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Abstract 

Osteoclast formation is a highly regulated multi-step process, which involves the 

differentiation of haemopoietic progenitor cells into mature, active osteoclasts. This involves 

complex interactions between the progenitor haematopoietic cells and osteoblast lineage cells 

that produce RANKL, the key osteoclast differentiation factor. RANKL binding to its 

receptor RANK on progenitor cells activates signalling cascades, causing activation of key 

transcription factors and signalling molecules including NFκB, NFATc1, c-FOS, MITF and 

p38, which are required for osteoclast differentiation. Dysregulation of these molecules can 

cause an increase in osteoclast formation, a symptom present in many pathological bone 

conditions. Stressed cells i.e. under pathological conditions, increase the transcription of 

molecular chaperone, HSP90. Previous studies by our group found the anti-cancer N-terminal 

HSP90 inhibitor, 17-AAG, increased osteoclast numbers and tumour growth in bone in vivo 

of MDA-MB-231 cancer cells. The 17-AAG-mediated increase in osteoclast numbers was 

also reproduced in the absence of tumour load. The increase in osteoclast numbers was not 

attributed to osteoblast activity i.e., the production of RANKL, but rather a direct increase of 

osteoclast differentiation in response to the HSP90 inhibitor. However, why 17-AAG affects 

osteoclasts in this way and whether other anti-cancer agents act similarly was unknown.  

 

In this thesis, 17-AAG and the more recently developed N-terminal HSP90 inhibitors 

CCT018159 and NVP-AUY922 were shown to increase osteoclast formation. This study 

identified that 17-AAG did not affect the transcriptional activity nor protein levels of 

transcription factors NFκB, NFATc1, and c-FOS. However, both 17-AAG and NVP-

AUY922 increased levels of the transcription factor MITF, not often studied since its 

activation is downstream of the other factors. These N-terminal HSP90 inhibitors not only 

inhibit HSP90 but also indirectly cause HSF-1 mediated cell stress response, suggesting cell 

stress may affect osteoclast differentiation. The 17-AAG- and NVP-AUY922-mediated 

increase in osteoclast formation was found to be dependent on HSF1-mediated cell stress. 

These N-terminal inhibitors also activated another stress-associated factor, p38, which is 

essential for osteoclast differentiation and phosphorylates MITF.  

 

These findings suggested other cell stressors might increase MITF levels and 

osteoclastogenesis. Chemotherapeutics, doxorubicin, MG132, cisplatin and bortezomib do 
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not inhibit HSP90 but act to cause cancer cell death through various cytotoxic actions 

including proteasome inhibition and DNA damage. These compounds induced an HSF1-

mediated cell stress response, and increased NFATc1 and MITF protein expression. These 

therapeutics also increased osteoclast formation in a HSF-1 dependent manner with 

pharmacological inhibition of HSF-1 abolishing the increase. These data indicate that cell 

stress inducing chemotherapeutic drugs act on osteoclast formation at least partly in a HSF-1 

dependent manner and show parallels with HSP90 inhibitors although NFATc1 was also 

activated by these compounds. Likewise ethanol, which induces a classic oxidative stress also 

acted in the same manner.  

 

The novel findings in this thesis suggest stress-inducing compounds including clinically used 

cancer therapeutics may have bone-damaging effects by increasing osteoclastogenesis in a 

HSF-1 dependent manner. Furthermore, this work suggests a more general effect of cell 

stress in regulating osteoclast differentiation and indicates that any therapeutic that induces 

cell stress in bone may increase osteoclastogenesis and bone loss.   
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p38γ    p38 MAP kinases gamma 
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PDGF     Platelet-derived growth factor 
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pGB    Glioblastoma tumour cell lines 
PGE    Prostaglandin  
PGE2      Prostaglandin E2 
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Chapter 1 Literature Review 

1.1 Introduction  

Bone is a dynamic tissue, which has numerous functions including maintaining the integrity 

and function of the skeletal system (Clarke, 2008; Boyce, 2002). Bone cells, osteoblasts and 

osteoclasts lay down new bone matrix, and resorb damaged or old bone, respectively 

(Takayanagi, 2008a; Schett and Redlich, 2009). The actions of these cells are coupled such 

that the formation of bone and resorption of bone is matched under physiological conditions 

(Soysa et al., 2012; Iqbal et al., 2009; Ikeda and Takeshita, 2014). Pathophysiological 

conditions where osteoblast or osteoclast differentiation and function are altered can cause a 

loss of balance in this coupled effect (Feng and McDonald, 2011; Rucci, 2008; Boyle et al., 

2003). This can have a major negative impact upon skeletal health and consequently the 

wellbeing of the individual. Many pathological diseases including rheumatoid arthritis and 

some metastatic bone diseases exhibit increased numbers and hence activity of osteoclasts 

(Mundy, 2002; Yin et al., 2005; Kingsley et al., 2007; Goldring, 2003). Due to the damaging 

effects of osteoclast overactivity the differentiation of osteoclasts from progenitor bone 

marrow cells is a highly regulated process (Boyce, 2013; Aeschlimann and Evans, 2004; 

Boyle et al., 2003). Many transcription factors including NFκB, NFATc1, c-FOS, MITF and 

signalling proteins, such as p38, positively regulate osteoclast differention through signalling 

pathways activated by RANKL binding to its receptor, RANK (Boyle et al., 2003; 

Takayanagi, 2008b; Asagiri and Takayanagi, 2007). Therefore if the function of these 

transcription factors or signalling molecules is increased by molecules such as 

chemotherapeutics, osteoclast differentiation could be increased. HSP90, a widely expressed 

molecular chaperone whose transcription is increased in response to cell stress, has an 

important role in cancer (Li and Buchner, 2013a; Cheng et al., 2012; Drysdale et al., 2006). 

Resultingly, HSP90 inhibition in cancer has been a much studied area of research (Drysdale 

and Brough, 2008; Workman, 2004b; Neckers and Workman, 2012). In 2005, Price et al., 

found the anti-cancer N-terminal HSP90 inhibitor, 17-AAG, increased bone tumour growth 

in a MDA-MB231 inoculation mouse model, and increased osteoclast numbers in mice and in 

vitro. The increase in osteoclast numbers was attributed to a direct increase of osteoclast 

differentiation in response to the anti-cancer HSP90 inhibitor, 17-AAG (Price et al., 2005). 

17-AAG, not only mechanistically inhibits HSP90, but also indirectly causes a HSF1 cell 

stress response suggesting cell stress may affect osteoclast differentiation under certain 

conditions (Travers et al., 2012; Taldone et al., 2008; Jego et al., 2013; Doubrovin et al., 
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2012). This thesis addresses if experimental and clinically used chemotherapeutics cause 

HSF-1 cell stress upon osteoclast progenitors and determines whether this cellular stress 

impacts the regulation osteoclast differentiation. 

 

1.2 The Structure of Bone  

Bone is a rigid connective tissue, which provides structural support for the body and 

protection of vital internal organs (Marieb, 2004). Bone also participates in the regulation of 

calcium and phosphate levels (and therefore serum mineral homeostasis), and is the primary 

site of haematopoiesis in adults (Harada and Rodan, 2003; Iqbal et al., 2009; Boyle et al., 

2003; Downey and Siegel, 2006; Marieb, 2004; Asagiri and Takayanagi, 2007). The adult 

human skeleton consists of 206 bones that are broadly classified in four general types: long, 

short, flat and irregular bones (Marieb, 2004; Kingsley et al., 2007; Chen et al., 2010a). 

Although displaying many features in common, bones vary in their structure, material 

composition and in their development in ways that reflect their functions (Marieb, 2004; 

Boskey and Coleman, 2010).  

 

1.2.1 Bone Composition 

In bone, cartilage and teeth, the extracellular matrices have the unique ability to become 

calcified, i.e., mineralized (Tortora, 2000; Clarke, 2008). The extracellular matrix of mature 

bone is a very dense specialized form of connective tissue, which is composed of both 

organic and inorganic phases (35% and 65%, respectively, by mass) (Marieb, 2004; Downey 

and Siegel, 2006; Clarke, 2008). The inorganic phase of bone is composed mainly of solid 

particles of calcium phosphate in the form of crystals of hydroxyapatite, Ca10(PO4)6(OH)2 

(Marieb, 2004; Clarke, 2008). This inorganic phase gives the bone rigidity and its ability to 

resist structural compression (Downey and Siegel, 2006; Marieb, 2004). The organic bone 

matrix is comprised mainly of type I collagen-rich fibrils, which resist mechanical tension 

(Alberts et al., 2002; Marieb, 2004; Downey and Siegel, 2006). In addition to type I collagen 

(and a smaller quantity of type III collagen), the organic bone matrix is abundant in many 

other protein components such as osteocalcin (bone Gla protein), bone sialoprotein and a 

ground substance that consists principally of proteoglycans, acid mucopolysaccharides and 

lipids (Marieb, 2004; Martin et al., 1988; Clarke, 2008). The combination of the collagenous, 

non-collagenous proteins and ground substance components of bone provides a composite 

material that is mechanically strong yet has a degree of elasticity, and the ability to bind 
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inorganic phase components and cells (Bandyopadhyay-Ghos, 2008). Collectively, the 

components of the organic matrix are produced by osteoblasts initially in an immature form, 

termed ‘osteoid’ (Marieb, 2004). Over time osteoid matures and calcium phosphate crystals 

are deposited to form the hard, mineralised bone matrix (Alberts et al., 2002).  

 

The main cellular components of bone include osteoclasts and osteoblasts, which together 

through their actions determine bone mass (Bandyopadhyay-Ghos, 2008). Osteoclasts are 

multinucleated macrophage–like cells with the unique capability to actively form bone 

resorption pits, i.e., break down bone matrix and release the mineral phase from the bone 

surface (Raggatt and Partridge, 2010; Katagiri and Takahashi, 2002; Boyle et al., 2003). 

Bone also contains cells with regulatory functions such as osteocytes and osteal 

macrophages, together with other local stromal cells (Marieb, 2004; Tortora, 2000; Clarke, 

2008). Mesenchymally-derived osteoblasts lay down bone matrix, which gradually becomes 

mineralised as noted above, but with time become quiescent to form bone lining cells that 

secrete little if any bone matrix (Katagiri and Takahashi, 2002; Iqbal et al., 2009). 

Osteoblasts also form osteocytes (Clarke, 2008). Osteocytes are cells which are embedded 

within the bone itself and through their interconnections provide a communication network 

between the bone tissue locations, while also secreting important hormonal and regulatory 

factors (Clarke, 2008). Osteocytes also have a limited ability to release mineral from around 

the lacunae where they reside, so (like osteoclasts) may participate in mineral homeostasis 

(Atkins and Findlay, 2012; Bélanger, 1969; Teti and Zallone, 2008). Most bones also contain 

significant quantities of haematopoietic bone marrow in a central cavity, which contains a 

rich mixture of cells (Tortora, 2000; Morrison and Scadden, 2014). Osteoblasts, osteoclasts 

and osteocytes are discussed in more detail in Chapter 1.3. 

 

1.2.2 Bone Anatomy  

Mature bone consists of two principle forms: cortical (or compact) bone and trabecular (or 

cancellous) bone, which differ both structurally and functionally (Marieb, 2004; Tortora, 

2000; Bandyopadhyay-Ghos, 2008). Cortical bone forms the solid framework of the bone 

being located on the external surfaces, such as on the shafts of long bones, e.g., the tibia, 

femur and humerus (Tortora, 2000; Brandi, 2009; Clarke, 2008). As such cortical bone is 

dense, with a high composition of collagen type I and III-rich fibres that are closely bound to 

hydroxyapatite mineral (Marieb, 2004; Downey and Siegel, 2006). The mineralised matrix of 

cortical bone often occurs in most species as osteonal structures, which are bony columns or 
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cylinders that can be seen by histology or x-ray based scanning methods to consist of 

concentric layers around a central or Haversian canal (Clarke, 2008; Tortora, 2000; Marieb, 

2004). The central Haversian canal contains nerve filaments and blood vessels, which supply 

the bone (Marieb, 2004; Tortora, 2000; Bandyopadhyay-Ghos, 2008). Trabecular bone, 

which makes up the remaining 20% or so of bone volume consists of plates or struts 

(trabeculae) present within chambers formed by the cortical bone (Clarke, 2008; Marieb, 

2004; Tortora, 2000). In long bones trabecular bone is typically found in its greatest quantity 

at the metaphysis and epiphysis regions, and also at the inner parts of flat and irregular bones 

such as the calvarial bone, scapula, mandible and ileum (Brandi, 2009; Downey and Siegel, 

2006; Clarke, 2008). Individual trabeculae (literally ‘little beams’) appear in tissue sections as 

irregularly shaped spicules of bone, but are, in fact, arranged in 3-dimensions as 

interconnected plate-like structures that mechanically reinforce the cortical bone structures 

such that trabecular bone forms a loosely organized porous complex of bone (Tortora, 2000; 

Marieb, 2004). In regions of thicker trabeculae and in cortical bone, long processes of inter-

connected osteocytes embedded within the bone form a network of thin canaliculi (Clarke, 

2008).These osteocyte networks thus permeate the entire bone matrix (Kerschnitzki et al., 

2013). Bone without osteocytes (i.e., with empty osteocyte lacunae) is by most definitions 

dead bone, being unable to function and requiring replacement (Tortora, 2000). Relative to 

cortical bone, trabecular bone is more metabolically active since it has a larger surface area 

with many resident osteoclasts and osteoblasts that remodel the bone (Clarke, 2008; Brandi, 

2009). For this reason, when bone cells are stimulated to break down or to form new bone, it 

is usually most clearly and rapidly evident in trabecular bone (Brandi, 2009). Thus, trabecular 

bone is relatively more important in the regulation of serum calcium levels since it is rapidly 

broken down and reformed compared to cortical bone (Clarke, 2008). 

 

1.2.3 Bone Development 

The skeleton is formed during embryogenesis, followed by bone growth during the period of 

childhood-early adulthood (Marieb, 2004). In adulthood, bones do not grow but the processes 

of bone modelling and remodelling (described below) maintain bone structure as required to 

resist forces placed upon it (Marieb, 2004). 

 

The process by which bone forms is called ossification or osteogenesis (Tortora, 2000; 

Marieb, 2004). Before this, the embryonic skeleton initially consists of condensed embryonic 

connective tissue and hyaline cartilage, which resemble miniature bones (Marieb, 2004; 
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Tortora, 2000; Gilbert, 2000). Mature bone can form through two distinct processes: 

intramembranous and endochondral ossification (Gilbert, 2000; Marieb, 2004). 

Intramembranous ossification is the formation of bone directly on or within fibrous 

connective tissue membranes that are rich in collagen type I (Marieb, 2004; Tortora, 2000). 

Only flat bones, including the cranial bones of the skull and the clavicle, form through this 

process (Gilbert, 2000; Marieb, 2004). These form directly from pre-existing fibrous tissues 

without going through a cartilaginous stage (Tortora, 2000). Intramembranous ossification 

involves four main processes (Tortora, 2000; Marieb, 2004). Firstly, an ossification centre 

appears in the fibrous connective tissue membrane (Tortora, 2000; Marieb, 2004). Secondly, 

bone matrix is secreted within the fibrous membrane and calcification occurs, followed by 

trabeculae bone formation (Gilbert, 2000; Tortora, 2000; Marieb, 2004). Lastly, the 

development of compact, spongy (trabecular) and bone marrow bone occurs (Tortora, 2000).  

Endochondral ossification is the replacement of cartilage (collagen type II-rich tissue) with 

bone (Gilbert, 2000; Tortora, 2000). Endochondral ossification in humans begins during the 

second month of life, and uses hyaline cartilage as a pattern for subsequent bone 

development, which occurs through five stages (Marieb, 2004). Firstly, mesenchymal cells 

form chondrocytes and produce an original anlage or template that approximates to the shape 

of future bones (Tortora, 2000). In this stage the perichondrial membrane also develops 

around the hyaline cartilage (Tortora, 2000; Gilbert, 2000). Secondly, growth of the cartilage 

anlage occurs lengthwise (interstitial growth) through chondrocytes division and in thickness 

(appositional growth), which occurs through matrix deposition by the chondrocytes (Tortora, 

2000). Calcification of the cartilage also starts to occur during this stage (Tortora, 2000). The 

third step is the development of the primary ossification centre, which is the region where 

bony tissue replaces most of the cartilage (Tortora, 2000; Marieb, 2004). Arterial penetration 

of the perichondrium occurs followed by the differentiation of mesenchymally derived 

osteogenic cells into osteoblasts (Marieb, 2004; Tortora, 2000). The osteoblasts then deposit 

bone matrix over the remaining cartilage to form low density or woven bone (Gilbert, 2000). 

The low density bone is gradually resorbed by bone-resorbing osteoclasts, which in turn 

causes the formation of denser trabecular bone by osteoblasts in a process similar to bone 

remodelling, described below (Robson, 1999). As the primary ossification centre enlarges 

towards the ends of the bone, the bone marrow cavity emerges by excavation of the bone by 

osteoclasts (Tortora, 2000; Robson, 1999). Fourthly, the majority of hyaline cartilage is 

replaced with the outer compact bone (Tortora, 2000; Marieb, 2004). Hyaline cartilage only 

remains on the epiphyseal surfaces as the articular cartilage and also at the junctions between 
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the epiphysis and the diaphysis, which are known as growth plates (discussed below) 

(Marieb, 2004; Tortora, 2000). The final step in endochondral ossification is ossification of 

the epiphysis (Marieb, 2004). This process involves the centre of the epiphysis deteriorating 

and a periosteal bud entering followed by the formation of trabecular bone (Marieb, 2004).  

 

1.2.4 Bone Modelling and Remodelling 

After the development of bone through ossification, bone undergoes longitudinal (interstitial 

growth) and appositional growth (radial) growth, modelling, and remodelling during life 

(Marieb, 2004; Tortora, 2000; Clarke, 2008). Interstitial growth occurs at the growth plates, 

which are present until the onset of adulthood and allow for the growth by elongation of the 

long bones during childhood and adolescence (Tortora, 2000; Marieb, 2004; Clarke, 2008). 

To achieve this, the growth plate cartilage lengthens and undergoes ossification at its two 

ends, the latter process eventually predominating until the whole growth plate has become 

bone (Robson, 1999). After this growth plate ‘closure’, longitudinal bone growth (height 

gain) stops. Appositional growth at the periosteal membrane causes the thickening of bones 

(Marieb, 2004; Tortora, 2000; Clarke, 2008). These two processes occur during childhood 

and adolescent years; however, some facial bones including those of the jaw keep growing 

throughout life (Marieb, 2004).  

 

The processes of bone modelling and remodelling underlie the skeletal system’s development 

and maintenance (Raggatt and Partridge, 2010). Bone modelling is the process of bone 

apposition by osteoblasts such as that occurring at periosteal sites noted above (Clarke, 

2008). This plays an important role in bone shape change in response to physiological stimuli 

or mechanical loading, and is reflected by Wolff’s Law, which states that long bones change 

shape to meet the stresses placed upon them (Clarke, 2008; Marieb, 2004). Thus in response 

to stimuli, bones may widen or move axis (Clarke, 2008). During bone modelling, bone 

formation, whilst being regulated as a whole, occurs only in distinct regions of the bone and 

osteoclasts are not involved in this process (Raggatt and Partridge, 2010). Bone modelling in 

adults is not as common as bone remodelling (discussed below) but is increased in some 

instances including hypoparathyroidism and treatment with certain bone anabolic agents 

(Clarke, 2008).  

 

Adult bone is subject to continual remodelling and repairs through life to maintain skeletal 

integrity (Raggatt and Partridge, 2010; Boyle et al., 2003). As reviewed by Iqbal and others, 
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bone remodelling is responsible for removal and repair of damaged bone, and is the main 

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

Iqbal et al., 2009; Tang et al., 2009; Raggatt and Partridge, 2010; Tortora, 2000). Unlike in 

bone modelling where bone is formed and shaped by osteoblasts alone, the bone resorbing 

osteoclast has an active role in bone remodelling (Marieb, 2004; Boyle et al., 2003). Whilst 

osteoclasts remove old or damaged bone, osteoblasts present nearby lay down new bone 

matrix that becomes mineralized (Figure 1.1) (Raggatt and Partridge, 2010; Katagiri and 

Takahashi, 2002; Harada and Rodan, 2003; Iqbal et al., 2009). The coordinated process of 

bone resorption followed by bone formation is called ‘coupling’ and it is proposed to underlie 

the long term preservation of bone mass (Iqbal et al., 2009; Boyle et al., 2003; Raggatt and 

Partridge, 2010; Tang et al., 2009). In bone pathologies, the coupling becomes weaker or 

uncoupling occurs, resulting in excessive bone formation or bone loss (Tang et al., 2009; 

Boyle et al., 2003; Ikeda and Takeshita, 2014). Increased bone formation can impede joint 

mobility or other complications that depend on its site (Office of the Surgeon General (US), 

2004). Excessive bone loss can severely degrade the structure and strength of bone with 

resulting complications to an individual’s life due to an increased propensity to fracture 

(Boyle et al., 2003; Iqbal et al., 2009; Tang et al., 2009).  

 

Adult skeletal diseases can be associated with excessive bone formation such as ankylosing 

spondylitis, osteopetrosis and at some prostate cancer-affected sites, but the majority of 

common bone diseases are caused by excessive osteolytic activity, which leads to an 

imbalance in bone remodelling favouring bone loss (Iqbal et al., 2009; Boyle et al., 2003; 

Sharma et al., 2007; Andersen et al., 2009). These skeletal disorders include postmenopausal 

osteoporosis, inflammatory periodontal disease, autoimmune and inflammatory rheumatoid 

arthritis, multiple myeloma and many other types of metastatic cancers, which invade bone 

(Mori et al., 2015a; Office of the Surgeon General (US), 2004). In the latter, cancer cells 

cause local recruitment of osteoclasts, which destroy the bone and cause clinical symptoms 

such as pain and hypercalcaemia (Iqbal et al., 2009; Boyle et al., 2003; Sharma et al., 2007; 

Ikeda and Takeshita, 2014). The recruited osteoclasts can also stimulate further cancer 

growth and progression (Chapter 1.6.2) (Mundy, 1997; Guise et al., 2006; Kingsley et al., 

2007).
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1.3 Cells of the Bone  

The three major types of bone cells are osteoclasts, osteoblasts and osteocytes. These cells 

regulate bone mass and are discussed in more detail below. 

 

1.3.1 Osteoblasts and Osteoblast-related Cells  

Osteoblasts are large and highly secretory mesenchymal-derived cells, which make new bone 

at sites of bone modelling (where bone forms de novo) and bone remodelling (Raggatt and 

Partridge, 2010; Marieb, 2004; Tortora, 2000; Katagiri and Takahashi, 2002). Mature 

osteoblasts are characteristically large, cuboidal cells being typically 20-30μm in size, and are 

also polarized, secreting matrix onto the existing bone surface (Neve et al., 2011; Mackie, 

2003; Katagiri and Takahashi, 2002; Rosenberg and Roth, 2012). They are generally found in 

clusters on the bone surface where they are connected to one another through gap junctions 

(Katagiri and Takahashi, 2002; Mackie, 2003). Mature osteoblasts express parathyroid 

hormone (PTH) receptors (PTH1R), have high enzyme activity of alkaline phosphatase 

(ALP) and secrete a number of bone-related proteins including osteocalcin, which is both a 

bone matrix component and a hormone influencing energy metabolism (Raggatt and 

Partridge, 2010; Katagiri and Takahashi, 2002; Neve et al., 2011). Importantly, osteoblasts 

also produce osteoclastogenic factors including macrophage colony-stimulating factor (M-

CSF) and receptor activator of Nuclear Factor κB Ligand (RANKL) (Chapter 1.5.1 and 1.5.2) 

(Raggatt and Partridge, 2010; Katagiri and Takahashi, 2002). 

 

Upon ceasing bone matrix production, osteoblasts have several possible fates: they may 

become osteocytes buried in lacunae below the bone surface, become bone lining cells (flat 

cells occupying endosteal and trabecular bone surfaces) or they may undergo apoptosis 

(Figure 1.1) (Manolagas, 2000; Raggatt and Partridge, 2010; Franz-Odendaal et al., 2006; 

Boyce et al., 2002). Bone lining cells can be considered inactive osteoblastic cells in that they 

secrete little or no bone matrix; however, they do express hormone receptors i.e., PTH1R and 

produce cytokines and growth factors (Manolagas, 2000; Downey and Siegel, 2006). Bone 

lining cells may become active osteoblasts again when intermittently stimulated with PTH, as 

indicated in recent in vivo rat studies, but this is highly controversial (Kim et al., 2012). 
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1.3.2 Osteocytes 

The stellate-shaped osteocytes are the most abundant bone cell accounting for 95% of bone 

cells (Noble, 2008; Dallas et al., 2013; Bonewald and Johnson, 2008). As mentioned above, 

an osteoblast can become embedded into the bone matrix to form an osteocyte (Franz-

Odendaal et al., 2006; Boyce et al., 2002). They are highly singular cells that exist for very 

long periods of time within their lacunae (decades in the case of humans) buried inside the 

cortical and trabecular bone (Dallas et al., 2013; Noble, 2008). As previously mentioned, 

channels termed canaliculi penetrate the solid bone to allow interconnection of the osteocytes 

to one another by means of highly extended neuronal-like cellular processes running through 

the canaliculi (Bonewald and Johnson, 2008; Noble, 2008; Dallas et al., 2013). These 

extended processes also connect the osteocytes to Haversian canals and to cells at the bone 

surface (Bonewald and Johnson, 2008; Noble, 2008; Dallas et al., 2013). As such, these 

connections between osteocytes provide a broader communication network between the 

different areas of bone and allow penetration of nutrients to osteocytes, helping maintain 

them (Bonewald and Johnson, 2008). Osteocytes are major regulators of bone metabolism, 

having a major influence on osteoclast and osteoblast activity through their production of 

sclerostin (Bonewald and Johnson, 2008). Osteocytes also act as mechano-sensors to regulate 

local bone metabolism by detecting mechanical movement through the movement of fluid 

through canaliculi, which exerts shear stress on their cell processes (Dallas et al., 2013; 

Bonewald and Johnson, 2008). Osteocytes also affect calcium and phosphate metabolism in 

other organs such as the kidney through their hormonal secretions such as FGF23 (Noble, 

2008; Dallas et al., 2013). It is interesting to note that osteocytes themselves have been 

reported to resorb minor amounts of bone in their lacunae, termed osteocyte osteolysis 

(Nakashima et al., 2011; Bélanger, 1969; Pajevic, 2009). As a result osteocytes have a role in 

the mineral metabolism of bone by mobilizing calcium from their lacunae (Nakashima et al., 

2011; Bélanger, 1969; Pajevic, 2009).  

