

Additionally, O’Sullivan et al.12 found that serum CTX-1 levels were significantly 



Figure 1.9. Proposed model for the effects of imatinib on calcium and phosphate 

metabolism. Decreased dissolution of calcium and phosphate from the bone, or 

increased deposition of calcium and phosphate in newly-formed bone, may result in 

decreased serum calcium and phosphate levels in imatinib-treated patients. The decrease 

in serum phosphate results in increased 1,25-dihydroxyvitamin D3 production, which in 

turn stimulates increased phosphate and calcium resorption by the gut and decreases 

phosphate excretion by the kidneys. Decreased serum calcium causes increased PTH 

production, increasing calcium reabsorption and phosphate excretion by the kidney and 

stimulating a further increase in 1,25-dihydroxyvitamin D3. PTH also stimulates bone 

resorption to release calcium and phosphate from bone; however, this may be inhibited 

by imatinib. Decreased absorption of phosphate and calcium due to gastrointestinal 

problems and decreased tubular resorption of phosphate may, in some cases, also 

contribute to the decreased levels of serum calcium and phosphate in imatinib-treated 

patients (not shown). 
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decreased in a group of CML patients following 18 months of imatinib treatment. 

Decreases in serum osteoclast markers have also been observed in imatinib-treated normal 

mice. Preliminary results suggest that treatment of 4-week-old C3H mice with imatinib for 

10 weeks resulted in a significant reduction in the serum levels of the osteoclast marker 

TRAP5b, compared with vehicle-treated controls253,254, indicating that imatinib treatment 

mediated a decrease in osteoclast activity in these animals. 

While these observed changes in bone resorption markers suggest that imatinib 

may be inhibiting osteoclasts, directly or indirectly, no histological studies have been 

carried out to determine changes in osteoclast numbers in imatinib-treated patients. In 

animal studies, treatment of C57BL/6 mice with 75 mg/kg imatinib resulted in a significant 

decrease in the number of osteoclast-occupied resorption lacunae in the tibia, relative to 

vehicle controls.13 Similarly, preliminary data suggest that imatinib treatment of skeletally 

immature 4-week-old male C3H mice for 10 weeks resulted in a significant decrease in 

osteoclasts and resorption lacunae in the femorae, but not in the vertebrae.253,254 

Taken together, these results strongly suggest that imatinib is a direct inhibitor of 

osteoclast survival, differentiation and activity. There are a number of known targets which 

may be contributing to the anti-osteoclastogenic activity of imatinib which include Fms, 

Kit, CAII and PDGFR� and � (figure 1.10). 

 

1.4.4.1 The role of Fms in the inhibition of osteoclasts by imatinib 

Fms is a transmembrane receptor that is a member of the type III receptor tyrosine kinase 

family which includes PDGFR� and �, Kit and Flt3. Fms is expressed by a variety of cell 

types, including primitive multipotent haematopoietic cells, mononuclear phagocyte 

progenitors, monocytes, tissue macrophages, osteoclasts, B-cells, smooth muscle cells, 

neurons and some cells of the female reproductive tract.260 While imatinib was originally 

reported as having no effect on Fms phosphorylation220, subsequent work from our 

laboratory221 and those of others261-263 showed that it potently and selectively inhibits 

M-CSF-induced Fms activity at therapeutically-achievable concentrations. Imatinib 

inhibits the phosphorylation of Fms in a murine haematopoietic cell line ectopically 

expressing human CSF1R (FDC-Fms) at an IC50 of 1.42 μM, without affecting total Fms 

protein levels.221 Additionally, imatinib has been shown to inhibit M-CSF-dependent, but 

not IL-3-dependent, proliferation of FDC-Fms cells and in Rat-2 and Bac1,2F5 fibroblasts 

ectopically expressing human CSF1R at concentrations of 0.5 – 2 μM and 



Figure 1.10. Hypothetical schema for the effects of imatinib on osteoclasts and 

osteoblasts. The proliferation and survival of osteoclast precursors (pre-OC) and the 

survival of mature osteoclasts (OC) is driven by M-CSF signalling through the receptor 

tyrosine kinase Fms. The inhibition of Fms signalling by imatinib decreases OC 

numbers and activity. In addition, inhibition of Kit may decrease pre-OC numbers and 

inhibit OC activity. Imatinib also inhibits the proton-generating activity of CAII, 

preventing the dissolution of mineral from bone and, hence, inhibiting bone resorption. 

Further, the inhibition of PDGFR signalling on osteoblasts (OB) inhibits the production 

of osteoclastogenic cytokines including M-CSF and RANKL. Additionally, inhibition 

of PDGFR by imatinib in pre-OB and OB inhibits cell proliferation but also relieves the 

inhibitory effects of PDGF on OB maturation, resulting in decreased cell numbers but 

increased OB activity. HSC: haemopoietic stem cell; MSC: mesenchymal stem cell. 
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higher.221,261,263,264 This specific inhibition of Fms phosphorylation/activity with imatinib 

treatment suggests a mechanism whereby imatinib may inhibit osteoclastogenesis.221 

M-CSF is essential for osteoclastogenesis in vitro and in vivo. Signal transduction 

through Fms regulates the proliferation, differentiation, activation and survival of 

monocyte/macrophage lineage cells, including osteoclast precursors.114 In osteoclasts, M-

CSF inhibits apoptosis and promotes cell proliferation, migration and cytoplasmic 

spreading.255-257 Although RANKL is the primary promoter of osteoclast differentiation, 

M-CSF also plays a role through induction of the expression of osteoclast-associated 

genes, including RANK.112,113 

The importance of M-CSF in osteoclast activity is illustrated by op/op mice, which 

are M-CSF deficient.265,266 In these animals, a profound decrease in osteoclast numbers, 

due to defective osteoclast proliferation and differentiation, results in severe osteopetrosis 

and defective tooth eruption.265 Administering M-CSF to op/op animals rapidly restores 

osteoclast numbers.266 Homozygous knockouts for Csf1r have an identical phenotype to 

op/op mice.111 

The importance of Fms signalling in osteoclast survival and activity, together with 

the similarities in the IC50 concentrations of imatinib required to inhibit osteoclast 

formation and activity, suggests that inhibition of Fms is a mechanism whereby imatinib 

inhibits osteoclastogenesis. In addition, the second generation tyrosine kinase inhibitor 

nilotinib has been found to inhibit Fms and osteoclastogenesis in vitro.264 Inhibition of Fms 

kinase activity therefore may account, in part, for the dysregulated bone remodelling 

observed in patients undergoing imatinib treatment. 

 

1.4.4.2 The role of Kit in osteoclastogenesis 

In addition to Fms, inhibition of signalling through Kit by imatinib may affect 

osteoclastogenesis. Kit is a transmembrane tyrosine kinase which binds soluble or 

membrane-bound isoforms of its ligand, SCF (also known as mast cell growth factor, steel 

factor, Kit ligand).267 Some in vitro evidence suggests that Kit may play a role in 

osteoclastogenesis. Kit is expressed by osteoclasts268 and SCF has been shown to be 

mitogenic for haematopoietic stem cells269 and osteoclast precursors270,271. Soluble SCF 

stimulates osteoclast precursor proliferation, resulting in increased osteoclast 

numbers270,271 and promotes mature osteoclast activity272. Kit signals via Mitf272, which 

also lies downstream of Fms115 and RANK273. The essential role of Mitf in osteoclast 

formation is demonstrated by Mitfmi/mi mice, which exhibit severe osteopetrosis due to 
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defective osteoclast fusion.274,275 Inhibition of Kit signalling may therefore contribute to 

the anti-osteoclastogenic properties of imatinib. 

 

1.4.4.3 The role of CAII in osteoclast activity 

The recent identification of CAII as a non-kinase target of imatinib suggests another 

mechanism by which imatinib may inhibit bone resorption. The �-CA are a family of zinc 

enzymes which are responsible for catalysing the conversion of carbon dioxide and water 

to carbonic acid, which dissociates to form carbonate and a proton.  

CAII plays an important role in the resorption of the bone matrix by the osteoclast. 

Bone mineral dissolution is carried out by acidification of the extracellular space formed 

adjacent to the resorptive surface of the osteoclast through the excretion of protons via a 

proton pump (H+-ATPase).91 CAII enables the acidification of the resorption lacunae by 

catalysing the reaction which provides the protons required to drive resorption of the 

mineralised matrix.91 

Patients with autosomal recessive CAII deficiency exhibit osteopetrosis which is 

associated with cerebral calcification and renal tubular acidosis.276 Similarly, 

CAII-deficient mice have a slower growth rate than their wild-type litter-mates and exhibit 

renal tubular acidosis277 and mild osteopetrosis presenting as an increase in trabecular bone 

volume278. 

In vitro, blocking of CA2 expression with antisense RNA or DNA inhibits 

osteoclast formation, intravesicular acidification and bone resorption in rat osteoclast and 

foetal mouse bone organ cultures.89,90 Additionally, treatment of murine bone marrow 

osteoclasts and bone organ cultures with carbonic anhydrase inhibitors, such as 

acetazolamide, decreases osteoclast bone resorptive activity.88,90 

The major role that CAII plays in bone resorption through resorption pit 

acidification suggests that inhibition of this kinase by imatinib may be another mechanism 

whereby imatinib inhibits osteoclast activity. 

 

1.4.4.4 The role of PDGFR in osteoclastogenesis 

PDGF is a potent mitogen and chemotactic agent for cells of mesenchymal origin. The 

PDGF isoforms A and B can form either homodimers or heterodimers which bind to the 

receptors PDGFR� (PDGF-AA, PDGF-BB and PDGF-AB) and PDGFR� (PDGF-BB 

only). Treatment with PDGF-BB and, to a lesser extent, PDGF-AA increases osteoclast 

number and bone resorption surface in cultured foetal mouse calvaria.279,280 In cultures of 
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iliac crest-derived primary human bone cells, PDGF-BB treatment significantly increased 

osteoclastic bone resorption in vitro.281 The observed increase in osteoclast activity is 

likely to be due to PDGF-BB stimulating osteoblasts and stromal cells to release cytokines 

which have stimulatory effects on osteoclasts. For example, in cultures of murine cell lines 

and primary osteoblasts, PDGF-BB treatment has been shown to upregulate the expression 

of M-CSF and of a number of cytokines, including IL-6282, which stimulates the 

production of RANKL by osteoblasts283. Thus, inhibition of PDGFR signalling by imatinib 

in vivo could indirectly have effects on osteoclastogenesis via inhibition of cytokine 

secretion by stromal cells and osteoblasts. 

 

1.4.5 Effects of imatinib on osteoblasts 

In addition to having inhibitory effects on osteoclasts, there is emerging evidence that 

imatinib can affect osteoblasts. As described in section 1.2.3, osteoblasts are bone marrow 

cells of mesenchymal origin that are responsible for synthesis of new bone matrix.  

Studies from our laboratory10 and those of others16-19, suggest that imatinib 

decreases in vitro osteoblast proliferation, while increasing their activity. In in vitro 

mineralisation assays using stromal cells isolated from human bone explants, treatment 

with therapeutically-achievable concentrations of imatinib significantly increased mineral 

deposition10,19, decreased proliferation of stromal cells10,16 and suppressed stromal cell 

clonogenicity16. Similarly, imatinib increases mineralisation by primary rat osteoblast cells 

and by the mouse osteoblast-like cell line MC3T3-E1.17 Treatment with therapeutically-

relevant concentrations of imatinib partially inhibited proliferation of primary rat 

osteoblasts, the human osteoblast-like cell line SaOS2, the murine stromal cell line ST217 

and the mouse osteoblast-like cell line MC3T3-E118 and increased apoptosis in primary rat 

osteoblasts17.  

There is some suggestion that patients under going imatinib therapy have altered 

serum levels of osteoblast markers. In CML patients, serum levels of the osteoblast 

markers osteocalcin and pro-collagen type I amino-terminal propeptides (P1NP) have been 

shown to be significantly increased after 3 months of imatinib treatment8,12, with elevated 

levels returning to baseline by 24 months12. Studies by Tibullo et al.19 found that increased 

serum osteocalcin levels in patients undergoing imatinib therapy were sustained until 24 

months of treatment. These studies contrast those of Berman et al.5, who reported that 

patients treated with imatinib for an unspecified amount of time did not have significantly 

altered levels of bone-specific alkaline phosphatase, relative to normal controls. Moreover, 
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the imatinib treated patients had significantly lower levels of osteocalcin compared with 

aged-matched normal controls.5  

Taken together, these results suggest that osteoblast activity may be transiently 

increased by imatinib treatment, but subsequently decreases to levels at, or lower than, 

those at baseline over time. This is consistent with in vitro data showing that imatinib 

increases osteoblast activity while inhibiting osteoblast proliferation.10 One could 

hypothesise that, at the commencement of treatment, imatinib may increase the 

differentiation of the existing pool of osteoblast precursors, thereby increasing the number 

of committed osteoblasts. However, as imatinib inhibits mesenchymal cell proliferation, 

the number of osteoblast precursors, and thus the number of osteoblasts, would decrease 

over time. Histomorphometric analysis is therefore required to determine the temporal 

changes in osteoblasts and bone deposition rates occurring in patients undergoing imatinib 

therapy. 

The proliferation and differentiation of osteoblasts is regulated through a number of 

signalling pathways, including known imatinib targets Abl and PDGFR. While loss of 

signalling through Abl is thought to inhibit osteoblast activity284, PDGFR signalling is 

known to be mitogenic to mesenchymal cells and to have a negative regulatory effect on 

osteoblastogenesis and thus represents the best candidate to explain the mechanism 

whereby imatinib activates osteoblast differentiation whilst inhibiting mesenchymal cell 

proliferation. 

 

1.4.5.1 The role of PDGFR in osteoblast formation and activity 

In addition to inducing expression of osteoclastogenic cytokines by osteoblasts and stromal 

cells, PDGF is known to have direct effects on osteoblast proliferation and differentiation. 

Osteoblasts express PDGF receptors285 and PDGF-AA286,287. PDGF-BB and, to a lesser 

extent, PDGF-AA are mitogenic for mesenchymal cells and inhibit osteoblast 

differentiation in vitro. Recombinant PDGF enhances proliferation of osteoblasts in rat 

calvarial cultures, isolated foetal rat calvarial osteoblasts and mouse osteoblast-like 

MC3T3-E1 cells in vitro.280,288 Additionally, inhibition of osteoblast differentiation by 

PDGF-BB has been observed in human osteoblast cultures, MC3T3-E1 cells and foetal rat 

calvarial cultures288-290 resulting in decreased mineralised nodule formation288. 

Furthermore, PDGF-AA and -BB were found to decrease mineral apposition rate and bone 

formation rate in foetal rat calvarial organ cultures, suggesting an inhibition of 
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mineralisation activity.280 In support of these findings, targeted deletion of PDGFR� in 

murine mesenchymal cells promotes osteoblast differentiation and function.291 

As expected, imatinib is able to reverse the effects of PDGF on osteoblasts in vitro. 

Treatment of human bone explant cultures and MC3T3-E1 cells with PDGF-BB inhibited 

mineralised matrix formation; this was prevented by pre-treatment with imatinib.10,17 In rat 

primary osteoblasts, proliferation is activated by PDGF-BB.17 This is reversed by imatinib, 

resulting in enhanced mineralisation on a per cell basis.17 These results suggest that 

inhibition of PDGFR signalling may be one mechanism whereby imatinib inhibits 

osteoblast proliferation and activates differentiation in vitro. 

 

1.4.5.2 The role of Abl in osteoblast activity 

Abl knockout mouse studies have suggested a role for Abl in osteoblast activity. Abl-

deficient mice have decreased cortical and trabecular bone volume resulting from a 

decrease in mineral apposition rates.284 Isolated Abl-/- stromal cells show defective 

mineralised nodule formation in vitro, with no effect on osteoblast progenitor numbers.284 

It is unclear whether these effects are dependent on Abl kinase activity or are a result of 

Abl functioning as a coupling molecule. However, if Abl kinase activity is required for the 

apparent pro-osteoblastic activity of Abl, inhibition of this kinase by imatinib would be 

expected to inhibit osteoblast activity. 

 

1.5 Summary and project aims 
In summary, there is a mounting body of evidence which suggests that dysregulated bone 

remodelling may be a side-effect of imatinib treatment. This is likely to result from 

inhibition of osteoclasts, by blocking Fms, Kit, CAII and PDGFR signalling, and alteration 

of osteoblast formation and activity through inhibition of PDGFR and Abl. Clearly, the 

suggestion that imatinib may increase bone strength, through positive effects on BMD and 

trabecular bone volume, warrants further investigation.  

 In patients, imatinib treatment decreases serum calcium and phosphate levels and 

increases trabecular bone volume suggesting that imatinib may increase osteoblast activity 

and/or inhibit osteoclast activity, dysregulating the normal cycles of bone remodelling. 

While some insights into the effects of imatinib on osteoclasts and osteoblasts have been 

gained, there is no direct evidence for the effects of imatinib on osteoblasts and osteoclasts 

in patients. Longitudinal histological assessment of the effects of imatinib on osteoclasts 

and osteoblasts in patients or animal models has not been undertaken. 



CHAPTER 1: Introduction 

 30

The significant incidence of acquired resistance to imatinib has led to the 

development of second generation tyrosine kinase inhibitors, such as dasatinib, which have 

greater affinity for their target kinases. As the target profile of these second generation 

inhibitors overlaps with that of imatinib, there is a potential for off-target skeletal effects of 

these compounds which should be investigated. Furthermore, it has not been investigated 

whether dasatinib, like imatinib, is an inhibitor of Fms. Additionally, dasatinib, unlike 

imatinib, has also been shown to inhibit the activity of Src, a non-receptor tyrosine kinase 

which is essential in osteoclast activity.255,292-296 As such, further studies are required to 

determine whether dasatinib has inhibitory effects on osteoclasts.  

 

In order to investigate these issues, the studies presented in this thesis addressed the 

following aims: 

1. To investigate the dysregulation of bone remodelling by imatinib in a longitudinal 

study of imatinib-treated CML patients 

2. To determine the effects of dasatinib on osteoclast and osteoblast activity in vitro 

and in vivo 



Chapter 2 

Materials and Methods



CHAPTER 2: Materials and Methods 
 

 
 

32

2.1 Reagents 
Imatinib and zoledronic acid were provided by Novartis (Basel, Switzerland). Dasatinib 

was provided by Bristol-Myers Squibb (New York, USA). PP2 was purchased from 

Calbiochem (catalogue number 529573; San Diego, USA). PD098059 was purchased from 

Sigma-Aldrich (catalogue number P215; Castle Hill, NSW). All other reagents are detailed 

in table 2.1. 

  

Table 2.1: Reagents and suppliers 

Reagent Supplier Catalogue number 

2-Ethylene glycol monoethyl ether Merck, Kilsyth, VIC 8.00857.2500 

�-Modified Eagle's medium (�-MEM) SAFC Biosciences, 
Lenexa, USA 51451C 

�-glycerophosphate Sigma-Aldrich G9891 

�-mercaptoethanol Sigma-Aldrich M6250 

Acetate solution Sigma-Aldrich 386-3 

Acetic acid Merck 6.10001.2500 

Acetone Ajax Finechem, Taren 
Point, NSW 6-2.5L 

Acrylamide (30% bis solution) BioRad, Gladesville, 
NSW 161-0148 

Alizarin red Sigma-Aldrich A5533 

Aluminium ammonium sulphate Merck 100073A 

Ammonium persulphate (APS) BioRad 161-0700 

Bovine serum albumin (BSA) powder 
(Fraction V) 

JRH Bioscience, 
Lenexa, USA 85040-1K 

Bromophenol blue M & B Chemicals, 
Dagenham, England B971861 

Butanol Sigma-Aldrich B1417 

Calcein Sigma-Aldrich C0875 

Calcium chloride Sigma-Aldrich C1016 

Cetyl pyridinyl chloride (CPC) 
monohydrate Sigma-Aldrich C032 

Chondroitin sulphate A (CSA) Sigma-Aldrich C4382 
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Table 2.1, continued: Reagents and suppliers 

Reagent Supplier Catalogue number 

Chromium (III) potassium sulphate 
dodecahydrate Sigma-Aldrich 243361 

Citric acid, powder Sigma-Aldrich C1909 

Citric acid solution Sigma-Aldrich 91-S 

DePeX mounting medium Merck 361254A 

Dimethyl sulphoxide (DMSO) Ajax Finechem 225-2.5L 

Dithiothreitol (DTT) Invitrogen, Mulgrave, 
VIC D1532 

Dulbecco’s modified Eagle’s medium 
(DMEM) SAFC 51441C 

Eosin Y Merck 1.15935.0025 

Ethylenediaminetetraacetic acid 
(EDTA) 

Chem Supply, Gilman, 
SA EA023 

Ethanol (analytical grade) Merck 6.10107.2511 

Ethanol, denatured 
Ace Chemical 

Company, Camden 
Park, SA 

F386 

Fast garnet GBC salt Sigma-Aldrich 387-2 

Fast green Sigma-Aldrich F7252 

Foetal calf serum (FCS) SAFC 12003C 

Formaldehyde, 40% (w/v) Merck 10113 

Gelatine Sigma-Aldrich G9391 

Glycerol Ajax Finechem 242-25L 

Glycine Chem Supply GA007 

Haematoxylin 
ProSciTech, 

Thuringowa Central, 
QLD 

C1071 

Hanks’ buffered saline solution (HBSS) SAFC 55021C 

L-ascorbate-2-phosphate 
Wako Pure Chemical 

Industries, Osaka, 
Japan 

013-12061 

L-glutamine, 200 mM SAFC 59202C 
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Table 2.1, continued: Reagents and suppliers 

Reagent Supplier Catalogue number 

Hoescht 33258 Sigma-Aldrich B61405 

Hydrochloric acid (HCl), 35% Merck 6.10307.2511 

Membrane blocking agent GE Healthcare, Little 
Chalfont, UK RPN2125V 

Methanol Chem Supply MA004-P 

Methyl green Sigma-Aldrich M8884 

Methylmethacrylate Merck 8.00590.1000 

MicroscintTM 20 Perkin Elmer, Boston, 
USA 6043621 

N-2-hydroxyethylpiperazine-N'-2-
ethanesulfonic acid (HEPES; 1M) SAFC 59202C 

N-acetyl-L-cysteine Sigma-Aldrich A7250 

Naphthol AS-BI phosphoric acid 
solution Sigma-Aldrich 387-1 

Naphthol AS-BI phosphate Sigma-Aldrich N1225 

Neutral buffered formalin (NBF, 10%) 
Fronine Laboratory 

Supplies, Riverstone, 
NSW 

JJ01810 

N,N-dimethylformamide Sigma-Aldrich D8654 

N,N,N,N-tetramethylethylenediamine 
(TEMED) 

MP Biomedicals, 
Seven Hills, NSW 194019 

Nonidet® P40 substitute Sigma-Aldrich 74385 

Papain (3.1 U/mg) Sigma-Aldrich 76220 

Paraformaldehyde Merck 296474L 

Pararosaniline hydrochloride Sigma-Aldrich P3750 

Penicillin 5000 U/mL, streptomycin 5 
mg/mL Sigma-Aldrich P4458 

Perkadox 16 AkzoNobel, 
Tullamarine, VIC 1552-11-3 

Phenol red-free DMEM SAFC 51449C 

Phenylmethylsulphonyl fluoride 
(PMSF) Sigma-Aldrich P7626 
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Table 2.1, continued: Reagents and suppliers 

Reagent Supplier Catalogue number 

Phloxine B Sigma-Aldrich P2759 

Phosphate buffered saline (PBS), 20x Media Production Unit, 
IMVS N/A 

PBS, calcium and magnesium-free Sigma-Aldrich D5652 

Polyethylene glycol 300 (PEG 300) Sigma-Aldrich 81162 

Polyethylene glycol 400 (PEG 400) Sigma-Aldrich 202398 

Protease inhibitor tablets, EDTA-free Roche, Basel, 
Switzerland 04693159001 

Proteinase K Invitrogen 25530-015 

Recombinant human M-CSF (rhM-
CSF) 

PeproTech (Rocky Hill, 
USA) PT300-25-100 

Recombinant human PDGF-BB 
(rhPDGF-BB) PeproTech PT100-14B-10 

Recombinant human RANKL 
(rhRANKL) PeproTech PT310-10-100 

Recombinant human TGF-�1 
(rhTGF-�1) PeproTech PT100-21-10 

Safranin O Sigma-Aldrich S8884 

Salmon sperm DNA Sigma-Aldrich 31149 

Silver nitrate 
Rhone Poulenc 

Chemicals, Clayton 
South, VIC 

SL810 

Sodium acetate trihydrate Sigma-Aldrich 236500 

Sodium bicarbonate McKenzie’s, Altona, 
VIC N/A 

Sodium carbonate Merck 010240 

Sodium chloride Sigma-Aldrich S9625 

Sodium dodecyl sulphate (SDS) Merck 444464T 

Sodium fluoride Sigma-Aldrich S7920 

Sodium hydroxide, pellets Merck 567530 

Sodium hypochlorite (12.5% w/v) ACE Chemical 
Company F386 
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Table 2.1, continued: Reagents and suppliers 

Reagent Supplier Catalogue number 

Sodium iodate Sigma-Aldrich S4007 

Sodium-L-tartrate Sigma-Aldrich 228729 

Sodium nitrite solution Sigma-Aldrich 91-4 

Sodium phosphate Sigma-Aldrich S342483 

Sodium pyrophosphate Sigma-Aldrich S9515 

Sodium pyruvate Sigma-Aldrich P5280 

Sodium thiosulfate Sigma-Aldrich S7143 

Sodium vanadate Sigma-Aldrich 450243 

Sulfur-35 radionuclide (35SO4
2-; 

5 mCi/mL) Perkin Elmer NEX042 

Tartrate solution Sigma-Aldrich 387-3 

Toluidine blue Sigma-Aldrich T3260 

Tris (Sigma-7-9®) Sigma-Aldrich T1378 

Trypan blue (0.4%) Sigma-Aldrich T8154 

Trypsin-EDTA (0.5%) Gibco 15400-054 

Tween-20 Sigma-Aldrich P9416 

WST-1  Tanaka, Madison, USA 11644807601 

Xylene Ajax Finechem 577-102 

 

2.2 Solutions, buffers and media for cell culture 
2.2.1 �-glycerophosphate, 1 M solution 

�-glycerophosphate (2.16 g) was dissolved in 10 mL HBSS and the solution was sterilised 

using a 0.2 μm syringe filter (Nalgene, Rochester, USA). 1 mL aliquots were stored at 

-20°C until use. Thawed aliquots were stored at 4°C. 

 

2.2.2 Additives for tissue culture medium 

L-glutamine (200 mM; 100 mL), sodium pyruvate (100 mM; 100 mL), 

penicillin/streptomycin (5000 U/mL and 5 mg/mL, respectively; 100 mL) and HEPES 
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(1 M; 150 mL) were thawed at 4°C, mixed thoroughly and 22.5 mL aliquots were stored at 

-20°C until use. 

 

2.2.3 Ascorbate-2-phosphate, 10 mM 

L-ascorbate-2-phosphate (289 mg) was dissolved in 100 mL HBSS, filter-sterilised using a 

0.2 μm syringe filter and 5 mL aliquots were stored at -20°C until use. 

 

2.2.4 Calcium standards 

Calcium chloride (11.098 g) was dissolved in RO water (100 mL) and this 1 M stock 

solution was stored at room temperature until use. A standard curve for the cresolphthalein 

complexone assay was prepared by diluting the stock solution from 2.5 – 0.25 mM in RO 

water. Diluted standards were stored at 4°C until use. 

 

2.2.5 Collagenase 

Collagenase type I (500 mg) was dissolved in 250 mL HBSS, filter-sterilised using a 

0.2 μm syringe filter and 5 mL aliquots stored at -20°C until use. 

 

2.2.6 Complete �-MEM (c-�-MEM) 

To prepare c-�-MEM (containing 10% FCS, 2 mM L-glutamine, 1 mM sodium pyruvate, 

15 mM HEPES, 50 U/ml penicillin and 50 μg/ml streptomycin), additives and FCS were 

thawed at 37°C. Additives were filtered using a 0.2 μm syringe filter. �-MEM (425.5 mL) 

was supplemented with 50 mL FCS and 22.5 mL additives and was stored at 4°C. Every 2 

weeks, if required, media were supplemented with an additional 5 mL of L-glutamine 

solution to achieve a final concentration of 2 mM L-glutamine. 

 

2.2.7 Complete DMEM (c-DMEM) 

To prepare c-DMEM (containing 10% FCS, 2 mM L-glutamine, 1 mM sodium pyruvate, 

15 mM HEPES, 50 U/ml penicillin and 50 μg/ml streptomycin), additives and FCS were 

thawed at 37°C. Additives were filtered using a 0.2 μm syringe filter. DMEM (425.5 mL; 

with or without phenol red) was supplemented with 50 mL FCS and 22.5 mL additives and 

was stored at 4°C. Every 2 weeks, if required, media were supplemented with an additional 

5 mL of L-glutamine solution for a final concentration of 2 mM L-glutamine. 
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2.2.8 CPC solution, 2.5% (w/v) 

CPC (1 g) was dissolved in 16 mL ethanol and was then mixed with 24 mL RO water for a 

final solution of 2.5% (w/v) CPC and 40% (v/v) ethanol. Prepared solution was stored at 

room temperature until use. 

 

2.2.9 CSA solution, 5 mg/mL 

CSA (50 mg) was dissolved in 10 mL RO water and 1 mL aliquots were stored at -20°C. 

Solution was diluted 1:4 in RO water prior to use. 

 

2.2.10 Dasatinib, 1 mM, for tissue culture 

Dasatinib (48.801 mg) was dissolved in 10 mL sterile DMSO and then stored as 20 μL 

aliquots at -80°C. Thawed aliquots were stored at 4°C, in the dark, for up to 1 month. 

 

2.2.11 Dispase, 2 mg/mL 

Dispase (500 mg) was dissolved in 250 mL HBSS, filter-sterilised using a 0.2 μm syringe 

filter and 5 mL aliquots were stored at -20°C until use. 

 

2.2.12 DNA standards 

Salmon sperm DNA (10 mg) was dissolved in 10 mL RO water at 4°C overnight, for a 

1 mg/mL stock solution. One hundred microlitre aliquots were stored at -20°C. To prepare 

standards, 4 mL sodium chloride (4 M solution) and 4 mL sodium phosphate (0.1 M 

solution) were mixed and salmon sperm DNA was diluted in the sodium chloride/sodium 

phosphate solution for final concentrations of 1.56 – 100 μg/mL DNA. Diluted standards 

were stored at 4°C until use. 

 

2.2.13 EDTA, 0.5 M 

EDTA (93.05 g) was dissolved in 500 mL RO water and the pH was adjusted to 8.0 with 

sodium hydroxide pellets. The solution was stored at room temperature until use. 

 

2.2.14 Hoescht DNA assay buffer 

Hoescht 33258 (20 mg) was dissolved in 20 mL RO water and this 1 mg/mL stock solution 

was stored at 4°C in the dark until use. On the day of use, 7.5 mL sodium chloride (4 M) 

was mixed with 7.5 mL sodium phosphate (0.1 M) and 20 μL Hoescht stock solution was 
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added for a final solution of 1.33 μg/mL Hoescht, 2 M sodium chloride and 0.05 M sodium 

phosphate. 

 

2.2.15 HHF (HBSS; 10 mM HEPES; 5% FCS) 

FCS was thawed at 37°C. HBSS (470 mL) was supplemented with 25 mL FCS and 5 mL 

HEPES (1 M) and the solution was stored at 4°C. 

 

2.2.16 Imatinib, 10 mM, for tissue culture 

Imatinib (58.97 mg) was dissolved in 10 mL Milli-Q water (18.2 m�/cm) and the solution 

was sterilised using a 0.2 μM syringe filter. The solution was aliquotted at 500 μL and 

stored at -80°C until use. Thawed aliquots were stored at 4°C, in the dark, for up to 

3 months. 

 

2.2.17 N-acetyl-L-cysteine, 200 mM 

N-acetyl-L-cysteine (653 mg) was dissolved in 20 mL RO water and 1 mL aliquots were 

stored at -20°C until use. 

 

2.2.18 Papain digest solutions, 20 U/mL and 100 U/mL 

To prepare 20 U/mL and 100 U/mL papain digest solutions, 62.1 mg or 320 mg papain 

were dissolved in 333 μL sodium acetate (3 M) and were mixed with 48 μL EDTA 

(0.5 M), 1 mL N-acetyl-L-cysteine (200 mM) and 8.619 mL RO water for a final 

concentration of 0.1M sodium acetate, 2.4 mM EDTA, 20 mM N-acetyl-L-cysteine and 

20 U/mL or 100 U/mL papain, respectively. Papain digest solution was used on the day of 

preparation. 

 

2.2.19 Proteinase K, 10 mg/mL stock solution 

Proteinase K (100 mg) was dissolved in 10 mL RO water and 1 mL aliquots were stored at 

-20°C until use. Thawed aliquots were stored at 4°C for up to 1 week. 

 

2.2.20 PD098059, 10 mM stock solution 

PD098059 (100 mg) was dissolved in DMSO (371.14 μL) and 10 μL aliquots were stored 

at -20°C until use. Thawed aliquots were stored at 4°C for up to 1 week. 
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2.2.21 PP2, 10 mM stock solution 

PP2 (100 mg) was dissolved in DMSO (331.45 μL) and 50 μL aliquots were stored at 4°C 

in the dark until use. 

 

2.2.22 rhM-CSF, 25 μg/mL stock solution 

Milli-Q water (1 mL) was added to 100 μg rhM-CSF and was incubated at room 

temperature for 30 minutes to dissolve. The solution was quickly centrifuged and was 

mixed with 3 mL HBSS. The solution was filtered through a 0.2 μm syringe filter and 

20 μL aliquots were stored at -80°C until use. Thawed aliquots were stored at 4°C for up to 

1 week. 

 

2.2.23 rhPDGF-BB, 10 μg/mL stock solution 

Milli-Q water (1 mL) was added to 10 μg rhPDGF-BB and was incubated at room 

temperature for 30 minutes to dissolve. The solution was mixed, quickly centrifuged and 

was filtered through a 0.2 μm syringe filter. Aliquots (10 μL) were stored at -80°C until 

use. Thawed aliquots were stored at 4°C for up to 1 week. 

 

2.2.24 rhRANKL, 500 μg/mL stock solution 

Milli-Q water (200 μL) was added to 100 μg rhRANKL and was incubated at room 

temperature for 30 minutes to dissolve. The solution was quickly centrifuged and was then 

filtered through a 0.2 μm syringe filter. Aliquots (5 μL) were stored at -80°C until use. 

Thawed aliquots were stored at 4°C for up to 1 week. 

 

2.2.25 rhTGF-�1, 10 μg/mL stock solution 

Milli-Q water (1 mL) was added to 10 μg rhTGF-�1 and was incubated at room 

temperature for 30 minutes to dissolve. The solution was mixed, quickly centrifuged and 

was then filtered through a 0.2 μm syringe filter. Aliquots (10 μL) were stored at -80°C 

until use. Thawed aliquots were stored at 4°C for up to 1 week. 

 

2.2.26 Serum-free �-MEM (sf-�-MEM) 

Tissue culture additives were thawed at 37°C and were filtered using a 0.2 μm syringe 

filter. �-MEM (477.5 mL) was supplemented with 22.5 mL additives for a final 

concentration of 2 mM L-glutamine, 1 mM sodium pyruvate, 15 mM HEPES, 50 IU/ml 

penicillin and 50 μg/ml streptomycin and was stored at 4°C. Every 2 weeks, if required, 
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media were supplemented with an additional 5 mL of L-glutamine solution for a final 

concentration of 2 mM L-glutamine. 

 

2.2.27 Serum-free DMEM (sf-DMEM) 

Tissue culture additives were thawed at 37°C and were filtered using a 0.2 μm syringe 

filter. DMEM (477.5 mL) was supplemented with 22.5 mL additives for a final 

concentration of 2 mM L-glutamine, 1 mM sodium pyruvate, 15 mM HEPES, 50 IU/ml 

penicillin and 50 μg/ml streptomycin and was stored at 4°C. Every 2 weeks, if required, 

media were supplemented with an additional 5 mL of L-glutamine solution for a final 

concentration of 2 mM L-glutamine. 

 

2.2.28 Sodium acetate, 3 M 

Sodium acetate (123.05 g) was dissolved in 500 mL RO water and the solution was stored 

at room temperature until use. 

 

2.2.29 Sodium chloride, 4 M  

Sodium chloride (116.9 g) was dissolved in 500 mL RO water and the solution was stored 

at room temperature until use. 

 

2.2.30 Sodium phosphate, 0.1 M, pH 7.4 

Sodium phosphate (1.64 g) was dissolved in 100 mL RO water, the pH was adjusted to 7.4 

and the solution was stored at room temperature until use. 

 

2.2.31 Trypsin, 0.05% 

Tryspin-EDTA (1 mL; 0.5%) was thawed at 37°C, mixed with 9 mL HBSS and was stored 

at 4°C for up to 1 week. 

 

2.3 Stains, buffers and solutions for histology 
2.3.1 Acetate-tartrate buffer 

On the day of use, 2.72 g sodium acetate and 2.3 g sodium tartrate were dissolved in 

80 mL RO water and the pH was adjusted to 5.2 with 1.2% acetic acid. RO water was 

added for a final volume of 100 mL for a final concentration of 200 mM sodium acetate 

and 100 mM sodium tartrate. 
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2.3.2 Acid alcohol 

Water (297 mL), ethanol (700 mL) and hydrochloric acid (3 mL) were mixed for a final 

solution of 70 % (v/v) ethanol and 0.3% (v/v) hydrochloric acid. The solution was stored at 

room temperature and was used to differentiate Haematoxylin staining. 

 

2.3.3 Citrate/acetone/formaldehyde fixative 

Citric acid solution (5 mL), acetone (13 mL) and formaldehyde (1.6 mL) were mixed 

thoroughly for a final concentration of 4.6 mM citric acid, 66.3% (v/v) acetone and 3.3% 

(v/v) formaldehyde. The fixative was used on the day of preparation. 

 

2.3.4 Decalcification buffer 

PBS (200 mL; 20 x solution) was added to 3 L RO water and approximately 50 g NaOH 

pellets were dissolved. EDTA (744.2 g) was then dissolved at room temperature and pH 

was adjusted to 8.0 with additional NaOH pellets, as required. Paraformaldehyde (20 g) 

was added to the EDTA solution and was dissolved with heating in a fume cupboard. The 

final volume was made up to 4 L for a final concentration of 0.5 M EDTA and 0.5% (w/v) 

paraformaldehyde in PBS. Decalcification solution was stored at 4°C for up to 1 month. 

 

2.3.5 Eosin 

RO water (22 mL), ethanol (420.5 mL), eosin Y (57 mL; 1% solution), phloxine (5.7 mL; 

1% solution) and acetic acid (2.3 mL) were combined and mixed well for a final 

concentration of 11% (w/v) eosin, 1.1% (w/v) phloxine and 83% (v/v) ethanol. The 

prepared stain was stored at 4°C until use. 

 

2.3.6 Fast garnet TRAP stain 

Just prior to use, 150 μL fast garnet GBC base solution was combined with 150 μL sodium 

nitrite solution in a 1.5 mL microfuge tube. The solutions were mixed by inversion and left 

to stand for 2 minutes. The freshly diazotised fast garnet GBC salt thus formed was mixed 

with 15 mL RO water, 150 μL naphthol AS-BI phosphoric acid solution, 300 μL sodium-

L-tartrate solution and 600 μL sodium acetate solution for a final solution containing fast 

garnet GBC salt (0.09 mg/mL), sodium L-tartrate (6.77 mM), sodium acetate (101 μg/mL) 

and naphthol AS-BI phosphoric acid (126 μg/mL). 
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2.3.7 Fast green stain, 0.2% (w/v) 

Fast green (100 mg) was dissolved in 50 mL RO water and was stored at room temperature 

until use. 

 

2.3.8 Gelatin/chromic potassium sulphate solution 

Gelatine (10 g) was dissolved in 1000 mL RO water and was heated, with stirring, until 

dissolved. The solution was allowed to cool and 500 mg chromium (III) potassium 

sulphate dodecahydrate was added. The solution was mixed thoroughly for a final 

concentration of 1% gelatine and 0.05% chromic potassium sulphate and was stored at 

room temperature until use. 

 

2.3.9 Mayer’s haematoloxylin 

Aluminium ammonium sulphate (100 g) was dissolved in 1400 mL RO water by heating. 

The solution was cooled and 10 g haematoxylin, 20 mL ethanol, 2.0 g sodium iodate, 40 

mL acetic acid and 600 mL glycerol were added for a final concentration of 5% (w/v) 

aluminium ammonium sulphate, 0.5% (w/v) haemotoxylin, 1% (v/v) ethanol, 0.1% (w/v) 

sodium iodate, 2% (v/v) acetic acid and 30% (v/v) glycerol. The solution was stored at 

room temperature until use. 

 

2.3.10 Methyl green, 0.5 mg/mL 

Methyl green (25 mg) was dissolved in 50 mL RO water and was stored at room 

temperature until use. 

 

2.3.11 Naphthol AS-BI phosphate, 0.39 mg/mL 

Immediately prior to use, 20 mg naphthol AS-BI phosphate was dissolved in 1 mL 

N,N-dimethylformamide and was diluted in 50 mL acetate-tartrate buffer. 

 

2.3.12 Pararosaniline, 40 mg/mL stock solution 

Pararosaniline (1 g) was heated in 20 mL RO water in a fume cupboard until almost 

completely dissolved. Hydrochloric acid (5 mL) was added and the solution was filtered 

with a 0.45 μm syringe filter and then stored at 4°C in the dark for up to 1 month. 
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2.3.13 Pararosaniline TRAP stain 

Sodium nitrite (80 mg) was mixed with 2 mL RO water until dissolved. Immediately 

before use, pararosaniline was hexaazotised by mixing 2 mL pararosaline stock solution 

with 2 mL sodium nitrite solution and incubating at room temperature for 5 minutes. 

Hexaazotised pararosaniline solution (2.5 mL) was added to 50 mL acetate-tartrate buffer, 

heated to 37°C, for a final concentration of 1 mg/mL pararosaniline. 

 

2.3.14 Safranin O stain, 0.1% (w/v) 

Safranin O (50 mg) was dissolved in 50 mL RO water and was stored at room temperature 

until use. 

 

2.3.15 Silver nitrate, 5% (w/v) 

Silver nitrate (25 g) was dissolved in 500 mL RO water and the solution was stored at 4°C 

in the dark. The solution was used neat or was diluted 1:4 in RO water prior to use. 

 

2.3.16 Sodium carbonate, 5% (w/v) 

Sodium carbonate (12.5 g) was dissolved in 250 RO water and the solution was stored at 

room temperature until use. 

 

2.3.17 Sodium thiosulphate, 5% (w/v) 

Sodium thiosulfate (12.5 g) was dissolved in 250 mL RO water and the solution was stored 

at room temperature until use. The solution was used neat or was diluted 1:1 in RO water 

prior to use. 

 

2.3.18 Spreading solution 

2-ethylene glycol monoethyl ether (300 mL) was combined with 490 mL ethanol and 

210 mL RO water final solution of 30% 2-ethylene glycol monoethyl ether in 49% ethanol. 

Spreading solution was stored at room temperature until use. 

 

2.3.19 Sodium bicarbonate, 0.1% (w/v) 

Sodium bicarbonate (500 mg) was dissolved in 500 mL RO water on the day of use. 

Solution was used as a blueing agent for haematoxylin staining. 
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2.3.20 Sodium phosphate/citrate buffer 

Citric acid (1.58 g) and sodium phosphate (0.75 g) were dissolved in 800 mL RO water for 

a final concentration of 8.22 mM citric acid and 4.575 mM sodium phosphate. The pH was 

adjusted to 3.7, the volume made up to 1 L and the solution stored at room temperature 

until use. 

 

2.3.21 Toluidine blue stain, 2% (w/v) 

Toluidine blue (2 g) was dissolved in 80 mL sodium phosphate/citrate buffer. The pH was 

adjusted to 3.7, the volume was made up to 100 mL with sodium phosphate/citrate buffer 

and the solution was filtered through a 0.45 μm syringe filter. The solution was stored at 

room temperature until use. 

 

2.4 Cell culture techniques 
2.4.1 Cell lines and standard culture conditions 

All appropriate tissue culture techniques were performed in a Class II laminar flow hood 

(Top Safe 1.2, Bio Air, Siziano, Italy). Cell lines were maintained in a humidified 

environment at 37°C in 5% carbon dioxide. All media were warmed to 37°C before use. 

All tissue culture plates were obtained from BD Biosciences (North Ryde, NSW). 

 

2.4.1.1 RAW 264.7 cell culture 

The murine monocyte/macrophage-like cell line RAW 264.7297 was kindly provided by 

Gerald Atkins (Orthopaedics and Trauma, IMVS, Adelaide, SA). These cells were 

routinely maintained at less than 80% confluence in c-DMEM and were subcultured 1:15 

once per week by cell scraping. 

 

2.4.1.2 ATDC5 cell culture 

The pre-chondrocyte cell line ATDC5, derived from a mouse teratocarcinoma cell line298, 

was obtained from the American Type Culture Collection (ATCC; Manassas, USA). These 

cells were routinely maintained in c-�-MEM containing ascorbate-2-phosphate (100 μM) 

and were subcultured by trypsinisation. 
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2.4.2 Trypsinisation of adherent cell lines 

Briefly, cells were washed with prewarmed HBSS and then detached from the flasks by 

treatment with 5 mL 0.05% trypsin-EDTA for 3 – 5 minutes at 37ºC. Cells were dislodged 

by firmly tapping the flask and the trypsin activity was inhibited by the addition of 5 mL 

HHF. The cells were centrifuged at 800 g for 5 minutes at 4°C in an Eppendorf 5810 

centrifuge (Eppendorf South Pacific, North Ryde, NSW). The supernatant was aspirated, 

the cell pellet resuspended in an appropriate volume of culture medium and the cell 

suspension was triturated to produce a single cell suspension. A fraction of this cell 

suspension was then transferred into a new culture flask containing medium at 37ºC. 

 

2.4.3 Cell counts and viability staining 

Counts of viable cells were obtained by trypan blue staining. Twenty microlitres of cell 

suspension were added to an equal volume of 0.4% (w/v) trypan blue and the cells were 

incubated at room temperature for 3 – 10 minutes. The cells were then loaded onto a 

haemocytometer (Weber Scientific International, Teddington, England) in duplicate. The 

cells were counted using a light microscope (Olympus BX40, Tokyo, Japan) and cell 

concentration and viability were calculated. 

 

2.4.4 Cryopreservation and storage of cells 

Cells were preserved by storing at -196°C in liquid nitrogen in medium containing 

20% FCS and 10% DMSO. A cell suspension was centrifuged at 800 g for 5 minutes in an 

Eppendorf 5810R centrifuge and the supernatant was aspirated. The cell pellet was 

resuspended in ice-cold 40% FCS in the appropriate serum-free medium. Ice-cold 

20% DMSO in serum-free medium was added drop-wise to the cell suspension for a final 

concentration of 1 – 2 x 106 cells/mL (20% FCS, 10% DMSO in media). One millilitre 

volumes were then aliquotted into cryovials (Greiner, Kremsmuester, Germany) which 

were transferred to a 4°C cryo freezing container (Mr Frosty; catalogue number 

5100-0001; Nalgene) and were cooled to -80ºC overnight before transfer to liquid nitrogen 

storage tanks. 

 

2.4.5 Thawing of cryopreserved cells 

Ampoules of cells were warmed quickly by placing the cryovials from liquid nitrogen 

storage directly into a 37ºC waterbath. As soon as the ice crystals had melted, the cells 

were triturated gently to form a cell suspension and transferred to 9 mL pre-warmed 
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culture medium. Cells were centrifuged at 800 g in an Eppendorf 5810R centrifuge for 

5 minutes, the supernatant was aspirated, the cell pellet resuspended in 15 mL culture 

medium and the cells were seeded in a 75 cm2 flask and placed in the 37ºC incubator. After 

thawing, cells were passaged at least once before use in experiments. 

 

2.4.6 Establishment of murine bone marrow monocyte (mBM and rBM) cultures 

Murine bone marrow monocyte cultures were established as previously described.299 

Briefly, 10-week-old female Sprague-Dawley rats or 6 – 13-week-old male C57 BL/6 mice 

(Veterinary Services Division, IMVS) were humanely killed by carbon dioxide overdose. 

Under sterile conditions, the femurs and tibiae were dissected free of tissue and a scalpel 

blade was used to remove the ends of the bones. Using a 21 gauge needle (rats) or a 

23 gauge needle (mice), bone marrow was flushed from femurs using ice-cold c-�-MEM. 

Cells were washed once in HBSS, resuspended in c-�-MEM and triturated 

thoroughly to obtain a single-cell suspension. The bone marrow cells were then seeded at 

9 x 105 cells/cm2 in 175 cm2 flasks. Cells were incubated overnight at 37°C in 5% carbon 

dioxide to allow stromal cells to adhere. The non-adherent rat and mouse bone marrow 

cells (rBM and mBM, respectively) were aspirated, pelleted at 800 g in an Eppendorf 

5810R centrifuge at 4°C for 5 minutes and then were used as monocyte/macrophage 

osteoclast precursor cells in Western blot experiments, WST-1 assays and osteoclast 

formation and activity assays. 

 

2.4.7 Establishment of rat bone marrow stromal cell (rBMSC) cultures 

rBMSC cultures were established as previously described.69 Briefly, 10-week-old female 

Sprague-Dawley rats (Veterinary Services Division, IMVS) were humanely killed by 

carbon dioxide overdose. The bone marrow was flushed from femurs and tibiae, as 

described in section 2.4.6, and the bones were crushed into 1 – 2 mm pieces with sterile 

scissors. The bone chips were then suspended in 12.5 mL c-�-MEM supplemented with 

100 μM ascorbate, seeded into a 75 cm2 flask and were incubated at 37°C and 5% carbon 

dioxide for 2 weeks to allow rBMSC to proliferate. rBMSC were passaged twice before 

use in mineralisation, proliferation and Western blot experiments. For routine culture, 

rBMSC were seeded at 8 x 103 cells/cm2 and media were replaced twice weekly. Cells 

were sub-cultured by trypsinisation. 
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2.5 Osteoclastogenesis assays 
2.5.1 mBM and rBM osteoclast formation and activity assays 

For TRAP staining or calcium phosphate resorption assays, rBM or mBM cells were 

cultured as previously described299 in 96-well plates, in 16-well calcium phosphate-coated 

quartz slides (BioCoat™ Osteologic™ MultiTest slides) or on slices of elephant tusk 

dentine in 96-well plates. Briefly, rBM and mBM cells were cultured at 3.1 x 105 cells/cm2 

in 200 μL c-�-MEM supplemented with 75 ng/mL rhM-CSF. Following overnight 

incubation, to allow the cells to adhere, the media were aspirated and replaced with 200 μL 

c-�-MEM containing 75 ng/ml rhM-CSF and 75 ng/mL rhRANKL (day 0). Treatment 

media were replaced on days 3 and 6. Where indicated, inhibitors were added on day 0 and 

included for the duration of the experiment. The formation of TRAP-positive bone-

resorbing osteoclasts was assessed after 6 days. The resorption of calcium phosphate or 

dentine was assessed after a period of 9 days. 

 

2.5.2 RAW 264.7 osteoclastogenesis assays 

The effects of inhibitors on Fms-independent osteoclast formation or activity were 

determined in RAW 264.7 cell cultures. Briefly, cells were cultured at 5 x 102 cells/cm2 in 

96-well plates or on calcium phosphate-coated (Osteologic™) slides in 200 μL c-DMEM 

supplemented with 100 ng/mL rhRANKL. Following overnight incubation, the media were 

replaced with c-DMEM containing 100 ng/ml rhRANKL and, where indicated, imatinib, 

dasatinib, PP2, PD098059 or vehicle (day 0). For resorption assays, the treatment media 

were replaced on day 3. The formation of TRAP-positive bone-resorbing osteoclasts and 

the resorption of calcium phosphate were assessed after a period of 4 and 6 days, 

respectively. 

 

2.5.3 TRAP stain 

Cells were stained for TRAP activity with the Leukocyte Acid Phosphatase (TRAP) kit 

(catalogue number 387-1KT; Sigma-Aldrich) as per the manufacturer’s recommendations. 

Briefly, cells were fixed in 100 μL/well freshly-prepared citric acid/acetone/formaldehyde 

solution for 3 – 5 minutes. Cells were carefully washed 3 times in 250 μL/well RO water 

and were then incubated with freshly-prepared fast garnet TRAP stain for 15 – 20 minutes 

at 37°C in the dark. Wells were washed 4 times with 250 μL/well RO water and the plates 

were left to dry by evaporation. The number of osteoclasts (defined as TRAP-positive cells 
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with 3 or more nuclei) per well were enumerated in quadruplicate wells. Cells were 

visualised and photographed with an Olympus CKX41 inverted microscope and an 

Olympus DP11 digital camera (Olympus Japan) at 200 x magnification. 

 

2.5.4 von Kossa silver stain 

Calcium phosphate-coated slides were stained for mineral using von Kossa silver stain. 

The slides were washed once in 250 μL/well RO water and were subsequently bleached in 

12.5% (w/v) sodium hypochlorite for 5 minutes. The wells were then washed 3 times with 

250 μL RO water to remove cell debris. The calcium phosphate layer was then stained 

with 100 μL/well 5% silver nitrate solution for 30 minutes at room temperature. Developer 

was prepared fresh by diluting formaldehyde 1:4 in sodium carbonate for a final 

concentration of 4% (w/v) sodium carbonate and 9.25% (w/v) formaldehyde. The slides 

were washed 3 times in 250 μL/well RO water and were then incubated with 100 μL/well 

developer for 30 to 60 seconds. Following a further 3 washes with 250 μL/well RO water, 

the stain was fixed with 100 μL/well 5% sodium thiosulphate for 2 minutes followed by a 

final wash in RO water. 

Slides were photographed with Olympus CKX41 inverted microscope with an 

Olympus DP11 digital camera at 40 x final magnification. Resorption area (cleared, 

unstained foci in the mineral layer) was quantitated with Adobe Photoshop CS3 following 

the protocol recommended by BD Biosciences.  

 

2.5.5 Toluidine blue stain 

Cells were removed from dentine slices with 6 M ammonia hydroxide (100 μL/well) at 

room temperature for 2 – 6 hours and were cleaned and stained immediately or were stored 

at room temperature in PBS until use. Cell debris was cleaned from the dentine slices using 

a bench-top ultrasonic cleaner (model number FXP12P, Ultrasonics Australia, Manly Vale, 

NSW) followed by scrubbing with a stiff paintbrush. Dentine slices were incubated for 

10 minutes in 0.5% (w/v) toluidine blue (100 μl/well) and the slices were then washed four 

or more times with RO water. 

For visualisation and photography of resorption pits, the dentine slices were placed 

on a 24-well tissue culture dish lid and the slices were examined and photographed with an 

Olympus CZ-60 stereomicroscope (dissecting microscope) and an Olympus DP11 digital 

camera at approximately 30 x final magnification. The area of the resorption pits was 
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quantitated with Olysia Bioreport software (version 3.2, Olympus) by manually tracing the 

resorption pits and calculating the area of the pits relative to the total area of the slice. 

 

2.6 Osteoblastogenesis assay 
2.6.1 Mineralisation assay 

For mineralisation assays, rBMSC cells were cultured in 96-well plates in 200 μL 

c-�-MEM with 100 μM ascorbate. Cells were cultured overnight, to adhere, and then the 

media were replaced with 100 μL StemXVivo™ base media (catalogue number CCM007; 

R&D Systems, Mineapolis, USA) supplemented with StemXVivo™ osteogenic 

supplement (5% v/v; catalogue number CCM009; R&D Systems) and dasatinib or imatinib 

(containing 0.5% DMSO vehicle) or vehicle alone. Where indicated, 10 ng/mL 

rhPDGF-BB was included for the duration of the experiment. Treatment media were 

changed twice weekly. 

 

2.6.2 Mineral quantitation 

After 6 weeks, the wells were washed 3 times in 250 μL calcium- and magnesium-free 

PBS and the mineralised matrix was dissolved in 100 μL 0.6 M hydrochloric acid for 

1 hour at room temperature. The supernatant was then transferred to a 96-well microtitre 

plate and calcium levels were quantitated by the cresolphthalein complexone assay 

(catalogue number TR29025; Thermo Electron Corporation, Melbourne, VIC). Briefly, 

supernatants were diluted 1:3 in water and 4 μL volumes were transferred to single wells 

of a fresh microtitre plate. A calcium chloride standard curve was also established in 

triplicate. Equal volumes of reagent A and reagent B were mixed and 200 μL were added 

per well. The plate was incubated at room temperature for 2 minutes and the absorbance 

was read at 540 nm on a microplate reader (EL808 Ultra, BIO-TEK Instruments) after a 10 

second shake step. 

Following dissolution of the mineral with hydrochloric acid, the wells were washed 

3 times with 250 μL PBS and the cells were digested with 100 μL proteinase K 

(100 μg/mL) for 1 – 2 hours at room temperature or overnight at 4°C. The cells were then 

triturated thoroughly to ensure complete disruption of the cells and 50 μL volumes were 

transferred to a white 96-well microtitre plate (catalogue number 3912; Corning, New 

York, USA). DNA content per well was then determined using the Hoescht DNA assay. 
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2.6.3 Hoescht DNA assay 

DNA content was measured using Hoecht 33258 dye, as described previously300, as a 

surrogate marker of cell number. Hoescht solution (13.3 μg/mL; 150 μL) was added to 

samples and DNA standards in a white microtitre plate and the plate was gently agitated to 

mix. Fluorescence was then measured using a fluorescence spectrometer (LS 55, 

PerkinElmer Instruments) with an excitation wavelength of 350 nm, an emission 

wavelength of 450 nm and a slit width of 2.5 nm. 

 

2.7 Chondrocyte activity assay 
2.7.1 GAG production 

ATDC5 cells (1.56 x 105 cells/cm2) were cultured in 96-well plates in 200 μL c-�-MEM 

containing ascorbate-2-phosphate (100 μM). Following overnight adhesion, the cultures 

were treated with the indicated doses of imatinib, dasatinib (containing 0.05% DMSO 

vehicle) or vehicle alone with or without 10 ng/mL rhTGF-�1 or 100 ng/mL rhPDGF-BB. 

After 48 hours, treatment media were replaced with 100 μL media containing 1 μCi 35SO4 

and the plates were incubated at 37°C in 5% carbon dioxide, overnight. The matrix was 

then digested at 65°C for 2 hours with 100 μL papain digest solution (20 U/mL). GAG 

were precipitated by the addition of 40 μL of cetylpyridinium chloride solution with 

mixing for 5 minutes.301 Chondroitin sulfate A solution (10 μL) was then added, as a 

carrier, and the plate was mixed for a further 5 minutes. The precipitated proteins were 

then transferred to a glass fibre filter (catalogue number 6005422; Packard Bioscience 

Company, Meriden, USA) using a cell harvester (Packard Filtermate Harvester). The 

membranes were dried for at least 2 h, 25 μL MicroscintTM was added per well and the 

amount of 35SO4-labelled GAG per well was measured using a scintillation counter (Top 

Count NXT, Perkin Elmer). 

In replicate cultures, cells were digested in 100 μL papain digest solution 

(100 U/mL) at 65°C for 6 hours. Cell lysates (50 μL) were then transferred to a white 

microtitre plate and DNA content was measured using Hoecht 33258 dye, as described in 

section 2.6.3. GAG levels were then normalised to DNA content to determine relative 

GAG production per cell. 
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2.8 WST-1 assay 
To determine the effects of dasatinib and imatinib on cell survival/proliferation, mBM and 

rBM (3.13 x 105 cells/cm2, in c-�-MEM supplemented with 75 ng/mL rhM-CSF), rBMSC 

(8 x 103 cells/cm2, in c-�-MEM supplemented with 100 μM ascorbate), ATDC5 (1.56 x 

104 cells/cm2, in c-�-MEM supplemented with 100 μM ascorbate) or RAW 264.7 cells 

(9.38 x 103 cells/cm2, in c-DMEM) were plated in 96-well plates and were allowed to 

adhere overnight. Cells were then treated with inhibitors or vehicle in 200 μL media. 

Following the indicated incubation period, the relative number of viable, metabolically 

active cells per well was detected by the quantification of mitochondrial dehydrogenase 

activity via the formation of formazan from WST-1 (4-[3-(4-Iodophenyl)-2-(4-

nitrophenyl)-2H-5-tetrazolio)-1,3-benzene disulphonate) following the manufacturer’s 

instructions (Tanaka). Briefly, media were aspirated and 110 μL volumes of 9.1% WST-1 

solution in phenol red-free c-DMEM (v/v) was added to each test well and to empty wells 

(for background determination). The cells were incubated at 37�C in humidified carbon 

dioxide for 30 minutes (RAW 264.7) or 120 minutes (rBM, mBM, rBMSC, ATDC5) to 

allow colour to develop. The optical density of the medium was then read at 540 nm using 

a microtitre plate reader (BioTek Instruments, Winooski, USA). 

 

2.9 Patient study 
2.9.1 Patients 

Patients included in this study were enrolled in the Australasian Leukaemia and 

Lymphoma Group Therapeutic Intensification in de Novo Leukaemia (TIDEL) II (CML9) 

trial (clinical trial number ACTRN12607000325404), an open label phase 2 dose 

escalation study in adult patients with newly-diagnosed chronic-phase CML. All patients 

were within 6 months of diagnosis and had not received prior therapy for CML, other than 

treatment with hydroxyurea or anagrelide. 

All procedures were approved by the Research Ethics Committee of the Royal 

Adelaide Hospital and all patients provided written informed consent. 

 

2.9.2 Study protocol 

Patients commenced imatinib therapy at 600 mg/day. If the serum imatinib trough level 

was sub-therapeutic (less than 1000 ng/mL) at day 22, or the patient failed to achieve 

� 1 log, � 2 log, or � 3 log reduction in BCR-ABL transcripts by 3, 6 or 12 months, 
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respectively, the dose was increased to 400 mg bis in die (BID; 800 mg/day). If, following 

dose escalation, the expected level of response was not achieved after a further 3 months of 

800 mg/day imatinib, or if � 2 log reduction in BCR-ABL transcripts was not achieved by 

9 months, the patient was switched to nilotinib 400 mg BID (800 mg/day). Patients 

receiving 600 mg/day switched directly to nilotinib 400 mg BID if the patient was 

intolerant to imatinib, or the patient displayed evidence of acquired imatinib resistance by 

pre-defined parameters.  

At baseline and after 6 and 12 months of treatment, blood was collected, a 

posterior-superior iliac spine bone biopsy was carried out and DXA analysis of body 

composition was carried out. 

Blood samples were collected into vacuum blood collection tubes (Greiner 

Bio-One) with no additives (sera) or with lithium heparin (plasma) between 9 am and noon 

after fasting overnight and before the patient took their morning dose of imatinib. Blood 

sera or plasma was collected by centrifugation at 2000 g for 10 minutes and was used 

immediately or was stored at -80�C. 

Following collection, trephines were immediately placed in normal saline and were 

then transferred to 10% neutral buffered formalin at 4°C for up to 3 hours before scanning 

by μ-CT. Samples were then fixed in 10% neutral buffered formalin at 4°C overnight and 

then embedded in methyl methacrylate. 

 

2.10 Normal bone remodelling in vivo study 
2.10.1 Animals 

Female Sprague-Dawley rats (n = 51) were obtained from the Veterinary Services 

Division, IMVS. As imatinib and dasatinib are predominantly used in adult CML patients, 

with a median age of 53 years at presentation302, 9-month-old rats were chosen to examine 

the effects of this compound on mature, non-modelling skeletons303. Rats were provided 

standard commercial rat chow and tap water ad libitum. All procedures were approved by 

the Animal Ethics Committees of the University of Adelaide and of the IMVS. 

 

2.10.2 Experimental design  

Prior to treatment, the proximal tibia of all animals were scanned using μ-CT whilst 

anaesthetised with ketamine (45 mg/kg; Ilium Veterinary Products, Smithfield, NSW) and 

xylazine (5.6 mg/kg; Ilium), injected intraperitoneally (IP). Animals were randomly 
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assigned to 4 groups: group 1 received treatment by daily gavage with 32 mg imatinib 

(equivalent to approximately 100 mg/kg; n = 15) in 10% DMSO/90% PEG 300 vehicle; 

group 2 received 1.6 mg dasatinib by daily gavage (equivalent to approximately 5 mg/kg; 

n = 15); group 3 received vehicle alone by daily gavage (n = 17); group 4 received a sub-

cutaneous injection with zoledronic acid (100 μg/kg, in 100 μL PBS)304 at day 0 and at 

6 weeks (n = 4). These doses of imatinib and dasatinib have been previously shown to 

achieve serum concentrations in rodents similar to those achieved in patients.4,305-309 

Imatinib (3200 mg) was dissolved in sterile DMSO (20 mL) at 37°C for 30 – 60 minutes 

and the solution was stored at room temperature in the dark for up to 2 weeks. Dasatinib 

(160 mg) was dissolved in sterile DMSO (20 mL) and was stored at room temperature in 

the dark for up to 2 weeks. Imatinib, dasatinib or DMSO was diluted 1:9 in PEG 300 

immediately prior to gavage. Gavage (2 mL volume) was performed using 15 gauge, 

78 mm polypropylene gavage needles (catalogue number FTP-15-78; Solomon Scientific, 

San Antonio, USA). 

After 4, 8 and 12 weeks of treatment, 6 animals each from the vehicle, imatinib and 

dasatinib groups were humanely killed for sera, μ-CT and histological analysis. The 

zoledronic acid-treated group were humanely killed after 12 weeks of treatment. At 

2 weeks and at 3 days prior to cull, the rats were injected intraperitoneally with calcein 

(30 mg/kg) and alizarin (30 mg/kg), respectively, in sodium carbonate buffer (pH 7.4).  

Animals were anaesthetised with isoflurane and blood was collected by cardiac 

puncture prior to sacrifice by carbon dioxide overdose. Cardiac blood samples were spun at 

800 g for 10 minutes and the collected sera were stored at -20°C until analysis. The left 

tibiae were fixed in 10% NBF at 4°C for 3 to 5 days prior to scanning by μ-CT. Following 

scanning, the cortex was shaved from the medial facet of the tibiae using a Buehler Isomet 

Low-Speed saw and the undecalcified bones were embedded in methyl methacrylate as 

described below. Right tibiae were fixed in 10% NBF for 48 hours before decalcification 

and embedding in paraffin.  

 

2.11 Pharmacokinetics study 
2.11.1 Animals 

Female 7-month-old Sprague-Dawley rats (n = 21) were obtained from the Veterinary 

Services Division, IMVS. Rats were provided standard commercial rat chow and tap water 
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ad libitum. All procedures were approved by the Animal Ethics Committees of the 

University of Adelaide and of the IMVS. 

 

2.11.2 Experimental design  

All animals were administered with 27.4 mg imatinib (equivalent to approximately 

100 mg/kg) in 10% DMSO/90% polyethylene glycol [PEG]300 vehicle; n = 18) by 

gavage.  

At pre-determined time-points, 3 animals were anaesthetised with isoflurane and 

blood was collected by cardiac puncture, prior to sacrifice by carbon dioxide overdose. 

Cardiac blood samples were collected, spun at 800 g for 15 minutes and the collected sera 

were stored at -20°C until analysis. Collected blood was analysed for achieved levels of 

serum imatinib by high performance liquid chromatography (HPLC), as described in 

section 2.15.2. 

 

2.12 DXA 
DXA measurements were performed using a total body DXA scanner (GE-Lunar 

Prodigy™ with Encore software version 10.50; GE Healthcare). Scan analysis was 

performed using standard software and protocols to determine BMD and bone mineral 

content (BMC). 

 For the patient study, scans of the lumbar spine (L2-L4 vertebrae), femoral neck, 

forearm (33% radius), lower leg (tibia and fibula) and total body regions were analysed. 

Animals were anaesthetised with ketamine/xylazine, injected IP, and whole-body 

BMD was determined. The inter-animal variation for measured BMD was 2.75%; the 

intra-animal variation was 1.70%. 

 

2.13 μ-CT 
The 3-dimensional microarchitecture of patient bone biopsies and rat proximal tibiae were 

evaluated using μ-CT (Skyscan 1076 X-ray Microtomograph, Skyscan). Bone samples 

were scanned at 74 kV/100 mA, with an isometric resolution of 8.7 μm/pixel using a 1 mm 

aluminium filter and 2 frame averaging. Reconstruction of the original scan data was 

performed using NRecon (SkyScan). 

Analysis of microarchitectural parameters was performed using CTAn (SkyScan). 

For patient trephines, a circular region of interest was defined to exclude bone immediately 
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adjacent to the edge of the trephine. A total of 500 slices (4.351 mm) were analysed for 

each trephine, excluding any region of cortical bone. For the rat proximal tibiae, a 

trabecular polygonal region of interest was manually defined to exclude the cortex. A total 

of 500 slices (4.351 mm) were analysed for each tibia, commencing 250 slices (2.351 mm) 

distal to the growth plate. For analysis of rat cortices, a 1.3 mm long diaphyseal region was 

selected, extending 13.05 mm (1500 slices) distal to the growth plate.  

Digital segmentation of the bone from air/tissues was performed by adaptive 

(median-C) thresholding. For rat bones, despeckling and smoothing protocols were run to 

minimise background noise. 

For trabecular bone regions, bone volume fraction (BV/TV), bone surface fraction 

(BS/BV), trabecular thickness (Tb.Th.), trabecular number (Tb.N), trabecular spacing 

(Tb.Sp), structure model index (SMI) and trabecular pattern factor (Tb.Pf) were calculated 

using CTAn. Tb.Th measurements were calibrated by scanning and analysing 4 aluminum 

foils with thicknesses of 20, 50, 125 and 250 �m (SkyScan).310 Cortical thickness (Ct.Th) 

and cortical bone volume fraction (Ct.BV/TV) were calculated for the diaphyseal region. 