 

1.3.3 Osteoclasts 

In 1873, the early Swiss micro-anatomist Albert von Kölliker suggested that the 

multinucleated cells observed on bone surfaces were responsible for bone resorption and 

named these cells ‘osteoklasts’ (which remains the spelling in German) from the Greek for 

‘bone” and “destroy/break” (Grob, 2011; Vaananen et al., 2000; Zaidi et al., 1993). 

Osteoclasts are the only cells capable of excavating resorption pits in bone (they also resorb 

dentine and other calcified tissues), hence a cell that can perform this task is by definition an 
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osteoclast (Stenbeck and Horton, 2004; Wu et al., 2008; Boyce, 2003; Raggatt and Partridge, 

2010; Katagiri and Takahashi, 2002). Other cells in bone including osteoblasts, osteocytes, 

and inflammatory macrophages and tumour cells modulate the formation and activity of the 

osteoclasts; however, these cells do not resorb bone (with the exception of minor resorptive 

capability of osteocytes in their lacunae) (Sims and Martin, 2014; Kansara et al., 2014; 

Katagiri and Takahashi, 2002; Roodman, 2004; Al-Dujaili et al., 2011; Bonewald and 

Johnson, 2008). For example, invading metastatic tumours destroy bone, but this is 

performed by recruited osteoclasts not the tumour cells themselves (Chapter 1.6.2) (Mundy, 

1997; Mundy, 1991; Roodman, 2004; Sterling et al., 2011). This is an important observation 

clinically, as it has emerged that osteoclast inhibitory treatments can block tumour osteolysis 

(Chapter 1.6.3) (Sturge et al., 2011; Steger and Bartsch, 2011; Guise, 2009). Osteoclasts are 

found on most bone surfaces, including the endosteal, trabecular and periosteal surfaces in 

primary spongiosa (Boyle et al., 2003; Hakeda and Kumegawa, 1991). They can be arranged 

with osteoblasts into micro-anatomical structures called bone multicellular units (BMUs), 

which allows for effective coupling (Raggatt and Partridge, 2010; Jilka, 2003; Iqbal et al., 

2009). Osteoclasts in the BMUs excavate channels through bone to allow vascular and nerve 

penetration, which is followed by osteoblasts laying down osteoid (Raggatt and Partridge, 

2010; Jilka, 2003). Aside from some pathological lesions such as giant cell tumours of bone 

and of tendon sheath, osteoclasts are not seen in the absence of bone (Darling et al., 1997; 

Seethala et al., 2004).  

 

1.3.3.1 The Osteoclast Lineage 

Osteoclasts form from hematopoietic progenitor cells of the monocyte-macrophage lineage, 

thus forming part of the mononuclear phagocyte system (Boyle et al., 2003; Loutit and 

Nisbet, 1982; Ash et al., 1980; Scheven et al., 1986). A number of studies using lethally 

irradiated rodents showed that osteoclasts could be generated from transplanted bone marrow, 

and osteoclast-forming cells were present in the circulation (Walker, 1975b; Walker, 1975a). 

In the 1970s and 1980s studies of osteoclasts and mononuclear phagocytes of various types 

showed both phenotypic and histochemical similarities, which suggested that these cells 

shared the same lineage (Baron and Kneissel, 2013; Baron et al., 1986). Comparison with 

cells of the mononuclear phagocyte system showed that they and mature osteoclasts and their 

mononuclear precursors all shared many cellular characteristics (Gordon and Taylor, 2005; 

Matsuo and Ray, 2004; Baron et al., 1986). Furthermore, in vitro culture of peripheral blood 
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monocytes with M-CSF and RANKL resulted in the formation of mature and functional 

osteoclasts (Quinn et al., 1998). 

 

Another line of evidence, which indicates a close relationship between osteoclast progenitors 

and those of macrophages is the importance of M-CSF to both osteoclast and macrophage 

differentiation (Grasset et al., 2010). The role of M-CSF in osteoclast formation is discussed 

in Chapter 1.5.1 but, briefly, bone marrow cells from M-CSF deficient (op-/op-) mice are 

deficient in macrophage lineage populations and are also incapable of differentiating into 

osteoclasts (Yoshida et al., 1990; Ross, 2006; Suda et al., 1999). These mice are 

osteopetrotic, meaning they have greatly increased bone mass due to the defects in osteoclast 

formation and function (Sobacchi et al., 2013; Stark and Savarirayan, 2009). The mice also 

have very small bone marrow cavities for the same reason (Sobacchi et al., 2013; Stark and 

Savarirayan, 2009). If the mice survive they can partially recover over time, possibly through 

the effects of IL-34, which is discussed more in Chapter 1.5.1 (Lin et al., 2008). 

Osteopetrosis also occurs as a result of mutations in other important osteoclastic genes (Del 

Fattore et al., 2008).   

 

Phenotypic similarities between osteoclasts and macrophages include similar prominence of 

lysosomal organelles, their immunohistochemical profiles and structural processes including 

filopodia and lamepodia, which allow for motility (Athanasou and Quinn, 1990). More 

similarities include that both osteoclasts and macrophages are capable of phagocytosing 

particular material and have the ability to undergo fusion (Baron et al., 1986; Pierce et al., 

1991; Alberts et al., 2002; Marks, 1983; Sutton and Weiss, 1966; James et al., 2010). 

Activated macrophages can undergo fusion in vitro and in vivo, for example to form foreign 

body giant cells, which are a type of macrophage polykaryon (Vignery, 2005; MacLauchlan 

et al., 2009). In spite of the similarities between osteoclasts, macrophages and macrophage 

polykaryons, differences are very much evident including: macrophage inability to resorb 

bone, lack of formation of the ruffled border, lack of actin ring formation, the lack of 

calcitonin receptor (CTR) expression and peroxidise activity (Teitelbaum et al., 1997; 

Vignery, 2005; Athanasou and Quinn, 1990; Steinman and Cohn, 1972). Other qualitative 

differences exist, for example osteoclasts express cathepsin K (Ctsk) and Dendritic cell-

specific transmembrane protein (DC-STAMP) molecules, but do not usually express the 

F4/80 antigen (Figure 1.2) (Yagi et al., 2005; Clover et al., 1992; Hume et al., 2002). The 

major specific differences noted above are generally associated with osteoclast function.  
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The current position is that hematopoietic stem cells in response to M-CSF undergo 

differentiation into macrophage- colony- forming units CFU-M, which are common precursor 

cells of macrophages and osteoclasts (Figure 1.2) (Asagiri and Takayanagi, 2007; Katagiri 

and Takahashi, 2002; Boyle et al., 2003). Stimulation with RANKL causes these cells to 

express osteoclastogenic genes including those involved in fusion such as DC-STAMP 

(Boyle et al., 2003; Katagiri and Takahashi, 2002; Asagiri and Takayanagi, 2007). The fusion 

of these CFU-M-derived cells in the presence of RANKL results in osteoclasts (Figure 1.2) 

(Boyle et al., 2003; Katagiri and Takahashi, 2002; Asagiri and Takayanagi, 2007). RANKL 

driven expression of genes required for the osteoclast’s resorptive ability including chloride 

channel 7 (ClCN7), tartrate resistant phosphatase (TRAP), β3 integrins, acid pump subunit v-

Atpv06d2, carbonic anhydrase II (CAR2) amongst others results in a fully mature and 

functional osteoclast (Figure 1.2) (Asagiri and Takayanagi, 2007; Katagiri and Takahashi, 

2002; Boyle et al., 2003; McHugh et al., 2000). 

 

1.3.3.2 Characteristics of Osteoclast Progenitors and Mature Osteoclasts  

The earliest expressed osteoclast-associated markers in in vitro RANKL-exposed immature 

bone marrow-derived macrophages are matrix metalloproteinase-2 and -9 (MMP-2, -9) 

followed by the expression of TRAP and then CTR expression (Boyle et al., 2003; Asagiri 

and Takayanagi, 2007; Katagiri and Takahashi, 2002). The sequential expression of TRAP 

followed by CTR has been shown in a 1,25-dihydroxyvitamin D3 treated co-culture system of 

murine bone marrow cultures and osteoblasts (Lee et al., 1995; Wada et al., 1995). 1,25-

dihydroxyvitamin D3 induction of RANKL causes osteoclast differentiation with TRAP 

expression being followed chronologically by calcitonin receptor expression (Lee et al., 

1995; Wada et al., 1995) (Figure 1.2). Consistent with their lineage of origin, osteoclast 

progenitor cells are present wherever monocytes or haemopoietic cells are present, including 

near bone surfaces as well as calcified cartilage at the growth plate, but they are also present 

at extra-skeletal sites (Katagiri and Takahashi, 2002; Boyle et al., 2003). Osteoclast 

progenitors have also been directly demonstrated to be present within the circulating 

monocyte population and haematopoietic tissue and capable of forming bone resorbing 

osteoclasts when appropriately stimulated by co-culture with osteoblastic cells in vitro 

(Athanasou, 1996; Walker, 1975b; Walker, 1975a).  
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Mature osteoclasts are characterized by their morphology, size and multinucleated phenotype 

(Roodman, 1991). Osteoclasts are large cells typically being between 10μm and 50μm across, 

although their size is variable and differs between species (Teitelbaum, 2007; Alberts et al., 

2002; Pierce et al., 1991). The osteoclast has a high ratio of cytoplasm to nucleus (Lucht, 

1972; Stenbeck, 2002). Human osteoclasts normally contain 10 to 20 nuclei while in 

comparison rodent and avian species have fewer (Athanasou and Sabokbar, 1999; Pierce et 

al., 1991). Osteoclasts generally have a large cell body reflecting the fusion with a number of 

osteoclast precursors during the process of active osteoclast formation (Miyamoto, 2011). 

The purpose of osteoclast fusion is not fully clear, but it is believed to increase resorptive 

activity and permit deeper excavations of the bone matrix (Miyamoto, 2011; Yagi et al., 

2005; Lee et al., 2006). vATP6V0d2, DC-STAMP and probably OC-STAMP are essential 

for osteoclast fusion (Xing et al., 2012; Yagi et al., 2005; Lee et al., 2006). Mice deficient in 

DC-STAMP do not form multinucleated osteoclasts, and their bone resorption markers are 

low; however, functional mononuclear osteoclasts are present (Yagi et al., 2005). These 

active mononuclear osteoclasts do exist in vivo and have been observed in vitro but are not 

considered common (Hattersley and Chambers, 1989). Osteoclasts also show distinctive long 

lamellipodia and filopodial processes that reflect their often high levels of motility (Alberts et 

al., 2002; Jansen et al., 2012). Chambers and colleagues have previously shown that 

osteoclast activity can be very rapid with overnight cultures of osteoclasts being able to 

resorb bone pits several micrometres deep and tens of micrometres long (Chambers et al., 

1984). 
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1.4 Bone Resorption 

Osteoclasts have been estimated to resorb approximately 10% of the total adult bone mass 

each year (Asagiri and Takayanagi, 2007). As mentioned previously, the most common 

skeletal diseases in adults arise from excessive osteolytic activity that decreases bone mass 

impairing its structure and mechanical functions (Boyle et al., 2003). Osteoclasts are highly 

specialised to break down bone and bone matrix at periosteal, trabecular and endosteal sites; 

however, they can also tunnel into compact bone (Hakeda and Kumegawa, 1991; Alberts et 

al., 2002) . Bone tissue can be invaded by other cell types such as cancer cells, which have 

metastasized to the bone although this requires recruitment of osteoclasts to break down the 

bone (Tumber et al., 2001; Mundy, 1997; Mundy, 1991; Weilbaecher et al., 2011). For bone 

resorption to occur, a sequence of cellular events is needed (Vaananen et al., 2000; Raggatt 

and Partridge, 2010). This sequence of events is collectively termed the resorption cycle and 

includes: migration of the osteoclast to the resorption site, its attachment to bone, polarization 

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

organic matrix, removal of degradation products and lastly either apoptosis of the osteoclasts 

or their return to the non-resorbing state (Vaananen et al., 2000; Raggatt and Partridge, 2010; 

Teitelbaum, 2000). Note that the term ‘bone resorption’ refers only to the activity of a mature 

functional osteoclast (Vaananen et al., 2000). After resorption in vivo, under physiological 

circumstances, osteoblasts fill in the resorption pits with new bone matrix, which gradually 

becomes mineralised (Raggatt and Partridge, 2010; Clarke, 2008; Alberts et al., 2002). 

 

Once an osteoclast has migrated to a site of bone damage and adhered to the bone surface, it 

reorganises its membrane into four distinct domains: a sealing zone, a basolateral domain, 

apical or secretory domain and the ruffled border membrane (Vaananen et al., 2000; Itzstein 

et al., 2011; Takahashi et al., 2007; Vaananen and Laitala-Leinonen, 2008). Osteoclasts 

rearrange their membranes through polarization of the osteoclast plasma membrane 

(Vaananen et al., 2000; Itzstein et al., 2011). Whilst ultrastructural studies have shown that 

osteoclasts engaged in resorbing bone are highly polarized cells, non-resorbing osteoclasts 

are not polarized (Vaananen and Horton, 1995; Zhao et al., 2001). These membranes or 

domains are associated with different vesicle pathways and the resorptive cycle (Vaananen et 

al., 2000). At a remodelling site, osteoclasts attach strongly to the bone surface through the 

sealing zone (Vaananen et al., 2000; Raggatt and Partridge, 2010; Teitelbaum, 2000; 

Stenbeck, 2002). This occurs through the formation of a specific membrane domain between 
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the plasma membrane of the osteoclast and the bone surface (sealing zone) (Vaananen et al., 

2000; Suda et al., 1997; Raggatt and Partridge, 2010). The sealing zone creates a quartered 

off resorption site, which does not allow escape of osteoclast secretions (acid and proteolytic 

enzymes) to affect the surrounding bone matrix (Vaananen et al., 2000; Suda et al., 1997; 

Raggatt and Partridge, 2010). The sealing zone is rich in filamentous actin (F-actin), which 

arranges into plasma membrane extensions called podosomes, and forms an actin ring around 

the ruffled border membrane (discussed below) (Suda et al., 1997; Schlesinger et al., 1997; 

Kanehisa et al., 1990; Teitelbaum, 2000).The actin rings lying above the sealing zone are 

directly related to the osteoclast’s resorptive activity, i.e., they indicate that an osteoclast is 

engaged in excavating a pit (Suda et al., 1997). The molecular interactions which occur 

between the osteoclast and bone matrix to enable such sealing is not fully clear but involves 

integrin αvβ3 receptor (vitronectin receptor [VNR]) mediated adhesion to exposed arginine-

glycine-aspartic acid (RGD) sites on the bone matrix (Figure 1.3) (Raggatt and Partridge, 

2010; Li et al., 2006). These RGD motives are cell adhesions sites to which adhesive proteins 

including integrins bind (Ruoslahti, 1996). The sealing zone also contains cytoskeletal 

molecules vinculin, talin, and α-actin, which connect the β-tails of integrins to the 

osteoclast’s cytoskeleton (Teitelbaum, 2000). McHugh et al. (2000) showed that integrin β3 

null mice have osteoclasts but the osteoclasts do not spread or form actin rings resulting in 

decreased resorption. Morphological studies suggest the basal membrane is the homogenous 

membrane region (Vaananen et al., 2000). In contrast, the apical domain is a functional 

secretory domain in osteoclasts (Vaananen et al., 2000; Itzstein et al., 2011). Nesbitt and 

Horton (1997) and Salo et al. (1997) both showed that the apical membrane is where the 

exocytosis of resorbed and transcytosed matrix degradation products occurred (Nesbitt and 

Horton, 1997; Salo et al., 1997). The ruffled border is present within the sealing zone 

interfacing the bone undergoing resorption, and is one of the key characteristics of active 

mature osteoclasts on a bone or calcified surface (Figure 1.3) (Teitelbaum, 2000; Schlesinger 

et al., 1997; Stenbeck, 2002; Ross and Teitelbaum, 2003). The ruffled border is a critical 

resorbing organelle (Schlesinger et al., 1997; Yang et al., 2012) It is similar to late 

endosomal membranes having high concentrations of the GTPase Rab7 proteins, v-type-H-

ATPase proton pumps and glycosylated intrinsic protein of lysosomal membranes 110 

(Igp110) (Palokangas et al., 1997; Bucci et al., 2000; Granger et al., 1990). Structurally, it 

consists of deeply folded projections of an osteoclast’s plasma membrane, which are fused
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Figure 1.3 Osteoclast Mediated Bone Resorption 
(A.) Schematic of a polarized osteoclast resorbing bone. Once an osteoclast has 
migrated to a site of bone damage, it starts the process of resorption. First it seals off a 
sealing zone area, which is called Howship’s Lacuna. This region is acidified by the 
pumping of protons and chloride ions through the v-ATPase proton pump and the chloride 
channel 7 (ClC7), respectively, which are present in the osteoclast’s ruffled border. The 
protons and Cl- ions mobilize the inorganic phase of the bone and cause the activation of 
Ctsk and TRAP, which break down the collagen fibres. Figure sourced from (Baron and 
Horne, 2005). (B.) Transmission electron micrograph of an actively resorbing osteoclast 
derived from human giant cell tumour of bone. Scale bar - 100µm. Image courtesy of Dr.  
Julian Quinn.

A. 

B. 
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with intracellular acidic vesicles (Figure 1.3) (Schlesinger et al., 1997; Stenbeck, 2002; Yang 

et al., 2012). Therefore, the ruffled border is associated with the secretion of acid (H+ ions) 

and proteolytic enzymes, which breaks down the hydroxyapatite material (Schlesinger et al., 

1997; Stenbeck, 2002). Hydrogen ions are secreted into the sealed zone through the 

acidifying proton pump v-ATPase, which is expressed on the surface of ruffled membrane 

(Figure 1.3) (Vaananen et al., 2000; Schlesinger et al., 1997; Stenbeck, 2002; Yang et al., 

2012).  

 

The proton pump is divided into two functional domains, V1 and V0 (Qin et al., 2012). The 

V1 and V0 subunits isoforms expressed by osteoclasts vary but are commonly a3 and d2, 

respectively (Matsumoto et al., 2014). Inhibition of the v-ATPase pump suppresses the 

acidification of the sealing zone resulting in decreased bone resorption (Visentin et al., 2000; 

Laitala and Väänänen, 1994). Interestingly, deletion of the v-ATPase V0d2 (Atp6v0d2) 

subunit in mice results in poor osteoclast activity and, similar to mice lacking DC-STAMP, 

osteoclast, fusion is perturbed (Lee et al., 2006; Walsh and Choi, 2014). This suggests that 

the Atp6v0d2 isoform is involved in the fusion of mononuclear osteoclasts as noted before 

(Lee et al., 2006; Wu et al., 2009). The ruffled border also contains chloride channel ClC7 

proteins that pump chloride (Cl-) into the resorption cavity (Figure 1.3) (Stenbeck, 2002). 

After the osteoclast has formed its sealing zone, its plasma membrane polarized and the 

formation of the ruffled border, the next stage of resorption is the degradation of bone matrix 

(Figure 1.3) (Raggatt and Partridge, 2010; Teitelbaum, 2000). The area of bone, which the 

osteoclast breaks down under the sealing zone is the resorption pit or, more formally, the 

Howship’s lacuna (Figure 1.3) (Raggatt and Partridge, 2010). Secretion of H+ and Cl- ions 

acidifies and mobilizes the inorganic phase of bone (Figure 1.3) (Stenbeck, 2002; Clarke, 

2008; Czupalla et al., 2006). Thirdly, the organic matrix is broken down by the actions of 

lysosomal enzyme, cathepsin K (and probably other cathepsins) that retains activity at low 

pH (Figure 1.3) (Teitelbaum, 2000; Vaananen and Laitala-Leinonen, 2008; Clarke, 2008). In 

addition, MMP-9 and MMP-2 that are produced in abundance by osteoclasts may also play a 

role in removing some matrix; however, studies to date have shown that they are not essential 

to degrade organic matrix (Teitelbaum, 2000; Vaananen and Laitala-Leinonen, 2008). 

Another cellular factor involved in bone resorption is TRAP, which is active at acidic pH 5 

(Stenbeck, 2002). The function of TRAP in osteoclast actions is unclear as its deletion does 

not greatly affect bone resorption; however, a role for TRAP has been suggested in 

transcytosis and breakdown of collagen fragments (Halleen et al., 1999). After the osteoclasts 
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have finished resorbing the bone matrix, the remaining debris present in the resorption lacuna 

is removed through a transcytotic vesicular pathway (Nesbitt and Horton, 1997; Vaananen et 

al., 2000; Salo et al., 1997).  

 

The debris is removed from the ruffled border to the functional secretory domain, the apical 

domain, which is where the breakdown products are released into the extracellular space 

(Vaananen et al., 2000; Nesbitt and Horton, 1997; Salo et al., 1997; Pavlos et al., 2005). 

Halleen et al. reported that TRAP was localized to transcytotic vesicles in the apical 

membrane and through its generation of reactive oxygen species is able to break down 

collagen (Halleen et al., 1999). The Rab3 protein, which has a role in exocytosis in a number 

of cells has been shown to important for osteoclast activity (Pavlos et al., 2005). Pavlos et al. 

(2005) suggested that the Rab3 protein regulates a trafficking step in osteoclasts that comes 

after the trans-golgi network. After transcytosis occurs, the osteoclast can either move on to a 

new area of bone to resorb or undergo apoptosis (Nesbitt and Horton, 1997). 

 

1.5 Osteoclastogenesis: Osteoclast Differentiation Pathways 

As mentioned earlier osteoclasts are tissue-specific macrophage polykarons, which 

differentiate from haemopoietic cells that have themselves differentiated into bone marrow 

monocyte/macrophage precursor cells (Alberts et al., 2002; Boyle et al., 2003; Nakamura, 

2007; Asagiri and Takayanagi, 2007). Bone marrow macrophages present on or near the 

surface of bone differentiate into pre-osteoclasts, called CFU-GM followed by further 

differentiation into a mature and active osteoclast (Figure 1.2) (Boyle et al., 2003). This 

differentiation process, osteoclastogenesis, depends upon the received signals from local cells 

in the bone microenvironment (Boyle et al., 2003). Osteoclast formation in vitro was 

originally modelled by co-culture systems employing either stromal cells or osteoblasts with 

haemopoietic cells from the spleen (Boyle et al., 2003; O'Brien, 2010; Takahashi et al., 

1988a). Multinucleated and TRAP positive cells capable of resorbing pits were formed from 

mouse marrow cells cultures in the presence of osteotropic factors including 1,25-

dihydroxyvitamin D3 [1α,25-(OH)2D3] and human PTH and prostaglandin E2 (PGE2) 

(Takahashi et al., 1988b). It was noted that TRAP positive multinucleated cells were only 

found near cells expressing ALP, which were proposed to be osteoblast cells (Takahashi et 

al., 1988b). Takahashi et al. 1988 went on to show that the interaction between stromal 

osteoblasts and bone marrow cell types was required for osteoclast differentiation (Takahashi 
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et al., 1988a; Takahashi et al., 1988b; Boyle et al., 2003; Udagawa et al., 1990). This 

suggested that stromal-derived factors stimulate osteoclastogenesis (Takahashi et al., 1988a; 

Boyle et al., 2003; Asagiri and Takayanagi, 2007). Subsequently, it was determined that the 

stromal cells produce RANKL, which acts in concert with M-CSF to specifically drive 

osteoclast differentiation (Boyle et al., 2003; Asagiri and Takayanagi, 2007; Katagiri and 

Takahashi, 2002). These factors bind to their respective receptors present on the membrane of 

osteoclast precursor cells (Katagiri and Takahashi, 2002; Teitelbaum, 2000; Boyle et al., 

2003). Both M-CSF and RANKL are required for osteoclast differentiation and for 

functional, mature osteoclasts in vivo, although IL-34 can substitute for M-CSF (Cappellen et 

al., 2002; Raggatt and Partridge, 2010; Lin et al., 2008; Asagiri and Takayanagi, 2007). 

These factors act to differentiate bone marrow precursor cells into active osteoclasts by the 

induction of osteoclastic gene expression (Boyle et al., 2003; Cappellen et al., 2002; Ross 

and Teitelbaum, 2003). Although these two factors are essential for osteoclast differentiation, 

there are many other factors which regulate the process of osteoclastogenesis and osteoclast 

activation (Boyle et al., 2003). In addition, direct interaction of osteoclast precursors with 

damaged bone sites has been shown to regulate osteoclast differentiation(McHugh et al., 

2010). M-CSF and RANKL are discussed in detail below. The identification of these 

molecules has enabled the osteoclast differentiation process to be studied in detail using 

many of the cell culture techniques employed in the projects described in this thesis. 

 

1.5.1 M-CSF 

M-CSF, which is also called colony-stimulating factor-1 (CSF-1), stimulates the survival, 

proliferation and differentiation of early osteoclast precursors that are immature members of 

the monocytes/macrophage lineage (Ross, 2006; Datta et al., 1992). As noted above, op-/op- 

mice lacking M-CSF form no or only very small numbers of osteoclasts, but injecting M-CSF 

into these mice restores osteoclast formation (Felix et al., 1990; Kodama et al., 1991b; 

Yoshida et al., 1990; Hattersley et al., 1991). Similar results were obtained in vitro with op-

/op- bone marrow (Takahashi et al., 1991; Kodama et al., 1991a). Together this evidence 

demonstrates M-CSF is a necessary factor required for osteoclast differentiation (Katagiri and 

Takahashi, 2002; Kodama et al., 1991a).  