Bone mineral density was calculated using CTAn, using phantoms of known 

density (0.25 g/cm3 and 0.75 g/cm2) and a region corresponding to water as a reference. 

The volumes of interest were reconstructed in 3 dimensions using adaptive 

3-dimensional modelling and were visualised using ANT software (SkyScan). 

 

2.14 Histology 
2.14.1 Methacrylate embedding 

Trephines and rat tibiae were embedded in methylmethacrylate as described previously.311 

The fixed samples were dehydrated in sequential changes of graded acetone (70% acetone 

for 1 hour; 90% acetone, 1 hour; 100% acetone, 1 hour; 100% acetone, 1 hour) at 4°C and 

subsequently infiltrated in 91% methylmethacrylate/9% PEG 400 under a vacuum for 

1 week at room temperature in polypropylene specimen containers. After infiltration, the 

samples were embedded in 10 mL methylmethacrylate/PEG 400 (10:1) with Perkadox 16 

(0.4% w/v) at 37°C for 48 hours. Blocks were attached to aluminium block holders with 

Araldite epoxy resin (Selleys, Padstow, NSW) prior to sectioning. 

Using a D-profile blade, 5 μm thick sections were taken from each block using a 

Leica SM2500 motorised sledge microtome (Leica Microsystems). Gelatine-coated slides 

were prepared by dipping clean, dust-free slides (SuperFrost, Menzel-Gläser) in 
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gelatine/chromic potassium sulphate solution and allowing the slides to dry overnight prior 

to use. Sections were attached to gelatine-coated slides using spreading solution heated to 

60 – 70°C and the sections were covered with a polyethylene sheet which was pre-soaked 

in spreading solution for 10 seconds. The slides were interleaved with blotting paper, 

clamped together using a bulldog clip and were incubated at 42°C for 18 – 48 hours to dry. 

Sections were deplasticised by submersion in 100% acetone for 15 minutes prior to 

staining. 

 

2.14.2 Paraffin embedding 

Fixed tibiae were decalcified in 0.5 M EDTA/0.5% parafomaldehyde decalcification 

solution, changed thrice weekly, for 5 months. Complete decalcification of the samples 

was confirmed by X-ray. The cortex was cut from the medial facet of the tibia and the 

samples were processed through sequential changes of ethanol, xylene and paraffin and 

then embedded in paraffin. Longitudinal sections (5 μm) were cut and were mounted on 

Snowcoat X-tra slides (Surgipath, Richmond, USA) and were stained with safranin O/fast 

green or TRAP. 

 

2.14.3 Histomorphometric analysis 

Histomorphometric analyses were conducted on blind-coded slides using 

OsteoMeasure XP (OsteoMetrics, Decatur, USA). 

Unstained, deplasticised sections of rat tibiae were cover-slipped and used for 

dynamic measurements of bone formation. Due to the slow rate of bone formation in these 

aged rats the alizarin label, administered 3 days prior to cull, was not visible. Mineral 

apposition rate (MAR) was therefore evaluated as the mean distance between the calcein-

labelled mineralised surface (MS) and the edge the bone (BS), divided by 14 days (the 

interval between labelling and the death of the animals). Bone formation rate (BFR) was 

derived using the formula: BFR = MAR × MS/BS × 365/100. 

Histomorphometric analyses of osteoclast numbers (N.Oc/B.Pm) and osteoclast-

occupied bone surface (Oc.S/BS) in the proximal rat tibiae were performed on 

TRAP-stained slides in a 2.85 mm2 region of secondary spongiosa distanced 0.78 mm from 

the growth plate. 

Histomorphometric analysis of patient trephines was performed on toluidine blue-

stained slides on the trabecular region of the biopsy excluding cortical bone and the tissue 

immediately adjacent to the edge of the trephines. 
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Additionally, analysis of rat growth plate thickness was performed on safranin 

O/fast green-stained paraffin sections at 5 x magnification at 5 equidistant points along a 

2.32 mm region of the proximal tibial growth plate. 

 

2.14.4 TRAP 

Sections were stained for TRAP using naphthol AS-BI as a substrate and pararosaniline as 

a coupler.312 Briefly, slides were incubated at 37°C for 30 minutes in acetate-tartate buffer 

(200 mM sodium acetate, 100 mM sodium tartrate, pH 5.2) containing 0.4 mg/mL 

naphthol AS-BI phosphate. The slides were then transferred to pararosaniline TRAP stain 

solution and were incubated at 37°C for a further 30 minutes. Slides were rinsed in water 

and were counter-stained in methyl green (0.5 mg/mL) for 5 – 60 seconds. Slides were 

rinsed in water and were then dehydrated through ethanol and cleared in xylene before 

coverslipping using DePeX mounting medium. 

 

2.14.5 von Kossa stain 

Mineralised bone was stained using von Kossa silver stain. Briefly, the slides were stained 

with 1% silver nitrate for 60 minutes under ultraviolet light at room temperature. The 

brown stain was developed in 4% sodium carbonate and 10% formaldehyde for 

60 seconds. The slides were washed with RO water and then fixed in 2.5% sodium 

thiosulphate for 2 minutes. The slides were then rinsed in RO water and the sections were 

stained with haematoxylin and eosin using standard protocols313 before being dehydrated 

through ethanol, cleared in xylene and coverslipped using DePeX. 

 

2.14.6 Toluidine blue stain 

For toluidine blue staining, deplasticised slides were incubated for 5 minutes in 2% 

toluidine blue stain. The slides were then washed in 2 changes of sodium phosphate-citrate 

buffer, dehydrated through ethanol, cleared in xylene and were coverslipped using DePeX. 

 

2.14.7 Safranin O stain 

Deplasticised sections were incubated for 5 minutes in fast green stain and were then 

rinsed in 1% acetic acid. The slides were then incubated in safranin O stain for a further 

5 minutes. The slides were rinsed in 1% acetic acid and then dehydrated through ethanol 

and cleared in xylene before coverslipping with DePeX. 
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2.15 Serum analysis 
2.15.1 Serum biochemistry 

Levels of phosphate, total calcium, urea and creatinine were measured in human and 

murine sera by the Division of Clinical Pathology, IMVS, using an Olympus AU5400 

Chemistry Analyser. Ionised Calcium is calculated from total calcium, albumin, globulins, 

bicarbonate, anion gap as described by Nordin et al.314 This calculation correlates 

extremely well with measured ionised calcium levels. 

Serum levels of intact PTH in human sera were measured by IMMULITE® 2000 

Analyzer (Siemens Medical Solutions Diagnostics, Los Angeles, USA). The intra-assay 

variation was 4.0 – 5.7%; the inter-assay variation was 6.3 – 8.8%. 

Levels of 25-hydroxyvitamin D3 and 1,25-dihydroxyvitamin D3 were measured by 

radioimmunoassay (IDS, Bolden, England) by the IMVS. The inter-assay variation for 

25-hydroxyvitamin D3 and 1,25-dihydroxyvitamin D3 were 5.0% and 7.3%, respectively. 

The intra-assay coefficients of variance were 3.3% (25-hydoxyvitamin D3) and 8.8% 

(1,25-hydroxyvitamin D3). 

Human serum levels of �-CrossLaps (CTX-1) were measured by the IMVS with a 

Cobas® kit using a Roche modular E170 analyser. The intra-assay variation was 1.0 – 

4.6%; the intra-assay variation was 1.6 – 4.7%. 

Levels of rat CTX-1 were measured in cleared sera by enzyme-linked 

immunosorbent assay (ELISA), as described by the manufacturer (Nordic Biosciences). 

The inter- and intra-assay variations of this ELISA were both 6%.  

The serum levels of human osteocalcin were measured using an IMMULITE® 2000 

Analyzer (Siemens Medical Solutions Diagnostics, Los Angeles, USA) by the IMVS. 

Intra-assay variation was 4.8%; inter-assay variation was 7.0%. 

The serum levels of rat osteocalcin were measured by ELISA in accordance with 

the manufacturer’s instructions (Biomedical Technologies). The inter- and intra-assay 

variations were 7% and 4%, respectively. 

Serum levels of bone-specific alkaline phosphatase (bALP) in patient plasma were 

analysed using a commercial ELISA (catalogue number 8021; Quidel corporation, San 

Diego, USA). The intra- and inter-assay variances for this assay were 5% and 5.9%, 

respectively. 
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P1NP levels in rat sera were assessed using a commercial ELISA (catalogue 

number AC33F1; IDS) with intra- and inter-assay coefficients of variance of 8% and 12%, 

respectively. 

 

2.15.2 Serum imatinib HPLC 

Concentrations of imatinib mesylate in human plasma or rat sera were determined by the 

Veterinary Services Division, IMVS using high-performance liquid chromatography 

(HPLC) with UV detection. Proteins were precipitated with methanol (100 μL plasma:150 

μL methanol) and were pelleted by centrifugation. The supernatant was then injected onto 

a reverse phase HPLC column (Kromasil C8, 250 x 4.6 mm, Eka Chemicals AB, Sweden) 

running a mobile phase of acetonitrile:20 mM KH2PO4 (3:7, v/v) at 1.0 ml/minute. A UV 

detector, set at 267 nm, monitored the eluate. The extracts were assayed against a 

calibration curve with a concentration range of 0.1 – 25 μg/ml (0.17 μM – 42.4 μM) 

imatinib mesylate. 

 

2.16 Western blotting reagents 
2.16.1 Blocking solution 

On the day of use, 1 g membrane blocking agent was dissolved in 40 mL TBS-Tween at 

room temperature with agitation. 

 

2.16.2 Non-reducing lysis buffer 

One protease inhibitor tablet was dissolved in 5.6 mL RO water with agitation. Tris 

(200 μL; 1 M; pH 7.5), 20 μL EDTA (0.5 M), 750 μL sodium chloride (2 M), 100 μL 

Nonidet P40, 200 μL sodium vanadate (100 mM), 500 μL sodium fluoride (0.5 M), 100 μL 

SDS (10% w/v), 400 μL sodium pyrophosphate (250 mM), 1250 μL glycerol (80% v/v), 

200 μL sodium vanadate (0.5 M) and 50 μL phenylmethylsulfonyl fluoride (100 mM) were 

then added and mixed thoroughly. The resulting solution of 1% Nonidet P40, 20 mM Tris, 

150 mM sodium chloride, 1 mM ethylenediaminetetraacetic acid, 25 mM sodium fluoride, 

10 mM sodium phosphate, 2 mM sodium vanadate and 0.5 mM phenylmethylsulfonyl 

fluoride, supplemented with complete protease inhibitors, was stored in 1 mL aliquots at 

-20°C for up to 3 months. 
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2.16.3 5% polyacrylamide gel (stacking gel) 

RO water (6.8 mL), 1.7 mL bis-acrylamide, 1.25 mL Tris (1.0 M; pH 6.8), 100 μL SDS 

(10% w/v) and 100 μL APS (10% w/v) were combined and were mixed by inversion. 

Immediately before use, 10 μL TEMED was added and the solution was mixed carefully to 

avoid creating bubbles. 

 

2.16.4 8% polyacrylamide gel (separating gel) 

RO water (9.3 mL), 5.3 mL bis-acrylamide, 5 mL Tris (1.5 M; pH 8.8), 200 μL SDS 

(10% w/v) and 200 μL APS (10% w/v) were combined and were mixed by inversion. 

Immediately before use, 12 μL TEMED was added and the solution was mixed carefully to 

avoid creating bubbles. 

 

2.16.5 10% polyacrylamide gel (separating gel)   

RO water (7.9 mL), 6.7 mL bis-acrylamide, 5 mL Tris (1.5 M; pH 8.8), 200 μL SDS 

(10% w/v) and 200 μL APS (10% w/v) were combined and were mixed by inversion. 

Immediately before use, 8 μL TEMED was added and the solution was mixed carefully to 

avoid creating bubbles. 

 

2.16.6 Reducing loading buffer, 5 x 

Glycerol (25 mL), 25 mL Tris (1.0 M, pH 6.8), 8 g SDS, 400 mg bromophenol blue, 8 mL 

�-mercaptoethanol and 25 mL RO water were mixed, the solution was filtered using a 

0.45 μm syringe filter and 2.5 mL aliquots were stored at -20°C. Thawed aliquots were 

stored at 4°C until use. Cell lysates for Western blotting were diluted 1:4 in loading buffer 

for a final concentration of 50 mM Tris, 1.6% SDS, 0.08% (w/v) bromophenol blue and 

1.6% �-mercaptoethanol. 

 

2.16.7 Running buffer, 10 x 

Tris (30.3 g), 144 g glycine and 10 g SDS were dissolved in RO water, the pH was 

adjusted to 8.3 and the volume was made up to 1 L. The solution was stored at room 

temperature and was diluted 1:9 in RO water prior to use for a final concentration of 0.3% 

(w/v) Tris-HCl, 1.44% (w/v) glycine and 0.1% (w/v) SDS. 
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2.16.8 Tris-buffered saline (TBS), 10 x 

Tris (24.2 g) and 80 g sodium chloride were dissolved in RO water, the pH was adjusted to 

7.6 and the volume was made up to 1 L. The solution was stored at room temperature and 

was diluted 1:9 in RO water before use. 

 

2.16.9 1% Tween/TBS (TBS-Tween) 

Tween 20 (1 mL) was added to 100 mL TBS (10 x) and 899 mL RO water and was 

carefully mixed to avoid bubbles. Solution was stored at room temperature until use. 

 

2.16.10 TBS-Tween with 10% BSA 

BSA (0.5 g) was dissolved in 50 mL TBS-Tween, with agitation. The solution was filtered 

using a 0.45 μM syringe filter and was stored at 4°C. The solution was diluted 1:9 in TBS-

Tween prior to use. 

 

2.16.11 Transfer buffer (1 x) 

Tris (12.104 g) and 57.66 g glycine were dissolved in 3.0 L RO water, 0.6 L methanol was 

added and the volume was made up to 4.0 L. The solution was stored at 4°C and was used 

up to 2 times before discarding. 

 

2.17 Western blotting 
2.17.1 Preparation of cell lysates 

For Western blotting experiments, mBM and rBM cells were cultured at 3.13 x 105 

cells/cm2 in 60 mm dishes in 3 mL c-�-MEM with 75 ng/mL rhM-CSF for 1 week to form 

committed osteoclast precursors. Cells were washed in 5 mL HBSS and were then starved 

for 120 minutes in 2 mL sf-�-MEM with imatinib, dasatinib or vehicle. In some cases, 

prior to being harvested, the cells were stimulated with 75 ng/mL rhM-CSF for 5 minutes 

at 37°C.  

RAW 264.7 cells were seeded in a 6-well plate in 2 mL in c-DMEM at 9.38 x 103 

cells/cm2. After 24 h, the wells were washed with 3 mL HBSS and the cells were starved 

with sf-DMEM overnight. The cells were then treated with imatinib, dasatinib or vehicle 

for 120 minutes in 2 mL sf-DMEM prior to being harvested. In some experiments, cells 

were stimulated with 75 ng/mL rhM-CSF for 5 minutes at 37°C prior to being harvested. 
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rBMSC (8 x 103 cells/cm2) or ATDC5 cells (1.56 x 105 cells/cm2) were cultured in 

6 well plates for 24 hours in 2 mL c-�-MEM supplemented with ascorbate (100 μM). Cells 

were washed in 3 mL HBSS and were then starved in sf-�-MEM overnight before being 

treated with imatinib, dasatinib or vehicle for 120 minutes in 2 mL sf-�-MEM. Where 

indicated, the cells were stimulated with 10 ng/mL rhPDGF-BB for 5 minutes at 37°C prior 

to being harvested. 

Following treatment, the cells were scraped into 100 μL ice-cold non-reducing lysis 

buffer, the lysates were transferred to 1.5 mL microfuge tubes (Eppendorf, North Ryde, 

NSW) and the cells were lysed by sonication at 3 watts for 10 seconds using a probe 

sonicator (model number XL2007; MiSonix, Farmindale, USA). The lysates were cleared 

by centrifugation at 13000 g for 10 minutes at 4°C and the supernatants were transferred to 

1.5 mL microfuge tubes. The protein concentration of the supernatant was determined 

using a RC/DC protein assay kit (catalogue number 500-0120; BioRad), following the 

protocol of the manufacturer. The lysates were then stored at -20°C until being used for 

SDS-polyacrylamide gel electrophoresis (SDS-PAGE). 

 

2.17.2 Preparation of samples for SDS-PAGE 

Cell lysates were thawed on ice and equivalent amounts of protein, as determined by 

RC/DC assay, were transferred to 1.5 mL microfuge tubes. Appropriate volumes of 5 x 

reducing loading buffer were added and the samples were incubated for 5 minutes at 95°C 

on a heat block. The samples were cooled on ice, quickly centrifuged and the samples were 

loaded onto SDS-PAGE gels with a pre-stained protein marker (Bench-mark; catalogue 

number 10748-010; Invitrogen). 

 

2.17.3 SDS-PAGE gel preparation 

Spacer plates (1.5 mm; catalogue number 1653312; Bio-Rad) and short plates (catalogue 

number 1653308; Bio-Rad) were assembled in a gel casting frame. Immediately following 

addition of TEMED, separating gel was poured until it was 2 cm below the top of the short 

plate. The gel was then covered with water-saturated butanol to remove bubbles and was 

left for 15 minutes to set. 

When the gel was set, the butanol was poured off, the stacking gel was poured, a 

10-well comb (catalogue number 1653365; Bio-Rad) was inserted and the gel was left to 

set for 15 minutes. 
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2.17.4 Loading and running of SDS-PAGE gels 

The gels were assembled with the Mini-Protean® 3 (Bio-Rad) electrode assembly and 

clamping frame, the assembly was placed in a tank and the combs were removed. The 

inner chamber was filled with running buffer, ensuring the wells were well-rinsed with 

buffer. The tank was then half-filled with running buffer and the prepared samples and 

protein markers were loaded in appropriate wells. The lysates were run through the 

stacking gel at 20 mA and were then resolved through the separating gel at 40 mA. 

 

2.17.5 Transfer of protein to polyvinylidene difluoride (PVDF) membranes 

PVDF membrane (Hybond-P membrane, Amersham Biosciences, GE Healthcare, Little 

Chalfont, UK) was cut to size (7 x 9 cm) and was pre-equilibrated in methanol for 

5 minutes. The membrane, blotting paper and fibre pads were then soaked in transfer 

buffer until use. Following electrophoresis, the gel assembly was dismantled and the 

electrophoretic transfer cell (Mini Trans-Blot, Bio-Rad) was assembled, following the 

instructions of the manufacturer. Briefly, 2 sheets of blotting paper were placed on a fibre 

pad on the black side of the gel cassette holder and the gel was carefully placed on top. The 

pre-equilibrated membrane was laid over the gel, followed by 2 sheets of blotting paper, 

any air bubbles were expelled by rolling over the filter paper with a pipette and a final fibre 

pad was placed on top. The assembly was then placed in a tank with a cooling unit (cooled 

to -20°C), the tank was filled with transfer buffer and the protein transfer was carried out 

overnight at 30 mA or for 2 hours at 200 mA.  

 

2.17.6 Protein detection 

Following Western blotting, the PVDF membrane was rinsed in TBS-Tween before being 

incubated for 2 hours in blocking buffer with agitation. The membrane was rinsed briefly 

in TBS-Tween and was then probed with primary antibody (detailed in table 2.2) diluted in 

1% BSA in TBS-Tween either overnight at 4°C or for 2 hours at room temperature with 

agitation. The membranes were then washed 3 times for 5 minutes in TBS-Tween and the 

immunoreactive proteins were subsequently detected by incubation with 

alkaline-phosphatase-conjugated antibodies against rabbit immunoglobulin (Ig) (catalogue 

number AP182A; Chemicon, Melbourne, VIC) or mouse Ig (catalogue number AP322A; 

Chemicon), diluted 1:2000 in 1% BSA/TBS-Tween, for 1 hour at room temperature with 

agitation. The membranes were then washed 3 times for 5 minutes at room temperature 

with agitation, followed by a final rinse in TBS. 
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Table 2.2: Antibodies for Western blotting 

Antibody Supplier Catalogue 
number Dilution Isotype 

Phosphorylated Akt Cell Signaling, 
Danvers, USA 4051 1:1000 Mouse 

IgG2b 

Fms Cell Signaling 3152 1:1000 Rabbit IgG 

Phosphorylated Fms Cell Signaling 3151 1:1000 Rabbit IgG 

Phosphorylated 
ERK1/2 Cell Signaling 9101 1:2000 Rabbit IgG 

Phosphorylated Src Millipore, Billerica, 
USA 07-909 1:1000 Rabbit IgG 

Heat shock protein 
90 kDa (HSP90) 

Santa Cruz, Santa 
Cruz, USA sc-7947 1:5000 Rabbit IgG 

 

The protein was then detected by incubation with 1 mL enhanced 

chemifluorescence (ECF™) substrate (catalogue number RPN5785; Amersham) prior to 

imaging using a Typhoon 9410 fluorimager (Amersham) at 488 nm excitation. 

Quantitation was performed using ImageQuant software (version 7.0, GE Healthcare). 

Where required, membranes were stripped of antibodies using a commercial 

stripping buffer (Western blot recycling kit; catalogue number 90100; Alpha Diagnostics, 

San Antonio, USA), following the instructions of the manufacturer. The blots were then 

rinsed in TBS and incubated for 1 hour in blocking buffer before reprobing with primary 

antibody. 

 

2.18 Statistical analyses 

Analysis of patient data was carried out using SAS (version 9.2; SAS Institute 

Incorporated, Cary, USA). To account for serially collected data, longitudinal data from 

each patient were compared with baseline values using a linear mixed effects model. 

Analysis of all other data was performed using GraphPad PRISM (version 5.02; 

GraphPad Software, La Jolla, USA). For in vitro dose-response experiments, treatments 

were compared using one-way analysis of variance (ANOVA) with Dunnett’s post-tests. In 

in vivo experiments, for serum CTX-1 analysis, as some values were below the detection 

limit of the ELISA used, the non-parametric Kruskal-Wallis test with Dunn’s post-tests 

was used. Changes in the body weights of the animals over time were assessed using 
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repeated measures ANOVA with Dunnett’s post-tests. For all other in vivo experiments, 

treated groups were compared with vehicle controls at each time-point using one-way 

ANOVA with Dunnett’s post-tests.  

Correlations between serum imatinib concentrations and other indices were 

assessed using the Pearson test. 

Differences were considered to be statistically significant when the P value was less 

than 0.05. 

The calculation of 50% inhibitory concentration (IC50) values was performed using 

the Hill equation: y = 100/(1 + 1050
(logIC-x)*Hillslope), where y is the level of inhibition and x 

is the logarithmic drug concentration. 



Chapter 3 

The effects of imatinib on bone 
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3.1 Introduction 
Prior to the introduction of imatinib mesylate therapy, the primary front-line treatment for 

chronic phase CML was interferon-� therapy or allogeneic bone marrow transplant 

(reviewed in 315). While allogeneic stem cell therapy has an impressive long-term survival 

rate, particularly in young patients where human leukocyte antigen (HLA)-matched donors 

are available, it is associated with significant treatment-related mortality (reviewed in 315). 

Interferon-� was the therapy of choice for patients for whom transplant was not an option 

and was relatively effective, with a complete cytogenetic response rate of 6% to 9% and a 

5-year survival rate of approximately 55% in randomised controlled trials.316-318 However, 

interferon-� treatment is associated with a high level of grade 3 and 4 toxicity resulting in 

dose reduction or discontinuation in a large proportion of patients3,316,319 (reviewed in 315).  

Imatinib represents a vast improvement over these therapeutic strategies for CML 

in regard to both therapeutic efficacy and toxicity. A phase 3 study (International 

Randomized Study of Interferon and STI571 [IRIS] study) comparing imatinib with 

interferon-� and cytarabine in chronic phase CML patients found that the complete 

cytogenic response rate in the imatinib treatment arm was 87%, with an estimated 5-year 

survival rate of 89%.3,241 Side-effects of imatinib treatment, while common, are generally 

mild to moderate in severity.3,241,320 Myelosuppression is the most common haematological 

adverse event following imatinib therapy and is more severe in advanced phase 

disease.3,241,320 Haematological suppression following imatinib therapy may result from 

decreased numbers of residual normal stem cells in patients with advanced disease 

(reviewed in 321). Additional effects may be due to the off-target inhibition of kinases other 

than Bcr-Abl, including Kit (reviewed in 321). Common non-haematological toxicities with 

imatinib therapy include nausea, diarrhoea, rash and oedema.3,241,320 Additionally, muscle 

cramps affect approximately 50% of imatinib-treated CML patients, but are usually 

manageable with increased fluid intake and calcium supplements3,241 (reviewed in 321). 

Bone and joint pain also occur in more than 30% of patients.3,241  

These musculoskeletal side-effects may in part relate to the effects of imatinib on 

calcium and phosphate metabolism. Hypophosphataemia was first identified as a common 

side-effect of imatinib therapy in a retrospective analysis of patients undergoing imatinib 

treatment for CML or GIST.5 This observation was subsequently confirmed by 

longitudinal studies, showing that decreased levels of serum phosphate occur as early as 

3 months following initiation of imatinib treatment in CML and GIST patients.7-9,11,12 

Decreased serum phosphate levels in imatinib-treated patients are associated with 
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increased serum PTH levels and, in at least some cases, a decrease in serum calcium 

levels.5,8-10,12,20 Recent evidence suggests that these changes in serum biochemistry may 

result from increased sequestration of calcium and phosphate to bone, due to altered 

skeletal metabolism. In a cohort of CML patients treated with imatinib for 17 – 62 months, 

trabecular bone volume in iliac spine trephines was significantly increased following 

treatment, relative to at baseline10 Additionally, 2 subsequent studies showed that CML 

patients undergoing long-term imatinib therapy exhibited small increases in regional BMD 

at some, but not all, sites.12,20  

While the aetiology of these changes in mineral metabolism remains to be 

determined, decreased osteoclast activity has been associated with these phenomena. 

Berman et al. were the first to demonstrate that serum levels of the osteoclast marker 

N-telopeptide of collagen crosslinks (NTX) were decreased in imatinib-treated CML and 

GIST patients, relative to healthy controls.5 The authors posited that decreased osteoclast 

activity may decrease dissolution of calcium and phosphate from the bone, thus resulting in 

hypophosphataemia. A longitudinal study has subsequently confirmed that serum 

osteoclast markers are decreased following imatinib therapy.8,12 This is associated with 

decreased serum calcium and phosphate and an increase in PTH levels. Serum PTH levels 

are increased in response to decreased serum calcium levels and sustained increases in 

PTH usually result in increased osteoclast activity, secondary to stimulation of RANKL 

production by osteoblasts.192-194 Thus, the observed decrease in osteoclast activity in 

imatinib-treated patients is unexpected in the presence of increased PTH and suggests that 

imatinib may have direct inhibitory effects on osteoclasts. While there is substantiative 

evidence that imatinib inhibits osteoclast survival and activity in vitro13-15 no direct 

evidence of effects on osteoclast numbers or activity has been demonstrated histologically 

in patients. 

Inhibition of osteoclast activity, if not corrected by a decrease in osteoblast activity, 

could explain the increase in bone volume observed in imatinib-treated patients. The 

effects of imatinib on osteoblasts in patients are unclear as there are conflicting data 

regarding the effects of imatinib on serum markers of osteoblast activity. Berman et al. 

found that serum osteocalcin levels were significantly decreased in imatinib-treated 

patients, relative to healthy controls, while serum bone-specific alkaline phosphatase levels 

were not different between these groups.5 Similarly, Jönsson et al. found that serum 

osteocalcin levels were significantly decreased in patients treated with imatinib for 24 – 73 

months, relative to aged-matched normal controls. Longitudinal studies have observed 
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increases in serum osteocalcin and P1NP levels early in treatment which either return to 

baseline levels by 18 months of therapy8,12 or are sustained until at least 24 months of 

treatment19. Some of the apparent differences in effects of imatinib on serum osteoblast 

markers may relate to the divergent effects of imatinib on osteoblast proliferation and 

activity. In vitro, imatinib inhibits mesenchymal cell proliferation while increasing 

mineralised matrix production by osteoblasts.10,16-19 Thus, while imatinib may induce early 

increases in osteoblast activity, osteoblast numbers may decrease over time. Longitudinal 

histological assessment would be useful to directly examine osteoblast numbers and 

activity in patients undergoing imatinib therapy. 

The aim of this study was to determine the mechanisms by which imatinib therapy 

augments bone volume and density in CML patients. The effects of imatinib therapy on 

bone remodelling were determined by undertaking prospective histological and μ-CT 

analysis of bone trephine specimens collected prior to and following commencement of 

imatinib therapy for CML.  
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3.2 Results 
3.2.1 Patients 

Fourteen South Australian CML patients were recruited to this study from the Australasian 

Leukaemia and Lymphoma Group CML9 (TIDEL II) trial. Two patients were excluded 

from the study at diagnosis due to pre-existing medical conditions (elevated amylase levels 

or distal metastases). An additional patient was transferred to the nilotinib treatment arm 

prior to the 6 month time-point and was excluded from further analysis. Of the 11 patients 

in the cohort used in this study (8 men, 3 women; mean age at diagnosis, 52 years; range, 

32 – 76 years), 2 patients had a dose increase to 800 mg/day, and 1 patient had a dose 

reduction to 400 mg/day, during the 12 months of treatment. The remaining patients 

received 600 mg/day imatinib. All patients achieved complete cytogenetic remission 

during the course of the study. 

 

3.2.2 Plasma imatinib concentrations 

The average steady-state plasma concentration of imatinib achieved in these patients was 

2.21 μM (range: 0.44 – 3.80; 6 months) and 2.51 μM (range: 0.37 – 4.19; 12 months) 

(figure 3.1). This is consistent with previous data from CML patients receiving 600 mg/day 

imatinib (trough concentration: 2.065 ± 1.39 μM [mean ± SD]).322 

 

3.2.3 Effects of imatinib on calcium and phosphate metabolism 

3.2.3.1 Serum biochemistry 

Serum samples, collected after 0, 6 and 12 months of imatinib therapy, were analysed to 

determine the effects of treatment on serum biochemistry. Decreased serum phosphate 

levels were observed in 11/11 patients, including 2 patients who were hyperphosphataemic 

prior to treatment. Mean phosphate concentrations were decreased from 1.25 ± 0.07 mM 

(mean ± SEM) at baseline to 0.86 ± 0.06 mM (p < 0.05) and 0.87 ± 0.05 mM (p < 0.05) 

following 6 and 12 months of treatment, respectively (figure 3.2A). Additionally, total 

calcium levels were significantly lower after imatinib therapy, compared with baseline 

levels (figure 3.2B). Serum calcium concentrations were reduced from 2.29 ± 0.03 mM 

(mean ± SEM) to 2.18 ± 0.03 (p < 0.05) and 2.18 ± 0.02 (p < 0.05) after 6 and 12 months, 

respectively (figure 3.2B). Ionised calcium levels were not significantly altered after 6 or 

12 months of imatinib therapy (p = 0.27; figure 3.2C). Mild hypophosphataemia (< 

0.8 mM phosphate) was observed in 5/11 patients, and hypocalcaemia (< 2.1 mM total 

calcium) in 1/11 patients, at 6 or 12 months of treatment. 



Figure 3.1. Plasma concentrations of imatinib in CML patients. Peripheral blood 

was collected following 6 or 12 months of imatinib treatment and plasma levels of 

imatinib were analysed by HPLC. Graph depicts mean ± SEM. 





Figure 3.2. The effects of imatinib treatment on serum biochemistry in CML 

patients. Peripheral blood was collected at diagnosis and after 6 and 12 months of 

imatinib treatment. Plasma levels of phosphate (A), calcium (B), ionised calcium (C), 

urea (D), creatinine (E), PTH (F), 25-hydroxyvitamin D3 (G) and 1,25-

dihydroxyvitamin D3 (H) were determined. Graphs depict mean ± SEM (n = 10 – 11). 

* p < 0.05, relative to baseline (linear mixed effects model). 
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There were no detectable effects of imatinib on serum urea or creatinine levels 

(p = 0.17 and 0.51, respectively; figure 3.2D,E), suggesting that imatinib treatment had no 

negative effects on renal function. 

 

3.2.3.2 Serum hormone levels 

Mean concentrations of PTH were significantly increased after 6 months (85% ± 

29% SEM, p < 0.05) and 12 months (74% ± 28% SEM, p < 0.05) of imatinib therapy, 

relative to at baseline (figure 3.2F). The majority of patients (10/11) exhibited increases in 

serum PTH above the normal range (> 5.5 pM PTH) following 6 or 12 months of 

treatment. This included 2 patients with higher than normal PTH levels at baseline, who 

exhibited further increases in serum PTH while receiving imatinib therapy. 

While 25-hydroxyvitamin D3 levels were unchanged by imatinib therapy 

(p = 0.25), there was a significant increase in mean 1,25-hydroxyvitamin D3 levels after 

6 months (52% ± 16% SEM; p < 0.05; figure 3.2G) of imatinib treatment (figure 3.2H). 

Serum 1,25-dihydroxyvitamin D3 levels returned to baseline levels by 12 months 

(p = 0.15). 

 

3.2.4 DXA 

In order to determine the effects of imatinib therapy on BMD and BMC, patients were 

DXA scanned prior to commencement of imatinib therapy and then after 6 and 12 months 

of treatment. Ten patients, who had scans conducted at 2 or more time-points, were 

included in this analysis. One patient showed evidence of degenerative changes to the 

spine prior to treatment and was excluded from analysis of vertebral BMD and BMC. 

Three patients displayed evidence of osteopoenia or osteoporosis at baseline. 

Site-specific differences in BMD and BMC were observed during imatinib 

treatment (table 3.1 and 3.2). In 8/10 patients, an increase in BMD at the 33% radius was 

measured, including 1 patient who had low BMD (z-score < -1.0) at this site at diagnosis. 

BMD was increased by 1.3% ± 0.007% (mean ± SEM) at the 33% radius site at 12 months, 

relative to at baseline (p < 0.05; figure 3.3A). Similarly, there was a statistically-significant 

2.5% ± 0.007% increase in BMC at this site after 12 months of imatinib treatment 

(p < 0.05; figure 3.3B). Tibia and fibula BMC (p < 0.05), but not BMD (p = 0.54), was 

increased by 2.3% ± 0.8% after 12 months of imatinib therapy, when compared with at 

baseline (figure 3.3C,D). Neither total body BMD nor total body BMC were significantly 

change during the course of treatment (p = 0.82 and 0.23, respectively; figure 3.3E,F). 



 

Table 3.1: Effects of imatinib mesylate on bone mineral density (BMD) in CML 
patients 

 BMD (g/cm2)1 

 baseline 6 months 12 months p-value2 p-value3 
0.93 ± 0.03 0.92 ± 0.03 0.94 ± 0.03 

33% radius 
(0.81 – 1.05) (0.80 – 1.05) (0.81 – 1.08) 

NS 0.037 

1.25 ± 0.04 1.23 ± 0.04 1.24 ± 0.04 
Total body 

(0.99 – 1.39) (0.99 – 1.37) (0.97 – 1.36) 
NS NS 

1.35 ± 0.05 1.31 ± 0.06 1.33 ± 0.05 Tibia and 
fibula (1.06 – 1.52) (0.98 – 1.55) (0.98 – 1.51) 

NS NS 

1.29 ± 0.07 1.25 ± 0.07 1.29 ± 0.07 Vertebrae 
L2-L44 (0.93 – 1.56) (0.94 – 1.46) (0.91 – 1.58) 

NS NS 

1.03 ± 0.05 0.97 ± 0.05 0.98 ± 0.04 Femoral 
neck (0.82 – 1.31) (0.80 – 1.20) (0.82 – 1.23) 

0.0010 0.0004 

1 data represent mean ± SEM (range); n = 9 (6 months) and n = 10 (baseline and 12 
months) 
2 6 months v baseline 
3 12 months v baseline 
4 One patient showed evidence of degenerative changes in the spine at baseline and was 
excluded from the analysis of vertebral BMD and BMC 
NS: not significant 

 
 



 

 
Table 3.2: Effects of imatinib mesylate on bone mineral content (BMC) in CML 
patients 

 BMC (g)1 

 baseline 6 months 12 months p-value2 p-value3 
2.71 ± 0.19 2.69 ± 0.20 2.77 ± 0.19 

33% radius 
(1.99 – 3.61) (1.95 – 3.68) (1.98 – 3.76) 

NS 0.034 

3184 ± 249 3164 ± 268 3243 ± 248 
Total body 

(2079 – 4123) (2145 – 4157) (2089 – 4156) 
NS NS 

228.9 ± 13.2 225.7 ± 14.4 234.1 ± 13.6 Tibia and 
fibula (159.4 – 287.2) (157.6 – 292.6) (159.9 – 298.2) 

NS 0.0085 

61.8 ± 5.2 60.1 ± 5.3 62.1 ± 5.3 Vertebrae 
L2-L44 (36.0 – 75.4) (36.3 – 74.7) (35.1 – 79.4) 

NS NS 

5.37 ± 0.36 5.12 ± 0.36 5.20 ± 0.32 Femoral 
neck (4.01 – 7.24) (3.86 – 6.92) (3.98 – 7.05) 

0.0079 0.0021 

1 data represent mean ± SEM (range); n = 9 (6 months) and n = 10 (baseline and 12 
months) 
2 6 months v baseline 
3 12 months v baseline 
4 One patient showed evidence of degenerative changes in the spine at baseline and was 
excluded from the analysis of vertebral BMD and BMC 
NS: not significant 

 



Figure 3.3. The effects of imatinib therapy on radius, tibia and fibula and total 

body BMD and BMC. After 0, 6 and 12 months of imatinib treatment, patient BMD 

and BMC were analysed by DXA. 33% radius BMD (A), 33% radius BMC (B), tibia 

and fibula BMD (C), tibia and fibula BMC (D), total body BMD (E), total body BMC 

(F). Graphs depict mean ± SEM, expressed relative to baseline values (n = 8 – 10). * p 

< 0.05, relative to baseline (linear mixed effects model). 
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DXA analysis revealed no significant changes in BMD (p = 0.93) or BMC (p = 0.94) in the 

L2-L4 vertebrae at 6 or 12 months of treatment (figure 3.4A,B). 

In contrast, BMD at the femoral neck was decreased by 4.1% ± 0.009% 

(mean ± SEM) after 6 months (p < 0.05) and 12 months (p < 0.05), when compared with 

prior to treatment (figure 3.4C). Femoral neck BMC was similarly decreased at 6 and 12 

months of treatment (p < 0.05; figure 3.4D). 

 

3.2.5 Trabecular bone morphometry 

3.2.5.1 �-CT 

To determine the effects of imatinib treatment on trabecular bone morphometry, trephines 

were collected from the posterior iliac spine of CML patients prior to commencement of 

treatment and after 6 and 12 months of imatinib therapy. Trephines were fixed in neutral 

buffered formalin and biopsies were scanned by μ-CT.  

 Suitable trephines for μ-CT analysis were obtained from 9/11 patients at baseline, 

9/11 patients at 6 months and 11/11 patients at 12 months. μ-CT analysis revealed an 

increase in trabecular thickness in trephines collected following imatinib treatment, when 

compared with baseline (table 3.3; figure 3.5). Although there was an increase in trabecular 

BV/TV following 6 and 12 months of treatment in 6/9 patients for which there were 

biopsies available at baseline (mean increase at 12 months: 30% ± 12% SEM; range: -18% 

– 77%), this did not reach statistical significance (p = 0.14; figure 3.6A). Following 

12 months of imatinib therapy, Tb.Th was increased by 30% ± 12% (mean ± SEM), 

relative to at baseline (p < 0.05; figure 3.6B). This was reflected by a significant decrease 

in bone surface to volume ratio (BS/BV) after 12 months of imatinib therapy (p < 0.05; 

figure 3.6D). Tb.N, Tb.Sp and bone surface density (BS/TV) were not significantly altered 

by imatinib treatment (p = 0.75, 0.83 and 0.91, respectively; figure 3.6C,E,F). SMI was 

unchanged by imatinib treatment (p = 0.80; figure 3.6G). Tb.Pf was significantly decreased 

at the 12 month time-point (p < 0.05), relative to baseline, suggesting an increase in 

trabecular connectivity (figure 3.6H).  

 

3.2.5.2 Histomorphometry 

Following μ-CT scanning, trephines were embedded in methyl methacrylate, sectioned and 

stained with toluidine blue for histomorphometric assessment (figure 3.7). Suitable 

biopsies were obtained from all patients at 2 or more time-points. Histological assessment 

of the marrow tissue showed marked myeloid hyperplasia prior to treatment. After 6 and 



Figure 3.4. The effects of imatinib therapy on lumbar vertebrae and femoral BMD 

and BMC. After 0, 6 and 12 months of imatinib treatment, patient BMD and BMC 

were analysed by DXA. L2-L4 lumbar vertebrae BMD (A), L2-L4 lumbar vertebrae 

BMC (B), femoral neck BMD (C), femoral neck BMC (D). Graphs depict mean ± 

SEM, expressed relative to baseline values (n = 9 – 10). * p < 0.05, relative to baseline 

(linear mixed effects model). 
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Table 3.3: Effects of imatinib on trabecular morphometry, assessed by �-CT 

 baseline1 6 months1 12 months1 p-value2 p-value3 
6.38 ± 0.43 7.36 ± 0.47 7.69 ± 0.52 

BV/TV (%) 
(5.01 – 8.71) (5.75 – 10.4) (5.43 – 9.89) 

NS NS 

120.0 ± 5.0 136.7 ± 7.8 154.1 ± 9.1 
Tb.Th (�m) 

(99.6 – 146.6) (116.1 – 185.5) (106.4 – 
202.8) 

NS 0.0056 

0.54 ± 0.05 0.56 ± 0.06 0.51 ± 0.04 
Tb.N (mm-1) 

(0.39 – 0.77) (0.35 – 0.89) (0.37 – 0.80) 
NS NS 

687 ± 27 682 ± 21 702 ± 27 
Tb.Sp (�m) 

(572 – 805) (571 – 761) (509 – 836) 
NS NS 

30.0 ± 0.9 27.1 ± 1.0 25.7 ± 1.2 BS/BV 
(mm-1) (26.8 – 33.8) (21.1 – 30.8) (19.5 – 32.2) 

NS 0.0094 

1.92 ± 0.14 2.01 ± 0.17 1.96 ± 0.14 BS/TV 
(mm-1) (1.35 – 2.48) (1.38 – 2.84) (1.40 – 3.10) 

NS NS 

6.48 ± 0.68 6.36 ± 0.45 4.37 ± 0.33 Tb.Pf 
(mm-1) (3.31 – 9.59) (3.93 – 8.93) (2.72 – 4.95) 

NS 0.0070 

1.55 ± 0.10 1.64 ± 0.14 1.66 ± 0.10 
SMI 

(1.01 – 1.94) 1.05 – 2.35) (1.00 – 2.02) 
NS NS 

1 mean ± SEM (range) 
2 6 months v baseline 
3 12 months v baseline 
NS: not significant 

 



Figure 3.5. Trabecular bone volume is increased by imatinib treatment. CML 

patients (n = 11) were treated with imatinib (400 – 800 mg/day) for 12 months. At 

baseline and after 6 or 12 months of treatment, posterior iliac crest trephines were 

collected for μ-CT analysis of a 4.351 mm long region of trabecular bone. Three-

dimensional images of biopsies from a representative patient are shown. 
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Figure 3.6. Trabecular morphology in iliac crest biopsies is altered by imatinib 

treatment. At baseline and after 6 and 12 months of imatinib treatment iliac crest 

biopsies were collected for μ-CT analysis of a 4.351 mm long region of trabecular bone. 

BV/TV (A), Tb.Th (B), Tb.N (C), BS/BV (D), BS/TV (E), Tb.Sp (F), SMI (G), Tb.Pf 

(H). Graphs depict mean ± SEM, expressed relative to baseline values (n = 9 – 11). * p 

< 0.05, relative to baseline (linear mixed effects model). 
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Figure 3.7. Histological examination of trabecular bone biopsies in imatinib-

treated CML patients. At baseline and following 6 and 12 months of treatment with 

imatinib, trephines were collected, embedded in methyl methacrylate and 5 μm sections 

were stained with von Kossa (A) or toluidine blue (B). Images from 2 representative 

patients are shown. Scale bar: 300 μm. 
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12 months of imatinib treatment, the marrow space showed hypocellularity or normal 

cellularity, with normal myelopoiesis and an increase in adipocyte numbers (figure 3.7). 

Histomorphometric analysis of trabecular architecture revealed similar increases in 

bone volume to those detected by μ-CT (table 3.4). Neither total BV/TV nor mineralised 

bone volume (min.BV/TV) were significantly increased by imatinib therapy (p = 0.14 and 

0.23, respectively; figure 3.8A,B). Tb.Th was 42 ± 18% (mean ± SEM) higher in patients 

treated with imatinib for 12 months, when compared with at baseline (p < 0.05; figure 

3.8C). This was reflected by a significant decrease in bone surface to volume ratio 

(BS/BV) at 12 months after commencement of therapy (p < 0.05; figure 3.8F). 

Histomorphometry revealed no statistically significant changes in Tb.N, Tb.Sp or BS/TV 

(p = 0.74, 0.66 and 0.74, respectively; figure 3.8D,E,G), confirming the results obtained by 

μ-CT. 

 

3.2.6 Effects of imatinib on osteoclasts 

3.2.6.1 Osteoclast numbers 

We next examined whether imatinib treatment affected bone resorption in CML patients. 

Trephines were embedded in methyl methacrylate, sectioned and osteoclasts were stained 

positive based on tartrate-resistant alkaline phosphatase (TRAP) activity (figure 3.9A). 

Histomorphometric assessment of bone biopsies revealed a significant decrease in 

osteoclast numbers (N.Oc/B.Pm) following 6 and 12 months of imatinib treatment 

(p < 0.05; figure 3.9B). All patients displayed a decrease in osteoclast numbers below 

baseline levels at final follow-up. Osteoclast surface (Oc.S/BS) was also significantly 

decreased after 6 and 12 months of treatment, relative to baseline levels (p < 0.05; figure 

3.9C). 

 

3.2.6.2 Serum markers of osteoclast activity 

Concomitant with the decrease in osteoclast numbers, osteoclast activity, as assessed by 

the serum marker CTX-1, was significantly lower following imatinib treatment (figure 

3.9D). A significant decrease in mean CTX-1 levels was observed after 6 and 12 months 

(47% ± 9% SEM at both time-points; p < 0.05) of imatinib treatment, compared with 

baseline values (figure 3.9D). 

 



 

 
Table 3.4: Effects of imatinib on trabecular histomorphometry  

 baseline1 6 months1 12 months1 p-value2 p-value3 
11.1 ± 1.1 14.4 ± 2.4 15.9 ± 1.6 

BV/TV (%) 
(5.2 – 16.3) (6.2 – 31.7) (9.9 – 24.5) 

NS NS 

11.0 ± 1.1 14.2 ± 2.6 15.5 ± 1.6 Min.BV/TV 
(%) (5.03 – 16.0) (6.04 – 30.7) (9.70 – 24.3) 

NS NS 

81.3 ± 4.8 94.8 ± 9.5 108.2 ± 8.2 
Tb.Th (�m) 

(51.1 – 103.1) (66.6 – 156.7) (67.3 – 150.7) 
NS 0.0093 

1.36 ± 0.11 1.48 ± 0.15 1.48 ± 0.10 
Tb.N (mm-1) 

(1.01 – 2.14) (0.77 – 2.25) (0.96 – 1.85) 
NS NS 

690 ± 54 662 ± 88 601 ± 54 
Tb.Sp (�m) 

(3945 – 936) (338 – 1218) (410 – 936) 
NS NS 

25.5 ± 1.8 22.9 ± 1.8 19.5 ± 1.6 BS/BV 
(mm-1) (19.4 – 36.1) (12.8 – 30.0) (13.3 – 29.7) 

NS 0.010 

2.72 ± 0.22 2.96 ± 0.30 2.96 ± 0.21 BS/TV 
(mm-1) (2.03 – 4.28) (1.54 – 4.51) (1.93 – 3.70) 

NS NS 

1 mean ± SEM (range) 
2 6 months v baseline 
3 12 months v baseline 
NS: not significant 

 
 



Figure 3.8. Trabecular histomorphology in iliac crest bone biopsies is altered by 

imatinib treatment. Iliac crest trephines were collected prior to the commencement of 

treatment and after 6 and 12 months of imatinib therapy. Trephines were embedded in 

methyl methacrylate and 5 μm toluidine blue-stained sections were 

histomorphometrically examined. BV/TV (A), Min.BV/TV (B), Tb.Th (C), Tb.N (D), 

Tb.Sp (E), BS/BV (F), BS/TV (G). Graphs depict mean ± SEM, expressed relative to 

baseline values (n = 9 – 11). * p < 0.05, relative to baseline (linear mixed effects 

model). 
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Figure 3.9. Imatinib treatment decreases osteoclast numbers in CML patients. 

Trephines were collected, embedded in methyl methacrylate and 5 μm sections were 

stained for TRAP and counterstained with methyl green. Images from 2 representative 

patients are shown (A). Scale bar: 100 μm. Arrows indicate osteoclasts. 

N.Oc/B.Pm (B), Oc.S/BS (C). Peripheral blood was collected after 0, 6 and 12 months 

of imatinib therapy and plasma levels of CTX-1 were analysed (D). Graphs depict mean 

± SEM (n = 9 – 11). * p < 0.05, relative to baseline (linear mixed effects model). 
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3.2.7 Effects of imatinib on osteoblasts 

3.2.7.1 Osteoblast numbers and osteoid 

To determine whether imatinib therapy also affected osteoblast numbers and activity, 

osteoblast numbers (N.Ob/B.Pm) and osteoblast surface (Ob.S/BS) were quantitated 

(figure 3.10A). In contrast to the effects of imatinib on osteoclasts, treatment for up to 12 

months had no statistically-significant effects on N.Ob/B.Pm (p = 0.17; figure 3.10B) or 

Ob.S/BS (p = 0.060; figure 3.10C).  

Osteoid surface (OS/BS), osteoid volume (OV/BV) and osteoid thickness (O.Th) 

were quantitated on undecalcified, toluidine blue-stained sections, to assess the effects of 

imatinib treatment on bone synthesis (figure 3.11). While OS/BS was significantly 

increased following 12 months of imatinib treatment, relative to baseline levels (p < 0.05; 

figure 3.11A), OV/BV was not significantly altered by up to 12 months of imatinib therapy 

(p = 0.16; figure 3.11B). There was a trend towards an increase in osteoid thickness after 

6 months of therapy (p = 0.051) which returned to baseline levels by 12 months (figure 

3.11C). 

 

3.2.7.2 Serum markers of osteoblast activity 

Serum markers of osteoblast activity, osteocalcin and bALP, were next examined in 

imatinib-treated patients. Serum concentrations of bALP were not significantly altered by 

imatinib treatment for up to 12 months (p = 0.17; figure 3.10D).  

Consistent with previous reports suggesting that osteocalcin levels are decreased in 

CML patients19, serum osteocalcin levels were below the level of detection (< 2 μg/L) in 

the majority (7/11) of patients prior to imatinib therapy (2.62 ± 0.28 [mean ± SEM]). 

However, after 6 months of imatinib therapy, serum osteocalcin levels were detectable in 

7/11 patients, suggesting an increase in serum osteocalcin levels (3.69 ± 0.49 [mean ± 

SEM]; p < 0.05). At 12 months, serum osteocalcin was detectable in only 2/11 patients 

(2.56 ± 0.34 [mean ± SEM]). 



Figure 3.10. Imatinib in does not affect osteoblast numbers. At baseline and 

following 6 and 12 months of treatment with imatinib, trephines were collected, 

embedded in methyl methacrylate and 5 μm sections were stained with toluidine blue 

for histomorphometric measurements. Representative images from 2 patients are shown 

(A). Scale bar: 100 μm. Arrows indicate osteoblasts lining the osteoid surface. 

N.Ob/B.Pm (B), Ob.S/BS (C). Peripheral blood was collected after 0, 6 and 12 months 

of imatinib therapy and plasma levels of bALP (D) were analysed. Graphs depict mean 

± SEM (n = 9 – 11).  



B C D

A

baseline 12 months



Figure 3.11. Osteoid surface is increased in imatinib-treated CML patients. After 0, 

6 and 12 months of imatinib treatment, trephines were collected, embedded in methyl 

methacrylate and 5 μm sections were stained with toluidine blue for histomorphometric 

measurements of OS/BS (A), OV/BV (B) and O.Th (C). Graphs depict mean ± SEM (n 

= 9 – 11). * < 0.05, relative to baseline (linear mixed effects model).  
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3.3 Discussion 
Altered serum levels of bone remodelling markers have previously been associated with 

imatinib treatment for CML and GIST.5,8,9,11,12 Consistent with these studies, the data 

presented here indicate that imatinib therapy is associated with a decrease in serum 

phosphate and total calcium and an increase in PTH and 1,25-dihydroxyvitamin D3. We 

investigated if these serum changes were in response to alterations in osteoclast and 

osteoblast numbers in bone biopsies collected prior to and up to 12 months after the 

commencement of imatinib therapy. In addition, trabecular bone morphometry was 

assessed by μ-CT and histomorphometry. Supporting previous reports10, these studies 

showed that imatinib treatment resulted in an increase in trabecular thickness in iliac crest 

biopsies. This was associated with an increase in BS/BV and trabecular connectivity. 

Increased cancellous bone strength is strongly associated with increased bone volume and 

trabecular thickness and with decreased Tb.Pf.323-325 Our results suggest that imatinib 

induces changes to the trabecular architecture that may convey an increase in bone 

strength, at least at some skeletal sites.  

While the mechanism(s) remain to be elucidated, the decrease in osteoclast activity, 

as evidenced by a decrease in osteoclast numbers (N.Oc/B.Pm) and serum CTX-1 levels, in 

imatinib-treated patients suggests inhibition of osteoclasts as a likely mechanism for the 

observed changes in trabecular bone morphology. These results are consistent with 

previous studies which have demonstrated that serum CTX-1 levels are decreased in 

imatinib-treated CML and GIST patients, relative to pre-treatment levels8,12 or to healthy 

controls5. Additionally, previous reports suggest that osteoclast numbers are decreased in 

normal mice treated with imatinib13,253,254, suggesting that imatinib-induced decreases in 

osteoclast numbers also can occur in a CML-free setting.  

In contrast to the observed anti-osteoclastogenic activity of imatinib, we observed 

no significant changes in osteoblast numbers, osteoblast-occupied bone surface or serum 

levels of the osteoblast marker bALP following imatinib treatment. These results contrast 

with in vitro studies which show that imatinib inhibits mesenchymal cell proliferation 

while increasing mineralised matrix deposition.10,16-19 However, the lack of statistically 

significant differences in osteoblast indices in this study may be attributable to a lack of 

sufficient statistical power rather than a lack of biological response. The small number of 

patients used in this study, and the relatively large intra-individual variation in 

histomorphometric assessment of osteoblast parameters326-328, may confound detection of 

small variations in osteoblast numbers. Additionally, potential imatinib-induced changes in 
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osteoblast numbers may not occur during the 12 month time-frame of this study. Previous 

longitudinal studies have reported significant increases in the osteoblast markers 

osteocalcin and bALP after 3 months of treatment that were no longer detectable after 6 or 

18 months of treatment.8,12 Furthermore, long-term (� 24 months) imatinib treatment has 

previously been reported to increase serum osteocalcin levels, relative to imatinib-naïve 

CML controls19, and to decrease bALP levels, relative to aged-matched normal controls20. 

As such, it is conceivable that effects of imatinib on osteoblasts were not detected due to 

the time-frame of this study. However, despite the lack of detectable change in osteoblast 

numbers during the course of the experiment, the increase in osteoid surface detected after 

12 months of imatinib therapy may be suggestive of an increase in osteoblast activity. In 

normal healthy individuals, the activity of bone resorptive osteoclasts is closely coupled to 

bone formation by osteoblasts, with any decrease in osteoclast activity being corrected by a 

concomitant decrease in osteoblast activity. In this study, imatinib treatment for 6 or 12 

months strongly inhibited osteoclast activity in CML patients without having a 

compensatory inhibitory effect on osteoblasts, suggesting that imatinib may have an 

uncoupling effect on bone turnover. Further investigation is required to definitively 

determine the contribution of osteoblasts to the anabolic effects of imatinib treatment. 

Increased osteoid volume/thickness can result from either rapid bone formation or 

disturbed mineralisation and is symptomatic of a number of skeletal diseases. Severe 

decreases in serum phosphate, for example resulting from inadequate gastrointestinal 

absorption or decreased renal resorption, can result in accumulation of osteoid 

(osteomalacia) due to a lack of phosphate availability for bone mineralisation329 (reviewed 

in 330). In addition, hyperparathyroidism can cause an increase in trabecular osteoid, 

resulting from increased osteoblast numbers secondary to increased osteoclast activity.331-

333 However, in this study, imatinib treatment was associated with a decrease in osteoclast 

numbers and no change in osteoblast numbers, which persisted despite the secondary 

hyperparathyroidism. Thus, the increase in bone turnover induced by PTH may be blocked 

by the anti-osteoclastogenic effects of imatinib, at least in the ilium. The relatively small 

increase in osteoid surface and osteoid thickness suggest that increased bone synthesis, 

rather than defective mineralisation, is the cause of the osteoid accumulation. However, 

measurement of dynamic bone formation rates in future studies would be required to 

definitively differentiate osteomalacia from increased bone formation. 

It has been suggested that decreased gastrointestinal or renal resorption of calcium 

and phosphate could promote the alterations in serum biochemistry observed following 
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imatinib therapy. While these factors may contribute, our results support the hypothesis 

that changes in skeletal metabolism are largely driven by imatinib-mediated inhibition of 

osteoclasts. In this model, inhibition of osteoclast numbers and activity results in decreased 

dissolution of calcium and phosphate from the bone, leading to decreased serum calcium 

and phosphate. Decreased ionised calcium stimulates PTH secretion, which increases renal 

resorption of calcium and stimulates 1,25-dihydroxyvitamin D3 synthesis. In addition, PTH 

decreases renal phosphate resorption, resulting in phosphaturia, thereby compounding the 

decrease in serum phosphate. 1,25-dihydroxyvitamin D3 stimulates the intestinal and renal 

absorption of calcium and phosphate, which, in concert with the effects of PTH, results in a 

correction of serum ionised calcium levels. In support of this theoretical model, treatment 

with the osteoclast inhibitory drugs bisphosphonates causes similar changes in serum 

biochemistry to those observed following imatinib treatment. Hypophosphataemia is a 

commonly-reported side-effect of bisphosphonate treatment (reviewed in 250,252). In 

addition, there is evidence to suggest that most patients treated with bisphosphonates, such 

as intravenous zoledronic acid, exhibit hypocalcaemia, although in most cases this is 

reversed by secondary hyperparathyroidism251 (reviewed in 250). This is consistent with 

published findings suggesting that although the majority of imatinib-treated patients 

exhibit elevated serum PTH, only some patients experience hypocalcaemia.5,8-10,12 

Previously published results have indicated that long-term (� 24 months) imatinib 

treatment is associated with significant increases in radial cortical BMD and lumbar spine 

BMD, relative to age and sex-matched healthy controls.20 O’Sullivan et al. demonstrated 

that lumbar spine BMD was significantly increased in a group of 9 patients following 12 

and 24 months of imatinib treatment, relative to baseline, while no statistically significant 

changes in total femur or total body BMD were observed over the 24 months of 

treatment.12 Similarly, DXA analysis in this present study showed that BMD and BMC 

were increased at the radius and the tibia and fibula following imatinib therapy, while there 

was no significant change in lumbar vertebrae or total body BMD or BMC. In contrast, 

femoral neck BMD and BMC was lower in patients following imatinib treatment, 

compared with baseline measurements. This observation is potentially a cause for concern, 

as BMD strongly correlates with mechanical strength in cortically-rich bone and this indice 

is a primary determinant of risk of fracture (reviewed in 334). However, our evidence 

suggests that imatinib does not cause generalised bone loss, as decreased BMD or BMC 

was not observed in any site other than the femur. 
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The mechanism involved in the site-specific loss of bone at the proximal femur 

observed in this present study is unclear. However, differences in osteoclast activity at 

different sites, prior to imatinib therapy, may play a role. There are large variations in the 

amount of mechanical strain, and therefore the rate of remodelling, occurring in different 

skeletal sites335,336 (reviewed in 337). The femoral neck is a highly loaded site which is 

subjected to repetitive cyclical mechanical strain, and thus has a high remodelling rate, 

relative to non-loaded site such as the radius. Iliac crest osteoclast quantitation and serum 

CTX-1 levels suggest that imatinib treatment does not completely ablate osteoclasts during 

the first 12 months of treatment. Therefore, there may be sufficient residual osteoclastic 

activity in highly metabolically-active skeletal sites to be sensitive to the pro-

osteoclastogenic effects of PTH. Sustained elevations in PTH are associated with increased 

osteoclast activity, resulting in cortical bone loss and decreased BMD192-194,338,339 

(reviewed in 330,340). Thus, increased PTH in imatinib-treated patients may result in local 

cortical bone loss and decreased BMD at high-turnover sites. The long-term consequences 

of this bone loss remain to be determined. However, Jönsson et al. found that imatinib 

treatment for � 24 months significantly increased hip BMD, suggesting that the loss of 

bone mass at the proximal femur may reverse over time.20 

CML is associated with myeloid hyperplasia which results in hypercellularity in the 

marrow space. Despite these increases in marrow cellularity, skeletal metabolism in CML 

patients is generally normal341,342 although lytic lesions are observed in rare cases343-345 and 

are usually associated with acute blastic transformation344,346. While CML is not generally 

associated with a skeletal phenotype, the possibility that the return to normal marrow 

cellularity or hypocellularity following imatinib therapy may indirectly affect bone 

metabolism should be addressed. As ethical considerations prevented this study from being 

placebo-controlled, it cannot be concluded whether the observed effects of imatinib on the 

skeleton were due to disease remission or were due to direct actions of imatinib on 

osteoclasts and osteoblasts. However, previous data from CML patients treated with 

interferon-� suggest that dysregulated bone remodelling is not a general consequence of 

disease remission. Analysis of a cohort of patients responding to interferon-� therapy 

revealed that decreased marrow cellularity was not associated with any change in iliac 

crest trabecular bone volume.10 Additionally, interferon-� therapy was not associated with 

decreased serum phosphate or calcium levels.10 Furthermore, comparison of our data with 

previous findings in GIST patients suggests that dysregulated bone remodelling is 

consistently seen in imatinib-treated patients, regardless of whether there is marrow tumour 
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involvement. A study of 16 GIST patients and 8 CML patients undergoing imatinib 

therapy found that imatinib-treated patients had increased serum levels of the osteoclast 

marker NTX and increased PTH, relative to normal controls, regardless of the underlying 

disease.5 Therefore, although it cannot be definitively determined whether the changes in 

bone morphometry observed in this present study are due to direct effects of imatinib, it is 

unlikely that it is secondary to disease remission. 

In summary, these data suggest that imatinib therapy dysregulates bone 

remodelling, causing a general decrease in osteoclast activity which is not counteracted by 

a concomitant decrease in osteoblast activity. This osteoclast inhibition results in increased 

trabecular thickness and, in at least some patients, increased bone volume in iliac crest 

biopsies. Decreased osteoclast activity and increased bone volume were observed in 2 

patients who exhibited osteoporosis prior to treatment, suggesting that imatinib may be 

affective as an anti-osteolytic agent in conditions involving pathological bone loss. 

However, the significant decrease in femoral neck BMD observed after 6 months of 

treatment is a cause for concern and long-term investigations are required to determine the 

mechanisms underlying the site-specific differences in the skeletal effects of imatinib. 
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4.1 Introduction 
While there is substantial evidence to suggest that imatinib can affect osteoclast and 

osteoblast activity5,7,8,10, the potential that second generation tyrosine kinase inhibitors, 

such as dasatinib, could also affect bone remodelling in CML patients has not been 

explored. Dasatinib is clinically active against CML in patients who are resistant to 

imatinib235,238 due to its enhanced affinity for the CML oncoprotein Bcr-Abl and its 

insensitivity to mutations in the Bcr-Abl kinase domain347. In addition to inhibiting the 

imatinib targets Abl (IC50 = 0.8 nM)236, Kit (IC50 = 5 nM)348, PDGFR� (IC50 = 63 nM)222 

and PDGFR� (IC50 = 28 nM)348, dasatinib also inhibits Flt3 (IC50 = 100 nM)237, the Tec 

family members Btk (IC50 = 1.1 nM)349 and Bmx (IC50 = 10 nM)237, the Src family kinase 

members Src (IC50 = 0.5 nM)348, Lck (IC50 = 0.4 nM)348, Fyn (IC50 = 0.2 nM)349, Blk (IC50 

= 8 nM)222, Lyn (IC50 = 8.5 nM)350, Fgr (IC50 = 10 nM)237 and Yes (IC50 = 0.5 nM)348 and 

the Eph receptor family members EphB1, EphB2 and EphB4 (IC50 = 10 nM)237.  

Furthermore, in cultures of M-CSF-dependent Ba/F3 cells which ectopically 

express human Fms, treatment with dasatinib decreased cell numbers indicating that 

dasatinib may inhibit Fms.237 M-CSF activation of Fms is essential for the survival and 

activity of osteoclast-lineage cells.109-111,255-257 M-CSF- or Fms-deficient mice and rats 

have severe osteopetrosis and an absence of tooth eruption due to a profound decrease in 

osteoclast numbers.111,265,351,352 Thus dasatinib, like imatinib, could potentially inhibit 

osteoclastogenesis through inhibition of Fms. 

Dasatinib may have further anti-osteoclastogenic effects through the inhibition of 

Src. Src is a cytoplasmic tyrosine kinase that is essential for normal osteoclast activity due 

to its role in pathways regulating vesicle transport, adhesion, migration and resistance to 

apoptosis.292-296 Src-/- mice display increased bone mineral density, which is attributable to 

defective osteoclast activity rather than a reduction in osteoclast number.292,296,353,354 This is 

thought to be primarily due to defective osteoclast actin ring and sealing zone formation 

following inhibition of signalling via integrins including �v�3.292-296 At least some of these 

effects are due to the role of Src as an adapter molecule, as introduction of a kinase-

inactive mutant, K295M, which has an ATP-binding domain mutation, partially reverses 

Src-/--induced osteopetrosis; however, Src kinase activity is required to completely reverse 

the skeletal abnormalities in these mice.355 Inhibition of Src activity with the 

pyrrolopyrimidine derivatives CGP77675, CGP76030 and AP23451 reverses IL-1�-, 

retinoic acid- and PTH-induced hypercalcaemia in murine models, and inhibits bone loss 
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in ovariecomised rodents, suggesting that inhibition of Src kinase activity may serve as a 

potential treatment for pathological bone remodelling.356-358 

In addition to its anti-osteoclastogenic activity, dasatinib, like imatinib, may affect 

osteoblast activity through inhibition of PDGFR. PDGF is a potent mitogen for osteoblast 

precursors which also inhibits osteoblast differentiation in vitro.280,289-291 Studies from our 

laboratory10 and those of others16-19, have shown that imatinib activates osteoblast activity, 

while inhibiting cell proliferation, at least in part through the inhibition of PDGFR. In 

cultures of human and murine stromal cells and cell lines, treatment with therapeutically-

achievable concentrations of imatinib significantly increased mineral deposition10,17,19 and 

decreased cell proliferation10,16-18. These results suggest that tyrosine kinase inhibitors 

could inhibit osteoblasts proliferation and activate their differentiation in vitro. However, it 

remains to be seen whether dasatinib has any effects on osteoblast activity. 

As dasatinib is a potent inhibitor of tyrosine kinases that are essential for normal 

bone metabolism, this study investigated the effects of dasatinib on bone remodelling in 

normal mature Sprague-Dawley rats in vivo. 
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4.2 Results 
4.2.1 Imatinib and dasatinib treatment has no effect on body mass in normal rats in 

vivo 

To determine the effects of tyrosine kinase inhibition on mature, non-remodelling bone, 

9-month-old female Sprague-Dawley rats were treated with imatinib (100 mg/kg), 

dasatinib (5 mg/kg) or vehicle (10% DMSO/90% PEG 300) by daily oral gavage for up to 

12 weeks. Four additional animals received zoledronic acid (100 μg/kg/6 weeks) sub-

cutaneously as a positive control for inhibition of osteoclasts. 

Treatment with imatinib, dasatinib or zoledronic acid had no effect on total body 

mass. There were no significant changes in body mass in any treatment group during the 

12 weeks of treatment (vehicle, p = 0.99; imatinib, p = 1.00; dasatinib, p = 1.00; zoledronic 

acid, p = 1.00; repeated measures ANOVA with Dunnett’s post-test; figure 4.1A). In 

addition, there were no significant differences in body mass between the treatment groups 

at any time-point (week 0, p = 0.13; week 2, p = 0.15; week 4, p = 0.084; week 6, p = 0.48; 

week 8, p = 0.31; week 10, p = 0.34; week 12, p = 0.48; one-way ANOVA with Dunnett’s 

post-test; figure 4.1A). 

Four animals per group were monitored throughout the experiment for whole body 

tissue composition by DXA. Using this approach, whole body mass did not change 

significantly in animals treated with vehicle (p = 0.12, repeated measures ANOVA with 

Dunnett’s post-test), imatinib (p = 0.88), dasatinib (p = 0.39), or zoledronic acid (p = 0.97) 

over the 12 weeks of treatment (figure 4.1B). Similarly, there were no statistically 

significant changes in lean tissue mass or adipose tissue mass in imatinib-, dasatinib-, 

zoledronic acid- or vehicle-treated animals at any time-point (data not shown). 

 

4.2.2 The effects of imatinib and dasatinib on the skeleton in normal rats in vivo 

4.2.2.1 Imatinib and dasatinib have no effect on whole body BMD 

Whole body BMD, as determined by DXA, was not altered by treatment with imatinib or 

dasatinib, relative to controls (figure 4.2). When compared with the vehicle-treated group, 

there were no significant increases in BMD in the imatinib-, dasatinib- or zoledronic acid-

treated groups at any time-point (week 2, p = 0.62; week 4, p = 0.36; week 6, p = 0.20; 

week 9, p = 0.39; week 12, p = 0.65; one-way ANOVA with Dunnett’s post-test; figure 

4.2). 