 

M-CSF, secreted by bone marrow stromal cells in the bone microenvironment, binds to its 

receptor c-FMS (Ross, 2006; Suda et al., 1999). C-Fms, is a receptor tyrosine kinase (Ross, 

2006). The c-FMS alternative ligand IL-34 also exerts the same influence as M-CSF on c-
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Fms+ cells, although IL-34 is expressed little if at all in bone (Datta et al., 1992; Ross, 2006; 

Lin et al., 2008). Mice that lack the c-Fms gene also show a similar phenotype as the op-/op- 

mice but more severe (Ross, 2006). M-CSF binding to c-Fms causes its dimerization, 

activation and autophosphorylation upon specific tyrosine residues (Ross, 2006; Datta et al., 

1992). These phosphorylated tyrosine residues are binding sites for SH2 or PTB domain 

containing proteins, which transduce the signal downstream resulting in osteoclast precursor 

proliferation and survival (Ross, 2006).  

 

1.5.2 Tumour Necrosis Factor Family Members RANKL, RANK and OPG 

The discovery and characterization of Tumour Necrosis Factor (TNF) receptor ligand family 

members: osteoprotegerin (OPG), receptor activator of Nuclear Factor κ B Ligand (RANKL), 

and receptor activator of Nuclear Factor κ B (RANK) in the late 1990s showed how 

osteoblast lineage cells are able to regulate and drive the formation of osteoclasts from 

monocytic/macrophage progenitors (Simonet et al., 1997; Yasuda et al., 1998b; Odgren et 

al., 2003; Lacey et al., 1998; Wong et al., 1997; Dougall et al., 1999).  

 

1.5.2.1 Osteoprotegerin  

Osteoprotegerin (OPG) was first discovered by Simonet et al. (1997) by screening transgenic 

mice over-expressing cDNA of different TNF receptor molecules in an attempt to identify 

TNF-related molecules with therapeutic potential (Katagiri and Takahashi, 2002; Simonet et 

al., 1997). Due to the bone phenotype of mice overexpressing this factor it was named 

osteoprotegerin, a Greek/French portmanteau meaning ‘bone protector’; in the TNFR 

nomenclature it is TNFR11B, which is also the coding gene name (Simonet et al., 1997). 

Human OPG protein is 60kDa protein that exists as a 120kDa dimer (Hofbauer et al., 2000). 

Each monomer has an N-terminal TNFR domain, a putative death-domain like region and a 

C-terminal terminal dimerization motif (Hofbauer et al., 2000). OPG is expressed by various 

stromal cell lines including primary human marrow stromal cells, osteosarcoma cell lines and 

primary murine osteoblasts (Hofbauer et al., 2000). OPG has also been implicated in the 

coupling process with the murine promoter of OPG having a response element for the 

osteoblast differentiation transcription factor Runx2 (Hofbauer et al., 2000). OPG production 

is regulated by osteolytic factors including calcitropic hormones and cytokines including 

dexamethasone, 1,25(OH)2D3, Interleukin-1β, (IL-1β), IL-11, Tumour Necrosis Factor-α 

(TNF-, PTH, PGE2 and Transforming Growth Factor-β (TGF-β) (Hofbauer et al., 2000). 
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Mice lacking OPG (Tnfr11b) have very high osteoclast numbers with correspondingly high 

bone resorption and low bone mass, while transgenic mice overexpressing OPG (Tnfr11b) 

have very high bone density and volume due to low numbers of osteoclasts (Yasuda et al., 

1998a; Simonet et al., 1997). In osteoblast and bone marrow co-cultures, recombinant OPG 

inhibits osteoclastogenesis induced by 1,25(OH)2D3, PTH, PGE2 and IL-11 (Yasuda et al., 

1998b). Concomitantly, injected recombinant OPG increases bone density and reduces 

osteoclast numbers in mice (Yasuda et al., 1998b). 

 

1.5.2.2 RANKL 

RANKL is a type II transmembrane protein expressed on the membrane surface of 

osteoblasts and osteocytes; however, RANKL is also present in soluble form (Boyle et al., 

2003; O'Brien, 2010; Walsh and Choi, 2014). Soluble RANKL is achieved by either 

proteolytic cleavage of its transmembrane domain or alternative gene splicing (Boyle et al., 

2003; O'Brien, 2010). RANKL (TNF family nomenclature: TNFSF11) was first discovered 

for its role in T cell immunity (Wong et al., 1997). Wong and colleagues were the first to 

describe RANKL (calling it TRANCE) in an attempt to identify dendritic cell apoptosis-

regulatory factors using a somatic cell genetic approach in T cell hybridomas (Wong et al., 

1997). The isolated protein was characterized to be a type II membrane protein of 316 amino 

acids (35 kDa estimated molecular mass) expressed in the thymus, lymph nodes (not in non-

lymphoid tissues) and in T cells (Wong et al., 1997). The human form of RANKL was found 

by cross-hybridisation experiments of mouse cDNA against a human thymus library (Wong 

et al., 1997). Subsequently, RANKL was confirmed to be the binding partner of RANK (its 

membrane bound receptor) and of OPG, which acts as a decoy receptor for RANKL (Boyle et 

al., 2003; Walsh and Choi, 2014).  

 

RANKL expression and production on bone stromal cells and osteoblasts in vitro and in vivo 

is induced by osteotropic factors and hormones that induce bone resorption consistent with 

observations with the co-culture models (Katagiri and Takahashi, 2002; Boyle et al., 2003). 

Osteotropic factors and hormones including 1,25(OH)2D3, PTH, and PGE2 increase RANKL 

expression in osteoblasts, which is again consistent with the actions of these factors to 

indirectly induce osteoclast formation through the mediation of osteoblasts and related cells 

(Yasuda et al., 1998b; Suda et al., 1999; Takahashi et al., 1999; Lacey et al., 1998). 

Recombinant RANKL has also been shown to drive osteoclast formation in vitro and in vivo 

in the presence of M-CSF, confirming its role in osteoclastogenesis (Lacey et al., 1998; 
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Yasuda et al., 1998b; Kikuta et al., 2013). Furthermore, human osteoclasts were formed from 

RANKL and M-CSF stimulated peripheral blood mononuclear cells (Matsuzaki et al., 1998; 

Quinn et al., 1998). Mice that lack RANKL are severely osteopetrotic with no tooth eruption, 

markedly reduced skeletal growth and growth plate chondrodystrophy (Odgren et al., 2003). 

Transgenic rescue of these RANKL null mice induced osteoclastogenesis with TRAP 

positive cells being identified (Odgren et al., 2003). In addition, the transgenic rescue led to 

lamellar bone production in the diaphyses of long bones, restored marrow space and the 

identification of osteoclasts on many endosteal sites; however, the rescue was not complete 

i.e., no tooth eruption was seen and highly sclerotic bone epiphyses remained (Odgren et al., 

2003). Bone tissue samples from 6 human patients with autosomal recessive osteopetrosis, 

due to mutations in the RANKL gene, lacked osteoclasts (Sobacchi et al., 2007). Treating 

peripheral blood monocytes obtained from these individuals with recombinant RANKL 

induced osteoclast differentiation in vitro (Sobacchi et al., 2007). Moreover, in a serum 

transfer model of arthritis, RANKL null mice exhibited osteopetrosis and were protected 

from bone erosion (Pettit et al., 2001).  

 

RANKL expression in bone is also regulated by a number of key hormones/cytokines 

including the IL-6/glycoprotein130-mediated family members (notably IL-11 and oncostatin 

M [OSM]) and inflammatory cytokines such as IL-1 and TNFα (Boyle et al., 2003; Kim et 

al., 2009; Jules et al., 2012; Bezerra et al., 2005). These factors, thereby, indirectly promote 

osteoclast formation where osteoclast progenitors and osteoblasts are present together 

(Katagiri and Takahashi, 2002; O'Brien, 2010). In addition, treatment of bone marrow cell 

and primary osteoblast co-cultures with compounds, which increase intracellular calcium or 

calcium levels in the culture media increases the RANKL mRNA expression in osteoblasts in 

vitro. Many other factors have also been found to modulate RANKL stimulatory effects 

(Quinn et al., 2001; Katagiri and Takahashi, 2002). A small number of hormones, including 

TNF-α and TGFβ family members can enhance RANKL actions (Quinn et al., 2001; Mundy, 

2007; Pacifici et al., 1991). TNF-α in particular has been shown to induce osteoclastogenesis 

in a RANKL independent manner in both RANKL-/- and RANK-/- cells in vitro although this 

does not happen in vivo without other gene deletions (Kim et al., 2005b). TGF-β can increase 

RANKL actions on osteoclast precursors but negatively affects RANKL expression by 

osteoblasts, making its actions complex (Quinn et al., 2001). Interestingly, activated TGF-β is 

released during osteoclast mediated bone resorption; however, the full implications of this is 

not known (Dallas et al., 2002; Quinn et al., 2001; Kim et al., 2005b). Another molecule that 
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has complex actions on RANKL and osteoclastogenesis is interferon - (IFN) (Katagiri and 

Takahashi, 2002; Gao et al., 2007). In the absence of osteoblasts, IFN directly inhibits 

osteoclast progenitor differentiation but through indirect actions upon osteoblasts causes the 

secretion of RANKL and TNFα from activated T cells (Kohara et al., 2011; Gao et al., 2007).  

 

Pathological conditions such as inflammation and bone metastasis invasion of bone are 

associated with increased RANKL expression and osteoclastogenesis through the 

upregulation of inflammatory cytokines such as IL-1, IL-11, TNFα and osteotropic factors 

such as Parathyroid hormone-related protein (PTHrP) (Gupta and Massagué, 2006; Mundy, 

2002; Thomas et al., 1999; Bezerra et al., 2005; Weitzmann, 2013). A number of factors 

produced by osteoclasts themselves act in an autocrine action to affect the outcome of 

RANKL induction (Layh-Schmitt et al., 2013; Boyle et al., 2003). One example is interferon-

β, which is induced by RANKL treatment itself and has been suggested to form a negative 

feedback signal limiting osteoclast formation (Layh-Schmitt et al., 2013).  

 

OPG moderates the stimulatory effects of RANKL by acting as a decoy receptor by blocking 

its interactions with the RANK receptor (Boyle et al., 2003; Yasuda et al., 1998b; Takahashi 

et al., 1999). Factors, which stimulate osteoclast formation including PTH, 1,25(OH)2-D3 and 

glucocorticoids increase RANKL expression whilst decreasing OPG production (Khosla, 

2001). Likewise factors, which influence osteoclast differentiation such as TGF-β and 

estrogen increase OPG levels in bone cells (Khosla, 2001). The generally inverse relationship 

between RANKL and OPG regulation is highlighted in pathological bone diseases (Grimaud 

et al., 2003). This is supported by observations of RANKL and OPG mRNA expression in 

clinical specimens of giant cell tumours (Atkins et al., 2000). Giant cell tumours of bone 

(osteoclastomas) are rare cancers, which arise in the bone and cause severe bone loss (Atkins 

et al., 2000). Within these tumours are large multinucleated cells that are morphologically 

and functionally osteoclasts, but they are not the neoplastic component of the tumour (Atkins 

et al., 2000). Patient mRNA samples of giant cell tumours have shown that they have greatly 

increased RANKL compared to OPG (Atkins et al., 2000). The ratio of RANKL:OPG in 

human tissues from patients presenting with osteolysis from various bone aetiologies was 

severely skewed in favour of RANKL (Grimaud et al., 2003). The inverse relationship of 

RANKL:OPG may break down in some diseases such as rheumatoid arthritis due to the 

effects of other factors that modulate osteoclast formation (Collin-Osdoby, 2004). This 
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inverse relationship is also seen in periprosthetic osteolysis where RANKL levels are 

increased and OPG levels are decreased (Haynes et al., 2001). It should be noted that 

RANKL and OPG mRNA expression has to date been found to correlate with their respective 

protein expression, at least in bone cells (Singh et al., 2012). 

 

1.5.2.3 RANK  

RANK (TNFRSF11A) is a type I transmembrane receptor of the TNF receptor family, which 

binds to RANKL (Anderson et al., 1997; Boyce, 2003; Mellis et al., 2011). RANK is 

encoded by 616 and 625 amino acids in humans and mice, respectively, and when activated 

forms a trimer complex (Kuroda and Matsuo, 2012; Mellis et al., 2011). RANK is expressed 

on the surface membrane of osteoclasts, their progenitor and precursor cells, dendritic cells 

and macrophages, as well as a number of extraosseous cells such as breast epithelium 

(Dougall et al., 1999; Palafox et al., 2012; Mellis et al., 2011). Additionally, RANK is 

expressed on the surface of a number of breast and prostate cancer cell lines and may have a 

role in targeting cancer cells to metastasize to bone (Casimiro et al., 2013). In 1999, RANK 

was confirmed to be the sole receptor by which RANKL mediates its osteoclastogenic effects 

(Dougall et al., 1999; Li et al., 2000). Mice, which lacked RANK were shown to completely 

lack osteoclasts and display severe osteopetrosis (Dougall et al., 1999). Consistent with this, 

transfecting a RANKL expressing DNA construct into RANK null haemopoietic progenitors 

restored osteoclastogenesis in the presence of RANKL and M-CSF (Dougall et al., 1999). 

These RANK null mice therefore resemble the osteopetrotic RANKL null mice (Dougall et 

al., 1999). Interestingly, the co-crystal structure of the RANK-RANKL complex has 

indicated a tight binding between the ligand and its receptor (Mellis et al., 2011). This tight 

binding suggests that amino acid substitutions, even a gene point mutation, may have 

dramatic effects in biological function (Mellis et al., 2011). These studies show that RANKL 

and RANK expression in the relevant cell types are both necessary and sufficient for 

osteoclast formation, aside from the requirement of osteoclast progenitors for M-CSF 

stimulation.  

 

Like all TNF receptors, RANK intracellular cytoplasmic domains lack intrinsic kinase 

activity and require the recruitment of adaptor proteins to mediate downstream signalling 

(Boyce and Xing, 2007; Walsh and Choi, 2014). RANKL binding to RANK recruits 

intracellular adaptor proteins of the TNF receptor-associated factors (TRAFs) family (1-7 

members) (Boyce and Xing, 2007; Boyle et al., 2003; Asagiri and Takayanagi, 2007). TRAFs 
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1, 2, 3, 5 and, in particular, TRAF6 have a role in RANK signalling (Boyle et al., 2003; 

Walsh and Choi, 2014; Boyce and Xing, 2007; Katagiri and Takahashi, 2002; Feng, 2005). 

TRAF6 recruitment to the C-terminal domain of RANK cytoplasmic tails initiates the 

signalling cascades associated with osteoclast formation (Figure 1.4) (Kuroda and Matsuo, 

2012; Walsh and Choi, 2014; Boyce and Xing, 2007). Other intracellular adaptors, which 

have been shown to modulate RANK signalling include: TGF-β activating kinase 1 (TAK1), 

TAK1 binding protein 1 (TAB1), TAK1 binding protein 2 (TAB2), Grb2-associated binding 

protein 2 (GAB2), epidermal growth factor receptor (EGFR), four-and-a-half LIM domain 2 

(FHL2), Lyn, cylindromatosis (CYLD) deubiquitinase and TRAF family member-associated 

NFκB activator (TANK) (Walsh and Choi, 2014). In addition, RANK regulates calcium 

fluxes, which are important to osteoclast formation (Walsh and Choi, 2014). Regulation of 

RANK mRNA or protein has not convincingly been shown to play a major role in regulating 

osteoclast formation. Rather, most influences on osteoclast formation appear to be exerted on 

signal pathways, such as that involving nuclear factor of activated T cells 1 (NFATc1), which 

are downstream of RANK.  

 

1.5.3 RANK Signalling Pathways Influencing Osteoclast Formation 

Both in osteoclast lineage cells and in other RANK-expressing cell types, pathways involved 

in RANK signalling include: nuclear factor kappa B (NFκB) c-jun N-terminal kinase (JNK), 

p38, extracellular signal- related kinases (ERK1/2) and Src-dependent pathways, although 

there are likely to be other significant pathways involved that are also involved (Figure 1.4) 

(Boyle et al., 2003; Katagiri and Takahashi, 2002; Asagiri and Takayanagi, 2007). Some of 

these pathways are not critical to osteoclast formation but do influence osteoclast activity and 

survival such as Extracellular Signal-Related Kinase-1 and -2 (ERK1/2) and Proto-oncogene 

protein tyrosine kinase SRC (C-SRC) (Boyce and Xing, 2007). RANK-mediated activation of 

these intracellular signalling pathways leads to the increased expression and or activation of 

transcription factors, which are important for the control of osteoclast maturation, survival 

and activity (Boyle et al., 2003; Feng, 2005). As reviewed by Boyle et al., transcription 

factors and signalling molecules particularly important in regulating osteoclastogenesis 

include NFĸB, Activator-Protein 1 (AP-1), NFATc1, p38, PU.1 and Microphthalmia-

Associated Transcription Factor (MITF) (Boyle et al., 2003; Feng et al., 2009; Asagiri and 

Takayanagi, 2007). These transcription factors form complexes, which bind gene promoter 

motifs driving expression of many proteins essential for osteoclast function (Asagiri and 

Takayanagi, 2007; Boyle et al., 2003; Sharma et al., 2007). In this thesis the effect of cell 
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stressors, mainly cancer therapeutics, upon the activation, transcriptional activation and 

protein levels of osteoclast transcription factors and signalling proteins NFĸB, NFATc1, p38 

and MITF are studied.  

 

As mentioned above, RANK activation, by RANKL binding, causes the recruitment of 

adaptor proteins TRAFs and, in particular, TRAF6 to the cytoplasmic tail of RANK (Figure 

1.4) (Boyle et al., 2003; Katagiri and Takahashi, 2002; Asagiri and Takayanagi, 2007). 

TRAF6 mediates signals from only one other TNFR family member, CD40, but it is also 

involved in signals emanating from IL-1R and TLR family members (Lomaga et al., 1999). 

TRAF6 has three binding sites on RANKs cytoplasmic tail including a membrane-proximal 

Pro-X-Glu-X-X- binding motif. Knockout studies in mice suggest that TRAF6 is critical for 

osteoclast formation with TRAF6 knockout mice having severe osteopetrosis (Asagiri and 

Takayanagi, 2007; Walsh and Choi, 2014; Mellis et al., 2011). Initially, it was thought that 

TRAF6 knockout mice were osteopetrotic due to a lack of osteoclast activity; however, many 

further studies have provided evidence for the osteoclast differentiation role of TRAF6 in 

TRAF6-/- osteopetrotic mice (Asagiri and Takayanagi, 2007; Boyce and Xing, 2007). TRAF-

2, -3 and -5 also bind to the cytoplasmic tail of RANK at membrane distal sites; however, site 

directed mutagenesis of their binding sites has shown that these TRAFs do not affect 

osteoclast formation to a large degree (Asagiri and Takayanagi, 2007; Mellis et al., 2011). 

Upon binding to RANK, TRAF6 trimerizes and recruits transcription factors and proteins in 

signalling complexes from which RANK downstream signalling occurs (Asagiri and 

Takayanagi, 2007; Boyle et al., 2003). Transcription factors and signalling proteins involved 

in osteoclastogenesis including NFĸB and the c-FOS subunit of AP-1 are recruited into this 

protein scaffold with RANK and TRAF6 (Boyle et al., 2003; Takayanagi, 2008b). Other 

members of this signalling scaffold include atypical protein kinase C (aPKC), TAK1/2 

binding proteins and TGFβ-activating kinase (TAK1) (Feng, 2005; Asagiri and Takayanagi, 

2007; Mellis et al., 2011). 

 

1.5.3.1 NFB Signalling  
Formation of the RANK, TRAF6 and TAK1 signalling complex results in the activation of 

NFĸB, which is one of the earliest events of RANK signalling (Takayanagi, 2008a; Kuroda 

and Matsuo, 2012; Armstrong et al., 2008). NFκB is a transcription factor, which has an 

important role in regulating osteoclast formation, function, and survival (Soysa and Alles, 

2009). NFκB1 (p100) and NFκB2 (p105) are synthesized as long precursor molecules, which 
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are shortened to p52 and p50, respectively, by post-translational modifications (Soysa and 

Alles, 2009; Boyce et al., 2010). Typically, these molecules do not activate the transcription 

of genes unless they associate with subfamily of REL proteins, REL A (p65), REL B and c-

REL, which contain transcriptional activation domains (Soysa and Alles, 2009; Asagiri and 

Takayanagi, 2007). Normally, NFκB is present as a dimer of p65/p52 within the cytoplasm, 

and this is complexed to IĸB, which inhibits its activity (Soysa and Alles, 2009; Boyce et al., 

2010). The role of the p65/p50 dimer NF-κB in osteoclast formation was discovered through 

knockout studies in mice (Soysa and Alles, 2009; Boyce et al., 2010). The double-knockout 

(dKO) of p50 and p52 in mice causes them to have severe osteopetrosis, and the mice are 

unable to form osteoclasts (Franzoso et al., 1997; Iotsova et al., 1997). In contrast, single 

knockouts of either p50 or p52 do not cause osteopetrosis, and osteoclasts can still form 

(Franzoso et al., 1997). NFκB can be activated by two pathways, the canonical and non-

canonical pathways (NFκB1 and NFκB2, respectively) (Soysa and Alles, 2009; Asagiri and 

Takayanagi, 2007) The canonical pathway depends upon IĸB phosphorylation (Asagiri and 

Takayanagi, 2007; Soysa and Alles, 2009). Phosphorylation of IκB targets it for ubiquitin-

tagged degradation, resulting in its displacement from the p50/p52 NFĸB complex (Soysa 

and Alles, 2009). This allows for the p50 and p52 containing NFĸB to bind to any of the REL 

proteins such as p65 and become a functionally active trimer (Asagiri and Takayanagi, 2007; 

Soysa and Alles, 2009). TRAF6 has a role in activating NFĸB through its canonical pathway 

(Figure 1.4) (Asagiri and Takayanagi, 2007; Mellis et al., 2011). The formation of the 

signalling complex containing RANK, TRAF6, TAB1/2 and TAK1 causes the activation of 

TAK1 (Feng, 2005; Asagiri and Takayanagi, 2007). TRAF6 mediates the activation of 

TAK1, which results in the phosphorylation of NFκB inducing kinase (NIK) (Figure 1.4) 

(Feng, 2005; Mellis et al., 2011). NIK then activates IĸB kinase (IKK) complexes (Figure 

1.4) (Asagiri and Takayanagi, 2007; Mellis et al., 2011). Degradation of these IĸB molecules 

releases NFĸB, allowing it to -translocate to the nucleus where it mediates the transcription of 

osteoclast effector genes (Asagiri and Takayanagi, 2007; Mellis et al., 2011). Dominant 

negative studies of TAK1 and TAB2 have shown that they are essential for NFĸB activation 

(Takayanagi, 2008a; Boyle et al., 2003). A second NFκB pathway, the non-canonical 

pathway, involves p52/p65 dimer activation (Sun, 2012). RANKL has been shown to activate 

this pathway and there has been some evidence that suggests that inhibition of p52/p65 has a 

negative effect on osteoclast formation (Asagiri and Takayanagi, 2007; Franzoso et al., 1997; 

Jimi et al., 2004; Takayanagi, 2008a; Soysa and Alles, 2009). Novack et al.2003 have 
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suggested that there is crosstalk between the two pathways therefore their functions may not 

be mutually exclusive (Novack et al., 2003).  

 

 1.5.3.2 MAP Kinase Signalling in Osteoclast Differentiation 

RANK signalling causes the activation and the downstream signalling of MAP kinases. The 

MAP kinase family is comprised of the JNK, ERK1/2, p38 and ERK/ big MAPK kinase 1 

(BMK1) family subgroups (Boyle et al., 2003; Asagiri and Takayanagi, 2007; Zarubin and 

Han, 2005). These signalling molecules, which regulate many cellular activities have an 

important role in osteoclastogenesis (Boyle et al., 2003; Asagiri and Takayanagi, 2007). As 

mentioned above, the recruitment of TRAF6 to RANK and the subsequent formation of the 

signalling complex containing RANK, TRAF6, TAK1, and TAB1/2 leads to the activation of 

TAK1 (Asagiri and Takayanagi, 2007). In addition, to activating NFκB, TAK1 also activates 

c-Jun N-terminal Kinase (JNK) (Figure 1.4) (Mizukami et al., 2002; Asagiri and Takayanagi, 

2007; Feng, 2005). This is essential for the activation of transcription factor AP-1 (Figure 

1.4) (Eriksson, 2005). Structurally, AP-1 is a dimer composed of the subunits c-FOS and c-

Jun and is activated through JNK phosphorylation of its c-FOS component (Boyle et al., 

2003; Asagiri and Takayanagi, 2007; Eriksson, 2005). Mice that lack c-FOS develop severe 

osteopetrosis resulting from the block in early osteoclast differentiation (Wang et al., 1992; 

Grigoriadis et al., 1994).  

 

MAP kinase family member ERK1/2 and its downstream signalling pathway have also been 

shown to influence osteoclast formation, although its function may be more important in 

RANK-mediated stimulation of osteoclast activity and survival (Figure 1.4) (Asagiri and 

Takayanagi, 2007; Boyle et al., 2003). RANKL stimulation induces ERK1/2 activation by 

phosphorylation (Hotokezaka et al., 2002). Interestingly, ERK1/2 activation has been shown 

to have an inhibitory effect upon osteoclast formation from RAW264.7 cells (Hotokezaka et 

al., 2002). Inhibiting ERK1/2 through the highly specific upstream MEK inhibitors including 

PD98059 increased osteoclast formation in RAW264.7 cells (Hotokezaka et al., 2002). In 

contrast however, PD98059 inhibited osteoclast formation in both a co-culture system of 

primary osteoblasts and osteoclast progenitor cells and in RANKL stimulated bone marrow 

cultures, but only at extremely high concentrations (Lee et al., 2002a). In addition, PD98059 

also caused the loss of the ruffled border and osteoclast apoptosis in another study where 

primary cultures were used (Nakamura et al., 2003). This data raises two possibilities, either 

the inhibitory effect of ERK1/2 activation upon osteoclast formation is specific to the 
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RAW264.7 cell line or the concentration of PD98059 has adverse effects upon the cells. 