 



Figure 4.1. Imatinib and dasatinib treatment has no effect on body mass in vivo.

Nine-month-old Sprague-Dawley rats were treated with imatinib (100 mg/kg), dasatinib 

(5 mg/kg) or vehicle (10% DMSO/90% PEG 300, v/v) by daily gavage or zoledronic 

acid (100 μg/kg/6 weeks) by subcutaneous injection. All animals were weighed at the 

indicated time-points (A). Total body mass was monitored in 4 animals per group by 

DXA at the indicated time-points (B). Graphs depict mean ± SEM.  
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Figure 4.2. Imatinib and dasatinib treatment does not result in changes in whole 

body BMD in normal mature rats. Nine-month-old female Sprague Dawley rats were 

treated for 12 weeks with imatinib (100 mg/kg/day), dasatinib (5 mg/kg/day), vehicle 

(10% DMSO/90% PEG 300) or with zoledronic acid (100 μg/kg/6 weeks). Whole body 

BMD was monitored by DXA at the indicated time-points (n = 4/group). Graph depicts 

mean ± SEM.  
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4.2.2.2 Dasatinib, but not imatinib, increases trabecular bone volume in vivo 

To ensure that the baseline trabecular bone volume was similar in all animals irrespective 

of the treatment group to which they were assigned, μ-CT analysis was conducted at day 0. 

No significant differences in trabecular bone parameters were observed at baseline in the 

dasatinib, imatinib or zoledronic acid groups, relative to the control group (BV/TV, 

p = 0.76; Tb.N, p = 0.73; Tb.Th, p = 0.79; SMI, p = 0.64; Tb.Pf, p = 0.38; one-way 

ANOVA with Dunnett’s post-test; figure 4.3). 

The effect of imatinib and dasatinib treatment on trabecular bone morphometry was 

assessed histologically and by μ-CT analysis. As shown in the representative images in 

figure 4.4 and 4.5, while imatinib had no effect on trabecular bone morphology, 12 weeks 

of treatment with dasatinib and zoledronic acid resulted in an increase in trabecular bone. 

Quantitation of trabecular bone morphology by μ-CT revealed that imatinib treatment for 

up to 12 weeks had no significant effect on trabecular BV/TV, relative to vehicle controls. 

In contrast, dasatinib treatment increased BV/TV 62% after 12 weeks of treatment, relative 

to vehicle controls (p < 0.05; figure 4.6A). After 12 weeks, dasatinib induced a similar 

increase in BV/TV as that induced by zoledronic acid (figure 4.6A). There was a trend 

towards an increase in trabecular BMD (Tb.BMD) in dasatinib- and zoledronic acid-treated 

animals by 12 weeks of treatment which did not reach statistical significance (figure 4.6B). 

No change in Tb.BMD was detected in imatinib-treated animals at 4, 8 or 12 weeks (figure 

4.6B). Histomorphometric analysis of trabecular architecture revealed similar dasatinib-

induced increases in BV/TV as those detected by μ-CT (data not shown). 

Quantitative μ-CT analysis revealed that imatinib, dasatinib and zoledronic acid 

treatment had no significant effect on Tb.N at 4, 8 or 12 weeks of treatment (p = 0.092, 

0.12 and 0.16, respectively; figure 4.6C). In the vehicle-treated group, there was a 

significant decrease in Tb.Th after 12 weeks of treatment, relative to the 4 and 8 week 

cohorts, suggesting a loss of bone with aging359 (p < 0.05; figure 4.6D). In contrast, in the 

dasatinib- and zoledronic acid-treated animals, there were no significant decreases in 

Tb.Th over time (figure 4.6D). However, there were no statistically significant differences 

in Tb.Th in imatinib, dasatinib and zoledronic acid groups when compared with the vehicle 

group at any time-point (figure 4.6D). 

SMI was significantly decreased in the dasatinib-treated animals at 8 and 12 weeks, 

relative to vehicle-treated controls, indicating a shift to a more plate-like trabecular 

architecture (p < 0.05, figure 4.6E). Similarly, Tb.Pf was significantly decreased by 

12 weeks of dasatinib treatment, relative to the control group, indicating an increase in 



Figure 4.3. Trabecular morphology at the proximal tibia is similar in all treatment 

groups at baseline. Prior to the commencement of treatment, animals were 

anaesthetised and a 4.351 mm long region of trabecular bone, 2.351 mm distal to the 

growth plate, was analysed by μ-CT. BV/TV (A), Tb.N (B), Tb.Th (C), SMI (D), 

Tb.Pf (E). Graphs depict mean ± SEM (vehicle, n = 17; imatinib, n = 12; dasatinib, n 

= 13; zoledronic acid, n = 2). 
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Figure 4.4. Histological examination of trabecular bone in normal rats treated with 

tyrosine kinase inhibitors. Following 12 weeks of treatment with imatinib, dasatinib, 

vehicle or zoledronic acid, tibiae were collected, embedded in methyl methacrylate and 

5 μm sections were stained with von Kossa silver stain then counterstained with 

haematoxylin and eosin (A) or toluidine blue (B). Scale bar: 1 mm. 
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Figure 4.5. Trabecular bone volume is increased in dasatinib-treated animals. After 

12 weeks of treatment, tibiae from imatinib-, dasatinib-, vehicle- or zoledronic acid-

treated animals were collected for μ-CT analysis of a 4.351 mm long region of 

trabecular bone 2.351 mm distal to the growth plate. Cross-sectional 3-dimensional 

images of representative tibiae from animals treated for 12 weeks are shown. 
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Figure 4.6. Trabecular morphology at the proximal tibia is altered in dasatinib-

treated animals. Tibiae from imatinib-, dasatinib- and vehicle-treated animals (4, 8 and 

12 weeks) or zoledronic acid-treated animals (12 weeks) were collected for μ-CT 

analysis of a 4.351 mm long region of trabecular bone 2.351 mm distal to the growth 

plate. BV/TV (A), Tb.BMD (B), Tb.N (C), Tb.Th (D), SMI (E), Tb.Pf (F). Graphs 

depict mean ± SEM (n = 4 – 6). * p < 0.05, relative to vehicle control at each time-

point; ** p < 0.05, relative to 4 and 8 week time-points (one-way ANOVA with 

Dunnett’s post-test). 
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trabecular connectivity (p < 0.05, figure 4.6F). Comparable decreases in SMI and Tb.Pf 

were observed in the zoledronic acid treatment group as were seen in the dasatinib-treated 

animals (p < 0.05), while treatment with imatinib had no effect on these indices (figure 

4.6E,F). 

 

4.2.2.3 Dasatinib and imatinib have no effect on cortical bone volume in vivo 

To determine the effects of tyrosine kinase inhibition on cortical bone, the tibial diaphyses 

were analysed by μ-CT. Ct.BV/TV was not altered in the imatinib-, dasatinib- or 

zoledronic acid-treated animals, relative to vehicle controls, at any of the time-points 

examined (week 4, p = 0.70; week 8, p = 0.92; week 12, p = 0.70; one-way ANOVA with 

Dunnett’s post-tests; figure 4.7B). Similarly, imatinib-, dasatinib- and zoledronic acid 

treatment had no significant effect on Ct.Th, relative to vehicle controls (week 4, p = 0.83; 

week 8, p = 0.81; week 12, p = 0.36; figure 4.7C). 

 

4.2.3 The effects of imatinib and dasatinib on serum biochemistry in normal rats in 

vivo 

The effects of tyrosine kinase inhibition on serum biochemistry were assessed after 4, 8 

and 12 weeks of treatment. As shown in figure 4.8A, a significant decrease in serum 

phosphate levels was observed in the dasatinib-treated animals at 4 weeks (p < 0.05). Total 

calcium levels were unchanged by dasatinib at all time-points examined (week 4, p = 0.32; 

week 8, p = 0.42; week 12, p = 0.96; figure 4.8B). Imatinib treatment had no effect on 

serum phosphate or calcium levels at any of the time-points examined (figure 4.8A,B). 

 

4.2.4 The effects of imatinib and dasatinib on osteoclasts and osteoblasts in vivo 

4.2.4.1 The effects of dasatinib and imatinib on osteoclast numbers 

Histological analysis was carried out to assess whether tyrosine kinase inhibition affected 

osteoclast numbers in vivo. N.Oc/B.Pm and Oc.S/BS were quantitated in a defined region 

of secondary spongiosa in TRAP-stained histological sections (figure 4.9A). The number 

of multinucleated, TRAP-positive osteoclasts were substantially decreased by treatment 

with dasatinib or zoledronic acid (figure 4.9A). In dasatinib-treated animals, N.Oc/B.Pm at 

the proximal tibiae was significantly decreased, compared with controls (p < 0.05). This 

decrease in osteoclast numbers was associated with a decrease in Oc.S/BS following 12 

weeks of dasatinib treatment, although this did not reach statistical significance 

(figure 4.9C). Similar decreases in N.Oc/B.Pm and Oc.S/BS were observed in the 



Figure 4.7. Cortical morphology at the tibial diaphysis is not altered by tyrosine 

kinase inhibitor treatment. At 4, 8 and 12 weeks tibiae from imatinib-, dasatinib-, 

vehicle- or zoledronic acid-treated animals were collected for μ-CT analysis of 

diaphyseal bone. Cross-sectional 3-dimensional images of representative tibiae from 

animals treated for 12 weeks are shown (A). Cortical bone volume (Ct.BV/TV; B) and 

cortical thickness (Ct.Th; C) were analysed at a 1.305 mm long region of cortical bone 

13.05 mm distal to the proximal tibial growth plate. Graphs depict mean ± SEM (n = 4 – 

6). 
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Figure 4.8. The effects of tyrosine kinase inhibitor treatment on serum 

biochemistry in vivo. Blood was collected by cardiac puncture after treatment with 

imatinib, dasatinib or vehicle (4, 8 or 12 weeks) and serum levels of phosphate (A) and 

calcium (B) were determined. Graphs depict mean ± SEM (n = 3 – 6). * p < 0.05, 

relative to vehicle control at each time-point (one-way ANOVA with Dunnett’s post-

test). 
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Figure 4.9. Dasatinib treatment decreases osteoclast numbers in vivo. Tibiae were 

collected, embedded in methyl methacrylate and 5 μm sections were stained for TRAP 

and counterstained with methyl green. Representative images are shown (A). Scale bar: 

50 μm. Arrows indicate TRAP-positive multinucleated osteoclasts. N.Oc/B.Pm (B) and 

Oc.S/BS (C) were quantitated in a defined region of secondary spongiosa at the 

proximal tibia. Blood was collected by cardiac puncture after treatment with imatinib, 

dasatinib or vehicle (4, 8 or 12 weeks) or zoledronic acid (12 weeks only) and serum 

levels of CTX-1 were quantitated by commercial ELISA (D). Graphs depict mean ± 

SEM (n = 3 – 6). * p < 0.05, relative to vehicle control (one-way ANOVA with 

Dunnett’s post-test).   
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zoledronic acid-treated animals (figure 4.9B,C). N.Oc/B.Pm and Oc.S/BS were not 

significantly altered by treatment with imatinib, when compared with vehicle controls 

(figure 4.9B,C). 

 

4.2.4.2 The effects on serum levels of the osteoclast marker CTX-1 

The effect of tyrosine kinase inhibition on osteoclast activity was investigated by analysing 

the serum levels of the bone resorption marker CTX-1. While CTX-1 levels were 

unchanged by imatinib treatment, serum levels of CTX-1 were decreased in the dasatinib-

treated group relative to the vehicle controls after 8 and 12 weeks of treatment, although 

this did not reach statistical significance (figure 4.9D). In animals treated with zoledronic 

acid for 12 weeks, CTX-1 levels were undetectable (p < 0.05; Kruskal-Wallis test with 

Dunn’s post-test; figure 4.9D). 

  

4.2.4.3 The effects of imatinib and dasatinib on osteoblast activity in vivo 

To determine the effects of tyrosine kinase inhibition on bone formation, rats were injected 

with calcein 14 days prior to the end of the experiment. Unstained, deplasticised sections 

of rat tibiae were then used for dynamic measurements of bone formation in a defined area 

of secondary spongiosa. While imatinib and dasatinib treatment had no effect on calcein 

labelling, substantially less labelled bone surface was observed in zoledronic acid-treated 

animals (figure 4.10A). The dynamic measurements of osteoblast activity MS/BS, MAR 

and BFR were not significantly different from controls in the imatinib- or dasatinib-treated 

groups (figure 4.10B–D). While a trend towards a decrease in MS/BS, MAR and BFR was 

observed in the zoledronic acid-treated group, this did not reach statistical significance 

(figure 4.10B–D).  

 

4.2.4.4 The effects of imatinib and dasatinib on serum markers of osteoblast activity 

The serum levels of the bone formation markers osteocalcin and P1NP were measured to 

further characterise the effects of imatinib and dasatinib on bone formation. Osteocalcin 

and P1NP levels were not significantly altered by treatment with imatinib, dasatinib or 

zoledronic acid, when compared with vehicle controls, at any of the examined time-points 

(figure 4.10E,F). 

 



Figure 4.10. Dasatinib treatment does not affect osteoblast activity in vivo. After 10 

weeks of treatment, animals were injected with calcein (30 mg/kg) to label the exposed 

bone surface. After an additional 2 weeks, tibiae were collected, embedded in methyl 

methacrylate and dynamic histomorphometric measurements were conducted on 

unstained 5 μm sections. Representative images are shown (A). Scale bar: 50 μm. 

MS/BS (B), BFR (C) and MAR (D) were quantitated in a defined region of secondary 

spongiosa at the proximal tibia. Blood was collected by cardiac puncture after treatment 

with imatinib, dasatinib or vehicle (4, 8 or 12 weeks) or zoledronic acid (12 weeks only) 

and serum levels of osteocalcin (E) and P1NP (F) were quantitated by commercial 

ELISA. Graphs depict mean ± SEM (n = 3 – 6). 
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4.2.5 The effects of imatinib and dasatinib on the growth plate 

The cartilaginous and trabecular architecture at the proximal tibial growth plate was 

substantially altered after 12 weeks of imatinib treatment, when compared with controls 

(figure 4.11). In vehicle-treated controls, the width of the cartilaginous growth plate at the 

proximal tibia remained constant at all time-points examined (p = 0.070, one-way 

ANOVA; figure 4.11A). In contrast, the width of the growth plate decreased substantially 

over time in imatinib- and dasatinib-treated animals (figure 4.11A,B). The growth plate 

was significantly narrower in imatinib-treated group than in the control group after 4, 8 and 

12 weeks of treatment (p < 0.05; figure 4.11A,B). By 12 weeks of imatinib treatment, the 

growth plate had almost completely fused and was replaced by trabecular bone (figure 

4.11B). In dasatinib-treated animals, the proximal tibial growth plate was significantly 

narrower than that of vehicle-treated controls after 12 weeks of treatment (p < 0.05, figure 

4.11A,B). In contrast, at 12 weeks, zoledronic acid treatment induced an increase in growth 

plate thickness which did not reach statistical significance (figure 4.11A,B). 

 

4.2.6 Pharmacokinetics of imatinib in normal rats 

As imatinib had no effect on trabecular morphology in the normal rats used in this study, 

despite the use of doses previously shown to decrease osteoclast numbers13, the steady-

state serum levels of imatinib were analysed to ascertain whether the levels of imatinib 

achieved in this study were similar to those achieved in patients undergoing imatinib 

therapy. Serum was collected at 4, 8 or 12 weeks of imatinib therapy, 26 – 28 hours after 

the final dose was administered and imatinib levels were quantified by HPLC. 

As seen in figure 4.12A, in imatinib-treated rats, the steady-state serum 

concentration achieved was 2.70 ± 0.68 μM (mean ± SEM; n = 14). There was a wide 

variation in steady-state imatinib concentrations in these normal rats (range: 0.27 – 

8.04 μM), consistent with previous data demonstrating high variability in steady-state 

serum concentrations in imatinib-treated CML patients.360-362 There were no significant 

correlation between serum imatinib levels and body mass (p = 0.18), BV/TV (p = 0.77) or 

serum CTX-1 levels (p = 0.95) in these animals. 

To determine the kinetics of imatinib metabolism in mature animals, 7-month-old 

Sprague-Dawley rats were administered with a single dose of imatinib (100 mg/kg) by 

gavage and groups of 3 animals were humanely killed and exsanguinated at the nominated 

time-points (0.5, 1, 2, 4, 8, 12, 24 hours). Serum concentrations of imatinib were 

determined by HPLC. As shown in figure 4.12B, the maximal serum concentration of 



Figure 4.11. The growth plate at the proximal tibia is narrowed in imatinib- and 

dasatinib-treated animals. After 4, 8 and 12 weeks of treatment, tibiae were collected 

for histological analysis. Samples were embedded in paraffin and 5 μm sections were 

stained with safranin O/fast green. Mean growth plate thickness was calculated from 

measurements taken at 5 equidistant points across the growth plate (A). Graph depicts 

mean ± SEM (n = 3 – 6). * p < 0.05 relative to vehicle control at each time-point (one-

way ANOVA with Dunnett’s post-test). Representative images are shown of safranin 

O/fast green-stained sections (red, cartilage; green, bone and cytoplasm; purple, nuclei) 

(B). Bar: 100 μm.  
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Figure 4.12. Pharmacokinetics of imatinib in mature Sprague-Dawley rats.

Nine-month-old female Sprague-Dawley rats were administered with imatinib 

(100 mg/kg/day) for 4, 8 or 12 weeks. Blood was collected by cardiac bleed 26 – 28 

hours following the administration of the final dose. Achieved serum levels of imatinib 

were analysed by HPLC (A). Seven-month-old female Sprague-Dawley rats were 

administered with imatinib (100 mg/kg) by oral gavage. At the indicated time-points, 

cardiac blood samples were collected from anaesthetised animals. Sera were analysed 

for achieved imatinib concentrations by HPLC (B). Graphs depict mean ± SEM (A,

n = 14; B, n = 3).
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imatinib (Cmax = 15.29 ± 1.94 μM [mean ± SEM]) was reached 4 hours after drug 

administration. Clast was 5.99 ± 0.84 μM (mean ± SEM), 24 hours following drug 

administration. 
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4.3 Discussion 
Studies shown here (chapter 3) and previously5,7,8,10 demonstrate that patients undergoing 

treatment with imatinib have dysregulated bone remodelling resulting in an overall 

increase in trabecular bone volume. This is thought to result from inhibition of osteoclast 

activity and concomitant activation of osteoblast activity by imatinib, through inhibition of 

Fms and PDGFR, respectively.10,13,16-19 As dasatinib inhibits PDGFR348 and may inhibit 

Fms237 we examined whether dasatinib could modulate bone remodelling in normal mature 

Sprague-Dawley rats in vivo. While changes in whole body BMD were not observed using 

DXA, treatment with dasatinib substantially increased trabecular bone volume at the 

proximal tibia. This was associated with an increase in trabecular connectivity (decreased 

Tb.Pf) and a change in trabecular architecture from a more rod-like to a more plate-like 

form (decreased SMI). These changes in trabecular morphology are similar to those 

observed in imatinib-treated CML patients, shown in chapter 3. 

The present study found that serum phosphate levels were transiently decreased in 

dasatinib-treated rats. In keeping with this observation, grade 3 or 4 hypophosphataemia 

has been reported in 11% of dasatinib patients.363 This may be indicative of altered skeletal 

metabolism, as decreased serum phosphate may be symptomatic of decreased release of 

bone phosphate stores through inhibition of osteoclastogenesis, as has been suggested for 

patients undergoing imatinib therapy.5,10 To our knowledge, there have been no published 

reports suggesting that changes in bone remodelling occur in CML patients receiving 

dasatinib. Our current results suggest that the potential affects of dasatinib on bone in 

patients undertaking long-term treatment need further evaluation. 

The changes in bone morphometric parameters in dasatinib-treated animals were 

similar to those induced by the potent osteoclast inhibitor zoledronic acid. Data presented 

here suggest that dasatinib, like zoledronic acid, increased bone volume by inhibiting 

osteoclast activity, as evidenced by a decrease in osteoclast numbers, osteoclast-occupied 

bone surface and decreased serum CTX-1 levels. Bisphosphonates are used as effective 

therapeutic agents for diseases characterised by aberrantly increased bone resorption, 

including osteoporosis, Paget’s disease, osteogenesis imperfecta and bone metastatic 

tumours in breast cancer, prostate cancer and multiple myeloma.364,365 The similarities in 

the effects of dasatinib and zoledronic acid on trabecular bone architecture observed in this 

study suggest that dasatinib may be an effective treatment for diseases characterised by 

increased osteoclast activity. 
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Under normal conditions, the bone resorptive activity of osteoclasts and the bone 

formative activity of osteoblasts are tightly coupled. To this end, osteoclast-deficient 

transgenic mice have been reported to show decreased osteoblast numbers and 

activity.366,367 Similarly, bisphosphonate treatment has been shown to potently decrease 

osteoclast activity and to concomitantly decrease osteoblast activity in normal rodents in 

vivo.368,369 Here we found that zoledronic acid treatment significantly decreased osteoclast 

activity and dynamic bone formation, relative to vehicle-treated controls, suggesting that 

bone turnover may be inhibited in zoledronic acid-treated animals. However, at the dosing 

schedule used here, dasatinib treatment of normal rats decreased osteoclast numbers and 

serum CTX-1 levels but had no effect on BFR and MAR, suggesting that bone turnover 

was still occurring or that osteoblast and osteoclast activity was uncoupled in these 

animals. Although dasatinib did not affect osteoblasts in vivo at the dose administered, it is 

likely that dasatinib, like imatinib10,16-19, can inhibit osteoblast proliferation and stimulate 

differentiation in vitro due to its specificity for PDGFR. This hypothesis will be 

investigated further in chapter 6. 

In contrast to previous results indicating that imatinib treatment increases bone 

volume in patients undergoing imatinib therapy, imatinib treatment of normal adult rats 

had no effect on any of the bone parameters investigated here. This is at odds with 

previously-reported in vivo data suggesting that imatinib treatment significantly decreases 

osteoclast numbers13 and increased trabecular BMD and bone volume253,254 in normal mice 

in vivo. In the experiments conducted here, the trough concentrations of imatinib achieved 

in these normal rats were similar to steady-state serum levels in imatinib-treated patients. 

These findings suggest that the lack of detectable skeletal response to imatinib observed in 

these aged rats was not due to insufficient dosing. However, species-specific differences in 

imatinib transport may affect intracellular imatinib concentrations independent of the 

achieved serum imatinib level. 

While imatinib serum trough concentrations are indicative of response rate in 

patients361,362, intracellular concentrations may correlate more strongly with effectiveness 

(reviewed in 370-372). Active imatinib uptake into cells is mediated by organic cation 

transporter-1 (OCT-1).229,373 In CML patients, OCT-1 expression231 and activity230 

correlates with clinical response to imatinib. Cellular imatinib efflux is mediated by 

ABCB1 and ABCG2 (also known as breast cancer resistance protein [BCRP]), with 

increased expression of ABCB1 reducing intracellular imatinib concentrations and thus 

decreasing imatinib sensitivity in CML cells in vitro.228,374 Additionally, binding of 
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imatinib by serum proteins, including �1-acid glycoprotein, may limit imatinib 

bioavailability.227,375,376 Therefore, intracellular imatinib concentrations are not dictated by 

the achieved serum concentration of drug, as cell membrane influx and efflux pumps and 

serum protein-binding affect intracellular concentrations independently of achieved serum 

concentration227-229,373-376 (reviewed in 370,371). Although the serum concentrations of 

imatinib achieved in the rats in this study were comparable to those achieved in patients, 

species-specific variations in ABCB1, ABCG2 and OCT-1 activity377-379 or serum protein 

binding380 could account for the observed differences in in vivo imatinib response.  

Despite the fact that imatinib had no effect on bone volume in these aged rats, we 

observed a significant decrease in cartilaginous growth plate thickness in the imatinib 

treated animals, relative to the vehicle-treated controls. Dasatinib-treated animals also 

exhibited significantly narrower growth plates than their vehicle-treated counterparts, 

although complete growth plate closure did not occur in these animals. In normal growing 

bone, cartilage thickness at the growth plate is determined by the rate of chondrocyte 

proliferation, the rate of cartilage deposition by chondrocytes and the lifespan of the 

cartilage before it is mineralised and replaced by trabecular bone.147 Longitudinal bone 

growth, however, is primarily determined by the rate of chondrocyte proliferation.147 

Whilst some targets of imatinib and dasatinib, including PDGFR381,382, DDR2383 and Src 

family kinases384-386, are important in chondrocyte proliferation and activity, no studies 

have as yet been carried out to investigate the effects of imatinib and dasatinib on 

chondrocytes. This will be investigated further in chapter 6. 

The putative effects of imatinib and dasatinib on the growth plate may have 

important implications for the use of imatinib and dasatinib in the paediatric setting. While 

short-term imatinib therapy has been successful and well-tolerated in children, there is 

emerging data suggesting that long-term therapy potentially causes side-effects that are 

specific to the paediatric setting. Three recently-published case studies report decelerated 

growth in juvenile CML patients undergoing imatinib therapy.387-389 Mariani et al. 

described an 11-year-old boy who experienced a dramatic reduction in growth rate from 

4.3 cm/year to 1.5 cm/year after commencing imatinib therapy.387 While normal growth 

recommenced at the onset of puberty, 2 years after imatinib treatment began, the 

correlation of the onset of growth retardation with onset of imatinib therapy suggested a 

causative link. A second report described a 6-year-old female whose growth velocity 

decreased after beginning imatinib-therapy for CML.388 During 4 years of imatinib 

therapy, the patient's height increased only marginally, from 114 cm to 121 cm, with a 
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corresponding decrease in SD score from -0.7 to -2.7. Furthermore, when imatinib therapy 

ceased, the patient's growth rate rapidly increased. Schmid et al. recently reported 

decreased growth in a female CML patient who commenced treatment with imatinib at age 

5.5 years. This patient’s height was in the 74th percentile at diagnosis; however, it fell to 

the 9th percentile after 3 years of imatinib treatment.389 While these studies suggest that 

imatinib therapy in pre-pubertal individuals may retard growth, there are currently no 

preclinical reports suggesting a mechanism for altered growth in imatinib-treated paediatric 

patients.  

To our knowledge, this is the first report to describe a potential mechanism for the 

observed perturbation of growth seen in some juvenile patients undergoing imatinib 

therapy. Growth plate closure in normal situations is a marker of cessation of growth, 

rather than a cause of it.147 It is not clear from this study whether the rapid acceleration of 

growth plate closure observed is merely associated with a growth inhibitory effect of 

imatinib therapy or is a mechanism by which imatinib therapy causes decreased growth. In 

the three reported cases of delayed growth in imatinib-treated pre-pubescent patients, bone 

age (based on X-rays of the wrist or hand) was delayed388,389 or normal387, suggesting that 

premature growth plate closure at these sites was not detected. However, this does not rule 

out the possibility that growth plates were affected at other sites. In any case, the dramatic 

effect of imatinib on growth plate closure in rats suggests that growth plate morphology 

should be monitored in juvenile patients undergoing imatinib therapy and should be 

investigated as a potential mechanism for inhibited growth in pre-pubescent patients 

receiving imatinib. 



Chapter 5 

The effects of tyrosine kinase 
inhibition on osteoclasts in vitro
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5.1 Introduction 
Osteoclast formation and activation is a multistep process which involves (1) monocyte 

proliferation and commitment to a pre-osteoclast phenotype, (2) differentiation of pre-

osteoclasts into multinucleated osteoclasts and (3) osteoclast adhesion, polarisation and 

bone resorption. This process is tightly regulated both temporally and spatially through the 

activation of specific signalling pathways.  

The activation of the cell membrane receptor RANK is a key step in osteoclast 

differentiation. Binding of RANKL to RANK facilitates recruitment of TRAF family 

members which, in turn, activate downstream signalling through IKK1/2 (I�B kinase 

1/2)117,390, JNK117,390, p38 and ERK (extracellular signal-regulated kinase) (reviewed in 
121,391). IKK1/2 and JNK signalling pathways activate the transcription factors FOS and 

NF�B, which drive osteoclast differentiation by upregulating the key osteoclastogenic 

transcription factor NFATc1 (reviewed in 391). p38 signalling results in activation of the 

transcription factor Mitf, which controls the expression of key genes with roles in 

regulating osteoclast activity, including those for TRAP and cathepsin K.273 Conversely, 

activation of the Ras/Raf/MEK/ERK pathway downstream of RANK may serve to 

negatively regulate osteoclastogenesis, as inhibition of MEK activity results in increased 

osteoclast formation.392-394 

The activation of Fms in osteoclast precursors plays an important regulatory role in 

osteoclastogenesis, triggering signalling cascades which lead to increased proliferation, 

survival, differentiation and cytoskeletal reorganisation. MEK/ERK1/2 signalling 

downstream of Fms leads to increased cell proliferation through activation of cyclin D1 

and D2395, regulation of osteoclast differentiation via stabilisation of FOS and Mitf396,397 

and increased cell survival through deactivation of Bim (also known as Bcl-2-like 

11)257,398-400. PI3K (phosphoinositide-3-kinase) signalling downstream of Fms results in 

deactivation of the cyclin D inhibitors FOXO (forkhead box O) and GSK-3�256 and in 

cytoskeletal remodelling via a mechanism involving Rac (Ras-related C3 botulinum toxin 

substrate 1) and �v�3 integrins (reviewed in 260).  

Src is involved in PI3K signalling downstream of Fms, forming a complex with 

Fms, PI3K, Cbl (Cas-Br-M ecotropic retroviral transforming sequence) and Grb2 (growth 

factor receptor-bound protein 2) upon stimulation with M-CSF.256,401 Additionally, Src is 

involved in Fms-independent osteoclast adhesion, spreading and actin ring formation 

following binding of �v�3 integrins to the extracellular matrix in vitro (reviewed in 260). Src 

may also be involved in cell survival pathways through induction of Akt signalling 
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downstream of RANK in osteoclasts in vitro.296,402 However, as Src-/- mice have similar 

osteoclast numbers as their wild-type counterparts, it is likely that other signalling 

pathways compensate for the lack of Src in anti-apoptotic pathways in vivo.296 

Emerging evidence suggests that imatinib and dasatinib can inhibit osteoclast 

formation and activity. Treatment with imatinib at therapeutic concentrations inhibits the 

formation of TRAP-positive osteoclasts from human CD14+ peripheral blood mononuclear 

cells, primary rat bone marrow cells and primary rabbit bone marrow-derived 

monocytes.13-15 Preliminary data also suggest osteoclast numbers or activity are decreased 

in mice13,253,254 and in CML patients undergoing imatinib treatment (chapter 3 and 5,12). In 

addition, data presented in chapter 4 demonstrated that dasatinib treatment decreases 

osteoclast numbers in normal rats in vivo. The importance of Fms and Src in osteoclast 

formation and function suggests that these kinases may mediate the anti-osteoclastogenic 

effects of imatinib and dasatinib. However, a direct correlation between the inhibition of 

M-CSF-induced Fms phosphorylation and osteoclast inhibition by these drugs has not been 

examined in osteoclasts or osteoclast precursors. While preliminary evidence suggests that 

dasatinib may inhibit Fms237, this has not been conclusively demonstrated. Furthermore, 

other tyrosine kinase targets, including Kit220, CAII224 and PDGFR220, may play a role in 

the inhibitory effects of imatinib and dasatinib on osteoclasts.  

In this chapter, studies were undertaken to examine whether dasatinib, like 

imatinib, could modulate osteoclast formation and/or activity in vitro and whether any such 

effects were attributable to an inhibition of Src and/or Fms signal transduction. In addition, 

studies presented in this chapter using the murine monocyte/macrophage cell line RAW 

264.7 describe Fms-independent mechanisms responsible for the osteoclast-inhibitory 

effects of imatinib and dasatinib. The immortal RAW 264.7 cell line was initially isolated 

from an Abl-positive murine leukaemia virus-infected mouse and has the ability to form 

osteoclast-like cells in vitro in an M-CSF-independent manner, when cultured in the 

presence of RANKL.403 As RAW 264.7 cells are not dependent on M-CSF for 

osteoclastogenesis, they were used as a control to determine whether inhibition of 

osteoclastogenesis is occurring via inhibition of Fms signalling or by other pathways. 
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5.2 Results 
5.2.1 Osteoclast formation in mBM and rBM cultures is dependent on M-CSF and 

RANKL 

The formation of osteoclasts from monocyte/macrophage precursors in vitro is primarily 

dependent upon two factors: M-CSF and RANKL. Whilst RANKL is essential for the 

differentiation of monocyte/macrophage precursors into osteoclasts, and for the activity of 

the mature osteoclasts, M-CSF is essential for the survival of osteoclast precursors and 

mature osteoclasts. In mBM cultures, addition of rhM-CSF and rhRANKL induces the 

formation of large, TRAP-positive multinucleated osteoclasts (figure 5.1A,a), whereas 

cultures supplemented with rhM-CSF alone did not form multinucleated cells and 

contained fewer TRAP-positive mononucleated cells (figure 5.1A,b). When mBM cells 

were supplemented with rhRANKL alone, no viable adherent cells were evident after 

6 days of culture (figure 5.1A,c), highlighting the role of M-CSF in promoting cell 

survival. In the presence of rhRANKL, osteoclast formation in mBM and rBM was 

M-CSF-dose-dependent (figure 5.1B,C).  

 

5.2.2 Imatinib and dasatinib inhibit osteoclastogenesis in vitro 

5.2.2.1 Therapeutically-achievable concentrations of imatinib and dasatinib inhibit 

osteoclast formation in vitro 

Previous studies from our laboratory have shown that imatinib inhibits human osteoclast 

formation and activity in vitro.13 To confirm that rat and mouse primary cells were 

sensitive to imatinib, the effect of imatinib on osteoclast formation and activity in murine 

bone marrow cultures was examined.  

To determine the effects of imatinib on murine osteoclast formation, mBM and 

rBM cells were cultured with M-CSF and RANKL in the presence of imatinib or vehicle 

for 6 days. Doses of up to 4 μM imatinib were used in these studies, to reflect the doses 

which are therapeutically-achievable in patients.4,322 After the treatment period, the 

cultures were fixed and stained for the osteoclast marker TRAP and the number of 

osteoclast-like cells per well was enumerated. In vehicle-treated cultures, addition of rhM-

CSF and rhRANKL induced the formation of 108.17 ± 6.32 and 65.83 ± 5.09 TRAP-

positive, multinucleated osteoclast per well in mBM and rBM cultures, respectively (figure 

5.2A,B). A significant decrease in the number of TRAP-positive, multinucleated cells was 

observed in mBM cultures treated with 2 μM imatinib and higher (p < 0.05; figure 5.4A). 

In rBM cultures, osteoclast numbers were decreased at concentrations in excess of 1 μM 



Figure 5.1. Osteoclast formation in murine BM cultures is dependent on rhM-CSF 

concentration. mBM (A,B) or rBM (C) cells were cultured at 3.13 x 105 cells/cm2 in 

96-well plates in c-�-MEM containing 25 – 100 ng/mL rhM-CSF. Following overnight 

adhesion, the medium was replaced with c-�-MEM containing rhRANKL (75 ng/mL) 

and rhM-CSF (25 – 100 ng/mL). Following 6 days of culture, cells were stained for 

TRAP and TRAP-positive cells with 3 or more nuclei were counted. Representative 

photos (A) of mBM cells cultured with a 75 ng/mL rhM-CSF and 75 ng/mL rhRANKL, 

b rhM-CSF alone or c rhRANKL alone. Graphs depict mean ± SEM of quadruplicate 

wells (B) or triplicate wells (C) from 1 experiment. 
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Figure 5.2. Imatinib inhibits the formation of osteoclasts in murine cultures in

vitro. mBM (A) and rBM (B) cells were cultured at 3.13 x 105 cells/cm2 in 96-well 

plates in c-�-MEM containing 75 ng/mL rhM-CSF. Following overnight adhesion, the 

medium was replaced with c-�-MEM containing rhM-CSF (75 ng/mL) and rhRANKL 

(75 ng/mL) and imatinib (at the indicated concentrations) containing 0.05% DMSO 

vehicle or vehicle (0.05% DMSO) alone. After 6 days of treatment, cells were stained 

for TRAP and a representative photograph of each well was taken at 20 x magnification. 

Representative photos of 1 of 3 experiments for mBM (A) and rBM (B) cultures are 

shown. Scale bars: 200 μm. 
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Figure 5.3. Dasatinib inhibits the formation of osteoclasts in murine cultures in 

vitro. mBM (A) and rBM (B) cells were cultured at 3.13 x 105 cells/cm2 in 96-well 

plates in c-�-MEM containing 75 ng/mL rhM-CSF. Following overnight adhesion, the 

medium was replaced with c-�-MEM containing rhM-CSF (75 ng/mL) and rhRANKL 

(75 ng/mL) and dasatinib (at the indicated concentrations) or vehicle (0.05% DMSO) 

alone. After 6 days of treatment, cells were stained for TRAP and a representative 

photograph of each well was taken at 20 x magnification. Representative photos of 1 of 

3 experiments for mBM (A) and rBM (B) cultures are shown. Scale bars: 200 μm. 
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Figure 5.4. Quantitation of the effects of imatinib and dasatinib on osteoclast 

formation in murine bone marrow cultures in vitro. mBM (A) and rBM (B) cells 

were cultured at 3.13 x 105 cells/cm2 in 96-well plates in c-�-MEM containing 

75 ng/mL rhM-CSF. Following overnight adhesion, the medium was replaced with 

c-�-MEM containing rhM-CSF (75 ng/mL) and rhRANKL (75 ng/mL) and imatinib or 

dasatinib (containing 0.05% DMSO vehicle) or vehicle alone. After 6 days of treatment, 

cells were stained for TRAP and the number of TRAP-positive cells with 3 or more 

nuclei per well was enumerated. Graphs depict mean ± SEM of 3 independent 

experiments. * p < 0.05 relative to vehicle control (one-way ANOVA with Dunnett’s 

post-tests).
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imatinib (p < 0.05; figure 5.4B). In both mBM and rBM cultures, osteoclast formation was 

completely abrogated by treatment with 4 μM imatinib (figure 5.2, 5.4). Osteoclast size 

was substantially reduced, when compared with controls, following exposure to 1 μM 

imatinib in mouse and rat culture systems (figure 5.2A,B).  

Similar cultures were established to assess whether dasatinib, like imatinib, could 

inhibit osteoclast formation in vitro. In mouse and rat cultures, treatment with 

therapeutically-relevant concentrations of dasatinib306 dose-dependently reduced osteoclast 

formation and size (figure 5.3A). Treatment of mBM cells with 10 nM dasatinib, or more, 

significantly inhibited the formation of TRAP-positive, multinucleated cells (figure 5.4A). 

In rBM cultures, the number of osteoclasts formed per well was significantly decreased at 

concentrations of 1.25 nM dasatinib and greater (figure 5.4B). No osteoclasts were 

detectable in cultures treated with 20 nM dasatinib (figure 5.3A,B and 5.4A,B).  

 

5.2.2.2 Imatinib and dasatinib inhibit osteoclast activity in vitro 

The effect of imatinib and dasatinib on osteoclast activity was also assessed in mBM and 

rBM cultures using calcium phosphate-coated slides. Culture of mBM and rBM cells with 

rRANKL and rhM-CSF for 9 days induced the formation of osteoclasts that were able to 

resorb the mineral substrate (Figure 5.5, 5.6). The mineral was then stained using von 

Kossa silver stain and the area of the resorption lacunae (clearing in the mineral substrate) 

was quantitated. The mean area of the mineralised surface resorbed during the 9 days of 

culture in the vehicle-treated wells was 3.80 ± 0.70% (mBM) and 14.81 ± 3.80% (rBM) 

(figure 5.5, 5.6). The addition of imatinib at concentrations of 1 μM (mBM; figure 5.7A) 

or 2 μM (rBM; figure 5.7B) and greater significantly reduced the area of the mineral 

substrate resorbed. In dasatinib-treated cultures, a significant inhibition of the resorptive 

activity was observed at 2.5 nM and greater in mBM cultures (figure 5.7A) and 1.25 nM 

dasatinib and greater in rBM cultures (figure 5.7B).  

Bone resorption by osteoclasts depends on their ability to dissolve the mineral 

substrate and to then digest the collagen matrix. To assess whether imatinib and dasatinib 

could affect the ability of cultured osteoclasts to resorb a complex bone-like substrate, 

murine cultures were established on slices of elephant tusk dentine. In vehicle-treated 

cultures, the area of dentine resorbed was 8.40 ± 1.68%. The effects of imatinib and 

dasatinib on osteoclastic resorption of dentine slices was similar to the effects of resorption 

of a calcium-phosphate substrate (figure 5.8A,B). There was a significant decrease in 



Figure 5.5. Imatinib inhibits the ability of murine osteoclasts to resorb mineral in

vitro. mBM (A) and rBM (B) were cultured 3.13 x 105 cells/cm2 on calcium phosphate-

coated slides in 75 ng/mL rhM-CSF. Following overnight adhesion, the cultures were 

treated with c-�-MEM containing rhM-CSF (75 ng/mL) and rhRANKL (75 ng/mL) 

supplemented with imatinib (at the indicated concentrations) or vehicle (0.05% DMSO) 

alone for 9 days. Mineral was stained with silver stain and the slides were photographed 

at 0.8 x magnification. Images of representative wells from a representative of 3 

independent experiments (mBM; A) or 2 independent experiments (rBM; B) are shown. 

Scale bar: 2.5 mm. 
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Figure 5.6. Dasatinib inhibits the ability of murine osteoclasts to resorb mineral in 

vitro. mBM (A) and rBM (B) were cultured 3.13 x 105 cells/cm2 on calcium phosphate-

coated slides in 75 ng/mL rhM-CSF. Following overnight adhesion, the cultures were 

treated with c-�-MEM containing rhM-CSF (75 ng/mL) and rhRANKL (75 ng/mL) 

supplemented with dasatinib (at the indicated concentrations) or vehicle (0.05% DMSO) 

alone for 9 days. Mineral was stained with silver stain and the slides were photographed 

at 0.8 x magnification. Images of representative wells from a representative of 3 

independent experiments (mBM; A) or 2 independent experiments (rBM; B) are shown. 

Bar: 2.5 mm. 
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Figure 5.7. Imatinib and dasatinib inhibit the resorption of calcium phosphate 

substrates by mBM and rBM cells in vitro. mBM (A) and rBM (B) were cultured on 

calcium phosphate-coated slides and were treated with c-�-MEM containing rhM-CSF 

(75 ng/mL) and rhRANKL (75 ng/mL) supplemented with imatinib or dasatinib 

(containing 0.05% DMSO vehicle) or vehicle alone for 9 days, as shown in figure 5.5 

and 5.6. Mineral was stained with silver stain and the area of substrate resorbed 

(lacunae area) was calculated. Graphs depict mean ± SEM of 3 independent 

experiments (A) or mean ± range of 2 independent experiments (B). * p < 0.05 relative 

to vehicle control (one-way ANOVA with Dunnett’s post-tests). 
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Figure 5.8. Osteoclastic resorption of dentine is inhibited by imatinib and dasatinib 

in vitro. mBM cells were cultured at 3.13 x 105 cells/cm2 on dentine slices in c-�-MEM 

containing 75 ng/mL rhM-CSF. Following overnight adhesion, the medium was 

replaced with c-�-MEM containing rhM-CSF (75 ng/mL) and rhRANKL (75 ng/mL) 

supplemented with imatinib, dasatinib or 0.05% DMSO vehicle. After 9 days of 

treatment, the dentine slices were stained with toluidine blue and were photographed at 

0.8 x magnification. Representative photos of triplicate wells are shown for imatinib (A) 

and dasatinib (B). Scale bars: 400 μm. 
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mBM osteoclast-mediated bone resorption at concentrations exceeding 1 μM imatinib and 

10 nM dasatinib (figure 5.9A,B). 

 

5.2.3 Inhibition of Fms contributes to the anti-osteoclastogenic effects of imatinib 

and dasatinib in vitro 

5.2.3.1 M-CSF-dependent survival/proliferation of mBM and rBM cells is inhibited by 

treatment with imatinib and dasatinib 

The importance of M-CSF in the survival of osteoclasts and osteoclast precursors in vitro 

suggested that imatinib and dasatinib may inhibit osteoclastogenesis through inhibition of 

the M-CSF receptor, Fms. To examine whether imatinib and dasatinib inhibits 

Fms-dependent cell survival, the effect of imatinib and dasatinib on mBM and rBM cell 

survival/proliferation was examined. mBM cells were cultured in media containing 

rhM-CSF and rhRANKL or rhM-CSF alone for 3 days with vehicle, imatinib or dasatinib 

and the relative number of cells per well was determined via the WST-1 assay. There was 

no significant difference in the relative number of cells per well in mBM cultures treated 

with either rhM-CSF alone or rhM-CSF with rhRANKL for 3 days. Addition of 1 μM 

imatinib and greater significantly decreased the relative number of cells per well in mBM 

cultures treated with rhM-CSF alone or with rhM-CSF and rhRANKL (figure 5.10A). 

Dasatinib treatment significantly decreased cell proliferation/survival at concentrations of 

2.5 nM and higher in rhM-CSF-treated or rhM-CSF- and rhRANKL-treated mBM cultures 

(figure 5.10A). In rhM-CSF-stimulated rBM cells, imatinib (0.25 – 4 μM) dose-

dependently decreased cell numbers relative to controls after 72 hours (figure 5.10B). 

Treatment of rhM-CSF-stimulated rBM cells with dasatinib significantly inhibited cell 

survival/proliferation at concentrations of 2.5 nM and higher (figure 5.10B).  

In contrast to the growth inhibitory effects observed in mBM and rBM cultures, the 

proliferation of the mouse monocyte/macrophage cell line RAW 264.7, which is not 

dependent on M-CSF for cell survival, was not affected by therapeutically-achievable 

concentrations of imatinib or dasatinib (figure 5.11A,B). RAW 264.7 cells were treated 

with imatinib, dasatinib or vehicle for 3 days in complete �-MEM and the WST-1 assay 

was carried out. While treatment of RAW 264.7 cells with 10 μM imatinib was toxic, 

imatinib had no effect on cell number at therapeutically-relevant concentrations (up to 

5 μM). Dasatinib had no effect on RAW 264.7 cell proliferation/survival at concentrations 

up to 80 nM (p = 0.49; figure 5.11B). 

 



Figure 5.9. Imatinib and dasatinib inhibit dentine resorption by mBM cells in vitro.

mBM cells were cultured at 3.13 x 105 cells/cm2 on dentine slices in c-�-MEM 

containing 75 ng/mL rhM-CSF. Following overnight adhesion, the medium was 

replaced with c-�-MEM containing rhM-CSF (75 ng/mL) and rhRANKL (75 ng/mL) 

supplemented with imatinib, dasatinib or 0.05% DMSO vehicle. After 9 days of 

treatment, the area of the dentine was stained with toluidine blue and resorption lacunae 

was calculated. Graphs depict mean ± SEM of triplicate wells of 1 experiment for 

imatinib (A) and dasatinib (B). * p < 0.05 relative to vehicle control (one-way ANOVA 

with Dunnett’s post-tests). 
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Figure 5.10. Imatinib and dasatinib treatment decreases cell numbers in mBM and 

rBM cultures in vitro. mBM (A) or rBM (B) were seeded at 3.13 x 105 cells/cm2 in 96-

well plates in c-�-MEM containing rhM-CSF (75 ng/mL) and were incubated overnight 

to allow the cells to adhere. The cells were then treated with imatinib, dasatinib or 

vehicle (0.05% DMSO) in media containing rhM-CSF (75 ng/mL) with or without 

rhRANKL (75 ng/mL), as indicated. Following 3 days of treatment, relative viable cell 

number per well was assayed using WST-1. Graphs depict mean ± SEM of 3 

experiments (A) or mean ± range of 2 experiments (B). * p < 0.05 relative to vehicle 

control (one-way ANOVA with Dunnett’s post-tests). 
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Figure 5.11. Therapeutically-achievable concentrations of imatinib and dasatinib 

have no effect on cell numbers in RAW 264.7 cultures in vitro. RAW 264.7 cells 

were cultured at 9.38 x 103 cells/cm2 in 96-well plates in c-DMEM. Following 

overnight adhesion, the medium was replaced with c-DMEM containing imatinib (A) or 

dasatinib (B) (containing 0.05% DMSO vehicle) or vehicle alone. Following 3 days of 

treatment, relative viable cell number per well was assayed using the WST-1 assay. 

Graphs depict mean ± range of 2 independent experiments. * p < 0.05 relative to vehicle 

control (one-way ANOVA with Dunnett’s post-tests). 
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5.2.3.2 Activation of Fms is inhibited by treatment with imatinib and dasatinib in 

mBM and rBM cells 

To determine whether dasatinib, like imatinib, can inhibit signal transduction through Fms, 

the effect of imatinib and dasatinib on Fms phosphorylation was examined in murine 

monocyte/macrophage-lineage cells. mBM and rBM cultures were serum-starved in media 

containing imatinib, dasatinib or vehicle for 2 hours prior to stimulation with rhM-CSF for 

5 minutes to activate the Fms receptor. Cell lysates were then subjected to Western blotting 

and phosphorylated Fms and total Fms proteins were detected with specific antibodies. 

Binding of M-CSF to its receptor, Fms, induces dimerisation, trans-

autophosphorylation at several intracellular tyrosine residues and binding of cofactors that 

initiate specific signalling cascades.255,256,397,404,405 The activated receptor is then 

endocytosed, ubiquitinated and degraded.404 Starved mBM and rBM cells that were not 

stimulated with rhM-CSF showed a complete lack of Fms phosphorylation (figure 5.12, 

5.13). In contrast, rhM-CSF-stimulated cultures showed rapid induction of Fms 

phosphorylation and an increase in the amount of ubiquitinated Fms protein. Pre-treatment 

of cultures with imatinib inhibited the rhM-CSF-induced Fms phosphorylation at 

approximately 1 μM imatinib and greater in both mBM and rBM (figure 5.12A,B). Pre-

incubation of mBM and rBM cells with dasatinib inhibited rhM-CSF-induced Fms 

phosphorylation at concentrations of approximately 5 nM and higher (figure 5.13A,B). 

 

5.2.3.3 Sigmoidal dose-response relationship of the inhibition of osteoclastogenesis, 

M-CSF-dependent cell proliferation/survival and Fms activation in vitro 

The relationship between the concentrations at which imatinib and dasatinib inhibit 

osteoclast formation, cell proliferation/survival and Fms signal transduction was 

investigated by fitting the data to a sigmoidal dose-response curve (figure 5.14A,B).  

 There was close agreement between the concentrations at which imatinib decreased 

osteoclast formation, cell numbers and Fms phosphorylation. In mBM cultures, the 

concentrations of imatinib required to inhibit cell proliferation, osteoclast formation and 

osteoclast activity by 50% (IC50) were 1.16 μM, 1.46 μM and 0.72 μM, respectively, 

whilst the IC50 for Fms phosphorylation was 1.29 μM imatinib (figure 5.14A). For rBM 

cells, the IC50 for the effects of imatinib on osteoclast formation, osteoclast activity, cell 

proliferation and Fms activation were 0.53 μM, 0.69 μM, 0.50 μM and 0.55 μM, 

respectively (figure 5.14A). 



Figure 5.12. Imatinib inhibits the M-CSF-induced phosphorylation of Fms in 

murine bone marrow cultures. mBM (A,B) or rBM (C,D) were cultured at 3.13 x 105 

cells/cm2 in 60 mm dishes with rhM-CSF (75 ng/mL) for seven days. The cells were 

starved in sf-�-MEM containing imatinib or vehicle (V; 0.05% DMSO) for 120 minutes 

prior to stimulation with rhM-CSF (75 ng/mL) for 5 minutes. Cell lysates (75 μg/lane) 

were resolved on 8% polyacrylamide SDS-PAGE gels, transferred to PVDF and were 

probed with a specific antibody to phosphorylated Fms (p-Fms) or total Fms. Blots from 

a representative experiment are shown (n = 2) for mBM (A) and rBM (C). I. 

ubiquitinated Fms receptor; II. mature, hyper-glycosylated Fms receptor; III. 

hypo-glycosylated Fms precursor. Graphs depict the p-Fms band intensity, normalised 

to total Fms, for mBM (B) and rBM (D).  
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Figure 5.13. Dasatinib inhibits the M-CSF-induced phosphorylation of Fms in 

mBM and rBM cells. Murine bone marrow cells were cultured at 3.13 x 105 cells/cm2 

in 60 mm dishes with rhM-CSF (75 ng/mL) for seven days. The cells were starved in 

sf-�-MEM containing imatinib, dasatinib or vehicle (V; 0.05% DMSO) for 120 minutes 

prior to stimulation with rhM-CSF (75 ng/mL) for 5 minutes. Cell lysates (75 μg/lane) 

were resolved on 8% polyacrylamide SDS-PAGE gels, transferred to PVDF and were 

probed with a specific antibody to phosphorylated Fms (p-Fms) or total Fms. Blots from 

a representative experiment are shown (n = 2) for mBM (A) and rBM (C). I. 

ubiquitinated Fms receptor; II. mature, hyper-glycosylated Fms receptor; III. hypo-

glycosylated Fms precursor. Graphs depict the p-Fms band intensity, normalised to total 

Fms, for mBM (B) and rBM (D). 
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Figure 5.14. Sigmoidal curve fit of the inhibitory effects of imatinib and dasatinib 

of cell proliferation/survival, osteoclastogenesis and Fms phosphorylation. Data for 

the inhibitory effects of imatinib (A) and dasatinib (B) on cell survival/proliferation 

(WST-1), osteoclast formation and activity and M-CSF-induced Fms phosphorylation 

were plotted to obtain a sigmoidal dose-response curve fits, as shown for mBM (solid 

lines) and rBM (dashed lines). 
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 Similarly, dasatinib inhibited osteoclast formation, osteoclast activity, cell survival 

and Fms activation at similar concentrations in mBM cells, with IC50 of 8.00 nM, 3.55 nM, 

5.58 nM and 2.24 nM, respectively (figure 5.14B). In dasatinib-treated rBM cultures, the 

IC50 for osteoclast numbers, osteoclast formation, cell numbers and Fms phosphorylation 

were 1.59 nM, 0.90 nM, 3.23 nM and 3.23 nM, respectively (figure 5.14B).  

 

5.2.3.4 The effects of imatinib and dasatinib on Fms-independent osteoclastogenesis in 

vitro 

While these results suggest that that there is an association between the inhibition of Fms 

by imatinib and dasatinib and the inhibition of osteoclast formation by these compounds, 

these inhibitors may also affect osteoclastogenesis through inhibition of other tyrosine 

kinases. To determine whether imatinib and dasatinib can affect osteoclastogenesis via 

Fms-independent mechanisms, the RAW 264.7 cell line was utilised. 

RAW 264.7 cells were cultured in media supplemented with rhRANKL and 

imatinib, dasatinib or vehicle for 4 days, after which time the cells were fixed, stained for 

TRAP and the number of osteoclast-like cells per well was enumerated. In vehicle-treated 

wells, RAW 264.7 cells formed 210.28 ± 12.39 multinucleated TRAP-positive 

osteoclast-like cells per well (figure 5.15). In contrast to the effects of imatinib on 

osteoclast formation and activity in primary murine cells, treatment with imatinib increased 

osteoclast formation in RAW 264.7 cells (figure 5.15A, 5.16A). The addition of 1.25, 2.5 

or 5 μM imatinib to these cultures induced a greater than 2.5-fold increase in the number of 

osteoclasts formed per well (figure 5.16A). In addition, the osteoclasts formed in the 

presence of 2.5 and 5 μM imatinib were substantially larger than those formed in wells 

treated with vehicle alone (figure 5.15A). In cultures treated with 10 μM imatinib, no cells 

were present (figure 5.15A, 5.16A), an observation which is consistent with WST-1 data 

suggesting that 10 μM imatinib is toxic to RAW 264.7 cells (figure 5.11A). 

 In RAW 264.7 cultures established on calcium phosphate-coated slides, treatment 

with imatinib increased the area of the mineral layer absorbed (figure 5.17A, 5.18A). 

Treatment with 2.5 and 5 μM imatinib significantly increased the resorptive activity of the 

cultured RAW 264.7 osteoclasts (figure 5.18A). 

 In contrast, dasatinib dose-dependently inhibited the formation of osteoclasts in 

RAW 264.7 cultures (figure 5.15B, 5.16B), in the absence of any effect on cell numbers 

(figure 5.11B). Treatment with 20 nM dasatinib and higher significantly decreased the 

formation of multinucleated osteoclasts, with no osteoclast formation occurring in cultures 



Figure 5.15. The effects of protein tyrosine kinase inhibitors on osteoclast-like cell 

formation in RAW 264.7 cultures in vitro. A. RAW 264.7 cells were cultured at 9.38 

x 103 cells/cm2 in 96-well plates in c-DMEM containing 100 ng/mL rhRANKL. 

Following overnight adhesion, the medium was replaced with c-DMEM containing 

rhRANKL (100 ng/mL), with imatinib (A) or dasatinib (B) (containing 0.05% DMSO 

vehicle) or vehicle alone. Following 3 days of treatment, cells were stained for TRAP 

and wells were photographed at 20 x magnification. Representative images are shown 

for cultures treated with imatinib (A) and dasatinib (B). Bar: 200 μm. 
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Figure 5.16. Imatinib and dasatinib affect osteoclast formation in RAW 264.7 

cultures in vitro. RAW 264.7 cells were treated with containing rhRANKL 

(100 ng/mL) and imatinib (A) or dasatinib (B) (containing 0.05% DMSO vehicle) or 

vehicle alone, as described in Figure 5.13. Following 3 days of treatment, cells were 

stained for TRAP and TRAP-positive cells with 3 or more nuclei were counted. Graphs 

depict mean ± range of 2 independent experiments. * p < 0.05 relative to vehicle control 

(one-way ANOVA with Dunnett’s post-tests). 
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Figure 5.17. The effects of protein tyrosine kinase inhibitors on osteoclastic 

resorption in RAW 264.7 cultures in vitro. RAW 264.7 cells were cultured at 

9.38 x 103 cells/cm2 on calcium phosphate-coated slides in c-DMEM containing 100 

ng/mL rhRANKL. Following overnight adhesion, the medium was replaced with 

c-DMEM containing rhRANKL (100 ng/mL) and imatinib (A) or dasatinib (B) or 

vehicle alone. After 5 days of treatment, the mineral was stained with von Kossa silver 

stain and the wells were photographed at 0.8 x magnification. Representative wells from 

1 of 2 experiments are shown. Bar: 2.5 mm. 
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Figure 5.18. The effects of protein tyrosine kinase inhibitors on resorption in RAW 

264.7 cultures in vitro. RAW 264.7 cells were on calcium phosphate-coated slides in 

c-DMEM containing 100 ng/mL rhRANKL. Following overnight adhesion, the medium 

was replaced with c-DMEM containing rhRANKL (100 ng/mL) and imatinib (A) or 

dasatinib (B) or vehicle alone. After 5 days of treatment, the area of substrate resorbed 

was calculated. Graphs depict mean ± range of 2 independent experiments. * p < 0.05 

relative to vehicle control (one-way ANOVA with Dunnett’s post-tests). 
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treated with 80 nM dasatinib (figure 5.16B). Similarly, the resorptive activity of RAW 

264.7 cells cultured on calcium-phosphate-coated slides was significantly decreased by 

concentrations of 20 nM dasatinib or more (figure 5.17B, 5.18B). 

 

5.2.4 Inhibition of Src may contribute to the Fms-independent effects of dasatinib 

on osteoclastogenesis 

5.2.4.1 Dasatinib inhibits basal levels of Src phosphorylation 

The inhibitory effects of dasatinib on osteoclast formation in RAW 264.7 cultures suggest 

that dasatinib may inhibit osteoclastogenesis through Fms-independent mechanisms. To 

examine whether inhibition of Src may contribute to the inhibition of osteoclastogenesis by 

dasatinib, the concentration at which dasatinib inhibited Src activity in mBM, rBM and 

RAW 264.7 cells was determined. Cells were serum-starved in the presence of imatinib, 

dasatinib or vehicle for 2 hours. Cell lysates were subjected to Western blotting and 

proteins were detected with specific antibodies against total HSP90 or Src phosphorylated 

at Tyr416. 

Starved cells incubated with vehicle alone exhibited basal Src phosphorylation 

(figure 5.19A–F). Dasatinib treatment dose-dependently decreased basal levels of Src 

phosphorylation at concentrations of 20 nM and higher in mBM, rBM and RAW 264.7 

(figure 5.19A–F).  

 

5.2.4.2 Sigmoidal dose-response relationship of the inhibition of osteoclastogenesis 

and Src activation in vitro 

The relationship between the concentrations at which dasatinib inhibits osteoclast 

formation and Src phosphorylation was investigated by fitting the data to a sigmoidal dose-

response curve (figure 5.20). 

The concentration at which dasatinib inhibited Src phosphorylation was 5-fold 

higher (mBM) and 40-fold higher (rBM) that that was required to inhibit osteoclast activity 

(figure 5.20). Dasatinib inhibited Src phosphorylation at IC50 of 17.15 nM and 35.61 nM in 

mBM and rBM, respectively (figure 5.20), whereas osteoclast activity in mBM and rBM 

cultures was inhibited at an IC50 of 3.55 nM and 0.90 nM, respectively (figure 5.14B). In 

contrast, in RAW 264.7 cultures, dasatinib inhibited osteoclast formation and activity and 

Src activation at similar concentrations (IC50 = 19.08 nM, 24.78 nM and 32.02 nM, 

respectively; figure 5.20). 

  



Figure 5.19. Dasatinib inhibits basal Src phosphorylation in mBM, rBM and RAW 

264.7 cultures. mBM (A,B) or rBM (C,D) were cultured at 3.13 x 105 cells/cm2 with 

75 ng/mL rhM-CSF for 7 days. The cells were starved in sf-�-MEM containing 

dasatinib or vehicle (V; 0.05% DMSO) for 120 minutes prior to lysis in non-reducing 

lysis buffer. RAW 264.7 cells (E,F) were cultured at 9.38 x 103 cells/cm2 in 6-well 

plates in c-DMEM. Following overnight adhesion, the cells were serum starved in 

sf-DMEM overnight. The cells were then treated with dasatinib or vehicle for 120 

minutes. Cell lysates (30 μg/lane) were resolved on a 10% polyacrylamide SDS-PAGE 

gel, transferred to PVDF membrane and the membrane was probed with antibodies 

against phosphorylated Src (p-Src) or HSP90. Representative immunoblots are shown 

(A,C,E). Graphs depict the p-Src band intensity, normalised to HSP90, of a 

representative of 2 experiments. 
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Figure 5.20. Sigmoidal curve fit of the inhibitory effects of dasatinib on 

osteoclastogenesis and basal Src phosphorylation in RAW 264.7, mBM and rBM 

cultures. Mean values for the inhibitory effects of dasatinib on osteoclast formation and 

activity and basal Src phosphorylation were plotted to obtain sigmoidal dose-response 

curve fits, as shown for mBM (solid lines), rBM (dashed lines) or RAW 264.7 (dotted 

lines). 
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5.2.4.3 The Src inhibitor PP2 inhibits osteoclastogenesis in mBM and RAW 264.7 

cultures in vitro 

Although it is well-established that Src plays an essential role in osteoclast activity in vivo, 

the role of Src signalling in osteoclast formation in vitro is less clear. To determine 

whether the inhibition of Src kinase activity could alter osteoclast formation in primary 

murine cells and in RAW 264.7 cells, the Src inhibitor PP2 was used. 

As shown in figure 5.21, PP2 dose-dependently inhibits basal Src phosphorylation 

in mBM (figure 5.21A,B) and RAW 264.7 (figure 5.21C,D) cells at concentrations of 

approximately 1.25 μM and higher. 

mBM cells, cultured with rhRANKL and rhM-CSF to induce osteoclastogenesis, 

were treated with vehicle or PP2 for 6 days, the cultures were stained for TRAP and the 

number of osteoclasts per well was enumerated. Treatment with PP2 substantially 

decreased osteoclast numbers (figure 5.22A), with concentrations of 1.25 μM PP2 and 

greater significantly reducing the number of osteoclasts per well (p < 0.05; figure 5.23A). 

In RAW 264.7 cells, while there was a non-significant increase in osteoclast numbers at 

0.31 and 0.62 μM PP2, the formation of osteoclasts was significantly inhibited by the 

addition of 2.5 μM PP2 and higher (p < 0.05; figure 5.22B, 5.23B). 

 

5.2.5 Inhibition of MEK/ERK signalling does not contribute to the pro-

osteoclastogenic effects of imatinib in RAW 264.7 cultures 

5.2.5.1 The effects of MEK inhibition on osteoclastogenesis in RAW 264.7 cultures 

Inhibition of the MEK/ERK signalling pathway has previously been shown to activate 

osteoclast formation in RAW 264.7 cells.392,394 As imatinib has been suggested to inhibit 

Raf406, and thus may inhibit MEK/ERK signalling, inhibition of MEK/ERK was 

investigated as a potential mechanism for the activation of osteoclast formation by imatinib 

in RAW 264.7 cells. 

In RAW 264.7 cultures treated with rhRANKL, the addition of a MEK/ERK1/2 

inhibitor, PD098059407,408, significantly increased both osteoclast formation and the size of 

the resulting osteoclasts (figure 5.24A). Treatment with concentrations of 1.25 μM 

PD098059 and higher significantly increased the number of osteoclasts per well in RAW 

264.7 cultures, relative to vehicle-treated controls (figure 5.24B). 

 



Figure 5.21. PP2 inhibits basal levels of Src phosphorylation in mBM and RAW 

264.7 cells in vitro. mBM (A,B) were cultured at 3.13 x 105 cells/cm2 with 75 ng/mL 

rhM-CSF for 7 days. The cells were starved in sf-�-MEM containing the Src inhibitor 

PP2 or vehicle (V; 0.2% DMSO) for 120 minutes prior to preparation of cell lysates. 

RAW 264.7 cells (C,D) were cultured at 9.38 x 103 cells/cm2 in 6-well plates in 

c-DMEM. Following overnight adhesion, the medium was replaced with sf-DMEM and 

the cells were starved overnight. The cells were then treated with the Src inhibitor PP2 

(containing 0.2% DMSO vehicle) or vehicle alone in serum-free media. Following 

120 minutes of treatment, cell lysates were prepared and 30 μg of protein per lane were 

resolved on 10% polyacrylamide SDS-PAGE gels. The protein was transferred to a 

membrane and the membrane was probed for phosphorylated Src (p-Src) or HSP90. 

Representative immunoblots are shown (A,C). Graphs depict the normalised p-Src band 

intensity of a representative of 2 independent experiments. 
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Figure 5.22. The Src inhibitor PP2 inhibits osteoclast formation in mBM and RAW 

264.7 cultures. mBM (A) were cultured at 3.13 x 105 cells/cm2 in 96-well plates in 

c-�-MEM containing 75 ng/mL rhM-CSF. Following overnight adhesion, the medium 

was replaced with c-�-MEM containing rhM-CSF (75 ng/mL) and rhRANKL (75 

ng/mL) and PP2 (containing 0.2% DMSO vehicle) or vehicle alone for 6 days. RAW 

264.7 cells (B) were seeded at 9.38 x 103 cells/cm2 on 96-well plates in c-DMEM 

containing 100 ng/mL rhRANKL and were cultured overnight. The cells were then 

treated with c-DMEM supplemented with rhRANKL and PP2 (containing 0.2% DMSO 

vehicle) or vehicle for 3 days. After treatment, mBM and RAW 264.7 cultures were 

stained for TRAP and photographs were taken at 20 x magnification. Representative 

images from 1 of 2 experiments (A) or 1 of 3 experiments (B) are shown. Scale bars: 

200 μm. 
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Figure 5.23. Enumeration of the effects of PP2 on osteoclast formation in mBM 

and RAW 264.7 cultures. mBM (A) were cultured in c-�-MEM containing rhM-CSF 

(75 ng/mL) and rhRANKL (75 ng/mL) and PP2 (containing 0.2% DMSO vehicle) or 

vehicle alone for 6 days. RAW 264.7 cells (B) were treated with c-DMEM 

supplemented with rhRANKL and PP2 (containing 0.2% DMSO vehicle) or vehicle for 

3 days. Following treatment, the number of TRAP-positive, multinucleated osteoclast-

like cells per well were enumerated. Graphs depict mean ± range of 2 independent 

experiments (A) or mean ± SEM of 3 independent experiments (B). * p < 0.05 relative 

to vehicle control (one-way ANOVA with Dunnett’s post-tests). 
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Figure 5.24. The effects of the MEK/ERK inhibitor PD098059 on osteoclast 

formation in RAW 264.7 cultures. RAW 264.7 cells were cultured at 9.38 x 103 

cells/cm2 in 96-well plates in c-DMEM. Following overnight adhesion, the medium was 

replaced with c-DMEM supplemented the MEK inhibitor PD098059 or 0.2% DMSO 

vehicle (V). After 3 days of treatment, the cultures were stained for TRAP and 

photographs were taken at 20 x magnification. Representative images are shown (A). 

Scale bars: 200 μm. Graph depicts mean ± SEM of 3 independent experiments (B). 

* p < 0.05 relative to vehicle control (one-way ANOVA with Dunnett’s post-tests). 
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5.2.5.2 Imatinib does not inhibit MEK/ERK signalling in RAW 264.7 cells 

The effects of imatinib on the MEK/ERK signalling pathway were investigated using 

Western blotting. RAW 264.7 cells were serum-starved overnight prior to the addition of 

imatinib or vehicle alone. Western blotting was then carried out with antibodies against 

phosphorylated ERK1/2 or total ERK1/2. In RAW 264.7, basal phosphorylation of 

ERK1/2 was detected in vehicle-treated serum-starved cultures (figure 5.25A). The level of 

basal ERK1/2 phosphorylation was not effected by treatment with imatinib at 

concentrations up to 10 μM (figure 5.25B), suggesting that MEK/ERK signalling was 

unaffected by imatinib. 
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Figure 5.25. Imatinib does not inhibit MEK/ERK signalling in RAW 264.7 cells in 

vitro. RAW 264.7 cells were cultured at 9.38 x 103 cells/cm2 in 6-well plates in 

c-DMEM. Following overnight adhesion, the cells were starved overnight in sf-DMEM. 