More osteoclast formation cultures using murine progenitor cells need to be studied to 

determine what is occurring.  

 

The most important of the MAP kinase pathways in osteoclast progenitors appears to be the 

stress activated protein kinase p38, which is activated by cellular stresses including UV 

irradiation, heat shock, osmotic stress, inflammatory cytokines and reactive oxygen species 

(ROS) (Zarubin and Han, 2005; Matsumoto et al., 2000). The p38 stress pathway in relation 

to cell stress is discussed in Chapter 1.8.2. RANKL is thought to activate p38α through 

TAB1-dependent autophosphorylation of p38α, which occurs when TAB1 recruits p38 to the 

RANK-TRAF6-TAK1 complex (Ge et al., 2006; Feng, 2005). P38 has multiple non-

degenerate critical actions on many aspects of osteoclast differentiation pathways including 

the regulation of multiple osteogenic transcription factors including NFATc1, MITF and c-

FOS (Figure 1.4) (Huang et al., 2006). P38 regulation of NFATc1 occurs through the c-FOS 

subunit in the AP-1 complex (Figure 1.4) (Huang et al., 2006). Inhibiting p38 with compound 

SB203580 in bone marrow macrophages inhibits RANKL-induced c-FOS mRNA expression 

(Huang et al., 2006). In addition, using dominant negative forms of MKK3 and MKK6, 

which are upstream activators of p38 reduced both RANKL-stimulated c-FOS and NFATc1 

mRNA expression and protein levels (Huang et al., 2006). Overexpression of c-FOS was able 

to restore NFATc1 expression, and osteoclastogenesis in cells where p38 was inhibited with 

SB203580 (Huang et al., 2006). This suggests that upon RANKL stimulation of p38 results 

in activation of C-FOS, which then participates in NFATc1 activation (Huang et al., 2006). 

P38 also directly regulates transcription factor MITF and downstream (i.e., MITF and 

NFATc1-dependent) expression of TRAP during osteoclastogenesis (Figure 1.4) (Mansky et 

al., 2002a). RANKL-induced p38 phosphorylation causes MITF to be phosphorylated on 

Ser307 (Figures 1.2 and 1.4) (Mansky et al., 2002a; Boyle et al., 2003). The necessity of p38 

activity in osteoclast formation has been shown through inhibition studies with its inhibition 

by SB203580 abolishing all osteoclast formation (Matsumoto et al., 2000). These findings of 

p38 actions on so many RANKL-induced factors may explain why its inhibition has 

particularly potent effects upon osteoclast differentiation (Mansky et al., 2002a; Lu et al., 

2010a). 
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 1.5.3.3 SRC-PI3K-AKT Signalling 

The SRC-phosphatidylinositol 3’-OH kinase (PI(3)K)-AKT signalling axis also has a 

significant influence on the outcome of RANKL-RANK signalling in osteoclasts (Boyle et 

al., 2003) (Figure 1.4). The c-terminal of RANK recruits c-SRC, which is able to bind to 

TRAF6 increasing its kinase activity (Mellis et al., 2011). It is notable that c-SRC is not 

necessary for osteoclast differention but rather survival and osteoclast activity (Figure 1.4) 

(Mellis et al., 2011). C-src-/- mice have differentiated osteoclasts, but these osteoclasts lack 

ruffled borders and are almost without bone resorption activity (Asagiri and Takayanagi, 

2007; Zou et al., 2007). Despite c-SRC not having a clear role in osteoclast differentiation, 

downstream of c-SRC is phosphoinositide-3-OH kinase (PI3- kinase) and AKT, which are 

both important in osteoclast differentiation (Moon et al., 2012b; Feng, 2005). TRAF6 

increases the kinase activity of c-SRC to activate PI3-kinase, which then recruits and 

activates AKT (also known Protein kinase B (PKB)) (Feng, 2005). Both the PI3-kinase and 

AKT molecules have been found to be important in osteoclast differentiation by inhibiting 

the kinase activity of AKT substrate, glycogen synthase kinase-3β (GSK3β) (Moon et al., 

2012b). GSK3β has shown to be involved in osteoclast differentiation by modulating NFAT 

family transcription factors and inhibiting its activity allows for NFATc1 (discussed below) 

translocation (Moon et al., 2012b). However, osteoclast formation in mice lacking c-Src 

would suggest that C-SRC is not essential for PI3K/AKT activation in differentiation. 

  

1.5.3.4 NFATc1 Signalling  

RANK-dependent signalling through NFĸB, p38 and AP-1 results in downstream NFATc1 

transcription, translation, stabilisation, nuclear translocation, transcription factor formation 

and transactivation (Figures 1.2 and 1.4) (Boyle et al., 2003). NFATc1 belongs to the nuclear 

factor of activated T-cells cytoplasmic family of transcription factors, which has 5 members, 

NFATc1, -2, -3, -4 and -5 (Zhao et al., 2010; Hogan et al., 2003; Serfling et al., 2012; 

Sharma et al., 2007). Expression of NFATc1, -2, -3 and -4 are regulated by Ca2+ and the Ca2+ 

dependent serine phosphatase calcineurin (Chapter 1.5.3.5) (Mancini and Toker, 2009; Hogan 

et al., 2003).  

 

NFATc1 activation occurs over a number of steps. Initial induction of NFATc1 occurs by 

NFκB and NFATc2 recruitment to the NFATc1 promoter after RANKL stimulation 

(discussed below) (Asagiri and Takayanagi, 2007; Zhao et al., 2010). Full induction is 

achieved when through calcium signalling NFATc1 is activated and binds to its own 
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promoter in a process called autoamplification (Asagiri et al., 2005; Hogan et al., 2003; Kim 

et al., 2005c; Takayanagi, 2007b). This process also requires the binding of c-FOS to the 

NFATc1 promoter (Asagiri and Takayanagi, 2007; Zhao et al., 2010).TRAF6 plays an 

important role in NAFTc1 activation (Figure 1.4)(Takayanagi et al., 2002). In RANKL 

stimulated osteoclast progenitor cells from TRAF6-/- mice, NFATc1 mRNA induction was 

significantly reduced and protein levels were barely detectable (Takayanagi et al., 2002). 

TRAF6 role in NFATc1 activation is thought to occur through its interaction with NFκB, c-

FOS and calcium mobilization (Boyce and Xing, 2007; Feng, 2005). TRAF6 ability to 

mobilize intracellular calcium is dependent upon the Ca2+/Calcineurin pathway, which is 

discussed in Chapter 1.5.3.5 (Figure 1.4) (Feng, 2005; Asagiri and Takayanagi, 2007). Initial 

NFATc1 transcription activation occurs through the cooperation of NFATc2 with NFκB, 

which are recruited to the NFATc1 promoter post RANKL stimulation (Zhao et al., 2010; 

Asagiri and Takayanagi, 2007). NFκB is important to NFATc1 activation as NFATc1 

induction has been shown to be reduced when NFκB is pharmacologically inhibited and in 

NFκB-/- cells (Figure 1.4) (Asagiri and Takayanagi, 2007). Moreover, chromosome 

immunoprecipitation (ChIP) studies have shown that NFκB binds to the NFATc1 promoter 

within minutes of RANKL stimulation (Asagiri and Takayanagi, 2007). These data show that 

NFκB is involved in the activation of immediate-early RANKL target genes one of which 

includes NFATc1; however, NFATc1 expression extends to the mid and later stages of 

osteoclastogenesis through autoamplification. This extended expression of NFATc1 

throughout osteoclastogenesis  is discussed in the next paragraph (Asagiri and Takayanagi, 

2007).
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Figure 1.4 Schematic of RANK Signalling Network in Osteoclasts 

RANKL binding to RANK causes the recruitment of TRAF6 to RANKs cytoplasmic tails. 
Through TRAF6, RANK transmits its downstream signals. TRAF6 first recruits TAK1, 
GAB2 and TAB1 the latter of which activates TAK1. TAK1 activation leads to NFκB 
activation, nuclear translocation and binding to target osteoclastogenic genes promoters i.e., 
c-FOS. Cooperation of NFκB2 and NFATc2 activate the initial induction of NFATc1. Full 
NFATc1 activation occurs through the actions of c-FOS, which is activated by MAP kinase 
p38. MAP kinases are also activated by TRAF6 and p38 phosphorylates the transcription 
factor MITF. RANK signalling also associates with ITAMs to activate calcium signals and 
downstream calcineurin, which activates and causes NFATc1 autoamplification. Transcription 
factors NFATc1, MITF, PU.1 and AP-1 (c-FOS and c-JUN) form transcription complexes in 
the nucleus, which bind to the promoters and drive the transcription of osteoclastogenic genes 
including Apc5. Image adapted from (Boyle et al., 2003; Takayanagi, 2008b; Wada et al., 
2006; Aeschlimann and Evans, 2004; Lee and Kim, 2003; Katagiri and Takahashi, 2002). 
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In addition to NFκB, both subunits of the AP-1 complex: c-JUN and c-FOS are integral 

components in NFATc1 activation (Zhao et al., 2010). It has been shown that the osteoclast 

activities of NFATc1 are inhibited by dominant negative c-jun, but overexpression of 

NFATc1 rescues the dominant negative phenotype (Zhao et al., 2010). As mentioned above, 

Huang et al. 2006 showed that RANKL mediated c-FOS and NFATc1 protein expression 

induction is dependent upon the p38 pathway and that p38 first induces c-FOS expression, 

which causes the subsequent activation of NFATc1 (Zhao et al., 2010; Huang et al., 2006). In 

cells lacking c-FOS, RANKL is unable to stimulate NFATc1 mRNA induction and protein 

expression (Takayanagi et al., 2002). NFATc1 also regulates its own gene expression through 

a process of auto-amplification. After initial activation through NFκB and NFATc2, NFATc1 

in combination with c-FOS also binds to its own promoter within 24 hours of RANKL 

stimulation (Asagiri et al., 2005; Kuroda and Matsuo, 2012; Zhao et al., 2010). The increased 

expression of NFATc1 coincides with oscillating calcium levels, which through calcineurin 

dephosphorylates NFATc1 (Figure 1.4) (Kuroda and Matsuo, 2012; Asagiri et al., 2005). 

Interestingly, calcium levels have been shown increased 24 hours post RANKL stimulation 

(Feng, 2005). The dephosphorylated NFATc1 subsequently translocates to the nucleus where 

it persists until the late stages of osteoclastogenesis. The activation and auto-amplification of 

NFATc1 has been termed the ‘amplification phase’ of osteoclast differentiation (Figure 1.4) 

(Kuroda and Matsuo, 2012; Asagiri et al., 2005). Therefore, both the c-FOS subunit of AP-1 

and calcium are necessary for NFATc1 auto-amplification (Zhao et al., 2010; Takayanagi, 

2007a). The ternary NFAT: Fos: Jun complex integrates calcium, MAPK family members 

(JNK, ERK1/2 and p38) and other RANKL-dependent signalling cascades in osteoclast 

progenitor cells regulating a large number of osteoclast specific genes (Boyle et al., 2003).  

 

1.5.3.5 NFATc1, ITAM motifs and Calcium Signalling Cascades in Osteoclast 

Formation 

As noted above, full activation of NFATc1 transcription is regulated by calcium signals 

(Asagiri and Takayanagi, 2007). Osteoclast-associated receptor (OSCAR), triggering receptor 

expression in myeloid cells-2 (TREM-2), signal regulatory protein β1 (SIRPβ1) and paired 

immunolgobin-like receptor A (PIR-A) are the immunoglobulin like receptors, which are 

associated with adaptor proteins, FcRγ and DNAX activating protein 12 (DAP12) (Figure 

1.4) (Takayanagi, 2007a; Zhao et al., 2010; Kuroda and Matsuo, 2012). These receptors and 

the associated FcRγ and DAP12 proteins are essential for osteoclastogenesis (Zhao et al., 

2010). In the presence of RANKL, activation of SIRPβ1, OSCAR and PIR-A increases the 
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rate of osteoclast formation; however, activation of these receptors without RANKL 

stimulation does not cause osteoclast formation (Zhao et al., 2010; Takayanagi, 2007a). It is 

proposed that putative ligands for OSCAR and TREM-2 are present upon osteoblasts, thus 

further showing the importance of the interaction between progenitor osteoclast cells and 

osteoblasts (Kim et al., 2005c). The associated FcRγ and DAP12 adaptor proteins have an 

immunoreceptor tyrosine-based activation motif (ITAM), which is needed for the activation 

of calcium signalling (Figure 1.4) (Zhao et al., 2010; Takayanagi, 2007a). Mice that lack 

DAP12 and FcRγ exhibit severe osteopetrosis (Zhao et al., 2010). Therefore, ITAM 

signalling is referred to as co-stimulatory signals for RANK (Asagiri and Takayanagi, 2007; 

Takayanagi, 2007a). Calcium-induced phosphorylation of ITAM motifs allows for the 

recruitment of Syk, which is then phosphorylated (Figure 1.4) (Zhao et al., 2010; Kuroda and 

Matsuo, 2012). This recruitment and phosphorylation of Syk to ITAM motifs is essential for 

osteoclastogenesis (Zhao et al., 2010; Negishi-Koga and Takayanagi, 2009). Syk tyrosine 

kinase phosphorylates phospholipase Cγ (PLCγ), which then cleaves Phosphatidylinositol 4, 

5-bisphosphate (PIP2) into inositol 1,4,5-trisphosphate (IP3) and diacyl glycerol (DAG). IP3 

then releases calcium from the endoplasmic reticulum calcium stores (Figure 1.4) (Zhao et 

al., 2010; Negishi-Koga and Takayanagi, 2009). This increase in intracellular calcium ions 

causes the calcium bound calmodulin to undergo a conformational change to the active form, 

which then results in the activation of phosphatase calcineurin and effector proteins 

calcium/calmodulin-activated kinases (CaMKs). Calcineurin activation causes NFATc1 to 

translocate to the nucleus with resulting in subsequent expression of osteoclast specific genes 

(Figure 1.4) (Zhao et al., 2010; Negishi-Koga and Takayanagi, 2009). Inhibiting calcineurin 

with FK506 and cyclosporin A inhibits NFATc1 induction and reduces osteoclast formation 

(Takayanagi, 2007a; Hogan et al., 2003). In addition, inhibiting calcineurin-NFATc1 with 

11R-VIVIT and FK506 reduces ITAM factor expression in human osteoclasts (Zawawi et al., 

2012).  

 

As noted above, TRAF6-dependent signals mobilize intracellular calcium 24 hours post 

RANKL stimulation, which activates calcineurin. This causes NFATc1 activation and 

translocation to the nucleus for the autoamplification phase of NFATc1 induction (Figure 

1.4) (Zhao et al., 2010; Negishi-Koga and Takayanagi, 2009; Feng, 2005). This ability of 

TRAF6 signals to mobilize calcium may be through its association with the adaptor protein 

Gab2, which binds to PLC-γ, thereby linking the two pathways together (Figure 1.4) (Kuroda 
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and Matsuo, 2012; Feng, 2005). Therefore, the full activation of NFATc1 requires cross-talk 

between both the RANKL and ITAM-dependent pathways (Feng, 2005).  

 

1.5.3.6 NFATc1 is the Master Regulator of Osteoclastogenesis 

NFATc1 is often referred to as a ‘master regulator’ of osteoclast formation due not only to its 

central importance in osteoclast formation but also as a result of to the many osteoclast-

influencing factors that regulate its expression or activity (Sharma et al., 2007). In a DNA 

array-based search for RANKL dependent factors, NFATc1 was found to be the transcription 

factor which is most strongly regulated by RANKL (Takayanagi, 2007a). Embryonic stem 

(ES) cells that lack NFATc1 do not differentiate into osteoclasts upon RANKL and M-CSF 

stimulation whereas wild type ES cells do have this ability (Takayanagi, 2007a; Zhao et al., 

2010). Mice that congenitally lack NFATc1 die by embryonic age of E14.5 due to defective 

cardiac valve formation; however, using chimeric mouse approaches and also a transgenic 

mouse model the role of NFATc1 in osteoclast formation in vivo was demonstrated (Zhao et 

al., 2010; Takayanagi, 2007a). In a transgenic mouse model where NFATc1 was expressed 

only in the heart (thus enabling the mice to survive) the mice were found to be osteopetrotic 

(Zhao et al., 2010; Winslow et al., 2006).  

 

NFATc1 positively regulates the expression of a number of osteoclast genes essential for 

osteoclast functions including Atp6v0d2, Dc-stamp, Acp5 (TRAP), Calcr (CTR), Cstk, 

MMP9, c-Src, ClCN7, latent TGF-β binding protein 3 (Ltbp3) and Integrin β3 (Song et al., 

2009; Takayanagi, 2007a; Takayanagi, 2008a; Mellis et al., 2011; Kuroda and Matsuo, 

2012). Differential patterns of NFATc1 and binding transcriptional factors regulate the 

expression of different osteoclast specific genes (Kuroda and Matsuo, 2012; Takayanagi, 

2008a). For example, the NFATc1:AP-1 complex have been shown to be important in 

inducing both TRAP and CTR expression whilst NFATc1: PU.1: MITF complex is required 

to induce CSTK and OSCAR gene expression (Asagiri et al., 2005; Takayanagi, 2008a). 

NFATc1: PU.1 induces Integrin β3 (Crotti et al., 2008). This may explain the spatiotemporal 

expression of osteoclast specific genes during the period of osteoclast formation (Asagiri and 

Takayanagi, 2007). NFATc1 expression has also been shown to regulate RANKL-mediated 

osteoclast fusion, which increases the resorptive activity of osteoclasts (Asagiri and 

Takayanagi, 2007; Kuroda and Matsuo, 2012). NFATc1 was shown by use of a luciferase-

driven reporter construct to directly increase the transcriptional activity of fusion genes: 

vAtp6v0d2 and DC-STAMP (Kim et al., 2008b). 
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NFATc1 activity has been shown to be increased in the bone pathology, Rheumatoid arthritis 

(Yarilina et al., 2011; Crotti et al., 2012). TNF, which is a major mediator of Rheumatoid 

arthritis, has been shown to increase the activity of NFATc1 in human macrophages (Pan et 

al., 2013; Yarilina et al., 2011). In a human study of of rheumatoid arthritis, inhibiting 

calcineurin and NFAT through cyclosporin A stops the disease activity (van Rijthoven et al., 

1986).  

 

1.5.3.7 RANKL Signalling Effects upon Microphthalmia Transcription Factor, 

MITF 

M-CSF and RANKL-dependent signalling also leads to activation of MITF, which is a basic 

helix-loop-helix-leucine zipper transcription factor and the archetype of the MiT family of 

transcription factors (Sharma et al., 2007; Kuiper et al., 2004). Other MiT family members 

include Tfeb, Tfec and Tfe3 (Lu et al., 2010a; Kuiper et al., 2004). MITF can form 

homodimers as well as heterodimers with other MiT family members and is expressed in a 

range of different cell types including melanocytes, splenocytes, mast cells and osteoclasts 

(Lu et al., 2010a; Pogenberg et al., 2012). The role of MITF varies depending upon the cell 

type in which it is expressed (Lu et al., 2010a). For example, MITF is considered the master 

regulator of melanocyte development, function and survival (Levy et al., 2006). In osteoclast 

progenitor cells, its key role is to drive the terminal differentiation of osteoclasts (Bronisz et 

al., 2006; Hershey and Fisher, 2004).  

 

TAK1 a member of the signalling complex, which forms after RANK binding to RANKL is 

important to MITF expression (Qi et al., 2014). TAK1 deficiency results in lack of RANK: 

TRAF6:TAB1/2 complex formation and decreased MITF expression (Qi et al., 2014). MITF 

is chiefly a cytoplasmic protein; however, upon activation it translocates to the nucleus (Lu et 

al., 2010b; Bronisz et al., 2006). MITF is sequestered in the cytoplasm through its 

phosphorylation dependent interaction with adaptor protein 14-3-3 and also through its 

association with TAK1, which promotes the 14-3-3 interaction (Bronisz et al., 2006). M-CSF 

and RANKL signals result in dephosphorylation of MITF at serine 173 allowing MITF 

dissociation from 14-3-3 and its translocation to the nucleus (Bronisz et al., 2006; Lu et al., 

2010b). In vitro studies have also shown that M-CSF stimulation causes Erk1/2 mediated 

phosphorylation of MITF at serine 73 (Hershey and Fisher, 2004; Weilbaecher et al., 2001). 

This phosphorylation causes the recruitment of p300/CBP transcriptional co-activator in 
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RAW264.7 cells, which may increase osteoclast maturation and fusion (Weilbaecher et al., 

2001; Hershey and Fisher, 2004) .  

 

As discussed above, RANKL-elicited MITF levels are induced relatively slowly in osteoclast 

progenitors after NFATc1 induction. Thus, MITF probably drives the latter stages of 

osteoclast formation rather than earlier stages of progenitor commitment, and it is essential 

for transcription of many osteoclast associated genes (Bronisz et al., 2006; Hershey and 

Fisher, 2004). Over twenty spontaneous or induced mutations have been identified on the 

mouse Mitf locus (Steingrímsson et al., 2004; Arnheiter, 2010). These mutations result in 

many significant phenotypic effects on skin pigmentation, eye development, bone and other 

tissues, effects, which also range in severity with the type of mutation (Arnheiter, 2010; 

Steingrimsson et al., 2002). These mutations are classified as semi-dominant or as recessive 

based on their effect on the melanocyte lineage (Hershey and Fisher, 2004). All Mitf 

mutations result in melanocyte defects, which are seen by a reduction or total loss of 

pigmentation of the coat and inner ear (Hershey and Fisher, 2004; Nakayama et al., 1998). 

The original semi-dominant mitf allele (Mitfmi) has a three nucleotide deletion that causes the 

protein to act in a dominant negative manner (Hershey and Fisher, 2004). As a result Mitfmi/mi 

mice are osteopetrotic and have non-erupted teeth (Hershey and Fisher, 2004). Mitfmi/mi mice 

are osteopetrotic due to reduced bone resorption with experiments showing that resorption in 

these mice is reduced by more than 90%, which is consistent with poor or absent osteoclast 

formation (Hershey and Fisher, 2004). Ultrastructural studies have shown the reduced bone 

resorption occurs because osteoclasts derived from Mitfmi/mi mice are small, are either 

mononuclear or have significantly reduced nuclei numbers, their ruffled border is less well 

formed and they express low levels of TRAP and Ctsk (Hershey and Fisher, 2004; 

Steingrimsson et al., 2002; Motyckova et al., 2001; Luchin et al., 2000). Studies in vitro have 

shown similar findings (Hershey and Fisher, 2004). The differences in osteoclast morphology 

and downstream resorptive activity are thought to arise due to problems arising late in the 

process of osteoclast differentiation (Steingrimsson et al., 2002; Luchin et al., 2000). In 

humans loss of function and dominant negative mutations result in the related albinism and 

deafness syndromes: Waardenburg syndrome type 2a, and Teitz syndrome, respectively 

(Tachibana, 2001; Pogenberg et al., 2012).  

 

MITF is a large and complex gene (Figure 1.5) (Hershey and Fisher, 2005). The human MITF 

gene locus spans 229kb while the mouse Mitf locus is 214 kb (Figure 1.5) (Hershey and 
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Fisher, 2005). The MITF/Mitf genes have a split promoter feature and is alternatively spliced 

resulting in expression of as a series of isoforms that are structurally and biologically 

different (Hershey and Fisher, 2005; Lu et al., 2010b; Wan et al., 2011; Lu et al., 2010a). 

Currently 9 isoforms of MITF/Mitf have been identified and these are designated MITF/Mitf-

A, -B, -C, -D, -E, -H, -J, -M, and –Mc (Figure 1.5 excluding isoform J) (Hershey and Fisher, 

2005). These isoforms vary at the exon 1b- 5′ (prime) end of the mRNA transcript, which 

differs in the 5′ untranslated region and, although not in all cases, the N-terminus of the 

translated protein (Figure 1.5) (Hershey and Fisher, 2004) Exon 1b is then spliced onto 

common exons 2-9 (Figure 1.5) (Hershey and Fisher, 2004). The isoforms are expressed in 

varied tissues (Hershey and Fisher, 2005; Cheli et al., 2010). Human osteoclasts express, A-, 

E-, H- and B- and J and mouse osteoclasts express: A, C-, E-, H- and J- (Hershey and Fisher, 

2004; Hershey and Fisher, 2005). Mitf mouse isoforms A and E have been recently shown to 

be important in osteoclast formation (Lu et al., 2010a). Lu et al. found RANKL stimulation 

increased MITF E protein levels and also identified MITF isoform E to be a more potent 

osteoclastogenic factor than isoform A (Lu et al., 2010a). Lu and colleagues also suggested 

that MITF E has a close association with chromatin and therefore is able to mediate strong 

effects upon target genes (Lu et al., 2010a).  

 

MITF binds to the DNA of its target promoters through its alpha helical basic domain, which 

is located near the N terminal region (Figure 1.5) (Krylov et al., 1997; Arnheiter, 2010). 

MITF binds to an E-box motif CACTGTG and also an M box motif TCATGTG in the 

promoters of target genes causing their transcription (Pogenberg et al., 2012; Levy et al., 

2006). There are a few additional sequences that MITF has also been shown to bind to 

including the non-palindromic sequence CACATG (Levy et al., 2006). In osteoclastogenesis 

target genes include those encoding Ctsk, TRAP, E-cadherin, OSCAR, osteopetrosis-

associated transmembrane protein 1 (OSTM), and ClC-7 (Lu et al., 2010a). It is proposed that 

post-translational modifications may have a role in MITF binding to different promoter 

sequences and therefore regulate differential gene transcription (Cheli et al., 2010). 