The cells were then treated with imatinib or vehicle (0.05% DMSO) for 120 minutes. 

Cell lysates (30 μg/lane) were resolved on 10% polyacrylamide SDS-PAGE, transferred 

to PVDF and probed with antibodies against phosphorylated ERK1/2 (p-ERK1/2) or 

HSP90 (A). Graphs depict relative pixel intensity of a representative experiment (B). 
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5.3 Discussion 
Recently, members of the tyrosine kinase inhibitor family of drugs have been found to 

have inhibitory effects on osteoclast formation and function. Imatinib decreases osteoclast 

numbers and activity in vitro and in vivo, at least in part through inhibition of Fms.13-15,221 

Furthermore, the tyrosine kinase inhibitor nilotinib, which decreases osteoclast numbers in 

vitro, has also been shown to mediate its effects partly via inhibition of Fms.264 Data 

presented in chapter 4 suggested that dasatinib, which has overlapping tyrosine kinase 

targets to imatinib and nilotinib, inhibits osteoclast formation in vivo. In this current 

chapter, a detailed evaluation of the effects of dasatinib on osteoclast formation and 

function was performed using in vitro culture systems. Therapeutic concentrations of 

dasatinib significantly reduced the formation and activity of osteoclasts from rat and mouse 

bone marrow mononuclear cells (rBM and mBM) at IC50 concentrations of lower than 

10 nM dasatinib. A close association between the concentrations at which dasatinib 

inhibits osteoclast resorptive activity and Fms signalling was observed, suggesting that the 

inhibition of osteoclast activity in these cultures may be attributable, at least in part, to 

inhibition of Fms kinase activity. Subsequent to conducting this study, Brownlow et al. 

have also shown that dasatinib inhibits osteoclastogenesis in human peripheral blood 

monocyte cultures at similar concentrations to that required to inhibit Fms in Fms-

transfected Rat2 fibroblasts.409 

The possibility that dasatinib may also affect osteoclastogenesis via inhibition of 

Src was investigated. Src is critical for normal osteoclast activity, as is demonstrated in 

Src-/- mice, which are severely osteopetrotic due to an absence of osteoclast activity rather 

than a reduction in osteoclast number.292,296,353,354 While the role of Src in vivo appears to 

be primarily responsible for driving osteoclast activity, there is some evidence that 

inhibition of Src activity may decrease osteoclast formation or survival in vitro. The 

treatment of mouse bone marrow cultures with the Src kinase inhibitors CGP77675, 

CGP76030 and PP1 decreases osteoclast formation and, in mature osteoclast cultures, 

increases osteoclast apoptosis.357 As shown here (figure 5.23), treatment of mBM and 

RAW 264.7 cells with the Src kinase inhibitor PP2 decreased osteoclast numbers and Src 

phosphorylation at similar concentrations, suggesting that an inhibition of Src 

phosphorylation may contribute to decreased osteoclast numbers in these cells in vitro 

(figure 5.22, 5.23). The association between the anti-osteoclastogenic effects of dasatinib 

and inhibition of Src was also examined in mBM and rBM cells. Dasatinib treatment 

decreased basal Src phosphorylation at doses 5-fold and 40-fold higher than those required 
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to inhibit osteoclast activity in mBM and rBM cultures, respectively (figure 5.20). While 

the precise mechanism(s) remain to be elucidated, these data suggest that dasatinib inhibits 

in vitro osteoclastogenesis at concentrations at which Fms, but not Src, is affected. 

However, it is not clear to what extent inhibition of Src and Fms contribute to the 

inhibitory effects of dasatinib on osteoclasts in vivo. Fms-independent osteoclast formation 

and activity was inhibited by dasatinib in RAW 264.7 cultures suggesting that, under some 

circumstances, inhibition by dasatinib of other tyrosine kinase targets, such as Src and Kit, 

may have anti-osteoclastogenic effects. 

In addition to examining the effects of dasatinib on osteoclastogenesis, in this 

chapter the anti-osteoclastogenic properties of imatinib in murine cultures were 

investigated. It has previously been shown that imatinib inhibits the phosphorylation of 

Fms in response to stimulation with M-CSF in a murine haematopoietic cell line, 

FDC-Fms, engineered to express human Fms.13,261 The concentrations of imatinib required 

to inhibit Fms signalling in this cell line was higher than that shown to inhibit osteoclast 

activity in human CD14-positive peripheral blood mononuclear cell cultures.13 This 

suggested that either imatinib inhibits osteoclast activity in these cells via mechanisms 

other than inhibition of Fms kinase activity, or that inhibition of Fms by imatinib occurs at 

lower concentrations in human osteoclasts than in FDC-Fms cells. The effects of imatinib 

on Fms phosphorylation in osteoclasts or osteoclast precursors have not previously been 

determined. Therefore, as part of this study, physiologically-relevant Fms-expressing 

osteoclast precursors derived from primary murine monocyte/macrophage cultures were 

used to assess the direct effects of imatinib on osteoclastogenesis and Fms 

phosphorylation. In these primary murine bone marrow cultures, imatinib inhibited Fms 

phosphorylation and osteoclast formation at similar concentrations (figure 5.14), 

supporting the theory that inhibition of Fms is responsible for the anti-osteoclastogenic 

properties of imatinib. 

Data presented in chapter 4 indicated that therapeutic concentrations of imatinib 

had no effect on osteoclasts in normal Sprague-Dawley rats in vivo. This contrasts with 

patient data presented in chapter 3, and preliminary data in mice13,253,254, which 

demonstrated decreased osteoclast numbers and activity following imatinib treatment in 

vivo. Although previous studies have shown inhibition of osteoclasts in vitro in Lewis rat 

bone marrow cultures14 there may be strain-specific effects of these drugs. We have shown 

here that imatinib is an inhibitor of osteoclastogenesis in Sprague-Dawley rat bone marrow 

cultures, suggesting that osteoclasts from this rat strain, like others14, are sensitive to 
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imatinib in vivo. In human CD14-positive peripheral blood mononuclear cell cultures, 

imatinib inhibits osteoclast activity at doses more than 10-fold lower than it affects 

osteoclast formation, via a mechanism that is thought to involve down-regulation of 

RANK expression via inhibition of Fms.13 However, data shown here (figure 5.4, 5.7) 

demonstrate that in murine cultures imatinib inhibits osteoclast formation and resorption at 

similar concentrations. Therefore, higher concentrations of imatinib are required to inhibit 

murine osteoclast activity than those required to inhibit human osteoclast activity. This 

may in part explain why no effects on osteoclasts were observed in normal rats in vivo 

(chapter 4) while imatinib treatment resulted in a significant inhibitory effect on osteoclast 

activity in patients (chapter 3). However, this cannot fully explain the observed disparate 

effects of imatinib in humans and rats, as osteoclast numbers as well as activity were 

decreased in imatinib-treated patients, suggesting that the concentration achieved was 

sufficient to inhibit both osteoclast formation and activity. 

We hypothesised that inhibition of tyrosine kinase targets other than Fms, such as 

CAII224, may contribute to the inhibitory effects of imatinib on osteoclasts. CAII plays an 

essential role in osteoclast activity as this enzyme catalyses the reaction which provides 

that protons required for acidification of the resorption lacunae, allowing dissolution of the 

mineralised bone matrix.89-91 Inhibition of this enzyme by imatinib may, therefore, 

decrease osteoclast activity. However, treatment of Fms-independent RAW 264.7 cells 

with imatinib resulted in an increase in osteoclast formation and, subsequently, activity. 

This contrasts with previously published results indicating that therapeutic concentrations 

of imatinib resulted in a slight decrease in RAW 264.7 osteoclast formation.17,410 This 

difference may be due to differences in seeding densities used in each study, as cell density 

can dramatically alter the osteoclastogenic response of RAW 264.7 cells to kinase 

inhibitors.392 As one study has suggested that imatinib may inhibit Raf1406, we investigated 

the effects of inhibition of the Ras/Raf/MEK/ERK pathway on RAW 264.7 

osteoclastogenesis. While MEK/ERK signalling downstream of Fms is important in 

osteoclast survival/proliferation257,395,398-400,411, it has been suggested that MEK/ERK 

signalling downstream of RANK is a negative regulator of osteoclastogenesis392-394. In 

RAW 264.7 cells, treatment with the MEK1 inhibitors PD098059 or U0126 increases 

osteoclast formation whilst at very high doses these inhibitors decrease cell 

proliferation/survival (figure 5.24 and 392,394). The similarities between the effects of these 

MEK1 inhibitors and the observed effects of imatinib on RAW 264.7 osteoclastogenesis 

lead to the hypothesis that inhibition of Raf1 signalling by imatinib may be resulting in 
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increased osteoclastogenesis. However, imatinib had no effect on Ras/Raf/MEK/ERK 

signalling in RAW 264.7 cells, as determined by ERK1/2 phosphorylation (figure 5.25), 

suggesting that imatinib did not inhibit Raf1 in these cells. The potential mechanism for 

the pro-osteoclastogenic effect of imatinib in RAW 264.7 cells observed here requires 

further investigation. 

In summary, these studies demonstrate that the tyrosine kinase inhibitor dasatinib is 

a potent inhibitor of osteoclastogenesis in vitro, at least in part through an inhibition of 

Fms signal transduction. In addition, our results show that imatinib-induced inhibition of 

osteoclast activity and Fms phosphorylation in osteoclast precursors occurs at similar 

concentrations, supporting the theory that Fms inhibition is an important mechanism in the 

anti-osteoclastogenic capacity of imatinib.  

 



Chapter 6 

The effects of tyrosine kinase 
inhibition on osteoblasts and 

chondrocytes in vitro



CHAPTER 6: The effects of tyrosine kinase inhibition on osteoblasts and 
chondrocytes in vitro 

 
110

6.1 Introduction 
Mesenchymal stem cells are multipotent precursors that have the capacity to differentiate 

into cells of different lineages, including osteoblasts, chondrocytes, adipocytes and 

myocytes.36,37 While the signals involved in the lineage selection process are unclear, it is 

known that hierarchical expression of transcription factors is involved in driving 

differentiation down one lineage and limiting commitment to the others. For example, 

Runx2 and Sox9 are master regulators of osteoblastogenesis and chondrogenesis, driving 

the expression of lineage-specific genes.38,39,148-150,156-158 

The differentiation of osteoblasts from mesenchymal stem cells is primarily 

regulated by the transcription factors Runx2 and Osterix (reviewed in 108). This process is 

closely regulated by locally- and systemically-produced hormones and cytokines. Several 

receptor tyrosine kinases, including IGF receptor412-414, epidermal growth factor receptor 

(EGFR)415-417, FGFR415,416,418 and PDGFR280,289-291,415 are involved in the regulation of 

osteoblast proliferation and differentiation by cytokines. Of these tyrosine kinases, PDGFR 

has been implicated as a potential mediator of the observed effects of imatinib on 

osteoblast proliferation and function in vitro. PDGF is a potent mitogen for mesenchymal 

stromal cells and suppresses bone matrix deposition in primary osteoblast cultures.280,289-291 

In human bone explant cultures and in cultures of the murine osteoblast-like cell line 

MC3T3-E1, treatment with imatinib relieved the inhibitory effects of PDGF on 

mineralisation10,17 suggesting that inhibition of PDGFR signalling may be one mechanism 

whereby imatinib activates osteoblast differentiation. It is likely that dasatinib also inhibits 

osteoblast proliferation and stimulates differentiation due to its specificity for PDGFR, 

although this remains to be demonstrated. 

As described in chapter 4, treatment of normal mature rats with dasatinib increased 

trabecular bone volume at the proximal tibia while having no effect on bone formation rate 

or serum markers of osteoblast activity. Similarly, imatinib had no effect on these indices 

of osteoblast activity, relative to vehicle-treated controls. One aim of the following study 

was, therefore, to confirm whether Sprague-Dawley rat osteoblasts are sensitive to imatinib 

and dasatinib and to determine the effects of PDGFR inhibition on the proliferation and 

activity of these cells. 

Additionally, studies described in chapter 4 found that treatment of normal rats 

with imatinib and dasatinib significantly reduced growth plate thickness, leading to 

complete growth plate closure in imatinib-treated animals after 12 weeks. The regulation 

of longitudinal bone growth is tightly regulated through the coordinated proliferation, 
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differentiation and activity of epiphyseal growth plate chondrocytes (reviewed by 146). In 

normal bone, the rate of chondrocyte proliferation and the size of the resultant hypertrophic 

chondrocytes are the primary determinants of the rate of longitudinal bone growth143,145 

(reviewed in 419). Chondrocyte proliferation and maturation is tightly-regulated by 

autocrine and paracrine signalling via factors including Ihh159-162, PTHrP159-162, FGF180,181 

and IGF1186-189. The disruption of the activities of any of these factors can cause aberrant 

bone growth, resulting in a number of human growth disorders.182-185 In addition to the role 

of PDGFR in osteoblast activity, PDGFR signalling is also known to regulate chondrocyte 

proliferation and activity. PDGF-BB treatment has been shown to increase cell 

proliferation and activity of resting zone chondrocytes derived from Sprague-Dawley 

rats.381 Additionally, PDGF-BB increases the proliferation, but not the rate of GAG 

production per cell, of chondrocytes isolated from bovine occipital cartilage.382 Imatinib 

and dasatinib may therefore inhibit chondrocytes through inhibition of PDGFR signalling, 

although as yet this has not been confirmed experimentally. 

In light of the observed effects of dasatinib on bone volume in normal rats, we 

determined whether dasatinib, like imatinib, could affect osteoblast activity in vitro. In 

addition, the mechanisms involved in the observed effects of imatinib and dasatinib on 

growth plate closure were investigated using a murine chondrocyte cell line. Furthermore, 

this study examined whether any effects of imatinib and dasatinib on mesenchymal cell 

proliferation and activity were attributable to an inhibition of PDGFR signal transduction.  
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6.2 Results 
6.2.1 Imatinib and dasatinib inhibit proliferation and promote mineralisation in 

murine stromal cell cultures in vitro 

6.2.1.1 Imatinib and dasatinib inhibit the proliferation of rBMSC 

It has previously been demonstrated that the tyrosine kinase inhibitor imatinib mesylate 

increases osteoblast activity while inhibiting osteoblast proliferation, in cultures of human 

mesenchymal stromal cells, at least in part due to the inhibition of PDGFR.10,16,19 In order 

to confirm that rodent mesenchymal stromal cells are affected by imatinib in a similar 

manner to human cells, and to determine whether dasatinib can alter osteoblast 

proliferation and differentiation, primary mesenchymal stromal cells isolated from the long 

bones of Sprague-Dawley rats (rBMSC) were used.  

To determine whether imatinib and dasatinib can inhibit the proliferation of 

rBMSC, cells were cultured with imatinib, dasatinib or vehicle alone for 2, 4 or 6 days and 

the relative number of cells per well was determined using the WST-1 assay (figure 

6.1A,B). At all time points examined, treatment with imatinib at concentrations of 0.13 μM 

and higher significantly decreased cell proliferation, relative to vehicle-treated controls 

(figure 6.1A). Similarly, treatment of rBMSC with 5 nM or more of dasatinib for 2, 4 or 

6 days had a significant inhibitory effect on cell proliferation (figure 6.1B). Addition of 

imatinib at concentrations up to 4 μM, or dasatinib at concentrations up to 160 nM had no 

further inhibitory effects on cell numbers (data not shown). 

 

6.2.1.2 Therapeutically-achievable concentrations of imatinib and dasatinib activate 

osteoblast activity in rBMSC cultures 

To investigate the potential effects of imatinib and dasatinib on osteoblast activity, the 

ability of imatinib and dasatinib to drive mineral formation and differentiation was 

examined in rBMSC cultures. rBMSC were cultured with osteogenic media in the presence 

of imatinib, dasatinib or vehicle. Control wells were treated with c-�-MEM supplemented 

with ascorbate. After 42 days of culture, the mineral content of cultures was revealed by 

alizarin red staining. As shown in figure 6.2A, cells cultured in c-�-MEM supplemented 

with ascorbate did not form mineralised nodules. However, in cultures treated with 

osteogenic media the formation of mineralised nodules was evident (figure 6.2B). 

Treatment with imatinib (4 μM) or dasatinib (80 nM) increased the incidence of 

mineralised nodules in rBMSC cultures, when compared with vehicle-treated control wells 

(figure 6.2B,C,D). 



Figure 6.1. Imatinib and dasatinib inhibit the proliferation of rBMSC in vitro. Rat 

bone marrow stromal cells (rBMSC) were cultured at 8 x 103 cells/cm2 in 96-well plates 

in c-�-MEM containing 100 μM ascorbate. After overnight adhesion, the medium was 

replaced with c-�-MEM containing ascorbate (100 μM) and imatinib (A) or dasatinib 

(B) (containing 0.05% DMSO vehicle) or vehicle alone. At the indicated time points, 

the relative number of cells per well was enumerated using WST-1. Graphs depict mean 

± range of 2 independent experiments. * p < 0.05 relative to vehicle control at each time 

point (one-way ANOVA with Dunnett’s post-tests). 
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Figure 6.2. The effects of imatinib and dasatinib on mineral production by rBMSC 

in vitro. rBMSC were cultured in osteogenic media and imatinib, dasatinib or vehicle. 

Negative controls, treated with c-�-MEM supplemented with ascorbate, were also 

included. Following 42 days of treatment, the mineral was stained with alizarin red. 

Representative images of negative controls (A) and cultures treated with vehicle (B), 

4 μM imatinib (C) or 80 nM dasatinib (D) are shown. Scale bars: 200 μm. 
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 In order to quantitate the amount of mineral produced under different culture 

conditions, the mineralised matrix was dissolved using hydrochloric acid and the calcium 

content quantified using a cresolphthalein complexone assay. Calcium levels were 

normalised to DNA content, to correct for differences in cell numbers between treatments. 

A significant increase in mineral production, on a per cell basis, in cultures treated with 

2 μM imatinib and higher was observed (figure 6.3A). Similarly, treatment with 40 nM 

dasatinib and higher significantly increased the mineralising activity of the rBMSC by 

more than 3-fold (figure 6.3B). 

 

6.2.1.3 Imatinib and dasatinib abrogate PDGF-induced phosphorylation of ERK1/2 

and Akt in rBMSC cultures 

As detailed in sections 6.2.1.1 and 6.2.1.2, imatinib and dasatinib inhibit cell proliferation 

while stimulating the mineralising activity of primary rat stromal cells. As PDGF is known 

to be an important inducer of mesenchymal cell proliferation, and an inhibitor of osteoblast 

activity, the effects of imatinib and dasatinib on PDGFR signalling in rBMSC was 

examined by Western blot. 

 rBMSC cultures were serum-starved overnight and then treated for 2 hours with 

vehicle, imatinib or dasatinib in serum-free media. The cells, where indicated, were 

stimulated with rhPDGF-BB for 5 minutes prior to the preparation of cell lysates. The 

extracts were then examined by Western blot to determine the effects of imatinib and 

dasatinib on PDGF-induced phosphorylation of Akt and ERK1/2. Unstimulated cells 

displayed no basal phosphorylation of Akt and low levels of basal ERK1/2 

phosphorylation (figure 6.4A, 6.5A). Following stimulation with rhPDGF-BB for 

5 minutes, there was strong induction of phosphorylation of Akt and ERK1/2. Consistent 

with the known effects of imatinib on the PDGFR, in the presence of imatinib there was a 

dose-dependent inhibition of the rhPDGF-BB-induced phosphorylation of Akt and ERK1/2 

(figure 6.4A). Quantitation of the intensity of the Akt and ERK1/2 bands, normalised to 

HSP90, indicates that imatinib at concentration of 0.5 μM and higher inhibited 

PDGF-induced phosphorylation of Akt and ERK1/2, relative to vehicle controls (figure 

6.4B,C). Cells treated with 4 μM imatinib displayed no induction of PDGFR signalling, 

with similar levels of phosphorylated ERK1/2 and Akt as unstimulated, serum-starved cells 

(figure 6.4B,C). Pre-treatment with dasatinib at concentrations in excess of 10 nM 

substantially reduced the activation of ERK1/2 and Akt phosphorylation by rhPDGF-BB 

treatment (figure 6.5A). Treatment of rBMSC with 40 nM dasatinib completely abrogated 



Figure 6.3. Imatinib and dasatinib enhance the mineralisation activity of rBMSC 

in vitro. Murine bone marrow stromal cells were seeded at 2.5 x 104 cells/cm2 in 96-

well plates in c-�-MEM containing 100 μM ascorbate and were allowed to adhere 

overnight. The medium was then replaced with osteogenic media containing imatinib 

(A), dasatinib (B) or vehicle. Following 42 days of treatment, mineral was dissolved 

with HCl and calcium content was calculated using the cresolphthalein complexone 

assay. Calcium produced per well was corrected for relative cell numbers by 

determining total DNA content per well. Graphs depicts mean ± range of 2 independent 

experiments. * p < 0.05 relative to vehicle control (one-way ANOVA with Dunnett’s 

post-tests). 



A B



Figure 6.4. Imatinib inhibits PDGFR signalling in rBMSC in vitro. rBMSC were 

cultured at 2.5 x 104 cells/cm2 in 6-well plates in c-�-MEM containing 100 μM 

ascorbate. After overnight culture, the cells were serum-starved by overnight incubation 

in sf-�-MEM. The cells were pre-treated for 2 hours with sf-�-MEM containing 

imatinib or 0.05% DMSO and, where indicated, were then stimulated with rhPDGF-BB 

(10 ng/mL) for 5 min. Cell lysates (30 μg/lane) were resolved through a 

10% polyacrylamide SDS-PAGE gel and the proteins were transferred to PVDF. 

Phosphorylated Akt (p-Akt) and phosphorylated ERK1/2 (p-ERK1/2), as well as total 

HSP90, were detected using specific antibodies. Representative images are shown (A). 

Graphs indicate the relative pixel intensity for p-Akt (B) and p-ERK1/2 (C) normalised 

to HSP90 from a representative of 2 experiments. 
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Figure 6.5. Dasatinib inhibits PDGFR signalling in rBMSC in vitro. rBMSC were 

cultured at 2.5 x 104 cells/cm2 in 6-well plates in c-�-MEM containing 100 μM 

ascorbate. After overnight culture, the cells were serum-starved by overnight incubation 

in sf-�-MEM. The cells were pre-treated with sf-�-MEM containing dasatinib or 0.05% 

DMSO and, where indicated, were then stimulated with rhPDGF-BB (10 ng/mL) for 5 

min. Cell lysates (30 μg/lane) were resolved through a 10% polyacrylamide SDS-PAGE 

gel and the proteins were transferred to PVDF. Phosphorylated Akt (p-Akt) and 

phosphorylated ERK1/2 (p-ERK1/2), as well as total HSP90, were detected using 

specific antibodies. Representative images are shown (A). Graphs indicate the relative 

pixel intensity for p-Akt (B) and p-ERK1/2 (C) normalised to HSP90 from a 

representative of 2 experiments. 
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phosphorylation of Akt in response to PDGF-BB stimulation (figure 6.5B). ERK1/2 

phosphorylation was reduced to below baseline levels by treatment with 40 nM dasatinib 

and higher (6.5C). 

 

6.2.1.4 Sigmoidal dose-response relationship of the inhibition of PDGFR signalling by 

imatinib and dasatinib and the effects of these inhibitors on rBMSC 

proliferation 

The relationship between the concentrations at which imatinib and dasatinib inhibit 

PDGFR signalling and proliferation was investigated by fitting the data to a sigmoidal 

dose-response curve (figure 6.6A,B).  

 In rBMSC cultures, PDGFR signalling through Akt and ERK1/2 was inhibited at 

IC50 of 0.69 μM and 0.78 μM imatinib, respectively (figure 6.6A). The concentration at 

which rBMSC proliferation was inhibited was substantially lower, with an IC50 of 0.13 μM 

(figure 6.6A). There was close agreement between the concentrations at which dasatinib 

inhibited PDGFR signalling and cell proliferation. PDGF-induced phosphorylation of Akt 

and ERK1/2 was inhibited at IC50 of 11.12 nM and 11.85 nM, respectively, while cell 

proliferation was inhibited at an IC50 of 10.74 nM dasatinib. 

 

6.2.1.5 Imatinib and dasatinib inhibit the effects of PDGF-BB on cell proliferation 

and mineral formation 

The potential contribution of inhibition of PDGFR to the effects of imatinib and dasatinib 

on rBMSC cells was next investigated.  

 As shown earlier (figure 6.1), treatment of rBMSC with 1 μM imatinib or 40 nM 

dasatinib for 6 days decreased cell numbers by 60%, relative to vehicle-treated controls, as 

assessed by WST-1 (figure 6.7A). Addition of 10 ng/mL rhPDGF-BB increased cell 

proliferation 2-fold, relative to vehicle-treated levels, after 6 days of culture (figure 6.7A). 

This induction of cell proliferation was significantly inhibited, to levels below that of 

vehicle treatment alone, by co-treatment with 4 μM imatinib or 40 nM dasatinib (figure 

6.7A). 

 When rBMSC were cultured under osteogenic conditions, the addition of 

PDGF-BB resulted in a small, non-significant, decrease in mineral formation, on a per cell 

basis, after 42 days (figure 6.7B). This inhibition was reversed by co-treatment with 

imatinib (4 μM) or dasatinib (40 nM), with mineral levels in these cultures being similar to 

those of wells treated with imatinib or dasatinib alone (figure 6.7B). 



Figure 6.6. Sigmoidal dose response curve of the effects of imatinib and dasatinib 

on cell proliferation and PDGFR signalling in rBMSC in vitro. Mean values for the 

inhibitory effects of imatinib (A) and dasatinib (B) on cell proliferation (WST-1) and 

PDGF-BB-induced Akt and ERK1/2 phosphorylation in rBMSC were plotted to obtain 

a sigmoidal dose-response curve fits. 
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Figure 6.7. Imatinib and dasatinib inhibit the effects of PDGF-BB on cell 

proliferation and mineral formation in rBMSC cultures. A. Murine bone marrow 

stromal cells were cultured at 8 x 103 cells/cm2 in 96-well plates in c-�-MEM 

containing 100 μM ascorbate. After overnight adhesion, the medium was replaced with 

c-�-MEM containing ascorbate (100 μM) and 0.05% DMSO vehicle (V), 1 μM imatinib 

(I) or 40 nM dasatinib (D). Where indicated, cells were treated with 10 ng/mL rhPDGF-

BB for the duration of the experiment. After 6 days of treatment, the relative number of 

cells per well was enumerated using WST-1. Graph depicts mean ± range of 2 

independent experiments. B. Murine bone marrow stromal cells were seeded at 2.5 x 

104 cells/cm2 in 96-well plates in c-�-MEM containing 100 μM ascorbate and were 

allowed to adhere overnight. The medium was then replaced with osteogenic media 

containing imatinib, dasatinib or vehicle and, where indicated, 10 ng/mL rhPDGF-BB. 

Following 42 days of treatment, mineral was dissolved with HCl and calcium content 

was calculated using the cresolphthalein complexone assay. Calcium produced per well 

was corrected for relative cell numbers by determining total DNA content per well. 

Graphs depict mean ± range of 2 independent experiments. * p < 0.05 as indicated 

(Student’s t-test). 
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6.2.2 Imatinib and dasatinib inhibit chondrocyte proliferation and activity in vitro 

6.2.2.1 Imatinib and dasatinib inhibit the proliferation of ATDC5 cells in vitro 

To determine whether tyrosine kinase inhibition can directly affect chondrocyte 

proliferation or activity, the effects of imatinib and dasatinib on the murine pre-

chondrocyte cell line ATDC5298 were investigated in vitro.  

 To examine the effects of tyrosine kinase inhibition on ATDC5 proliferation, cells 

were cultured for 2, 4 or 6 days with imatinib, dasatinib or vehicle and the relative number 

of cells per well was determined by WST-1 assay. In vehicle-treated cultures, cell numbers 

increased 4-fold during the 6 days of culture. Imatinib dose-dependently decreased cell 

numbers at all three time points at concentrations of 0.13 μM and higher, with 4 μM 

imatinib resulting in no detectable cell proliferation, relative to prior to treatment (day 0) 

(figure 6.8A). Treatment of ATDC5 cells with dasatinib significantly inhibited cell 

proliferation at concentrations of 2.5 nM and higher after 2, 4 or 6 days (figure 6.8B). 

Treatment with 40 nM dasatinib completely inhibited cell proliferation over this time 

period (figure 6.8B). 

 

6.2.2.2 Imatinib and dasatinib inhibit the activity of ATDC5 cells in vitro 

The effects of imatinib and dasatinib on chondrocyte activity were next investigated using 

a GAG-synthesis assay. ATDC5 cultures were treated with 10 ng/mL rhTGF-�1, a known 

inducer of chondrocyte differentiation and activity.420-422 Addition of rhTGF-�1 increased 

GAG production 2.5-fold and 4-fold after 24 and 48 hours, respectively (figure 6.9A-D). 

Treatment with imatinib, up to 4 μM, or dasatinib, up to 80 nM, had no effect on 

TGF-�1-induced GAG synthesis after 24 hours (figure 6.9A,B). However, after 48 hours of 

treatment, there was a significant reduction in GAG production in cultures treated with 

1 μM imatinib or more, with an almost 40% reduction in GAG synthesis at 2 and 4 μM 

imatinib, relative to vehicle controls (figure 6.9C). Similarly, dasatinib treatment for 

48 hours significantly decreased TGF-�1-induced GAG synthesis at 40 nM and 80 nM 

concentrations (figure 6.9D).  

To determine whether these inhibitory effects on GAG synthesis were specific to 

TGF-�1-induction, the effects of dasatinib and imatinib on GAG production in 

unstimulated ATDC5 cell cultures was examined. After 48 hours of imatinib treatment, a 

significant decrease in the production of GAG, normalised for cell numbers, was observed 

at 0.5 μM concentrations and higher (figure 6.10A). On a per cell basis, GAG production 



Figure 6.8. Imatinib and dasatinib inhibit cell proliferation in ATDC5 cell cultures 

in vitro. ATDC5 cells (1.56 x 104 cells/cm2) were seeded in 96-well plates in c-�-MEM 

supplemented with ascorbate (100 μM) and were cultured overnight to allow the cells to 

adhere. The cells were then treated with imatinib (A), dasatinib (B) or vehicle (0.5% 

DMSO) for the indicated periods of time before the relative number of cells per well 

were determined by WST-1 assay. Graphs depict mean ± range of 2 representative 

experiments, normalised to vehicle controls. * p < 0.05 relative to vehicle control at 

each time-point (one-way ANOVA with Dunnett’s post-tests). 
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Figure 6.9. Imatinib and dasatinib inhibits TGF-�1-induced GAG-production in 

ATDC5 cell cultures in vitro. ATDC5 cells (1.56 x 105 cells/cm2) were cultured in 96-

well plates in media containing ascorbate-2-phosphate (100 μM). Following overnight 

adhesion, the cultures were treated with rhTGF-�1 (10 ng/mL) and the indicated doses 

of imatinib (A,C) or dasatinib (B,D) or 0.05% DMSO vehicle. After 24 (A,B) or 48 

(C,D) hours, treatment media were replaced with media containing 1 μCi 35SO4 and the 

plates were incubated overnight. The matrix was then digested and the amount of 35SO4-

labelled glycosaminoglycans (GAG) was measured using a scintillation counter. In 

replicate cultures, cells were digested with papain and the DNA content was measured, 

as a surrogate marker of cell number. GAG levels were then normalised to DNA content 

to determine relative GAG production per cell. Graphs depict mean ± SEM of triplicate 

wells of one experiment, normalised to the rhTGF-�1-treated vehicle control. * p < 0.05 

relative to the rhTGF-�1-treated vehicle control (one-way ANOVA with Dunnett’s 

post-tests). 
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Figure 6.10. Imatinib and dasatinib inhibits basal GAG-production in ATDC5 cell 

cultures in vitro. ATDC5 cells (1.56 x 105 cells/cm2) were cultured in 96-well plates in 

media containing ascorbate (100 μM). Following overnight adhesion, the cultures were 

treated with the indicated doses of imatinib (A) or dasatinib (B) or vehicle (0.05% 

DMSO). After 48 hours, the cells were incubated overnight with 1 μCi 35SO4, the 

matrix was digested and the amount of 35SO4-labelled GAG was then measured using a 

scintillation counter. In replicate cultures, cells were digested and DNA content per well 

was measured as a surrogate marker of cell number. GAG levels were then normalised 

to DNA content to determine relative GAG production per cell. Graphs depict mean ± 

SEM of 3 independent experiments normalised to vehicle controls. * p < 0.05 relative to 

vehicle control (one-way ANOVA with Dunnett’s post-tests). 
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Figure 6.11. Imatinib inhibits PDGFR signalling in ATDC5 cells in vitro. ATDC5 

cells were cultured at 1.56 x 105 cells/cm2on 6-well plates in c-�-MEM containing 100 

μM ascorbate. After overnight culture, the cells were serum-starved by overnight 

incubation in sf-�-MEM. The cells were pre-treated with sf-�-MEM containing imatinib 

or 0.05% DMSO prior to stimulation with rhPDGF-BB (10 ng/mL) for 5 min and the 

cells were then lysed. Cell lysates (30 μg/lane) were resolved through a 10% 

polyacrylamide SDS-PAGE gel and the proteins were transferred to PVDF. 

Phosphorylated forms of Akt (p-Akt) and ERK1/2 (p-ERK1/2), as well as total HSP90, 

were detected using specific antibodies. Representative images are shown (A). Graphs 

indicate the relative pixel intensity for p-Akt (B) and p-ERK1/2 (C) normalised to 

HSP90 from a representative of 2 experiments. 
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was significantly inhibited by 5 nM dasatinib and higher, relative to vehicle controls 

(figure 6.10B).  

 
6.2.2.3 Imatinib and dasatinib abrogate PDGF-induced phosphorylation of ERK1/2 

and Akt in ATDC5 cultures 

PDGF-BB is a known mitogen for chondrocytes which, in some cases, has been reported to 

promote chondrocyte activity381,382 suggesting that imatinib or dasatinib treatment may 

have direct effects on chondrocyte proliferation and activity through inhibition of 

PDGFR�. It was next examined whether inhibition of PDGFR� contributed to the 

inhibitory effects of imatinib and dasatinib on ATDC5 proliferation and GAG production. 

First, the effects of imatinib and dasatinib on PDGFR receptor signalling through 

Akt and ERK1/2 were examined by Western blot. ATDC5 cells were serum-starved for 

24 hours and either imatinib, dasatinib or vehicle were added to cultures for the final 

2 hours of starvation. Where indicated, rhPDGF-BB was added to cultures for 5 minutes 

prior to the preparation of cell lysates and proteins were detected by Western blot. As 

shown in figure 6.11 and 6.12, rhPDGF-BB treatment rapidly induced the phosphorylation 

of Akt and ERK1/2 in ATDC5 cells. Pre-treatment with imatinib or dasatinib dose-

dependently inhibited the phosphorylation of Akt and ERK1/2 in response to PDGF-BB 

(figure 6.11A, 6.12A). Quantitation of the intensity of the bands corresponding to 

phosphorylated Akt, normalised to HSP90, showed that imatinib at concentrations 

exceeding 0.25 μM inhibited the induction of PDGFR signalling by rhPDGF-BB (figure 

6.11B). Imatinib at concentrations of 0.5 μM and higher inhibited the phosphorylation of 

ERK1/2 in response to rhPDGF-BB, with 2 μM and 4 μM imatinib decreasing ERK1/2 

phosphorylation to levels lower than at baseline (figure 6.11C). Pre-treatment of ATDC5 

cells with dasatinib significantly inhibited the induction of Akt and ERK1/2 

phosphorylation by rhPDGF-BB treatment (figure 6.12A). Dasatinib at concentrations of 

20 nM and 40 nM substantially reduced the induction of Akt and ERK1/2 phosphorylation, 

relative to the vehicle-treated controls (figure 6.12B,C), with 40 nM dasatinib completely 

abrogating PDGFR signalling (figure 6.12B,C).  

 

6.2.2.4 Sigmoidal dose-response relationship of the inhibition of chondrocyte 

proliferation, activity and PDGFR signalling by imatinib and dasatinib 

The relationship between the concentrations at which imatinib and dasatinib inhibit 

PDGFR signalling, cell proliferation and TGF-�1-induced GAG production in ATDC5 



Figure 6.12. Dasatinib inhibit PDGFR signalling in ATDC5 cells in vitro. ATDC5 

cells were cultured at 1.56 x 105 cells/cm2on 6-well plates in c-�-MEM containing 

100 μM ascorbate. After overnight culture, the cells were serum-starved by overnight 

incubation in sf-�-MEM. The cells were pre-treated with sf-�-MEM containing 

dasatinib or 0.05% DMSO prior to stimulation with rhPDGF-BB (10 ng/mL) for 5 min 

and the cells were then lysed. Cell lysates (30 μg/lane) were resolved through a 10% 

polyacrylamide SDS-PAGE gel and the proteins were transferred to PVDF. 

Phosphorylated forms of Akt and ERK1/2, as well as total HSP90, were detected using 

specific antibodies. Representative images are shown (A). Graphs indicate the relative 

pixel intensity for phosphorylated Akt (B) and phosphorylated ERK1/2 (C) normalised 

to HSP90 from a representative of 2 experiments. 
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cells was investigated by fitting the data to a sigmoidal dose-response curve (figure 

6.13A,B).  

  Imatinib inhibited PDGFR signalling through Akt and ERK1/2, cell proliferation 

and GAG production at IC50 of 0.37 μM, 0.55 μM, 0.19 μM and 0.75 μM, respectively 

(figure 6.13A). For dasatinib, the IC50 for the inhibition of Akt and ERK1/2 

phosphorylation, cell proliferation and GAG synthesis were 5.48 nM, 13.03 nM, 15.07 nM 

and 13.44 nM, respectively (figure 6.13B). 

 

6.2.2.5 Imatinib and dasatinib inhibit the effects of PDGF-BB on cell proliferation 

and chondrocyte activity 

To determine whether therapeutically-achievable concentrations of imatinib and dasatinib 

could inhibit the effects of PDGF on chondrocyte proliferation and activity, WST-1 and 

GAG-synthesis assays were carried out. 

Similar to results shown earlier, treatment of ATDC5 cells with imatinib (4 μM) 

and dasatinib (40 nM) for 6 days significantly decreased the cell numbers, relative to 

vehicle controls (figure 6.14A). Treatment of ATDC5 cells with PDGF-BB for 6 days 

increased the number of cells per well by 1.5-fold, compared with vehicle-treated controls 

(figure 6.14A). This increase in cell proliferation was completely inhibited by co-treatment 

with imatinib or dasatinib, resulting in cell numbers similar to those in cultures treated with 

imatinib or dasatinib alone (figure 6.14A). 

Treatment of ATDC5 cultures with 4 μM imatinib or 40 nM dasatinib significantly 

inhibited basal levels of GAG synthesis (figure 6.14B). Under the conditions used here, 

treatment with rhPDGF-BB for 48 hours induced a 3-fold increase in GAG production, on 

a per cell basis, relative to untreated controls (figure 6.14B). This stimulatory effect of 

PDGF-BB was partially inhibited by co-treatment with 4 μM imatinib or 40 nM dasatinib, 

although levels did not reach those of unstimulated imatinib- or dasatinib-treated cultures 

(figure 6.14B).  



Figure 6.13. Sigmoidal dose response curve of the effects of imatinib and dasatinib 

on cell proliferation, PDGFR signalling and GAG production in ATDC5 in vitro.

Mean values for the inhibitory effects of imatinib (A) and dasatinib (B) on cell 

proliferation (WST-1), GAG synthesis and PDGF-BB-induced Akt and ERK1/2 

phosphorylation in ATDC5 were plotted to obtain a sigmoidal dose-response curve fit. 
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Figure 6.14. Imatinib and dasatinib inhibit PDGF-BB-induced cell proliferation 

and GAG production in ATDC5 cell cultures in vitro. A. ATDC5 cells (1.56 x 104 

cells/cm2) were seeded in 96-well plates in c-�-MEM supplemented with ascorbate 

(100 μM) and were cultured overnight to allow the cells to adhere. The cells were then 

treated with 4 μM imatinib, 40 nM dasatinib or vehicle (0.5% DMSO) supplemented, 

where indicated, with 10 ng/mL PDGF-BB. After 6 days, the relative number of cells 

per well were determined by WST-1 assay. Graphs depict mean ± range of 2 

representative experiments, normalised to vehicle control. B. ATDC5 cells were 

cultured at 1.56 x 105 cells/cm2 overnight in 96-well plates and were then treated with 

vehicle (V), 4 μM imatinib (I) or 40 nM dasatinib (D) with or without 100 ng/mL 

recombinant human PDGF-BB. After 48 hours, treatment media were replaced with c-

�-MEM containing 1 μCi 35SO4 and the plates were incubated overnight. GAG levels 

and DNA content were quantitated and GAG production per cell was calculated. Graphs 

depict mean ± SEM of triplicate wells of 1 experiment normalised to vehicle controls. 

* p < 0.05, as indicated (Student's T-tests). 
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6.3 Discussion 
Previous studies have shown that treatment of human and rodent cells with the tyrosine 

kinase inhibitor imatinib inhibited cell proliferation and increased mineralised matrix 

formation in vitro. In cultures of human primary stromal cells and cell lines, treatment with 

imatinib significantly increased mineral deposition10,17,19 and decreased proliferation of 

stromal cells10,16-18. Similarly, imatinib increased mineralisation17 and partially inhibited 

cell proliferation17,18 in primary rat stromal cells and murine cell lines. We have now 

confirmed these results in bone marrow stroma isolated from Sprague-Dawley rats. 

Additionally, the current study has shown that dasatinib inhibits rodent stromal cell 

proliferation while promoting osteoblast activity (figure 6.2, 6.3). The results presented 

here have subsequently been confirmed by Lee et al. in mouse calvaria-derived stromal 

cell cultures and the mouse osteoblast-like cell line MC3T3-E1.423 Although data shown 

here indicate that dasatinib can increase rat osteoblast activity in vitro, in chapter 4 it was 

found that dasatinib treatment had no effect on serum osteocalcin levels, P1NP levels, BFR 

or MAR in normal rats in vivo, suggesting that dasatinib did not affect osteoblasts at the 

dose administered. The concentration at which dasatinib activates osteoblast activity in 

vitro is more than 8-fold higher than that required to inhibit osteoclast activity. The 

concentrations achieved in the in vivo study reported in chapter 4 may therefore have been 

sufficient to inhibit osteoclasts while not reaching the concentrations required to modulate 

osteoblast function. 

The proliferation, differentiation and maturation of osteoblasts are influenced by 

several receptor and non-receptor tyrosine kinases which are inhibited by imatinib and/or 

dasatinib. Here we have demonstrated that PDGF-BB treatment stimulated cell 

proliferation and inhibited mineral production in primary rat stromal cell cultures. This is 

consistent with previous results indicating that PDGF is an important regulator of 

osteoblast formation as it enhances osteoblast proliferation while inhibiting osteoblast 

differentiation in vitro.280,289-291 Results shown here (figure 6.7) and previously280,289-291, 

demonstrate that PDGF-BB is a potent mitogen for osteoblast precursors which also 

inhibits osteoblast differentiation in vitro. Previous studies from our laboratory10 and those 

of others16-19, have suggested that the positive effects of imatinib on osteoblast activity may 

be due to inhibition of PDGFR. In the present study, imatinib and dasatinib reversed the 

mitogenic effects of PDGF-BB on cell proliferation and counteracted the inhibitory effects 

of PDGF-BB on mineral deposition. Nevertheless, a direct association between inhibition 

of PDGFR by imatinib and dasatinib and increased osteoblast activity remains to be 
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demonstrated. In the studies presented here, the concentrations at which imatinib and 

dasatinib inhibit PDGFR signalling (1 μM and 10 nM, respectively; figure 6.4, 6.5) were 

lower than those required to activate mineralising activity in rBMSC cultures (2 μM and 

40 nM, respectively; figure 6.3), suggesting that inhibition of other kinases may also be 

involved in the effects of these tyrosine kinase inhibitors on osteoblasts.  

The pro-osteoblastic effects of inhibition of PDGFR by imatinib and dasatinib may 

be opposed by inhibition of Abl. Abl is a non-receptor tyrosine kinase which is a positive 

regulator of osteoblast activity. Targeted disruption of Abl in mice results in osteoporosis 

due to decreased osteoblast activity.284 In vitro, Abl-deficient stromal cells synthesise less 

mineral and express less alkaline phosphatase than wild-type controls, while the 

proliferative capacity of Abl-/- mesenchymal cells is normal.284 If Abl kinase activity is 

required for osteoblast activity, the inhibition of Abl and PDGFR by tyrosine kinase 

inhibitors may have opposing effects on osteoblast activity. Tellingly, the response of Abl-/- 

cells to PDGF-BB treatment is abnormal.284 While PDGF-BB treatment decreased alkaline 

phosphatase expression in wild-type osteoblasts by approximately 80%, consistent with the 

anti-osteoblastic properties of PDGF, Abl-deficient osteoblasts responded less strongly to 

PDGF, with a 50% decrease in alkaline phosphatase expression in response to 

PDGF-BB.284 Abl-/- mesenchymal cells had a normal mitogenic response to PDGF-BB, 

supporting the theory that Abl does not play a role in osteoblast proliferation. 

In addition, dasatinib may also affect osteoblasts through inhibition of Src kinase 

activity. Src has long been known to play an important role in skeletal development, as 

Src-deficient mice have increased bone density relative to wild-type controls.353 While this 

has primarily been attributed to inhibited osteoclast activity353, activation of osteoblasts in 

Src-deficient mice may also contribute to the osteopetrotic phenotype. Src-deficient mice 

have increased mineralising surface and bone formation rates compared with wild-type 

controls.424 Cultured Src-/- calvarial osteoblasts proliferate more slowly, while producing 

significantly more mineral, than wild-type controls.424 Similarly, knockdown of Src 

expression in mouse osteoblasts in vitro inhibits cell proliferation and increases mineral 

deposition and alkaline phosphatase expression.423,424 Therefore, inhibition of Src by 

dasatinib may complement the effects of PDGFR inhibition on osteoblasts. 

Dasatinib may also dysregulate bone formation through inhibition of Eph tyrosine 

kinase activity. Eph receptors are activated by binding to members of the Ephrin family of 

membrane-bound ligands, inducing conformational changes and Eph kinase-dependent 

phosphorylation which results in bi-directional signalling in the ligand- and receptor-
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bearing cells (reviewed in 425). While imatinib has no effect on Eph kinase activity237,426, 

dasatinib is a potent inhibitor of EphB2222,237 and EphB4237,349, which are expressed at high 

levels in osteoblasts131. EphrinB2-EphB4 and EphrinB1-EphB2 interactions are important 

mediators of cell-cell interactions which up-regulate osteoblast activity.427,428 Stimulation 

of murine osteoblast cultures with either EphrinB2 or EphB2 increased osteoblast 

differentiation in vitro, suggesting that forward signalling through EphB4 and reverse 

signalling through EphrinB1 may play a role in stimulating osteoblast activity.427,428 

Osteoblast-specific deletion of EphrinB1 resulted in stunting due to decreased bone 

formation rates428 while osteoblast-specific overexpression of EphB4 resulted in increased 

bone density and bone formation rates131. Similarly, while EphrinB1-deficient osteoblasts 

exhibit decreased mineralisation rates428, over-expression of EphB4 increased mineral 

deposition in vitro131. These data suggest that inhibition of EphB2 and EphB4 by dasatinib 

may have additional inhibitory effects osteoblast formation through inhibition of cell-cell 

signalling. 

In addition to confirming the effects of tyrosine kinase inhibition on osteoblasts, the 

studies presented here demonstrate for the first time that imatinib and dasatinib inhibit the 

proliferation and activity of chondrocytes in vitro. These results may be attributable, at 

least in part, to inhibition of PDGFR signalling. As demonstrated here (figure 6.14) and 

previously381,382 PDGF-BB treatment increases the proliferation and, in some cases, 

activity of murine and bovine chondrocytes. Imatinib and dasatinib treatment partially 

reversed the activating effects of PDGFR on the proliferation and activity of the murine 

chondrocyte cell line ATDC5. The decreased growth plate thickness observed in imatinib 

and dasatinib-treated normal rats in chapter 4 may therefore be attributable to decreased 

chondrocyte proliferation and activity through inhibition of PDGFR. However, while the 

inhibition of PDGFR signalling is likely to contribute to the inhibitory effects of imatinib 

and dasatinib on chondrocytes, there was a lack of association between the concentration at 

which chondrocyte proliferation, activity and PDGFR signalling was inhibited, suggesting 

that other tyrosine kinases may also play a role in the effects of imatinib and dasatinib on 

chondrogenesis. 

The membrane tyrosine kinase receptor DDR2, a recently-identified target of 

imatinib, but not dasatinib349, may play a role in the inhibitory effects of imatinib on 

chondrocytes. In the mouse tibial and femoral growth plates, DDR2 expression is localised 

to the late-proliferative and hypertrophic zone.383,429 The expression and kinase activity of 

DDR2 is activated following binding to collagen II, the most abundant collagen in 
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cartilage, and collagen X, which is expressed almost exclusively by chondrocytes in the 

hypertrophic zone.383,429-433 While the role of DDR2 in growth plate chondrocyte activity is 

incompletely understood, DDR2 is thought to be important in chondrocyte proliferation. 

DDR2-deficient animals are stunted due to decreased longitudinal bone growth.383 The 

proliferation of growth plate chondrocytes in DDR2-/- animals is delayed in vivo, resulting 

in narrowed growth plates, and isolated DDR2-/- chondrocytes have decreased proliferation 

rates in vitro.383 Since DDR2 plays a role in chondrocyte proliferation, the contribution of 

DDR2 inhibition to the effects of imatinib in chondrogenesis should be investigated 

further.  

Inhibition of Src-family kinases by dasatinib may also result in decreased 

chondrocyte proliferation. Studies using the Src-family kinase inhibitor PP2 have 

demonstrated a role for Src-family kinases in chondrocyte proliferation, adhesion and cell 

spreading. Following the adhesion of chondrocytes to extracellular matrix proteins, Src 

binds to and activates focal adhesion kinase (FAK), activating signalling pathways that 

regulate chondrocyte adhesion and spreading.434,435 Inhibition of Src kinase activity with 

PP2 prevented murine chondrocyte spreading and attachment to the extracellular matrix 

proteins fibronectin and bone sialoprotein.385 Furthermore, treatment of primary mouse 

mesenchymal cells with PP2 induces the expression of genes involved in early chondrocyte 

differentiation, suggesting that Src signalling may be involved in pathways that inhibit 

chondrogenesis.384,386 PP2 treatment of primary murine chondrocytes also inhibits cell 

proliferation in vitro.384,386 Thus inhibition of Src-family kinases by dasatinib may 

contribute to observed inhibition of chondrocyte proliferation in ATDC5 cultures in vitro 

and may counteract the inhibitory affects of dasatinib on chondrocyte activity. However, 

while Src-/- mice have retarded long bone growth, the growth plates of Src-deficient mice 

are wider than normal353 suggesting that inhibition of Src alone cannot explain growth 

plate narrowing observed in normal rats in chapter 4. Other Src-family kinases may be 

involved in the observed effects of PP2 and dasatinib on chondrocytes in vitro or, 

alternatively, redundancy in the roles of Src family members may compensate for Src-

deficiency in vivo. 

In summary, this study has confirmed previous reports indicating that imatinib 

increases osteoblast activity while inhibiting cell proliferation in primary rat cultures in 

vitro. Furthermore, data presented here show that dasatinib has similar effects on osteoblast 

proliferation and activity in vitro, via a mechanism that, in part, involves PDGFR� 

inhibition. These results, when taken together with the inhibitory effects of imatinib and 
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dasatinib on osteoclasts shown in chapter 5, suggest decoupling of the bone remodelling 

process is a likely side-effect of imatinib and dasatinib treatment. Furthermore, this study 

demonstrates that imatinib and dasatinib can also inhibit chondrocyte proliferation and 

activity in vitro, suggesting a mechanism for the growth plate narrowing observed in 

imatinib- and dasatinib-treated rats in chapter 4. 



Chapter 7 

Discussion
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7.1 The effects of tyrosine kinase inhibition on skeletal remodelling 
When compared with conventional chemotherapeutics, imatinib represented a revolution in 

the treatment of CML, vastly improving therapeutic efficacy and limiting toxicity.3,241 

However, despite the high rate of complete molecular remission in imatinib-treated chronic 

phase CML patients3,241, the persistence of low, undetectable, levels of leukaemic cells can 

result in relapse after therapy withdrawal.436-440 The current paradigm therefore suggests 

that imatinib treatment may need to be continued indefinitely, highlighting the need to 

assess the off-target consequences of long-term tyrosine kinase inhibition. 

The predominant side-effects of imatinib are mild to moderate and include nausea, 

diarrhoea, rash and oedema.3,241,320 However, emerging evidence suggests that imatinib 

treatment may also result in skeletal side-effects, resulting in increased bone volume and 

density.10,12,20 While changes in serum markers of bone remodelling have been observed in 

imatinib-treated CML and GIST patients5,8,12, effects on osteoclasts and osteoblasts have 

not been directly investigated in patients. As part of the studies presented in this thesis, it 

was found that imatinib treatment of CML patients resulted in increased trabecular 

thickness in iliac crest biopsies and an increase in BMD and BMC at the 33% radius and 

the tibia and fibula sites after 12 months of treatment. This was associated with a dramatic 

decrease in osteoclast numbers and serum markers of osteoclast activity, while osteoblast 

activity was unchanged or slightly increased. The effects of imatinib on histomorphometric 

parameters suggested that bone formation and resorption were uncoupled in these patients, 

in favour of osteoblast activity.  

Despite the emerging data indicating that imatinib alters bone remodelling, the 

effect of second-generation tyrosine kinase inhibitors on bone remodelling in CML 

patients have not been investigated. As part of this project, in vivo and in vitro models were 

utilised to demonstrate that dasatinib, like imatinib, can cause dysregulated bone 

remodelling, primarily through the inhibition of osteoclastogenesis. Treatment of normal, 

skeletally-mature rats with dasatinib caused an increase in trabecular bone volume which 

was attributable to an increase in trabecular thickness (chapter 4). This increase in bone 

volume was associated with a decrease in both osteoclast numbers and serum CTX-1 

levels. In vitro data, presented in chapter 5, indicated that dasatinib potently inhibits 

osteoclast formation/survival, leading to a profound decrease in osteoclast activity. This 

was primarily attributable to a previously unidentified inhibitory activity of dasatinib on 

Fms. Inhibition of Src activity was not found to contribute substantially to the anti-

osteoclastogenic effect of dasatinib in vitro. 
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While in vitro data presented in chapter 6 indicated that dasatinib increased 

osteoblast activity while inhibiting mesenchymal cell proliferation, no detectable effect of 

dasatinib on osteoblasts was identified in dasatinib-treated rats. Thus, dasatinib had a 

similar effect on skeletal metabolism in rats as that was observed in imatinib-treated 

patients; that is, dasatinib inhibited osteoclastogenesis, resulting in an imbalance in bone 

turnover that favoured osteoblast activity, thereby increasing bone volume. The 

implications of these results for bone metabolism in patients undergoing dasatinib therapy 

await further investigation. 

The data presented in this thesis highlight the need for studies into the potential 

long-term consequences of imatinib and dasatinib therapy for bone quality. While the 

observed increases in trabecular thickness and volume following imatinib and dasatinib 

treatment is suggestive of increased bone strength323-325 inhibition of bone turnover may 

increase bone fragility through the accumulation of microfracture damage.75,441,442 In 

healthy bone, the accumulation of microfractures over time is controlled by targeted bone 

remodelling.75,441 Abrogation of bone remodelling may therefore increase the degree of 

skeletal microdamage and lead to bone with decreased mechanical strength.442 In support 

of this proposition, studies in beagles have suggested that long-term inhibition of bone 

turnover by bisphosphonates may result in increased microfracture accumulation and, in 

some cases, decreased bone strength.443-445 However, this has not been demonstrated in 

patients, perhaps because bone turnover is not completely inhibited in patients undergoing 

bisphosphonate therapy.446-449 Similarly, the results presented in this thesis suggest that 

imatinib and dasatinib do not completely abrogate bone turnover, but, rather, shift the 

balance of bone remodelling towards bone formation. Further studies are required to 

determine whether accumulation of microfracture damage may be a potential detrimental 

effect of long-term tyrosine kinase inhibitor therapy. 

In addition, tyrosine kinase inhibitors may affect bone healing following fracture 

via their effects on PDGFR. Expression of PDGF ligands and receptors are up-regulated 

during callous formation following fracture in humans and rodents, suggesting that 

PDGFR signalling may play a role in fracture healing.450-452 Furthermore, conditional 

deletion of PDGFR� in mice has been shown to result in abnormal callous formation in a 

tibial fracture model.291 In contrast, local administration of rhPDGF-BB at the site of tibial 

or femoral osteotomy increased the rate of fracture healing in rabbits and rats.453,454 Further 

investigation is warranted to determine whether PDGFR inhibition results in aberrant 

fracture healing in patients undergoing tyrosine kinase inhibitor therapy. 
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Despite the decrease in osteoclast activity and the increase in trabecular thickness 

observed in imatinib-treated patients, imatinib treatment was associated with a decrease in 

BMD and BMC at the femoral neck. This is a concern as BMD is a strong indicator of 

facture risk. Hip fractures, in particular, are strongly associated with decreased BMD and 

are a major cause of disability and mortality (reviewed in 334). While other studies have 

suggested that BMD at this site is increased following long-term imatinib therapy, relative 

to age-matched normal controls20, the decrease in BMD at the femoral neck observed in 

the prospective study reported herein suggests that the potential loss of cortical bone at this 

site should be investigated further in longitudinal studies. Monitoring of hip BMD may be 

required in imatinib-treated patients, particularly in those with low BMD prior to 

treatment. 

 

7.2 The effects of tyrosine kinase inhibition in paediatric patients 
CML is rarely seen in children and accounts for less than 3% of childhood 

leukaemias.450,451 Although imatinib is the gold standard therapy for CML in adults, it is 

only approved for use in paediatric CML when disease recurrence is evident following 

allogeneic stem cell transplantation, or when paediatric patients exhibit resistance or 

intolerance to interferon-� therapy. Increasingly, however, imatinib is used as a front-line 

therapy in paediatric CML patients, especially where HLA-identical sibling donors are not 

available.452 Furthermore, dasatinib is now being considered for those children and 

adolescents that are resistant or intolerant to imatinib when allogeneic transplants are not 

possible.453,454 

While short-term imatinib therapy has been successful and well-tolerated in 

children with chronic-phase CML455-458, there is emerging information suggesting that 

long-term therapy may result in side-effects that are specific to the paediatric setting. Three 

case reports have noted growth retardation in pre-pubescent CML cases, which coincided 

with the start of imatinib therapy.387-389 Additionally, a French phase IV trial has recently 

reported decreased growth in a cohort of 22 children and adolescents (age: 10 months – 

17 years) receiving imatinib therapy for chronic-phase CML.459 Growth rate in this group 

was significantly lower following imatinib treatment, with a significant decrease in height 

z-score (median, -0.37; range, -1.09 – +0.14) after 12 months of treatment, compared with 

baseline.459 While these studies suggest that imatinib therapy in pre-pubertal individuals 
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may retard growth, there are currently no preclinical reports suggesting a mechanism for 

altered growth in imatinib-treated paediatric patients. 

In studies presented in chapter 4, it was found that imatinib and dasatinib treatment 

resulted in accelerated growth plate closure in normal rats in vivo. In addition, in chapter 6 

it was demonstrated that imatinib and dasatinib inhibit cell proliferation and extracellular 

matrix synthesis in cultures of chondrocyte-like cells in vitro, at least in part through 

inhibition of PDGFR signalling. We postulate that the retarded growth observed in pre-

pubescent CML patients receiving imatinib may be due, in part, to accelerated growth plate 

narrowing as a consequence of the inhibition of chondrocyte proliferation and activity. 

However, as yet there is no evidence that imatinib affects the growth plate in patients. 

Additionally, complete growth plate closure is unlikely to be occurring in imatinib-treated 

children as, in at least two individuals, growth resumed upon reaching puberty387 or 

following cessation of treatment388.  

In normal, healthy individuals, growth plate closure occurs after the cessation of 

growth, suggesting that is a consequence of growth arrest, rather than a cause of it.147 

Therefore, although inhibition of chondrocyte proliferation and activity may have 

detrimental effects on growth, the potential that imatinib causes growth retardation through 

other mechanisms must be considered. A recent study found that in a cohort of 17 

imatinib-treated CML patients 25 – 75% had growth hormone (GH) deficiency, as defined 

by low serum levels of IGF-1 and IGF-binding protein-3 and decreased GH release in 

response to glucagon or L-DOPA stimulation.460 However, as an imatinib-naïve CML 

cohort was not examined in this study, it is unclear whether the observed deficiency was 

due to treatment or resulted from illness. Nonetheless, the possibility that growth hormone 

deficiency may contribute to the decreased growth in imatinib-treated patients should be 

further investigated. 

The success of tyrosine kinase inhibitors for the treatment of chronic myeloid 

leukemia and GIST has resulted in the investigation of the use of these drugs in an 

increasing number of paediatric disorders. Clinical trials have investigated the use of 

imatinib in children and adolescents with osteosarcoma, Ewing sarcoma, neuroblastoma, 

desmoplastic small round cell tumour, synovial sarcoma, GIST, soft tissue tumours and 

central nervous system tumours.461-463 Clinical trials are currently underway to investigate 

the potential efficacy of dasatinib in the treatment of children and adolescents with diffuse 

intrinsic pontine glioma (National Institutes of Health Clinical Trials Identifier: 

NCT00996723), Bcr-Abl-positive ALL (NCT00720109), central nervous system tumours, 
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kidney cancer, liver cancer, lymphoma, neuroblastoma, ovarian cancer, sarcoma, testicular 

germ cell tumours and other solid tumours (NCT00788125). 

Our results suggest that growth plate changes and skeletal metabolism should be 

monitored in paediatric patients that are undergoing treatment with tyrosine kinase 

inhibitors. The relative benefit of using imatinib and dasatinib as a frontline treatment for 

diseases affecting children and adolescents needs to be re-evaluated, taking into account 

the potential effects of imatinib and dasatinib on growth. 

 

7.3 Potential applications for imatinib and dasatinib in the treatment of 

tumour-associated bone loss 
Tumour associated bone lesions, resulting from metastases or primary tumours, are 

frequent occurrences in breast and prostate cancer and multiple myeloma and also occur, to 

a lesser extent, in lung cancer, stomach cancer, bladder cancer, uterine cancer, thyroid 

cancer, kidney cancer and colon cancer (reviewed in 133). Bone metastases are the primary 

cause of morbidity and mortality in breast and prostate cancer, causing spinal cord 

compression, intractable bone pain, pathological fractures and hypercalcaemia, 

significantly reducing the quality of life for the patient. Tumour cells residing in the bone 

marrow produce a number of factors which increase osteoclastic bone resorption464-468 and 

either inhibit469-472 or activate473,474 osteoblast activity, resulting in lesions that are either 

predominantly osteolytic or predominantly osteoblastic (reviewed in 133). However, 

whether osteolytic or osteoblastic, tumour-associated bone lesions almost universally have 

an osteolytic component (reviewed in 134). 

Inhibition of osteoclast activity is a proven modality for the palliative treatment of 

metastatic bone disease. Bisphosphonates, which inhibit osteoclast function and increase 

the rate of osteoclast apoptosis, are commonly used for the treatment of cancer-associated 

bone loss.475-479 Adjuvant bisphosphonate treatment significantly reduces the risk of 

skeletal morbidity in patients with bone-metastatic breast cancer480-484, bone-metastatic 

prostate cancer485 and multiple myeloma481,486-488. However, while effective at reducing the 

incidence of hypercalcaemia, bone pain and pathological fracture, bisphosphonate 

treatment is largely palliative, conveying no significant survival advantage.480-485,487-490 

Despite the success in the use of bisphosphonates in the treatment of tumour-

associated bone morbidity, the use of high-dose intravenous bisphosphonates has been 

associated with infrequent, but significant, side-effects. These include including avascular 

osteonecrosis of the jaw491-497 and impaired renal function252,498-502. These observations 
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raise concerns over the prolonged use of high-dose intravenous bisphosphonates as 

inhibitors of bone resorption. Current guidelines suggest limiting the use of 

bisphosphonates in patients with renal dysfunction or poor dental hygiene503-508, suggesting 

a need for new therapies that can be used in patients for whom bisphosphonates are 

contraindicated.  

The observed effects of imatinib and dasatinib on osteoclast and osteoblast activity 

provide a rationale for their use in the treatment of conditions in which dysregulated bone 

remodelling is a feature. A number of studies have examined the effects of imatinib 

therapy on the growth of breast and prostate tumour cells in the bone marrow environment 

in vivo. In a systemic MDA-MB-231 model of breast cancer bone metastasis410 and in an 

intratibial MDA-MB-435 model of tumour-associated bone loss509, daily imatinib therapy 

was found to decrease tumour size and tumour-associated osteolysis. Similarly, in animal 

models of prostate cancer bone metastases, imatinib treatment was shown to decrease 

tumour burden and associated osteolysis. In an intratibial model of prostate tumour-

associated bone loss, treatment with 50 mg/kg imatinib significantly inhibited bone 

lysis.510-512 This was associated with reduced tumour incidence, tumour size, tumour cell 

proliferation and tumour cell apoptosis.510-512 Additionally, in an animal model of prostate 

cancer bone metastases, dasatinib treatment decreased tumour burden and tumour-

associated bone loss. Similarly, dasatinib (50 mg/kg/day) decreased intratibial LNCaP-C4-

2B tumour growth and associated osteolysis, assessed radiographically.513 BMD was 

increased by dasatinib treatment in the tumour-bearing and the contralateral limb, 

compared with untreated controls, suggesting that dasatinib treatment resulted to a 

generalised increase in bone mass in these animals. 

The rationale for these in vivo studies has primarily focused on inhibiting tumour 

cell proliferation and tumour-stroma interactions through the inhibition of paracrine and 

autocrine growth factor signalling. High concentrations of imatinib may inhibit tumour cell 

proliferation in some breast and prostate cancer cell lines in vitro514,515 and imatinib 

therapy has been shown to inhibit the orthotopic growth of MDA-MB-231 breast cancer 

cells410. Similarly, dasatinib has been shown to inhibit the proliferation and/or survival of 

myeloma cell lines in vitro at therapeutically-achievable concentrations516 and, at high 

concentrations, to inhibit the proliferation/survival of breast cancer517 and prostate cancer 

cell lines513,518. In preclinical models, treatment with dasatinib significantly decreased 

subcutaneous growth of the MM cell line OPM-1516 and orthotopic growth of the prostate 

cancer cell line PC3MM2GL518. The observed decrease in tumour-associated osteolysis in 
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intratibial models may therefore result from an indirect effect of imatinib- and dasatinib-

mediated tumour cytotoxicity. However, in light of the results presented in this thesis, 

direct inhibition of osteoclast activity may also contribute to the observed anti-osteolytic 

effects. Further studies are required to ascertain to what extent direct inhibition of 

osteolysis by imatinib and dasatinib contributes to the decreased tumour-associated bone 

loss observed in preclinical models. 

Assessing the effects of imatinib on tumour-associated osteolysis in patients is 

complicated by the fact that few clinical trials have directly examined the impact of 

imatinib therapy on bone. While some studies have examined the efficacy of imatinib as a 

treatment for prostate or breast cancer, these have been primarily been carried out in 

patient populations with non-metastatic disease.519-523 Additionally, most studies that have 

been undertaken in patients with bone metastases have not examined indices of bone 

turnover524,525, or have been complicated by the patients’ concurrent use of 

bisphosphonates526. To date, only one clinical trial has reported the effects of imatinib on 

bone parameters in bisphosphonate naïve patients with bone metastases.527 In this study, 

docetaxol was used alone, or in combination with imatinib, to treat patients with advanced 

hormone-refractory prostate cancer with bone metastases. Although time to progression 

was no different between the imatinib and placebo groups during the 42 days of the trial, 

the level of urinary collagen N-telopeptides was significantly decreased in the imatinib 

group. While not definitive, these studies suggest that imatinib may decrease bone loss by 

affecting osteoclast formation/activity. 

Furthermore, a recent phase II study has suggested that dasatinib may be an 

effective anti-osteolytic agent in patients with hormone-refractory prostate cancer.528 In 

this study, 41 patients with bone-metastatic prostate cancer received dasatinib therapy for 

up to 14 months. This included 21 patients who received bisphosphonate treatment prior to 

the commencement of the study who remained on bisphoshonates during the course of the 

study. Of the patients receiving dasatinib alone, the majority of patients (18/20) had at least 

some decrease in the osteoclast marker urinary NTX during the study, with 50% (10/20) 

achieving a � 40% decrease in urinary NTX levels by 12 weeks of treatment. Of the 

patients who had received bisphosphonates, 11/21 had an additional decrease in urinary 

NTX during the course of dasatinib treatment, suggesting an additive effect of receiving 

both dasatinib and bisphosphonate therapy. These data suggest that dasatinib treatment 

decreases osteolysis in patients with bone-metastatic, hormone-refractory prostate cancer. 
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The observed effects of imatinib and dasatinib on bone remodelling in vitro and in 

vivo suggest that these tyrosine kinase inhibitors may be clinically useful as an inhibitor of 

osteoclast activity in diseases associated with excessive bone resorption, such as cancer-

induced bone loss. Clinical trials should be undertaken to examine the potential clinical 

efficacy of adjuvant tyrosine kinase inhibitor therapy in patients with osteolytic bone 

disease. 
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