 

As previously discussed transcription factors NFATc1, PU.1, AP-1 and MITF form an 

osteoclast specific transcriptional complex in which they regulate target genes although the 

molecules within the complex are not always the same (Figure 1.4). RANKL phosphorylation

of p38 causes the downstream phosphorylation of MITF on serine 307 (Mansky et al., 

2002a). This phosphorylation is required for MITF cooperation with the small GTPases, 
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MAP kinase kinase 6 (MKK6) and or Rac1, to bind to the TRAP promoter (Kim et al., 

2005c; Sharma et al., 2007; Asagiri and Takayanagi, 2007; Takayanagi, 2008a). MITF and 

PU.1 are involved in the regulation of a large number of osteoclast genes (Sharma et al., 

2007). PU.1 and phosphorylated MITF were identified at TRAP and Ctsk promoters 

maximally from day 3-5 (Sharma et al., 2007). RANKL-activated p38 was proposed to 

mediate this phosphorylation of MITF (Ser307) and phosphorylated p38 was found to be 

present on the Ctsk promoter (Sharma et al., 2007). Furthermore, ChIP experiments showed 

the phosphorylated forms of MITF and p38 correlated with the recruitment of SWI/SNF 

chromatin-remodelling complex and presence activated RNA pol II at the TRAP and Ctsk 

promoters (Sharma et al., 2007). In addition, Sharma et al. 2007 showed by sequential ChIP 

experiments that NFATc1, PU.1 and MITF are present on Ctsk and TRAP promoters but only 

after 5 days of M-CSF and RANKL co-treatment upon haemopoietic precursors (Sharma et 

al., 2007). 
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1.6 Bone Metastasis 

Bone is one of the most common sites of cancer metastasis and most cancer patients die from 

metastasis rather than primary tumour growth (Mundy, 2002; Coleman, 2006). Tumour cells 

that have metastasized to bone stimulate either osteoclasts or osteoblasts to achieve bone 

invasion and tumour growth (Mundy, 2002). The incidence of bone metastasis is unknown 

but it is estimated that 350,000 people die with bone metastases per year in the United States, 

and unfortunately once the tumours have metastasized to bone they are usually incurable, 

being refractory to treatment (Mundy, 2002). 

 

Many cancers commonly metastasize to bone including breast, prostate, thyroid, kidney, 

lung, colon, stomach, bladder, uterus and rectum cancers (Roodman, 2004; Mundy, 2002). As 

reviewed by Mundy and others, breast and prostate cancer are the two most common cancers 

that metastasize to bone, which is important due to the incidence rates of these diseases 

(Mundy, 2002; Roodman, 2004; Lipton et al., 2009a). Post-mortem examinations have shown 

that 70% of prostate cancer patients have some degree of metastatic bone disease (Mundy, 

2002; Roodman, 2004). Breast cancer is the most common invasive cancer diagnosed in 

females both in Australia and in the world, and the majority (80-85%) of breast cancer 

patients, which develop advanced disease also develop osteolytic metastasis (Sterling et al., 

2011; Lipton et al., 2009a; AIHW, 2006). Renal, lung and thyroid cancer also metastasize to 

the bone (Jimenez-Andrade et al., 2010). Lung cancer is the third most common form of 

cancer to spread to bone after breast cancer and prostate cancer and is present in 30-40% of 

lung cancer patients (D'Antonio et al., 2014). Kidney and thyroid cancer bone metastasis is 

present in approximately 20-30% of patients (Muresan et al., 2008; Sahi et al., 2010). Bone 

metastases often occur in the load-bearing bones of the axial skeleton (Mundy, 2002; Sahi et 

al., 2010; Pittas et al., 2000; Coleman, 2006). Studies have shown that breast, thyroid, and 

kidney patients commonly have metastasis in the proximal ends of long bones, the shaft of 

long bones, ribs, spine, sacrum, illeum and skull (Sahi et al., 2010; Pittas et al., 2000). 

 

Bone metastases reduce the structural integrity of the skeleton and can cause many skeletal 

complications, which present as clinical symptoms in bone metastases patients (Simos et al., 

2013; Weilbaecher et al., 2011). These skeletal complications are collectively called skeletal-

related events (SREs) and severely impact the patient’s wellbeing as they are associated with 

morbidity and mortality (Weilbaecher et al., 2011; Simos et al., 2013; Li et al., 2014). SRE’s 
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of osteolytic metastases include: severe bone pain, increased bone fragility thereby markedly 

increasing fracture rates, deformity of bones, hypercalcaemia, nerve-compression syndromes 

and leukoerythroblastic anaemia (Mundy, 2002; Coleman, 2006; Jimenez-Andrade et al., 

2010; Weilbaecher et al., 2011; Simos et al., 2013).  

 

1.6.1 Osteolytic Metastases  

Cancer metastases to bone can be classified as either osteolytic or osteoblastic depending 

upon the effect the cancer invasion has upon the bone environment (Baltasar Sanchez and 

Gonzalez Sistal, 2014; Roodman, 2004; Mundy, 2002). Osteolytic lesions are characterized 

by bone destruction caused by the actions of osteoclast stimulating factors upon osteoclasts 

(Mundy, 2002; Guise et al., 2006; Ortiz and Lin, 2012). In comparison, osteoblastic 

metastases are caused by cancer cells producing factors that stimulate osteoblast proliferation, 

differentiation and bone formation resulting in poor quality bone formation often leading to 

fractures. Osteoblastic metastases are observed in prostate cancer invasion (Mundy, 2002; 

Guise et al., 2006; Ortiz and Lin, 2012). However, despite lesions being predominantly 

osteolytic or osteoblastic a smaller resorptive or bone laying counterpart is most often present 

and can be due to the complex interactions between the bone and tumour cells and is referred 

to as a “mixed lesion” (Mundy, 2002; Mundy and Guise, 1997; Roodman, 2004; Ortiz and 

Lin, 2012). The reasons for tumour associated bone loss or formation are typically unclear or 

controversial but are clinically of great importance.  

 

1.6.2 The Vicious Cycle Model of Tumour Invasion of Bone 

It has been proposed by a number of scientists in the metastatic bone disease field including 

George Mundy and Theresa Guise that there is a ‘vicious cycle’ of actions between tumour 

cells, osteoclasts, osteoblasts and the bone matrix microenvironment, which promotes bone 

resorption and encourages tumour cell growth and survival (Figure 1.6) (Mundy, 2002; 

Roodman, 2004; Weilbaecher et al., 2011; Sterling et al., 2011). As described in Chapter 

1.3.3.1 osteoclasts derive from the monocytic line of haematopoiesis through signals from M-

CSF and RANKL (Gupta and Massagué, 2006; Boyle et al., 2003; Kopesky et al., 2014). 

Cancer cells, which have invaded the bone use the physiological processes of osteoclast and 

osteoblast differentiation to their own ends of growth and proliferation (Gupta and Massagué, 

2006). In osteolytic metastases, the cancer cells typically inhibit osteoblast differentiation 

through the secretion of soluble factors including bone morphogenic proteins (BMPs), Wnt-

family ligands, endothelin-1 and Platelet derived growth factor (PDGF), which are 
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osteoblastic potentiators (Figure 1.6) (Gupta and Massagué, 2006; Rahim et al., 2014; 

Weilbaecher et al., 2011). In contrast, tumour cells stimulate osteoclast formation by 

secreting factors such as PTHrP, Leukaemia inhibitory factor (LIF), IL-6, IL-11, (TNF-α, 

Epidermal growth factor (EGF) and PGE2, which have been shown to act upon osteoblasts to 

stimulate RANKL production (Figure 1.6) (Mundy, 2002; Thomas et al., 1999; Park et al., 

2003; Boyle et al., 2003; Gupta and Massagué, 2006; Yin et al., 2005; Chen et al., 2010a; 

Palmqvist et al., 2002; Weilbaecher et al., 2011). This increased RANKL expression results 

in a concomitant increase in osteoclast formation and enhanced osteolysis (Figure 1.6) (Chen 

et al., 2010b; Guise, 2013; Roodman, 2004). The breaking down of the bone matrix releases 

calcium as well as factors that are favourable to tumour growth such as TGF-β, connective 

tissue growth factor (CTGF), insulin-like growth factor 1 (IGF-1), fibroblast growth factor 

(FGF), PDGF, and BMPs (Figure 1.6) (Chen and Dou, 2010; Yin et al., 2005; Mundy, 2002; 

Guise, 2013). Such factors encourage tumour growth and positively feedback into tumour cell 

cytokine production (Figure 1.6) (Mundy, 2002; Yin et al., 2005; Guise, 2013; Chen et al., 

2010b). 

 

The vicious cycle described above has been described in bone metastases derived from a 

number of xenografts mouse models including: breast cancer, prostate cancer, multiple 

myeloma, B cell lymphoma, Adult T-cell Leukaemia, and melanoma and oral squamous cell 

carcinoma (Krishnan et al., 2014; Abe et al., 2002; Abe et al., 2004; Chen et al., 2010b; 

Quan et al., 2012; Shu et al., 2010; Mundy, 2002; Shibata et al., 2005; Javelaud et al., 2007). 

In addition, molecules that are involved in the vicious cycle have been implicated in human 

disease although the extent to which the vicious cycle occurs in humans is not known. It is 

likely that this model of tumour invasion of bone whilst providing a physiological model of 

what occurs in metastatic bone disease would not encompass all the signalling networks and 

interactions that occur. Within this model one of the most well-studied molecules is PTHrP. 

PTHrP is described as being one of the most important molecules in promoting the vicious 

cycle of tumour cell growth (Mundy, 2002; Guise, 1997; Yin et al., 2005; Roodman, 2004). 

In MDA-MB-231 human breast cancer cell-inoculated nude mice with bone cancer 

metastasis, the serum levels of PTHrP are increased and osteolysis is observed (Guise et al., 

1996). Neutralizing PTHrP actions by a specific antibody decreased the osteolytic bone 

destruction development and also decreased the tumour load in bone (Guise, 1997; Mundy, 

1997; Guise et al., 1996). In addition, numerous mouse cancer model studies have shown that 

tumour-secreted PTHrP stimulate osteoblasts to express RANKL although this has yet to be 
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demonstrated in vivo (Mundy, 2002; Thomas et al., 1999; Gupta and Massagué, 2006; 

Weitzmann, 2013). Immunohistochemistry and in situ hybridization studies of human bone 

metastasis tissue samples have shown that PTHrP expression is greater in metastatic bone 

lesions than in the primary tumour site or in metastases that are growing in a soft tissue site 

(Mundy, 2002). This is consistent with PTHrP conferring a bone-invasive and osteolytic 

profile (Mundy, 2002). In addition to PTHrP, IL-11 has been proposed to participate in 

tumour invasion of bone as it increases RANKL expression on osteoblasts, and often 

 Overexpression of these molecules is implicated in pathological states including metastasis 

and metastatic bone disease (Kang et al., 2003). MDA-MB-231 cell inoculation into mice 

that overexpressed both IL-11 with osteopontin (OPN), a secretory protein, which stimulates 

osteoclast adhesion to the bone matrix, increased the incidence and rate of metastasis (Kang 

et al., 2003). Over-expression of these molecules increased osteoclast (TRAP positive cells) 

numbers present at sites of bone metastases suggesting their role in osteolysis and tumour 

progression (Kang et al., 2003). Other interleukins including IL-1 and IL-6 may be released 

by tumour cells and act indirectly by increasing RANKL expression or directly upon 

osteoclast progenitors to increase osteoclast differentiation (Chen et al., 2010b; Mundy, 

2002). Another molecule that has been studied for its role in the vicious cycle is TGF-β, 

which is released from the bone matrix whenever osteoclasts resorb bone (Filvaroff et al., 

1999). Although TGF-β seems to have a negative impact upon early tumours, in late stages it 

acts to promote the cancer phenotype (Lebrun, 2012). Yin et al. first demonstrated the role of 

TGF-β in the vicious cycle (Yin et al., 1999). Blocking TGF-β signalling using a dominant 

negative mutant form of the TGF-β receptor, TβRII (DNTβII), in an intracardiac MDA-MB-

231 inoculation model caused a decrease in bone resorption; smaller tumour burden, lower 

number of osteoclasts and an increase in mice survival times (Yin et al., 1999). Reversing the 

TGF-β dominant-negative phenotype increased PTHrP expression with a subsequent increase 

in downstream osteolysis (Yin et al., 1999). In addition to supporting tumour growth and 

their subsequent secretion of PTHrP, TGF-β also increases the expression of other mediators 

of the vicious cycle including of other mediators of the vicious cycle including IL-1, IL-6, IL-

11, and cyclooxygenase 2 (COX-2) (Javelaud et al., 2007; Lebrun, 2012; Kingsley et al., 

2007). Inhibition of TGF-β by the inhibitory SMAD7 decreases PTHrP, CTGF and IL-1 

mRNA expression in melanoma bone metastases (Javelaud et al., 2007). Interestingly in 75% 

of patients with biopsied bone metastases, the tumour cells stained positive for 

phosphorylated and nuclear localized, SMAD 2, which is recruited by the TGF-β receptor 

(Kang et al., 2005). The role of TGF-β signalling has been shown to be common in bone 
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metastasis with TGF-β signalling occurring in bone metastases but not adrenal metastasis 

both derived from inoculation with MDA-MB-231 cells (Kang et al., 2005). Another 

molecule, COX-2, is expressed in 87% of the bone metastases from patient samples 

suggesting it also has an important role in metastatic bone disease (Kingsley et al., 2007). 

Inhibiting COX-2 decreases osteoclast numbers at the tumour- bone interface and decreases 

the tumour load in mice inoculated with MDA-MB-231 cells (Kingsley et al., 2007). 

 

In addition, calcium and growth factors (e.g., IGFs, CTGF, and FGF), which are released 

from the bone matrix by osteoclast bone resorption may increase the production of tumour 

associated factors thereby directly promoting tumour cell growth and progression by 

stimulating such processes as angiogenesis (Kingsley et al., 2007). Other molecules 

implicated in the vicious cycle, which are currently being studied include: MMPs, A 

Disintegrin And Metalloproteinase Domain 8 (ADAM8), Monocyte chemoattractant protein-

1 (MCP-1) and Ctsk (Chen et al., 2010b). Thus, in summary, a large body of work indicates 

that tumour invasion of bone is potentiated by osteoclastic bone resorption and suggests 

osteoclast inhibition may help reduce tumour invasion. 

 

1.6.3 Inhibition of Osteoclast Activity and RANKL Targeted Therapy in Bone 

Metastasis 

Because osteolysis encourages tumour growth, inhibition of osteoclast activity, and RANKL 

actions in particular, have become important therapeutic targets (Roodman and Dougall, 

2008; Casimiro et al., 2009; Hofbauer et al., 2008; Simos et al., 2013). Bisphosphonates are 

pyrophosphate analogues that inhibit osteoclasts (Mundy, 2002; Ramaswamy and Shapiro, 

2003; Simos et al., 2013). Bisphosphonates bind with high affinity to hydroxyapatite crystals 

on the mineralized bone surfaces and during osteolysis are taken up by osteoclasts inhibiting 

resorption (Baron et al., 2011; Casimiro et al., 2009; Drake et al., 2008). There are many 

bisphosphonates: pamidronate, aldreonate, clodronate and probably the most commonly 

administered, zoledronate (Mundy, 2002; Baron et al., 2011; Ramaswamy and Shapiro, 2003; 

Simos et al., 2013). In addition to treating patients with osteolytic metastases, 

bisphosphonates are used to treat patients with bone loss diseases including osteoporosis, 

arthritis and Paget’s disease (Casimiro et al., 2009; Feng et al., 2013; Drake et al., 2008). 

Bisphosphonates inhibit osteoclast resorption by a number of mechanisms including  
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osteoclast apoptosis, alteration of osteoclast cytoskeleton assembly and inactivation of the 

adenosine triphosphate-dependent proton pump, the latter resulting in inhibition of the acid 

secretion, which is required to dissolve the bone mineral matrix (Ramaswamy and Shapiro, 

2003; Baron et al., 2011; Hofbauer et al., 2008). In addition, bisphosphonates have been 

reported to directly affect tumour cells themselves although the reasons for this are unclear 

(Ramaswamy and Shapiro, 2003; Weilbaecher et al., 2011). Treatment with bisphosphonates 

has been shown to decrease the incidence of SRE, bone lesions and tumour burden (Mundy, 

2002; Simos et al., 2013). The bisphosphonate, zoledronic acid, is the standard of care for 

patients, which have advanced cancer and bone metastases (Polascik and Mouraviev, 2008; 

Israeli, 2008; Berenson, 2005; Lipton, 2004). In many human clinical trials zoledronate has 

been shown to decrease bone lesions and the incidence of SRE that arise from metastatic 

bone disease (Berenson, 2005; Polascik and Mouraviev, 2008; Simos et al., 2013; Holen and 

Coleman, 2010).  

 

RANKL-targeted therapy has emerged as significant target for bone loss diseases including 

osteolytic metastases (Hofbauer et al., 2008; Simos et al., 2013). The effect of RANKL 

inhibition was first evaluated in preclinical and clinical studies using chimeric proteins 

consisting of the RANKL-binding domains of OPG or of RANK fused with the Fc portion of 

human IgG1 (Baron et al., 2011) Originally trialed clinically as anti-osteolytic agents, they 

have been superseded by denosumab, which is a fully humanized RANKL-binding 

monoclonal antibody (Roodman and Dougall, 2008; Baron et al., 2011). Denosumab inhibits 

RANKL binding to RANK and persists in the circulation for up to 3 months (Baron et al., 

2011; Dubois et al., 2011; Rizzoli et al., 2010). Denosumab thus inhibits the differentiation 

of osteoclast progenitors into mature osteoclasts, unlike bisphosphonates that kill or disable 

osteoclasts when they are ingested during the process of bone resorption (Baron et al., 2011; 

Casimiro et al., 2009). Another important clinical difference between bisphosphonates and 

denosumab as anti-resorptive drugs is that bisphosphonates have high affinity for bone and 

persist for many years (Bock and Felsenberg, 2008). In contrast, denosumab binds to soluble 

RANKL in the extracellular milieu and is cleared from the body over months (Miyazaki et 

al., 2014; Rizzoli et al., 2010). Comparative studies between the potent bisphosphonate, 

zoledronate, and denosumab treatment showed denosumab treatment to be the more effective, 

increasing the time to the first SRE and also decreasing bone turnover markers (Henry et al., 

2011; Lipton et al.; Stopeck et al., 2010; Dougall, 2010; Dougall et al., 2014). In prostate 
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cancer patients free from metastasis, denosumab prolonged bone metastasis-free survival and 

delayed the time to first bone metastasis (Dougall et al., 2014). In addition, a comparative 

study assessing the anti-cancer effects of denosumab upon lung cancer patients with bone 

metastasis in comparison to zoledronate treated patients with bone metastasis from solid 

tumours or multiple myeloma, showed denosumab increased survival (Smith et al.; Dougall 

et al., 2014). A Phase I clinical trial with denosumab was trialled on patients with Multiple 

Myeloma or breast cancer with bone metastasis. Twenty-four hours after denosumab 

treatment, bone turnover markers were reduced greater than 50% and 75%, respectively and 

these reductions were maintained throughout the 84 day trial period (Body et al., 2006; 

Roodman and Dougall, 2008). Denosumab treatment has also been shown to decrease the 

severe pain, which is the most common SRE in patients with metastatic bone disease 

(Weilbaecher et al., 2011).  

 

1.7 Cancer Cell Stress  

Cancer cells have a phenotype that displays greatly increased dependence upon cell stress 

response pathways, which is termed ‘stress phenotype’ (Solimini et al., 2007; Wondrak, 

2015). This stress phenotype allows them to grow despite the internal and external 

environmental insults (Solimini et al., 2007; Wondrak, 2015). Malignant mutations, which 

either confer gain of function (e.g., amplification or overexpression of key oncogenes) or loss 

of function mutations (e.g., deletions and epigenetic silencing of major tumour suppressor 

genes) result in cell deregulation that is associated with enhanced cell stress (Hahn and 

Weinberg, 2002). The multiple mutations, often arising in a multistep manner, confer a 

common set of properties or hallmarks that achieve the malignant cancer cell phenotype 

(Vogelstein and Kinzler, 1993; Bernards and Weinberg, 2002; Luo et al., 2009). Cancer cell 

hallmarks include unchecked proliferation, self-sufficiency in growth signals, resistance to 

anti-proliferative and apoptotic cues, angiogenesis (that feeds oxygen and nutrients to the 

tumour cells allowing the tumour to grow), evade immune detection and metastasis to distant 

organs (Hanahan and Weinberg, 2011; Luo et al., 2009; Neckers and Workman, 2012; 

Kroemer and Pouyssegur, 2008). As reviewed by Solimini et al., many of the aforementioned 

mutations give rise to ‘oncogenic addiction’; however, ‘non-oncogene addiction’ also occurs 

where the cancer cells rely heavily on factors, which are not classified as oncogenes to 

promote their cancerous state (Solimini et al., 2007). Such molecules include heat shock 

factor 1 (HSF1) and heat shock protein 90 (HSP90) the latter of which is regulated by HSF1 
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(Solimini et al., 2007). In addition to the stresses generated from within the cell, tumour 

microenvironment stresses are present including pH imbalance, hypoxia and nutrient 

deprivation (Figure 1.9) (Travers et al., 2012; Trepel et al., 2010; Workman et al., 2007). In 

order to survive these oncogenesis-associated cellular stresses, a number of stress responses 

or stress support pathways are activated, which allow the cancer cells not only to survive but 

proliferate allowing for tumour progression (Luo et al., 2009; Solimini et al., 2007). These 

stress responses are additional phenotypic hallmarks of cancer cells and include proteasome 

stress (unfolded protein response [UPR]), ER stress (UPR), oxidative stress, metabolic stress, 

HSF1 mediated cell stress (heat shock response [HSR]), genotoxic stress (DNA damage), and 

membrane stress (Chapter 1.8) (Luo et al., 2009; Solimini et al., 2007). The cancer stress 

phenotypes are not responsible for initiating tumorigenesis, but they are common 

characteristics of many tumour types and allow for the cancer cell to survive (Luo et al., 

2009). Interestingly, interplay between the stress response pathways often occurs in tumour 

cells (Luo et al., 2009). These stress phenotypes are also seen in other pathological conditions 

including chronic inflammation (Luo et al., 2009). Because these stress response pathways 

are typically activated in cancer cells, targeting the molecules or organelles that mediate the 

stress responses provides a way to selectively target processes, which are increased in cancer 

cells (Luo et al., 2009). As such many cancer therapeutics have been developed to inhibit the 

pro-tumour responses that the stress support pathways garner (Chapter 1.9) (Solimini et al., 

2007). These stress pathways are activated not only in cancer cells, but are common pathways 

that can be activated an many cell types in response to stress and are discussed in this context 

below (Fulda et al., 2010). 

 

1.8 Cell Stress Pathways 

As described above, cancer cells have many stress response pathways highly activated; 

however, these pathways are also activated in noncancerous cells and maintain cell viability 

when the cell is exposed to stress (Fulda et al., 2010). Stressors which activate the heat shock 

response, oxidative stress, ER stress and genotoxic stress are varied and include: UV 

irradiation, pH imbalance, inflammatory cytokines, therapeutic compounds, and heat (Fulda 

et al., 2010; Richter et al., 2010; Zarubin and Han, 2005; Birben et al., 2012; Chaudhari et 

al., 2014; Peng et al., 2010). 
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1.8.1 Heat Shock Response   

Heat is a major cell stressor, with temperatures varying only a couple of degrees higher 

posing a significant threat to cell survival and, therefore, organism survival in many species 

(Verghese et al., 2012; Richter et al., 2010). A classic heat shock response (HSR) is triggered 

by a temperature increase of only a couple of degrees relative to the optimum temperature of 

that species in both prokaryotes and eukaryotes alike (Richter et al., 2010; Wu, 1995). The 

effect of heat was first identified in Drosophila cells in the 1930s but was not well 

characterised until in the 1960s (Wu, 1995; Richter et al., 2010; Åkerfelt et al., 2010). It was 

from this work that the HSR was found to be regulated by heat shock factor 1 (HSF1) 

(Lindquist, 1986; Neidhardt et al., 1984). Heat shock stress to the cell causes proteins to 

incorrectly fold and also denature thus become unfolded and allowing for protein aggregation 

(Figure 1.7). The high concentration of misfolded, unfolded, or aggregated proteins signals to 

the cell for the activation of the HSR, which increases the transcription and translation of 

Heat Shock Proteins (HSPs) to protect against stress-induced death (ÅKerfelt et al., 2007; 

Morimoto, 2008).  

 

Heat shock proteins are conventionally divided into 5 main families based on molecular 

weight: HSP60, HSP70, HSP90, HSP100 and the small heat shock proteins, such as 

HSP25/27 and HSP33 (Goetz et al., 2003; Nover and Scharf, 1997). The main characterised 

function of HSPs is as molecular chaperones, facilitating correct protein folding and targeting 

misfolded proteins to ubiquitin tagged degradation to maintain protein homeostasis and 

therefore cell viability (Gabai and Sherman, 2002; Lila et al., 2001; Richter et al., 2010; 

Whitesell and Lindquist, 2005). As mentioned above, when a cell experiences stress unfolded 

proteins or incorrectly folded proteins aggregate and cause proteotoxic stress driving the 

rapid transcription and translation of HSPs (Figure 1.7) (Calderwood, 2013; Morimoto, 2008; 

Stephanou and Latchman, 2011; Richter et al., 2010). Increasing the stoichiometric ratio of 

HSPs pushes the reaction toward maintaining and correcting protein folding within the cell 

(Calderwood, 2010; Calderwood, 2013; Stephanou and Latchman, 2011; Morimoto, 2008; 

Richter et al., 2010). Thus, HSPs act to protect the cell against proteotoxic stress by 

maintaining correct protein folding, refolding misfolded proteins and targeting aggregated 

proteins to the proteasome for degradation (Figure 1.7) (Morimoto, 2008; Verghese et al., 

2012; Vabulas et al., 2010). In addition to heat, a wide range of other stressors including: UV 

and X-ray irradiation, acidosis, inflammatory cytokines, viruses and cytotoxic compounds all 

result in protein misfolding similarly activate the HSR and often through similar mechanisms 
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(Dai et al., 2007; Åkerfelt et al., 2010; Fulda et al., 2010; Richter et al., 2010). The increased 

expression of HSPs avoids the cellular cytoplasmic microenvironment becoming crowded 

with unstable proteins, which risk causing the cell proteotoxic stress and death (Vabulas et 

al., 2010; Taipale et al., 2010).  

 

When a cell undergoes an HSR, it not only results in misfolded and aggregated proteins, but 

it also affects the cell as a whole including: transport and nuclear activities, organelle 

localizations and their correct functions, the cell’s structural integrity and cell growth and 

proliferation (Richter et al., 2010). The deregulation of protein folding is most likely to 

account for the wider cellular effects of heat shock (Richter et al., 2010; Taipale et al., 2010). 

Heat shock causes vimentin, a major cytoskeleton protein filament component to aggregate 

with subsequent breakdown of the actin and tubulin cytoskeleton causing the cell morphology 

to be distorted, which occurs during apoptosis (Richter et al., 2010; Welch and Suhan, 1985; 

Toivola et al., 2010; Szalay et al., 2007). Membrane permeability is also increased by a 

changed protein:lipid membrane ratio, resulting in a change in both pH and ion homeostasis 

(Kruuv et al., 1983; Richter et al., 2010; Nakamoto and Vígh, 2007). Organelles affected by 

heat shock include the mitochondria, Golgi and ER of which the latter two may undergo 

fragmentation (Welch and Suhan, 1985; Richter et al., 2010). Relating to the nucleus, RNA is 

incorrectly processed in the ribosomes and aggregates similar to protein in response to heat 

shock (Welch and Suhan, 1985; Boulon et al., 2010). In addition, heat shock causes the 

formation of stress granules (Nover and Scharf, 1997; Buchan et al., 2011). These are 

structures that hold non-translational mRNA and RNA-protein composites as well as 

regulators of translation (Nover and Scharf, 1997; Buchan et al., 2011). Overall in response 

to the HSR there is a decrease in transcription (Buchan et al., 2011; Boulon et al., 2010). 

Additionally, studies have shown that the cell cycle is arrested the G1/S and G2/M phases 

stopping growth and proliferation (Kuhl and Rensing, 2000; Richter et al., 2010). Thus, the 

result of heat shock and related responses to other stressors upon the cell is usually either 

cellular death or survival depending upon the extent of the stress insult (Richter et al., 2010). 

Sometimes, however, resistance to the stressor may also develop, for example some cancer 

cells may acquire resistance to chemotherapeutics through HSF1 and non-oncogene addiction 

(Richter et al., 2010). Mice that lack HSF1 are protected against tumorigenesis to a large 

extent with reduced tumour load and extended survival times, indicating that cancer cells are 

more reliant upon HSF1 for their survival than non-cancerous cells (Dai et al., 2007). The 

protective role of HSF1 against tumorigenesis is thought to occur through the increased 
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expression of HSPs (Solimini et al., 2007). The increased HSP levels decreases the stress 

incurred through the increased load of unstable and mutated proteins, increased protein 

turnover and proteasome stress (Solimini et al., 2007). 

 

1.8.1.1 Heat Shock Factor 1 

HSF1 is described as the major regulator of cellular responses to stress (Gandhapudi et al., 

2013). As described earlier, HSF1 activation causes the downstream transcription of target 

genes i.e., HSPs, which act to stabilize proteins by refolding them or cause their degradation 

(Neueder et al., 2014; Morimoto, 1993; Dai et al., 2007). These actions act to maintain 

protein homeostasis within the cell (Dai et al., 2007). HSF1 is a member of the heat shock 

family of proteins, which also includes HSF2 and HSF4 in mammals and HSF3 in avian 

species (Åkerfelt et al., 2010; Pirkkala et al., 2001; Powers and Workman, 2007; Diller, 

2006). Between the family members there is a degree of redundancy in their response to 

stress but also specialized responses (Åkerfelt et al., 2010; Diller, 2006). HSF1 is the 

principle regulator of the HSR; however, HSF2 can cooperate with HSF1 during the HSR 

(Stephanou and Latchman, 2011; Åkerfelt et al., 2010). For example, HSF-2 can form 

heterotrimers with HSF1 and bind to DNA binding motifs in Hsp genes (Åkerfelt et al., 

2010). In addition, HSF1 and HSF2 co-localize in nuclear stress bodies (Åkerfelt et al., 

2010). HSF1 is expressed in most cell types and its expression is required for not only 

increased expression of HSPs but also their basal levels, which are very low activity at 

around 5% compared to stressed cells (Åkerfelt et al., 2010; Diller, 2006). 

 

HSF1 Function 

In response to heat, HSF1 activates the HSR and causes the rapid increase in the transcription 

of particular HSPs especially HSP90, HSP27 and HSP70 family members (Åkerfelt et al., 

2010; Morimoto, 1993; Morimoto, 2008; Fulda et al., 2010; Dai et al., 2014). As described 

earlier these HSPs act to maintain correct protein folding the protein homeostasis with the 

cell (Fulda et al., 2010; Morimoto, 1993). This process occurs after the classical heat shock 

response to heat but also applies to various environmental and pathophysiological stressors 

including: UPR, heavy metals, UV, viral infections, acidosis, nutritional deprivation and 

treatments with chemotherapeutics (Åkerfelt et al., 2010; Morimoto, 1993; Morimoto, 2008; 

Fulda et al., 2010; Dai et al., 2014). The activation of HSF1 and its induction of the HSR 

confer a tolerance to stress making cells more resistant to various toxic insults and therefore 

maintains cell viability during stress conditions (Craig and Schlesinger, 1985; Lindquist, 
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1986; Fulda et al., 2010). HSF1 knockout mice and cell line models have demonstrated that 

HSF1 is essential for the transcription of many HSPs (Åkerfelt et al., 2010; Diller, 2006). 

HSF1-/- cells do not develop thermotolerance whilst undergoing heat shock and therefore go 

through heat-induced apoptosis (McMillan et al., 1998; Zhang et al., 2002b). In addition, 

these HSF1-/- cells have much lower levels of HSP70 and HSP25, which are no longer 

inducible (McMillan et al., 1998). This consequently results in the lack of HSP mediated 

inhibition of apoptosis through both the caspase and caspase independent pathways 

(McMillan et al., 1998).  

 

HSF1 Structure, Localization and Activation  

HSF1 belongs to the winged helix turn-helix (wHTH) family of DNA binding proteins 

(Åkerfelt et al., 2010; Ahn et al., 2001). HSF1 has an N terminal DNA-binding domain 

(DBD), an adjacent coiled coil trimerization domain and a transcriptional activation domain 

at the carboxyl terminal region (Pirkkala et al., 2001; Åkerfelt et al., 2010). Under normal 

physiological conditions, HSF1 is mostly localized to the cytoplasm of the cell and is present 

in a latent monomeric form bound to HSP90 and other components of the multichaperone 

complex (Chapter 1.9.2, Figure 1.7) (Neef et al., 2013; Whitesell and Lindquist, 2009; Diller, 

2006; Zou et al., 1998). During cell stress, unfolded and aggregated proteins start to 

accumulate and compete with HSF1 for HSP90 binding (Whitesell and Lindquist, 2009). The 

recruitment of HSP90 and HSP70 to proteins that are misfolded, titrates these molecules 

away from their association with HSF1 (Figure 1.7) (Pirkkala et al., 2001; Whitesell and 

Lindquist, 2009). Once dissociated from the HSP90 multichaperone complex, the HSF1 

monomers are activated by a multi-step process which includes: trimerization that gives 

HSF1 its DNA binding affinity; nuclear translocation; nuclear accumulation and broad 

posttranslational modifications including phosphorylation, acetylation and sumoylation, 

which regulate HSF1 activity (Figure 1.7) (Stephanou and Latchman, 2011; Åkerfelt et al., 

2010; Whitesell and Lindquist, 2009; Diller, 2006; Anckar and Sistonen, 2011). 

 

HSF1 mediates HSP transcription by binding to consensus sequences called heat shock 

response elements (HSEs), which are found in HSP gene promoters but also many other 

genes including RANKL (Jaeger et al., 2014; Åkerfelt et al., 2010; Stephanou and Latchman, 

2011; Roccisana et al., 2004). HSEs are comprised of extended repeats of the sequence 

nGGAn (Jaeger et al., 2014; Trinklein et al., 2004). It has been found that HSF1 prefers to 

bind to HSE with at least three contiguous inverted nGAAn repeats (nTTCnnGAAnnTTCn) 
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with the DBD of each HSF1 monomer in the trimer recognizes the sequence nGGAn in the 

major groove of the DNA helix (Trinklein et al., 2004; Jaeger et al., 2014; Anckar and 

Sistonen, 2011). The trimerization of HSF1 that occurs under stress events increases HSF1 

affinity for HSEs by several orders of magnitude (Anckar and Sistonen, 2011; Liu and Thiele, 

1999).  

 

1.8.1.2 HSF1 and the Stress Inducible HSP72 

One of the key targets of HSF1 is the stress inducible HSP72 (HSPA1A). HSP72 belongs to 

the HSP70 family of HSPs, which has served as a model system for inducible transcription in 

eukaryotes (Åkerfelt et al., 2010; Lindquist, 1986). HSP72 is considered to be a protective 

molecule against stress stimuli, and its expression is often used as a biomarker of cell stress. 

In this thesis, HSP72 expression is used as an indicator of HSF1 activation and HSR 

induction. HSP72 expression has been shown to be increased in the nucleolus by a myriad of 

stressors including hypothermia, heat shock, osmotic stress, ROS and chemotherapeutics 

(Kregel, 2002; Wang et al., 2012; Morimoto, 2002; Melling et al., 2009; Latchman, 2001; 

Gupta et al., 2010; Beck et al., 2000; Richter et al., 2010; Hendrick and Hartl, 1993; Mayer 

and Bukau, 2005). HSP72 mediates its protective effect by participating in the refolding of 

misfolded proteins, maintenance of proteins in their native folded state and minimizing 

protein aggregation (Agashe and Hartl, 2000; Richter et al., 2010; Hendrick and Hartl, 1993; 

Mayer and Bukau, 2005). Like most HSPs, HSP72 expression is regulated by HSF1 (Melling 

et al., 2009; Morimoto, 1998). The HSP70 gene has two HSE within its 5′ prime region and 

HSF1 binds to the proximal HSE to induce HSP72 expression (Melling et al., 2009; 

Morimoto, 1998; Kregel, 2002). 
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Figure 1.7 HSF1 Activation                                                    
(a.) Under physiological conditions, HSF1 is present as monomer that is bound to the N-
terminal of HSP90, which exists as a HSP90/HSP70 (and HDAC6 and p23) chaperone 
complex. This interaction with HSP90 inhibits HSF1 transcriptional activity. (b.) Upon stress 
misfolded proteins accumulates (c.), which causes the HSP90/HSP70 chaperone to dissociate 
from HSF1. HSP90/HSP70 binds to misfolded proteins to refold them (d.). The monomeric 
HSF1 then trimerizes and translocates to the nucleus where (e.) it undergoes a series of post-
translational phosphorylation events. (f.) HSF1 then binds to HSE in the promoters of Hsp 
genes including Hsp90 and Hsp70 and other target genes. (g.) The increased cellular 
concentration HSP negatively feedbacks upon HSF1 by binding to and repressing its activity. 
Imaged sourced from (Powers and Workman, 2007). 

Cellular Stress 
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1.8.2 The p38 Stress MAP Kinase Signalling Pathway 

Although HSF1 is a major mediator of many forms of cellular stress within cells, another 

important stress pathway in the cell is the p38-signalling cascade (Robinson and Cobb, 1997; 

Zarubin and Han, 2005). P38 is a stress-associated MAPK and is one of the four MAPK 

subfamilies, which include: extracellular signal-regulated kinases (ERKs), c-jun N-terminal 

or stress-activated protein kinases (JNK/SAPK), and ERK/big MAPK kinase 1 (BMK1) 

(Zarubin and Han, 2005; Obata et al., 2000; Sudo et al., 2005). P38 was first isolated as a 

38kDa protein that was quickly phosphorylated on tyrosine residues when treated with 

Lipopolysaccharides (LPS) (Zarubin and Han, 2005; Nahas et al., 1996). There are four 

splice variants of the p38 family described: p38α, p38β, p38 (ERK6, SAPK3) and p38 

(SAPK4) (Wagner and Nebreda, 2009). All of these can be recognized by a Thr-Gly-Tyr 

(TGY) dual phosphorylation motif (Zarubin and Han, 2005; Waskiewicz and Cooper, 1995). 

Both p38α and p38β are expressed ubiquitously in cells; however, p38 and p38 are 

differentially expressed in different tissue-types (Lawson et al., 2013; Zarubin and Han, 

2005; Koul et al., 2013).  

 

P38 is activated through phosphorylation by a range of stressors including pro-inflammatory 

cytokines, UV, heat shock, osmotic stress, bacterial endotoxins i.e., LPS, DNA damage and 

oxidative stress (Zarubin and Han, 2005; Junttila et al., 2008; Wagner and Nebreda, 2009). 

Phosphorylation of p38 causes a wide range of downstream effects including apoptosis, 

cytokine production, transcriptional regulation and cytoskeletal organization (Wagner and 

Nebreda, 2009; Junttila et al., 2008; Obata et al., 2000). In the pathophysiology of cancer, the 

p38 MAP kinase signalling pathway has been shown to both negatively and positively affect 

tumorigenesis, suggesting its actions may be cell context-specific (Wagner and Nebreda, 

2009). For example, p38 activation has been shown to be significantly less in 20 human 

hepatocellular carcinoma cell lines in comparison to non-cancerous cells (Bradham and 

McClay, 2006). However, a gene expression profiling study of cancer cell in response to 

TNF-α showed that p38 had a strong prosurvival role by downregulation of pro-apoptotic 

genes and the upregulation of Bcl2 genes (Phong et al., 2010). p38 activation is regulated by 

the dual kinases MAP kinase kinases (MKK): MKK3 and MKK6 (Zarubin and Han, 2005; 

Jiang et al., 1996; Wagner and Nebreda, 2009; Brancho et al., 2003). It has also been 

reported that the upstream kinase of JNK, MKK4, can aid in p38α and p38 activation in 

certain cell types, which would explain the redundancy seen between these pathways 
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(Wagner and Nebreda, 2009; Brancho et al., 2003; Zarubin and Han, 2005). Further upstream 

of MKK are MAP kinase kinase kinases (MAPKKK) and STE20 kinases or small GTP-

binding proteins (MAPKKKK), which regulate p38 activity (Axmann et al., 2009; Garrington 

and Johnson, 1999; Turjanski et al., 2007). In addition, a MAPKK independent p38 

activation pathway that involves the adaptor protein TAB1 has been identified (Zarubin and 

Han, 2005; Cuenda and Rousseau, 2007; Ge et al., 2002). Ge et al. showed a complex 

containing TAB1, p38α and TRAF6 after RANKL binding to the RANK receptor (Ge et al., 

2002). In this activation mechanism, TAB1 interaction with p38 causes its 

autophosphorylation (Cuenda and Rousseau, 2007; Zarubin and Han, 2005; Ge et al., 2002). 

The p38 Stress MAP kinase pathway is essential for osteoclastogenesis (Li et al., 2002). As 

described earlier, p38 activation is required for osteoclastogenesis and mice which lack p38 

do not have osteoclasts (Li et al., 2002). Upon onset of cell stress and p38 phosphorylation, 

p38 translocates to the nucleus where it phosphorylates target proteins among its nuclear 

substrates, which are transcription factors already bound to the DNA (Chang and Karin, 

2001; Gong et al., 2012; Cargnello and Roux, 2011). P38 has many substrates including 

MAP kinase-activated protein kinase 2 and 3 (MK2 and MK3), and the p38 

regulated/activated kinase (Zarubin and Han, 2005; Wagner and Nebreda, 2009). These p38 

substrates activate many downstream targets including heat shock protein 27 (HSP27), which 

is involved in regulating cell apoptosis (Zarubin and Han, 2005; Xu et al., 2006). It is 

interesting to note that p38 has been shown to be involved in the HSR (Patel, 2009). P38 has 

been reported to regulate HSP70 protein levels and HSF1 activation in osmotically stressed 

murine cortical and medullary cells (Patel, 2009). Moreover, HSF1 inhibition decreases p38 

phosphorylation in these cells (Patel, 2009). Further suggesting a regulatory role between 

these two proteins is that p38 and JNK have been shown to phosphorylate HSF1 in a ras-

dependent manner in heat shocked or osmotically stressed NIH3T3 cells that constitutively 

express active Ras (Kim et al., 1997). Rafiee et al. identified that p38 MAPK inhibition 

through SB-203580 and p38 knockdown inhibited Hsp27 and Hsp70 mRNA induction in 

human esophageal microvascular endothelial cells (HEMEC) (Rafiee et al., 2006). This data 

suggests a role for MAPKs in the HEMEC HSR (Rafiee et al., 2006). In addition in 9L rat 

brain tumour cells, cadmium (100μM) treatment phosphorylates p38, which is followed by 

HSP70 induction (Hung et al., 1998). The necessity of p38 activation in cadmium mediated 

HSP70 expression was shown by pharmacological inhibition of p38 (SB203580), which 

inhibited the induced HSP70 expression (Hung et al., 1998).  
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1.8.3 Oxidative Stress 

Organisms that live in an aerobic environment are constantly exposed to reactive ROS. 

Reactive oxygen species are a number of reactive molecules and free radicals, which are 

derived from molecular oxygen. Some examples of ROS include superoxide anions, 

hydrogen peroxide, peroxide hydroxyl radicals, and hydroxyl ions (Martindale and Holbrook, 

2002; Stadtman, 2004; Held, 2015). These molecules have a higher reactivity than molecular 

oxygen and if produced in too high a level cause oxidative stress resulting in serious cell 

damage (Sharma et al., 2012; Poljsak et al., 2013; Noori, 2012; Held, 2015). Thus, oxidative 

stress occurs when the redox equilibrium in the cell is disturbed, and there are more oxidants 

than antioxidants (Birben et al., 2012; Poljsak et al., 2013).  

 

ROS are generated in response to either intracellular or exogenous sources (Martindale and 

Holbrook, 2002; Noori, 2012). Intracellularly, most ROS are produced in the mitochondria, 

which is where redox potential is maintained (Martindale and Holbrook, 2002; Gutterman, 

2005). ROS are generally generated as a result of electron leakage from the oxidative 

phosphorylation pathway (Gutterman, 2005; Martindale and Holbrook, 2002). However, 

ROS are also formed by metal catalysed oxidation and oxidoreductase enzymes (Martindale 

and Holbrook, 2002; Held, 2015). Cells can also take up exogenous ROS or generate them in 

response to environmental insults such as ethanol exposure (Held, 2015; Martindale and 

Holbrook, 2002; Birben et al., 2012; Noori, 2012). Normally within the cell, ROS levels 

fluctuate whilst still maintaining redox equilibrium (Poljsak et al., 2013; Trachootham et al., 

2008). Low levels of ROS are present normally within cells and are mitogenic promoting cell 

proliferation (Martindale and Holbrook, 2002; Trachootham et al., 2008). However, as 

mentioned above, high levels or sustained levels of ROS can cause severe DNA, protein and 

lipid damage through oxidative stress (Stadtman, 2004; Sharma et al., 2012; Martindale and 

Holbrook, 2002; Birben et al., 2012). This damage can affect cell proliferation, cause growth 

arrest, senescence and cell death (Martindale and Holbrook, 2002; Trachootham et al., 2008; 

Guo et al., 2010). To counteract ROS, a large number of cellular defence systems are in place 

including antioxidants such as vitamins C, E and A, and ROS scavengers including 

superoxide dismutases (SOD), catalase, and glutathione peroxide (Poljsak et al., 2013; 

Sharma et al., 2012; Martindale and Holbrook, 2002; Birben et al., 2012). Oxidative stress is 

involved in the pathogenesis of many diseases including diabetes, atherosclerosis, pulmonary 

fibrosis, cancer and bone loss diseases including arthritis (Martindale and Holbrook, 2002; 

Birben et al., 2012). In cancer, oxidative stress is increased and has been associated with 
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cancer formation and progression including: cell proliferation, invasiveness, angiogenesis and 

chemoresistance (Kumar et al., 2008; Mates et al., 2013; Reuter et al., 2010). Consistent with 

this, oxidative stress has been shown to be increased in the prostate cancer cell line PC3 and 

its expression was correlated with a more aggressive phenotype (Kumar et al., 2008). 

 

ROS also has a role as an intra- and inter-cellular messenger, relaying redox signalling 

messages from the mitochondria to the rest of the cell, which are thought to activate a number 

of genes important in cancer cell growth (Reuter et al., 2010; Klaunig et al., 2010; Murphy, 

2009; Valko et al., 2006). In addition to having a prominent role in cancer, oxidative stress is 

a well-known mediator of pathological bone loss; however, the mechanism by which this 

occurs is not fully known (Kajarabille et al., 2013; Shen et al., 2009; Engdahl et al., 2013; 

Kajiya et al., 2006). More recently, ROS have been shown to prolong the survival of 

osteoclast progenitors, affect osteoclast differentiation and osteoclast resorptive activity 

(Wang et al., 2011c; Yamasaki et al., 2009; Yeon et al., 2012; Basu and Krishnamurthy, 

2010). Inhibiting ROS with redox regulatory proteins and antioxidants has been shown to 

decrease ROS- enhanced osteoclast formation (Xu et al., 2010; Moon et al., 2012a). It may 

be that ROS imbalance and the subsequent oxidative stress act to increase osteoclast 

differentiation through their actions as both intra- and inter-cellular messengers (Murphy, 

2009; Held, 2015). Pathways involved in ROS generation include calcium dependent 

pathways, protein tyrosine kinases, protein tyrosine phosphatases, serine threonine kinases, 

phospholipase, MAPK, NFκB, cytokine, growth and G-coupled receptors and ion channel 

receptors (Martindale and Holbrook, 2002; Noori, 2012; Touyz, 2004). Molecules affected by 

ROS include ataxia-telangectasia mutated (ATM); ERK, HSF1, Janus protein kinase (JAK), 

JNK, NFκB, PI3K, protein kinase C (PKC), phospholipase C-γ1 (PLC-γ1) and signal 

transducers and activators of transcription (STAT) (Martindale and Holbrook, 2002; 

Gutterman, 2005). Many of these signalling networks and molecules are known to play 

essential major role in osteoclast differentiation. This suggests that this stress pathway may 

affect the regulation of osteoclastogenesis. 

 

Interestingly, oxidative stress has been linked to a number of stress pathways including the 

HSR (Pignataro et al., 2007). For example, ROS generated by ethanol ingestion have been 

shown to cause HSF1 translocation to the nucleus and the transcription of HSPs (Pignataro et 

al., 2007). ROS have also been shown to activate endoplasmic reticulum stress (UPR) with 
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studies suggesting that these pathways are closely linked (Bhandary et al., 2013; Liu et al., 

2011; Nakka et al., 2014). 

 

1.8.4 Endoplasmic Stress and the Unfolded Protein Response 

The endoplasmic reticulum (ER) is the main organelle within the cell where transmembrane, 

secretory and ER-resident proteins are synthesized, folded and modified (Liu and Kaufman, 

2003; Oslowski and Urano, 2011). Many environmental stressors including heat shock, 

glucose deprivation, chemotherapeutic stress and changes in intracellular Ca2+ pools lead to 

the accumulation of incorrectly folded proteins (Chaudhari et al., 2014; Kim et al., 2008a; 

Marcu et al., 2002). In addition, the pathobiology of some diseases leads to misfolded 

proteins (Doyle et al., 2011; Marcu et al., 2002). In response to stress and the accumulation 

of incorrectly folded proteins in the ER lumen, cells activate a number of signalling pathways 

that are collectively termed the unfolded protein response (UPR) (Liu and Kaufman, 2003; 

Oslowski and Urano, 2011; Ron and Walter, 2007). The UPR acts to decrease ER stress and 

restore homeostasis (Oslowski and Urano, 2011; Chaudhari et al., 2014). The UPR signalling 

pathway has three distinct actions (Liu et al., 2003; Ron and Walter, 2007; Levonen et al., 

2014; Marcu et al., 2002). These actions include the global attenuation of protein translation 

that reduces the load of newly synthesized proteins and increased transcription of ER 

chaperones as well as other related stress proteins including immunoglobulin binding protein 

(BiP) and the ER HSP90 analogue Glucose regulated protein 94 (GRP94, or HSP90B1) (Liu 

et al., 2003; Ron and Walter, 2007; Levonen et al., 2014; Marcu et al., 2002). In addition, 

ER-associated degradation pathways are activated to clear the ER of misfolded proteins 

through retrograde transport targeting them for proteasome degradation (Levonen et al., 

2014; Marcu et al., 2002; Ron and Walter, 2007; Liu and Kaufman, 2003). These three 

actions are mediated through the stress induced expression and activation of pancreatic ER 

kinase (PERK) an ER transmembrane kinase, inositol-requiring transmembrane 

kinase/endonuclease 1 (IRE1) an ER transmembrane glycoprotein and activating 

transcription factor 6 (ATF6), which is an ER transmembrane-activating transcription factor 

(Kaufman et al., 2002; Oslowski and Urano, 2011; Todd et al., 2008; Liu and Kaufman, 

2003). These factors are the main transducers of the UPR (Kaufman et al., 2002; Born et al., 

2013; Oslowski and Urano, 2011; Davenport et al., 2007; Liu and Kaufman, 2003). The latter 

two factors act to increase ER molecular chaperones, folding enzymes and proteins, which 

are involved in ER associated protein degradation (Born et al., 2013). The induction of these 

molecules during the UPR serves as a protective mechanism increasing protein folding 
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capacity (Born et al., 2013). Under physiological conditions PERK, IRE1 and ATF6 are 

negatively regulated by BiP; however, upon stress BiP dissociates from these proteins’ 

luminal domains (Kaufman et al., 2002; Oslowski and Urano, 2011; Davenport et al., 2007). 

If ER stress persists, then JNK is activated and the mitochondria/ Apaf1 dependent capases 

are cleaved resulting in cell apoptosis (Kaufman et al., 2002; Oslowski and Urano, 2011). It 

is interesting to note that during tumorigenesis the high proliferation rate of cancer cells 

requires increased ER actions including increased protein folding, assembly and transport, 

which can cause ER stress and UPR activation (Li et al., 2011; Yadav et al., 2014). The UPR 

has also been implicated in bone metabolism (Yamada et al., 2015). ER stress, which 

activates the UPR has been shown to cause bone loss in experimental periodontitis in mice 

independent of inflammatory cytokines (Yamada et al., 2015).  

 

1.8.5 Genotoxic Stress 

Genotoxic stress occurs when DNA is damaged (Christmann and Kaina, 2013). This can 

occur: with exposure to many types of chemical agents ingested from smoking tobacco or 

from food; from UV irradiation; from ROS produced by oxidative stress or generated by 

reactions catalysed by heavy metals and from treatments with therapeutics (Jackson and 

Bartek, 2009; Shackelford et al., 1999; Yang et al., 2003; Pontano et al., 2008). In addition, 

DNA mismatches, which occasionally occur during DNA replication and DNA strand breaks, 

which result from abortive topoisomerase I and topoisomerase II activity also cause 

genotoxic stress (Jackson and Bartek, 2009; Yang et al., 2003). When DNA damage occurs 

the ‘DNA damage response’ (DDR) is activated (Jackson and Bartek, 2009; Christmann and 

Kaina, 2013; Cargnello and Roux, 2011). DDR involves activation of a number of DNA 

repair genes including checkpoint kinase 2 (Chk2), and ataxia telangiectasia mutated (ATM), 

and affects a number of transcription factors and kinases, which are involved in the regulation 

of DNA repair genes including PI3K, NFκB, BRAC1, p53 and AP-1 (Christmann and Kaina, 

2013; Jackson and Bartek, 2009; Bartkova et al., 2005; Yang et al., 2003). The activation of 

these factors stabilises the cell genome and promotes cell survival (Solimini et al., 2007; 

Ciccia and Elledge, 2010). Excessive genotoxic stress however, causes the suppression of 

transcription, which occurs when RNA polymerase II (RNAPII) is degraded (Busa et al., 

2010). When DNA damage caused by genotoxic stress is too great, the DDR signals for the 

cells to undergo apoptosis (Ghosal and Chen, 2013). Genotoxic stress is another hallmark of 

human cancers and the resulting genomic instability is involved in the initiation and 

promotion of tumourigenesis (Pontano et al., 2008; Nakayama et al., 1998; Pikor et al., 
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2013). Precursor lesions present in clinical specimens from different stages of progression of 

human tumour  of the urinary bladder, breast, lung and colon express the markers of an 

activated DNA damage response (Bartkova et al., 2005). Interestingly, genotoxic stress has 

been shown to mediate the phosphorylation and proteasomal degradation of IκB through IKK 

α, β or γ allowing nuclear translocation of NFκB (Weber, 2007). As discussed in Chapter 

1.5.1 NFκB is an essential transcription factor for osteoclast differentiation from progenitor 

cells and mice (Asagiri and Takayanagi, 2007).  

 

1.9 Cancer Therapeutics 

Many cancer therapeutics have been designed to target proteins, organelle or processes in the 

aforementioned stress pathways to cause cell death. These therapeutics include HSP90 

inhibitors and proteasome inhibitors, which affect both the HSR and ER stress pathways. 

Other anti-cancer agents include alkylating, intercalating and cross-linking compounds. 

These compounds cause genotoxic stress to cells and the activation of the DDR. Although 

cancer agents typically have one mode of action, many have been reported to cause a myriad 

of stress responses in the cell (Luo et al., 2009). Due to the cytotoxic nature of 

chemotherapeutics, many of these compounds including targeted chemotherapeutics decrease 

bone density although the exact processes are not known (Hu et al., 2010; Lipton et al., 

2009b; Guise, 2006). The long term negative effects, which can arise from anti-cancer agent 

treatments include pronounced bone loss, osteomalacia, and avascular necrosis (Hu et al., 

2010). Due to the processes of chemotherapeutic-induced bone loss being unclear, the effect 

of experimental and clinically used chemotherapeutics upon progenitor osteoclast 

differentiation through a stress mechanism is studied in this thesis. HSP90 inhibitors, which 

are being tested as anti-cancer compounds in many clinical trials are an example of targeted 

therapy, and their effect upon osteoclastogenesis is studied in detail in this thesis. HSP90 and 

HSP90 inhibitors are discussed in Chapters 1.9.2 and 1.9.4.  

 

1.9.1 Targeted Therapies 

Targeted therapeutics are cancer therapeutics that target specific mutant and oncogenic 

proteins or biochemical pathways, which are required for cancer cell growth and tumour 

progression (Sawyers, 2004). One highly successful example of a target therapy is the BCR-

ABL kinase inhibitor, imatinib, which is effective against Chronic Myelogenous Leukemia 

(CML) in more than 75% of the cases (Vanneman and Dranoff, 2012). More examples of 
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targeted therapy include bortezomib, which is a proteasome inhibitor and thus inhibits protein 

degradation (Chapter 1.9.6) and HSP90 inhibitors (Chapter 1.9.4) (Chen et al., 2011; Adams, 

2004; Neckers and Workman, 2012; Drysdale et al., 2006). From the research of imatinib 

many oncogenic proteins including EGFR, BRAF, HER2 and PRG have been identified to be 

key in driving oncogenic processes in cancers (Vanneman and Dranoff, 2012; Bauer et al., 

2007; Sanderson et al., 2006). Many of these proteins maintain their correct tertiary structure 

and thus function by their interaction with HSP90. 

 

As previously described, when a cell experiences stress unfolded proteins or incorrectly 

folded proteins aggregate and cause proteotoxic stress (Calderwood, 2013; Morimoto, 2008; 

Stephanou and Latchman, 2011; Richter et al., 2010). In response HSF1 activates the HSR, 

which increases the expression of a group of proteins called HSPs (Pirkkala et al., 2001; 

Voellmy, 2004; Stephanou and Latchman, 2011). Because cancer cells have a stress 

phenotype they require high levels of HSPs to maintain cell viability (Whitesell and 

Lindquist, 2005; Ciocca and Calderwood, 2005; Mosser and Morimoto, 2004). In a large 

number of malignancies, both solid and haematological, HSP expression is increased 

(Calderwood et al., 2006; Jego et al.; Whitesell and Lindquist, 2005; Ciocca and 

Calderwood, 2005). Of the HSPs, HSP70, HSP27 and HSP90 have been reported to be 

overexpressed in cancer and their expression is correlated with a poor prognosis (Whitesell 

and Lindquist, 2005; Mosser and Morimoto, 2004). HSP90, in particular, is enhanced ten-

fold in a number of tumour cell types in comparison to non-cancerous cells (Zuehlke and 

Johnson, 2010). The very high expression of HSPs in cancer cells supports oncogenesis on 

both the physiological and molecular levels (Workman, 2004b; Whitesell and Lindquist, 

2005). The increased expression of HSPs in advanced cancer is believed to be a cyto-

protective stress response to the genotypic and phenotypic characteristics of tumour cells and 

the toxic nature of the tumour microenvironment, which is hypoxic, acidotic and lacking in 

nutrients (Ciocca and Calderwood, 2005; Mosser and Morimoto, 2004; Workman, 2004a; 

Whitesell and Lindquist, 2005). For this reason, inhibition of HSPs or HSP-inducing 

pathways has been a significant focus of new anti-cancer drug development (Powers and 

Workman, 2007; de Billy et al., 2009; Travers et al., 2012; Workman et al., 2007; Drysdale 

and Brough, 2008). The effect of HSP90 inhibitors upon osteoclastogenesis is studied in this 

thesis extensively. 
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1.9.2 Heat Shock Protein 90 

HSP90 is ubiquitously and abundantly expressed and can account for up to 2-5% of the total 

protein of a cell (Bagatell et al., 2000; Taipale et al., 2010). Under conditions of cell stress 

HSP90 expression is greatly increased beyond this amount (Workman, 2004b; Richter et al., 

2010; Zuehlke and Johnson, 2010). The main role of HSP90 is protein quality control either 

through promoting protein folding, refolding and the stabilization of client proteins, targeting 

misfolded proteins for proteasomal degradation (Theodoraki and Caplan, 2012; Li and 

Buchner, 2013a; Koga et al., 2009). By doing this HSP90 maintains protein homeostasis 

within the cell under physiological and stressful periods. HSP90 is expressed in a number of 

isoforms that may be localized differently in different cell types (Subbarao Sreedhar et al., 

2004; Hendrick and Hartl, 1993). HSP90α, a stress inducible isoform and HSP90β, which is a 

constitutively expressed isoform, are found principally in the cytosol (Subbarao Sreedhar et 

al., 2004; Li et al., 2012). Cytosolic HSP90α and HSP90β, which are expressed from 

different genes constitute the great bulk of HSP90 activity and are essential for the viability 

of the organism (Zuehlke and Johnson, 2010; Richter et al., 2010; Hendrick and Hartl, 1993; 

Li et al., 2012). HSP90 analogues include the previously mentioned GRP94 that is localized 

to the endoplasmic reticulum and tumour necrosis factor receptor-associated protein 1 

(TRAP1, found mainly in mitochondria (Subbarao Sreedhar et al., 2004; Li et al., 2012).  

 

In the cytoplasm, HSP90 is present as latent homodimers (α/α) or (β/β) that are bound to a 

number of proteins in a multichaperone complex and HSF1 at its N-terminal Domain (Figure 

1.9) (Taylor et al., 2007; Zou et al., 1998; Whitesell and Lindquist, 2009). As described 

earlier, interaction of HSP90 with HSF1 acts to repress HSF1 activity (Bagatell et al., 2000). 

However, when cells undergo stress, HSP90 binds misfolded client proteins and undergoes a 

conformational change causing the dissociation of HSF1 (Zou et al., 1998; Cheung et al., 

2005; Cervantes-Gomez et al., 2009). After a series of activation steps, HSF1 binds to HSE 

present within the HSP90 promoter (Figure 1.9) (Kamal et al., 2004; Morimoto, 2008). Thus 

under stress conditions, HSP90 expression is upregulated by HSF1 and this upregulation acts 

to maintain cellular proteostasis and homeostasis (Chen et al., 2013).  

 

HSP90 has three currently defined domains: an N-terminal ATP-binding domain, a middle 

domain and a C-terminal domain (Figure 1.9) (Fukuyo et al., 2010; Whitesell and Lindquist, 

2005; Zuehlke and Johnson, 2010). The N-terminal domain has the adenine binding domain, 
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which contains ATPase activity, essential for the function of HSP90 (Whitesell and 

Lindquist, 2005; Minami et al., 2001; Young et al., 2001). The middle domain is a charged 

linker region that contains the binding sites for client proteins and co-chaperones including 

p50CDC37, p23 and Activator of Hsp90 ATPase protein 1 (Aha1) (Zuehlke and Johnson, 2010; 

Richter et al., 2010; Jego et al., 2013). The carboxyl dimerization terminal has a ATP binding 

site and a tetratricopeptide repeat-binding (TPR) motif EEVD, which binds to a number of 

co-chaperones that recognize this motif and including Hsp70/Hsp90 organizing protein 

(HOP) and Carboxyl terminus of Hsc70 interacting protein  (CHIP) (Whitesell and Lindquist, 

2005; Jego et al., 2013; Pratt et al., 2010).  

 

1.9.2.1 HSP90 Function 

Unlike other HSPs including cognate HSP70 (HSC70), which can fold nascent proteins and 

also refold damaged proteins back to their native state, HSP90 does not participate in most 

nascent protein folding (Koga et al., 2009; Minami et al., 2001; Whitesell and Lindquist, 

2005; Zuehlke and Johnson, 2010). Rather, HSP90 binds to client proteins which are in a near 

native state and are at a late stage of folding (Young et al., 2001; Jakob et al., 1995). HSP90, 

therefore, has an activity similar to that of a holding chaperone with most HSP90 molecules 

being engaged in the stabilisation of the functional status of their client proteins (Workman, 

2004b; Theodoraki and Caplan, 2012; Hendrick and Hartl, 1993; Whitesell and Lindquist, 

2005). Thus, HSP90 regulates function of many cell proteins (Marcu et al., 2002). In this role 

HSP90 works with a large number of co-chaperones to: promote protein folding; client 

protein re-folding; stabilization of protein structure; participate in protein transport to 

appropriate cellular compartments and, like other chaperones, in the assembly of large multi-

protein complexes (Figure 1.8) (Kamal et al., 2004; Mayer and Bukau, 2005; Richter et al., 

2010; Zuehlke and Johnson, 2010; Muller et al., 2013). The client protein association with 

HSP90 and co-chaperones thus stabilize them and holds them in a metastable state in which 

they are able to bind to ligands or respond to stimuli (Figure 1.8) (Isaacs et al., 2003; Koga et 

al., 2009). HSP90 client proteins include many important protein kinases, transcription 

factors including nuclear receptors and telomeric proteins (Richter et al., 2010; Zuehlke and 

Johnson, 2010; Muller et al., 2013). These client proteins are important in regulating cell 

viability, differentiation, proliferation and homeostasis and their activities and regulation are 

often perturbed in the context of disease, most notably in the case of cancer cells (Workman, 

2004b; Kamal et al., 2004; Richter et al., 2010; Zuehlke and Johnson, 2010; Muller et al., 

2013). 
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1.9.2.2 HSP90 Function is Dependent upon ATP Hydrolysis 

HSP90 maintains protein homeostasis within the cell under both physiological conditions as 

well as during periods of acute and chronic stress (Theodoraki and Caplan, 2012; Koga et al., 

2009). HSP90 functionality depends upon ATP hydrolysis and its association with other 

chaperones, co-chaperones and adaptors that are bound to the HSP90 multi-chaperone 

complex (Figure 1.8) (Koga et al., 2009; Workman, 2004b; Neckers, 2002). Members of the 

HSP90 multi-chaperone complex include HSP70 (often) and a range of co-chaperones, which 

are often client specific (Figure 1.8) (Zuehlke and Johnson, 2010; Calderwood, 2013; Koga et 

al., 2009). HSP90 is able to bind to 20 co-chaperones some of which include p23, p50cdc37, 

HIP, HOP, and AHA1 (Figure 1.8) (Neckers, 2002; Calderwood, 2013; Whitesell and 

Lindquist, 2005). Co-chaperones have a number of different actions including regulating the 

interaction between HSP70 and HSP90, as well as the regulation of HSP90 ATPase activity 

(Figure 1.8, B.) (Calderwood, 2013; Whitesell and Lindquist, 2005).  

 

Cycling between ADP and ATP hydrolysis regulates whether a protein is folded and 

stabilized or targeted for proteasomal degradation (Figure 1.8) (Neckers, 2002; Isaacs et al., 

2003; Whitesell and Lindquist, 2005). Therefore, ATP hydrolysis is essential to HSP90 

function (Koga et al., 2009). HSP90 promotes correct protein folding and stabilization of 

misfolded and synthesized client proteins when ATP is bound to its N-terminal (Figure 1.8) 

(Whitesell and Lindquist, 2005; Trepel et al., 2010). In addition to HSP90 binding ATP, the 

co-chaperones p23 and p50cdc37 must also be complexed to HSP90 for promotion of correct 

folding and protein stabilization to occur (Figure 1.8) (Neckers, 2002; Whitesell and 

Lindquist, 2005). In this confirmation, HSP90 is ‘closed’ and clamps around its client protein 

(Figure 1.8) (Koga et al., 2009). Conversely, HSP90 plays an important role in protein 

degradation (Taipale et al., 2010; Isaacs et al., 2003). Misfolded or unstable proteins tend to 

aggregate through their hydrophobic regions and may cause proteotoxic stress if the 

concentration of these proteins is too high (Pogenberg et al., 2012). HSP90’s role in targeting 

these protein aggregates thereby reduces the risk of prototoxic stress (Figure 1.8) (Koga et 

al., 2009; Theodoraki and Caplan, 2012). Targeting proteins for proteasomal degradation 

occurs when HSP90 is bound to ADP and is complexed to HSP70/HSP40 and co-chaperones: 

HSP90 cochaperone STI1 (p60) and Carboxyl terminus of Hsc70 interacting protein (CHIP) 

(Figure 1.8) (Koga et al., 2009; Taipale et al., 2010). Some co-chaperones including CHIP 

have been shown to have binding regions for the E3 ubiquitin ligase (Isaacs et al., 2003; 

McDonough and Patterson, 2003; Murata et al., 2003). Protein degradation may occur for a 
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number of reasons including mutations, proteolytic cleavage, post-synthetic changes such as 

oxygen radicals and intracellular degradation (Lecker et al., 2006; Goldberg, 2003). All of 

these processes denature proteins causing them to be misfolded (Goldberg, 2003). During 

stress events such as heat shock or during oxidative stress or inflammation where reactive 

oxygen species are generated, the ratio of misfolded to folded proteins increases and HSP90 

directs proteins for ubiquitin mediated degradation by the proteasome (Takalo et al., 2013; 

Taipale et al., 2010; Morimoto, 2008; Goldberg, 2003). HSP90 is also involved in the UPR , 

which results from ER stress (Chapter 1.8.4) (Born et al., 2013; Davenport et al., 2007).  

 

It is interesting to note the HSR has been shown to be involved in modulating the UPR 

(Marcu et al., 2002). Not only does the UPR cause the HSP90 ER isoform GRP94 to be 

increased but cystolic HSP90 has also been involved in modulating the UPR (Marcu et al., 

2002). Both IRE1α and PERK are client protein of HSP90 and HSP90 has been shown to 

regulate the UPR by stabilizing IRE1α (Marcu et al., 2002). In COS cells, HSP90 inhibition 

with geldanamycin decreases the half-life of IRE1α (Marcu et al., 2002). Similar results were 

also shown for PERK (Marcu et al., 2002). It has also been shown that a short inhibition of 

HSP90 induces ER stress and the UPR, consistent with upregulation of BiP expression 

(Marcu et al., 2002). In addition, inhibiting HSP90 with 17-AAG and radicicol (see Chapter 

1.9.4) alongside ER inhibitors thapsigargin and tunicamycin have been shown to activate all 

three signalling branches of the UPR: PERK, IRE1 and ATF6 (Chapter 1.8.4) (Davenport et 

al., 2007). These HSP90 and ER inhibitors mediate early IRE1 mediated splicing of X-box 

binding protein 1 (XBP1) and increased expression of CCAAT-enhancer-binding protein 

homologous protein (CHOP) through PERK activation and ATF6 splicing (Davenport et al., 

2007). ER molecular chaperones BiP, which belongs to the HSP70 family and the ER HSP90 

analogue GRP94 expression was also increased after treatment with these drugs (Davenport 

et al., 2007). Bortezomib, a proteasome inhibitor (Chapter 1.14.3) also activates PERK and 

ATF6; however, it does not affect XBP1 to any large extent (Davenport et al., 2007). These 

drugs also caused the activation of JNK caspase cleavage leading to cellular apoptosis 

(Davenport et al., 2007). HSP90 inhibition therefore results in the accumulation of misfolded 

proteins, which causes cell death through both non-ER and ER-dependent stress pathways 

(Davenport et al., 2007). Interestingly the ER inhibitors thapsigargin and tunicamycin have 

been shown to increase levels of osteoclast-associated proteins TRAP and cathepsin K, 

(Wang et al., 2011b).  
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Figure 1.8 Nucleotide-dependent Cycling of the HSP90 Chaperone Machinery 
(A.) Nascent HSP90 client protein associate with an HSP70/40 chaperone complex first to 
undergo protein folding. This client/HSP70/40 complex then is linked to ADP bound HSP90 
through co-chaperone p60Hop, which is a HSP70/HSP90 interacting protein. In this state 
HSP90 is bound to ADP and has an open confirmation. Exchange of ADP for ATP changes 
the confirmation of HSP90 to a closed state, which causes the dissociation of the HSP70/40 
complex and p60Hop. In this closed state HSP90 clamps around its client protein and recruits 
another set of co-chaperones including p50Cdc37 and p23, which assist in the final stages of 
protein folding and also in client protein stabilization. In this state the HSP90 client protein 
can bind to receptors or can receive a stimulus. In the ADP open state, the HSP90/ HSP40/70/ 
p60Hop /CHIP complex mediates protein degradation. (B.) Table 1.1 Describes members of 
the HSP90 chaperone machinery. Images sourced from (A.) (Koga et al., 2009) and (B.) 
(Whitesell and Lindquist, 2005; Urban et al., 2012; Workman and Collins, 2010).
 

A. 
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1.9.3. HSP90 in Cancer 

As mentioned earlier, HSP90 expression is expressed at very high levels in tumour cells 

(Maloney and Workman, 2002; Richardson et al., 2011; Zuehlke and Johnson, 2010). The 

high HSP90 levels are associated with increased cancer progression, and this is correlated 

with poor prognosis (Wang et al., 2013; Cheng et al., 2012; Bagatell et al., 2000; Whitesell 

and Lindquist, 2005). The increased levels of HSP90 acts to protect cancer cells against 

tumour microenvironmental stresses including low or high pH and nutrient deprivation, and 

the buffering of HSP90 client oncogenes through a process called ‘oncogene addiction’ 

(Figure 1.9) (Travers et al., 2012; Trepel et al., 2010; Workman et al., 2007). 

 

HSP90 under normal physiological conditions binds over 200 client proteins to facilitate their 

given functions; however, in the context of malignancy many of the client proteins of HSP90 

function as bona fide oncogenes (Ipenberg et al., 2013; Karkoulis et al., 2013; Li et al., 2012; 

Whitesell and Lindquist, 2005; Travers et al., 2012). HSP90 client proteins include: kinases 

(Protein kinase B [Akt] and Met), transcription factors (Hypoxia-induced factor α [HIF-α] 

and p53), growth factors (Her2 and PDGF) and many other proteins (Chiosis, 2006b; Goetz 

et al., 2003; Workman, 2004a). These proteins have important roles in signalling pathways 

that drive tumour cell survival and proliferation therefore facilitating cancer progression 

(Neckers and Workman, 2012). HSP90 acts to provide functional and structural stabilization 

of these client oncogenes allowing them to participate in the cancer process while preserving 

enough of their normal functions to allow cell survival (Taldone et al., 2011; Travers et al., 

2012; Whitesell and Lindquist, 2005; Workman, 2004b). Thus, the increased HSP90 

expression in tumour cells allows for the cell to cope with the genetically mutated or 

overexpressed proteins (increased protein load) and the irregular signalling cascades in 

cancer cells (Workman, 2004a; Zuehlke and Johnson, 2010). It is proposed that HSP90 acts 

as buffer in the cell enabling it to survive genotypic and phenotypic variations (Travers et al., 

2012; Zuehlke and Johnson, 2010; Karkoulis et al., 2013). Without the increased expression 

of HSP90, the genetic mutations would increase protein concentrations of both stable and 

unstable proteins resulting in proteostatic imbalance, subsequent proteotoxic stress and 

eventually cell apoptosis (Travers, Sharp et al. 2012). HSP90 in cancer has been shown to be 

present in an altered multi-chaperone state (Workman, 2004a; Kamal et al., 2003; Li et al., 

2012). HSP90 in cultured cancer cells, mouse tumours and human tumour specimens is 

present mostly in a superchaperone complex state, which is bound to p23 and HOP (Kamal et 

al., 2003). In comparison, HSP90 is mostly present in its latent homodimer conformation in 
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non-cancerous cells (Kamal et al., 2003). In addition, the ATPase activity of HSP90 is 

increased about 10 fold relative to normal cells; therefore in cancer cells HSP90 is more 

biochemically active (Kamal et al., 2003). The increased activity of HSP90 in cancer cells to 

stabilize oncogenic client proteins makes HSP90 an exciting anti-cancer target (Workman et 

al., 2007; Travers et al., 2012; Neckers, 2002). 

 

1.9.4 HSP90 as a Therapeutic Target 

HSP90 was chosen to be a target for an anti-cancer compound development for a number of 

reasons including: stabilization of its oncogenic client proteins, its protective role against the 

microenvironment and its actions as a hub (central) protein interconnecting multiple 

oncogenic signalling pathways, which are involved in cancer cell hallmarks (Figure 1.8)

(Whitesell and Lindquist, 2005; Isaacs et al., 2003; Xu and Neckers, 2007). HSP90 inhibition 

causes oncogenic proteins to incorrectly fold and be destabilized, thus targeting them for 

proteasomal degradation (Isaacs et al., 2003; Neckers, 2002). Inhibition of HSP90 is twofold 

in that oncogenic proteins are targeted for proteasomal degradation and secondly that 

proteotoxic stress will occur due to the proteasome not being able to degrade all the proteins 

(limited rate of action)(Neckers, 2002). Both these actions cause cancer cell death (Isaacs et 

al., 2003; Neckers, 2002). A large number of HSP90 inhibitors have been discovered from 

naturally occurring sources or through drug design (Drysdale and Brough, 2008; Eccles et al., 

2008; Taldone et al., 2008; Workman, 2004b). These drugs either bind to the C-terminal or 

the N-terminal regions of HSP90, the latter being a focus of study in this thesis (Workman, 

2004b; Donnelly and Blagg, 2008; Wang and McAlpine, 2015).  

 

1.9.4.1 HSP90 N-terminal Inhibitors  

A large number of HSP90 inhibitors bind to the N-terminal ATP-binding domain of HSP90 

including: geldanamycin and its derivatives 17-AAG and 17-DMAG, radicicol, herbamycin 

A, CNF2024(BIIB021), SNX-5422, KW2478, XL888 and the pyrazole compounds 

CCT018159 and NVP-AUY922 (Table 1.1) (Neckers, 2002; Taldone et al., 2008; Richardson 

et al., 2011; Drysdale and Brough, 2008). Until recently, N-terminal HSP90 inhibitors, whilst 

having distinct characteristics, could be classified into three categories based on their scaffold  
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Figure 1.9 HSP90 Roles in Cancer 
HSP90 has a dual role in supporting cancer. HSP90 protects the cell from extracellular 
stresses (hypoxic and nutrient deprived tumour microenvironment) and also from the 
intracellular stresses (genetic instability through mutations and proteotoxic stress). Secondly, 
HSP90 supports all of the hallmarks of cancer cells through the stabilization of oncogenic 
client proteins, which are involved in aberrant signalling pathways, which promote cancer 
cell growth and progression. These proteins include HIF-1α, AKT, MET and other RTK, 
VEGF, Cyclin D, and telomerase, which potentiates cancer cells to escape replicate control, 
evade apoptosis, potentiates invasion and metastasis, self-sufficiency in growth signals and 
angiogenesis, evade immune destruction and reprogram energy metabolism. Image sourced  
from (Neckers and Workman, 2012). 
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similarities: benzoquinone ansamysins, macrolide and purine (Jhaveri et al., 2012). More 

recently HSP90 inhibitors based upon other scaffolds including pyrazole and 6,7-dihydro-

indazol-4-one have been developed (Jhaveri et al., 2012). In 2012, seventeen HSP90 

inhibitors entered the clinic and more than eighty Phase I or II trials had been completed or 

were ongoing (Neckers and Workman, 2012). Some of these inhibitors have had promising 

effects but are limited by adverse side effects such as hepatic-, cardio-, ocular-toxicity, and 

peripheral neuropathy (Jhaveri et al., 2012; Neckers and Workman, 2012). Another general 

concern for HSP90 inhibitors is the effect that inhibiting a large number of HSP90 clients has 

upon tissue health (Whitesell and Lindquist, 2005). Geldanamycin and radicicol were the first 

HSP90 inhibitors, which were initially identified by screening Streptomyces and fungi 

extracts for antiprotozoal and antifungal properties, respectively (Whitesell et al., 1994; 

Uehara, 2003; Workman, 2004b). Although they display high levels of toxicity in mammals, 

their chemical structures have subsequently been used as a basis for the design of new 

generations of HSP90 inhibitors for clinical use (Jego et al., 2013; Workman et al., 2007). 

Their identification and use helped characterise HSP90 biology, in particular identifying the 

importance of the N-terminal domain of HSP90 (the ATPase domain) (Travers et al., 2012; 

Workman et al., 2007).  

 

Benzoquinone Ansamycins: Geldanamycin  

A class of compounds that show specific binding to HSP90 are the antibiotic benzoquinone 

ansamycins (BA), which includes geldanamycin and its derivatives (Table 1.1) (Schulte and 

Neckers, 1998; Tsutsumi and Neckers, 2007). These antibiotic benzoquinone ansamycins are 

characterised by their macrocyclic lactam amide (Uehara, 2003; Tsutsumi and Neckers, 

2007). Geldanamycin was first identified and isolated from the geldanus variant of the soil 

bacterium Streptomyces hygroscopius and early studies showed it had inhibitory growth 

effects upon Hela derived KB cells although its mechanisms were not known (Travers et al., 

2012). In 1994, Whitesell and Neckers showed that Src-HSP90 interaction in both intact cells 

and reticulocyte lysates was inhibited by geldanamycin (Whitesell et al., 1994; Porter et al., 

2010). Interestingly before this observation, it was thought that geldanamycin was a Src 

inhibitor rather than a HSP90 inhibitor (Whitesell et al., 1994). This publication was a 

landmark in HSP90 inhibition studies providing the framework for subsequent HSP90 

rationale drug development (Porter et al., 2010). X-ray crystallography later determined the 

co-crystal structure and found that geldanamycin bound to the N-terminal region of HSP90 in 
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the ATP/ADP binding pocket (Porter et al., 2010). Geldanamycin was shown to have strong 

anti-cancer properties; however, it was too hepatotoxic to be developed clinically (Kamal et 

al., 2003; Porter et al., 2010; Travers et al., 2012) As a result, a large number of 

geldanamycin derivatives were developed (Travers et al., 2012; Workman, 2004b). These 

derivatives include 17-AAG, which is used extensively in this thesis projects and second 

generation GA derivatives such as 17DMAG and IPI-504 (Table 1.1) (Travers et al., 2012; 

Workman, 2004b; Taldone et al., 2008). 

 

Benzoquinone Ansamycins: 17-AAG 

17-allylamino-17-demethoxygeldanamycin (tanespimycin or 17-AAG as referred to in this 

thesis; Table 1.1) has a greater therapeutic index than geldanamycin whilst exhibiting better 

pharmacokinetic properties i.e., increased solubility and less toxicity in human tumour 

xenograft mouse studies (Workman et al., 2007; Jego et al., 2013; Travers et al., 2012). As a 

result, 17-AAG was tested in preclinical investigations and mouse tumour growth models 

before entering patient clinical trials in 1999 as a first-in-class HSP90 inhibitor (Taldone et 

al., 2008; Jhaveri et al., 2012; Jego et al., 2013). The early trials were to show proof of 

concept i.e., HSP90 client protein degradation and HSP70 induction and also to determine its 

pharmacokinetics for dosing regimens (Travers et al., 2012). 17-AAG has since been studied 

extensively in over 30 clinical trials and entered phase II trials in 2006 (Workman et al., 

2007; Jego et al., 2013; Den and Lu, 2012). Within these clinical trials 17-AAG was shown 

to have anti-cancer properties in soft tissue despite a number of clinical issues presenting 

(Jego et al., 2013; Goetz et al., 2003; Fukuyo et al., 2010).  

 

17-AAG was been found to reduce tumour growth in a number of cancer models including 

breast and prostate cancer, melanoma and glioblastoma multiforme through the degradation 

of its client proteins: protoncogene b-RAF (b-RAF), protoncogene c-RAF (c-RAF), 

Anaplastic Lymphoma Receptor Tyrosine Kinase (ALK) and cyclin dependent kinase 4 

(CDK4), human epidermal growth factor receptor 2 (HER2), AR (androgen receptor), Protein 

kinase B (AKT), Checkpoint kinase 1 (CHK1) and fusion protein BCR-ABL (Rodrigues et 

al., 2012; Solit et al., 2002; Arlander et al., 2003; George et al., 2005). HER2 is a HSP90 

client, which when expressed in breast cancer increases the aggressiveness and metastatic 

potential (Jego et al., 2013; Modi et al., 2011; Baselga, 2001). 17-AAG depletes HER2 and 

causes a dose-dependent regression in tumour growth in mammary HER2 positive tumours 

(Jego et al., 2013; Rodrigues et al., 2012). Like HER2, the progesterone receptor (PR) is 
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another HSP90 client protein , which is often expressed in breast cancer and confers a poor 

prognosis (Bagatell et al., 2000). 17-AAG treatment of severe combined immunodeficiency 

(SCID) mice with breast tumour xenograft models decreases PR tissue levels and also 

significantly inhibited tumour growth (Bagatell et al., 2000). 17-AAG treatment also inhibits 

prostate tumour growth in mice by decreasing the expression of HSP90 oncogenic client 

proteins: HER2, AR, and AKT (Solit et al., 2002). In melanoma studies, 17-AAG treatment 

has variable results on tumour growth (Burger et al., 2004; Taldone et al., 2008). In human 

melanoma xenograft models, 17-AAG markedly decreased tumour growth in the MEXF 276, 

MEXF 989 xenografts in athymic mice; however, two other xenograft models MEXF 462 

and MEXF 514 were only weakly impacted by 17-AAG (Burger et al., 2004). 17-AAG has 

also been shown to have activity against glioblastoma multiforme (GBM), which is the most 

common and malignant of the brain gliomas (Sauvageot et al., 2009). 17-AAG treatment is 

able to inhibit human glioma cell line and glioma stem cell growth in vitro (Sauvageot et al., 

2009). Additionally, 17-AAG can act alone or in concert (synergistically) with radiation to 

inhibit intracranial tumour growth (Sauvageot et al., 2009).  

 

17-AAG does not have the same anti-cancer response in soft tumour cancers that it does to 

cancer that has metastasized to bone, an observation central to the studies in this thesis (Price 

et al., 2005). Price et al. found, in accordance to previous observations, 17-AAG treatment 

dramatically shrunk the size of mammary tumours and inhibited IGF-1-dependent 

chemotactic migration (Price et al., 2005). However, in contrast, 17-AAG treatment 

significantly increased cancer cell invasion and growth in bone in an intracardiac MDA-MB-

231 inoculation model (Price et al., 2005). The ability of 17-AAG treatment to increase 

tumour growth in bone was suggested to be due to the drug having pro-osteolytic activity 

rather than any effect on the tumour cells since its treatment stimulated osteoclast formation 

in vivo and in vitro (Price et al., 2005). Notably, 17-AAG treatment caused decreased total 

trabecular bone mass in tumour naïve mice with a concomitant increase in osteoclast numbers 

although no effects upon osteoblast numbers were observed (Price et al., 2005). Such an 

osteolytic action may augment tumour growth through the vicious cycle despite the anti-

tumour effects of the drug (Price et al., 2005). Similarly Yano et al. found that 17-AAG 

increased the growth of PC-3M cancer cells, which had been injected into the bone (Yano et 

al., 2008). The increased growth of PC-3M was found to associated with increased osteoclast 

numbers (Yano et al., 2008). Administration of the bisphosphonate alendronate to tumour 

bearing mice markedly decreased the 17-AAG mediated increase in tumour growth (Yano et 
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al., 2008). As earlier described, the contribution of vicious cycle-based tumour invasion in 

mouse xenograft models has much experimental support although its contribution to human 

disease needs to be further studied. Whilst 17-AAG has provided some positive results in the 

clinic as a single agent anti-cancer drug, and more so in combination therapies, all the trials 

were cancelled in early 2008 and further clinical trials stopped (National Institute of Health, 

2014). 17-AAG, like geldanamycin, proved to be too toxic for the therapeutic window and 

patients being treated with 17-AAG exhibited nausea, gastrointestinal discomfort, and 

eyesight problems (Workman, 2004b; Jhaveri et al., 2012). These side effects of 17-AAG are 

thought to be due in part to its quinone moiety, which is converted to hydroquinone that is 

readily oxidized (Workman, 2004b; Powers and Workman, 2007; Porter et al., 2010). In 

addition, cytochrome P450 (CYP450) converts 17-AAG into the more toxic amino, 17-

demethoxygeldanamcyin (17AG), which contributes to the hepatic toxicity observed in 17-

AAG treated patients (Powers and Workman, 2007; Whitesell and Lindquist, 2005).  

 

Due to solubility issues of 17-AAG, the 17-AAG derivative 17a-(2-dimethylaminoethyl) 

amino-17-demethoxygeldanamycin (17DMAG or alvespimycin hydrochloride) was 

developed (Workman, 2004b; Xiong et al., 2009). 17-DMAG is more soluble than its 17-

AAG counterpart due to the salt of the basic amine addition (Workman, 2004b; Porter et al., 

2010). 17-DMAG, however, was discontinued from the clinic due to severe clinical side 

effects including hepta, gastrointestinal and bone marrow toxicities (Ramsey et al., 2014). 

Another 17-AAG derivative is IPI-504 (retaspimycin hydrochloride) that was developed in 

response to 17-AAG conversion of its quinone moiety to a hydroquinone, which 

corresponded with poor pharmaceutical properties (Taldone et al., 2008; Porter et al., 2010). 

This compound has advanced to clinical trials and has been shown to have anti-cancer effects 

against multiple myeloma and some solid cancers (Ramsey et al., 2014).  

 

Radicicol 

Radicicol (Table 1.1) is a macrocyclic anti-fungal antibiotic, which is a naturally occurring 

HSP90 inhibitor (Jego et al., 2013; Travers et al., 2012; Zubrienė et al., 2010). Radicicol, 

originally isolated from the fungus Monocillium nordinii, binds to the HSP90 N-terminal 

ATPase binding domain with nanomolar activity having a dissociation constant (Kd) of 19nM 

(Table 1.1) (Jego et al., 2013; Zubrienė et al., 2010). Radicicol has potent anti-cancer effects 

in vitro; however, due to its toxicity profile in vivo studies were not permissible (Jego et al., 

2013; Li et al., 2012). Despite the inactivity in vivo, radicicol has been used as a scaffold for 
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rationale synthetic drug development of resorcinol based pyrazole and isoxazole HSP90 

inhibitors including NVP-AUY922 (VER-52296) and the oxime derivatives including 

KF5833 (Workman et al., 2007; Jego et al., 2013). X- ray crystallography studies showed 

that radicicol and all subsequent resorcinol based HSP90 inhibitors bind to the ATP site of 

HSP90 through its resorcinol moiety (Xiao et al., 2006; Drysdale and Brough, 2008; Travers 

et al., 2012). In addition to their highly specific nature, one particularly desirable aspect of 

the resorcinol group of HSP90 inhibitors is their lack of liver hepatoxicity seen in ansamycin 

benzoquinone antibiotics (Xiao et al., 1999).  

 

Synthetic Drug Development  

With the stereochemical, biochemical and structural knowledge of the natural inhibitors, 

geldanamycin and radicicol, synthetic HSP90 inhibitors were developed. These synthetic 

inhibitors were developed using a range of techniques including: ATP substrate-based 

mimicry, structure based design using x-ray crystallography, biophysical approaches, virtual 

screening and high-throughput biochemical screening of compound libraries (Workman, 

2004b; Jego et al., 2013; Whitesell and Lindquist, 2005). In 2005 resorcinylic pyrazole 

derivatives were identified to have activity against HSP90 (Sharp et al., 2007a; Cheung et al., 

2005). CCT08159 (Table 1.1) was identified at the Cancer Research UK Centre for Cancer 

Therapeutics from a high throughput screen of 50,000 compounds against the yeast HSP90 

ATPase using a malachite green assay (Sharp et al., 2007b; Cheung et al., 2005). 

CCT018159 was shown to have anti-cancer activity by inhibiting the proliferation of 

HCT116 human colon cancer cells (a sulforhodamine B SRB in vitro assay) (Sharp et al., 

2007b).  

 

Further structure-based design of the CCT018159 prototype resulted in the development of 

VER-49009 by targeting the Gly97 human residue of the human ATP binding site (Drysdale 

and Brough, 2008). This inhibitor showed high potency and increased anti-cancer activity in 

HCT116 cells (Drysdale and Brough, 2008). Using VER-49009 as a scaffold, analogous 

isoxazole HSP90 inhibitors have been developed including VER52296/NVP-AUY922, which 

is used in this thesis projects (Brough et al., 2007). NVP-AUY922 (Table 1.1) depletes 

HSP90 client proteins ERB, c-RAF and BRAF in HCT116 colon carcinoma cells, A2780 

ovarian, SKMEL2 and WM266.4 melanoma and BT474 breast carcinoma cells (Eccles et al., 

2008). This resorcinylic isoxazole analog has been described as having much greater cellular 

activity than its pyrazole counterpart as a result of increased uptake and increased half-life 
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(Sharp et al., 2007b). Biochemically the NVP-AUY922 analog is more soluble and its 

resorcinol 5-substitutent moiety has been optimized (Sharp et al., 2007b). It is also extremely 

potent having a GI50 of 9nM when screened against a range of human cancer cells lines 

(Drysdale and Brough, 2008). NVP-AUY922 anti-proliferative effects have been seen against 

a panel of breast cancer cell lines, multiple myeloma, prostate, colon, melanoma, glioma and 

HUVEC cell lines (Eccles et al., 2008). NVP-AUY922 also has been shown to have anti-

tumour properties as a single agent in vivo in BT-474 breast, HCT116 colorectal, and 

U87MG glioblastoma xenografts in mice (Eccles et al., 2008). In HCT116 human xenograft 

tumour bearing mice, NVP-AUY922 inhibited tumour growth by 50% when dosed at 50 

mg/kg i.p. daily (Drysdale and Brough, 2008; Taldone et al., 2008). Additionally, in athymic 

mice that had established U87MG glioblastoma xenografts, NVP-AUY922 had anti-

proliferative pro-apoptotic and anti-angiogenic effects by decreasing micro-vessel density 

and HIF1α levels (Gaspar et al., 2010).		

	

NVP-AUY922 entered the clinic in 2007 and is currently in a number of Phase I-II trials. 

Initially Phase I trials were limited to HER2 positive or ER positive locally advanced or 

metastatic breast cancer (National Institute of Health, 2014). Since August of 2012, NVP-

AUY922 Phase II clinical trials in patients with lymphoma, myeloproliferative neoplasms, 

advanced non-small lung cancer are active (National Institute of Health, 2014). A Phase I 

clinical trial on stomach neoplasms, esophageal neoplasms and metastatic gastric cancer has 

also been completed (National Institute of Health, 2014). More recently, patients with non-

small cell lung cancer and also patients with advanced and recurrent non-small cell lung 

cancer, squamous cell lung cancer, anaplastic lymphoma kinase (ALK) are being recruited 

for phase I and II clinical trials (National Institute of Health, 2014).  

 

1.9.4.2 HSP90 N -terminal Inhibitor Mode of Action 

Despite being structurally unrelated, all N-terminal HSP90 inhibitors bind to a 24kDa moiety 

in the ATP binding region of the HSP90 N terminal domain (Figure 1.10) (Koga et al., 2009; 

Patel et al., 2011; Goetz et al., 2003). These N-terminal inhibitors bind with much greater 

affinity than ATP and their binding inhibits the intrinsic ATPase activity of HSP90 (Koga et 

al., 2009; Workman, 2004b; Goetz et al., 2003). As a result the ATP hydrolysis cycle, which 

is essential for HSP90 client protein function, is stopped (Patel et al., 2011; Workman, 

2004b; Goetz et al., 2003). When the HSP90 inhibitors are bound to its N-terminal, the multi-

chaperone complex has a similar conformation to when ADP is bound (Koga et al., 2009; 
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Patel et al., 2011). In this conformation HSP90 binds to HSP70/40 and co-chaperones p60 

and CHIP and targets proteins for degradation (Koga et al., 2009; Zuehlke and Johnson, 

2010; Li et al., 2012). Therefore N-terminal inhibitors inhibit HSP90 from clamping around 

its client protein and mediating its folding and stabilization (Patel et al., 2011). This causes 

the release of client proteins, which then undergo ubiquitin tagged proteasome degradation 

(Maloney and Workman, 2002; Goetz et al., 2003; Jego et al., 2013). Therefore, HSP90 

oncogenic client protein de-stabilization and degradation causes cancer cell apoptosis (Ozgur 

and Tutar, 2014; Zhang et al., 2014b; Workman, 2004b).  

 

N-terminal inhibitors bind to the same region of HSP90 where HSF1 is complexed thus 

causing the dissociation of HSF1 and its subsequent activation (Figure 1.7) (Taylor et al., 

2007; Kamal et al., 2004; Zou et al., 1998). As described earlier, these steps collectively lead 

to HSF1 transcriptional activity and increased HSP expression, which make up the HSR 

(Kamal et al., 2004; Morimoto, 2008). Several structurally unrelated N-terminal HSP90 

inhibitors all similarly cause HSF1 displacement and a downstream HSR (Goetz et al., 2003; 

Kamal et al., 2004). Geldanamycin has been shown to activate HSF1 both in vitro and in vivo 

and increase HSP72 expression (Kim et al., 1999; Zou et al., 1998). 17-AAG treatment has 

been shown to increase HSP70 mRNA and protein levels in a number of cancer cells and has 

also been shown to increase HSP70 expression in human xenografts mouse models (Powers 

and Workman, 2007; Guo et al., 2005b; Doubrovin et al., 2012). 17-AAG treatment has also 

been shown to induce HSP70 expression in transformed fibroblasts derived from mice with 

wild type HSF1; however, in fibroblasts from HSF1-/- mice 17-AAG treatment did not 

increase HSP70 expression (Bagatell et al., 2000). Moreover, 17-AAG treatment has been 

shown to induce HSP70 expression in patient tissue samples (Banerji et al., 2005a). The 17-

AAG derivative, 17 DMAG, and the naturally occurring radicicol and herbamycin A also 

cause a HSR as seen by increased protein levels of HSP70 (Chai et al., 2014). In addition, the 

more recently developed N-terminal inhibitors NVP-AUY922 and CCT108159 have also 

been shown to induce the HSR (Eccles et al., 2008; Cheung et al., 2005; Gaspar et al., 2010). 

Treating HCT116 colon cancer cells with CCT018159 increased HSP70 protein expression 

(Cheung et al., 2005). Similarly, NVP-AUY922 treatment causes a HSF1 stress response in a 

number of tumour cell lines including HCT116 colon cells, A2780 ovarian, SKMEL2 and 

WM266.4 melanoma, BT472 breast cancer cells and in the aGB and pGB glioblastoma 

tumour cell lines (Gaspar et al., 2010; Eccles et al., 2008). 
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HSP90 Inhibitor   Chemical Structure Binding site Chemical Class 

17-AAG 

 

 

 

 

N-terminal ATP-

binding Pocket 

Benzoquinone 

ansamycin 

Radicicol 

 

 

    

N-terminal ATP-

binding Pocket 

Macrolide 

CCT018159 

  

N-terminal ATP-

binding Pocket  

Pyrazole 

NVP-AUY922  N-terminal ATP-

binding Pocket 

Pyrazole 

 

 
 
 
 
 
Table 1.1 N-Terminal HSP90 Inhibitors        
N-terminal HSP90 inhibitors bind to the ATPase site of the N-terminal molecule to inhibit 
HSP90 chaperone activity. There are a number of N-terminal HSP90 inhibitors classes 
including the macrolide, benzoquinone ansamycin and pyrazole classes. To these classes 
belong naturally occurring and synthetically developed compounds including 17-AAG, 
Radicicol, CCT018159 and NVP-AUY922. Information sourced from (Neckers, 2002; Eccles 
et al., 2008). 
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1.9.5 C–Terminal HSP90 Inhibitors 

The C-terminal of HSP90 has also been targeted as a region for anti-cancer therapeutics to 

bind (Figure 1.10). The HSP90 C-terminal mediates HSP90 dimerization; therefore its 

inhibition can regulate some HSP90 functions but unlike the N-terminal ATPase domain it 

does not form a complex with HSF1 (Zhang et al., 2011; Yamada et al., 2003). Examples of 

C-terminal inhibitors include Novobiocin, epigallocatechin-3-gallate (EGCG), cisplatin, 

molybdate and taxol (Zhang et al., 2011; Donnelly and Blagg, 2008). Novobiocin, the most 

studied of the C terminal inhibitors, is a member of the coumermycin antibiotic family 

(Figure 1.10) (Donnelly and Blagg, 2008). It binds weakly to the C-terminal; however, at 

high concentrations its’ binding alters the structural conformation of HSP90 (Figure 1.10) 

(Donnelly and Blagg, 2008; Fukuyo et al., 2010; Zhang et al., 2011). The conformational 

change of HSP90 results in the destabilization of some HSP90 client proteins including Raf-

1, mutant p53, Src and ERBB2 that act as oncogenic proteins in cancer (Fukuyo et al., 2010; 

Donnelly and Blagg, 2008; Whitesell and Lindquist, 2005). Structural modification of 

Novobiocin generated the 3'-descarbamoyl-4-deshydroxynovobiocin (DHN2) molecule 

(Zhang, 2011). Further optimization of DHN2 resulted in the production of the indole 

derivate 46, which is the most potent analogue of Novobiocin (Zhang, 2011). By binding to 

the C-terminal ATP site, these inhibitors block HSP90 chaperone activity and client 

interaction by preventing its formation as a dimer (Sgobba et al., 2010). Unlike N-terminal 

domain HSP90 inhibitors, C-terminal HSP90 inhibitors do not cause the displacement and 

subsequent activation of HSF1 (Wang and McAlpine, 2015). Consistent with this, they do not 

induce an HSR (Wang and McAlpine, 2015; Chai et al., 2014). 

 

1.9.6 Proteasomal Inhibitors 

The proteasome is the organelle where many (but not all) ubiquitin-tagged proteins are 

degraded (Alberts et al., 2002; Adams, 2003). The ubiquitin-proteasome pathway (UPP) 

degrades more than 80% of a cell’s proteins (Adams, 2002). Proteasomes are 2,000 kDa 

cylindrical multi-subunit complexes, which have a 20S core catalytic component and have a 

19S subunit either at both ends or only one (Adams, 2003; Genin et al., 2010; Alberts et al., 

2002). Proteasome inhibitors inhibit the proteasome by binding to the 26S proteasome 

thereby inhibiting its proteolytic activity (Adams, 2004; Adams, 2003; Genin et al., 2010). 

The proteolytic activity is required for protein degradation (Adams, 2003; Genin et al., 2010). 

There are a number of proteasome inhibitors, which are categorized into different classes: 

peptide aldehydes, peptide vinyl sulfones, peptide boronates, peptide epoxyketones and β-
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lactones (Adams, 2004; Genin et al., 2010). Some examples of proteasome inhibitors include 

MG132, lactacystin and bortezomib (Genin et al., 2010; Holmberg et al., 2000; Piperdi et al., 

2011). Bortezomib is a widely used compound and in combination with a number of other 

chemotherapeutics is the standard of care for Multiple Myeloma patients (Roussel et al., 

2011). A number of proteasomal inhibitors have been shown to activate HSF1 and increase 

HSP70 transcription (Holmberg et al., 2000; Du et al., 2009; Kim et al., 1999). In addition, 

some may activate ER stress and the stress signalling molecule p38 (Selimovic et al., 2013; 

Kim et al., 1999). 

 

1.9.7 Alkylating Agents 

Alkylating cancer agents directly damage DNA to prevent the cancer cell from undergoing 

mitosis (Mkele, 2010; Siddik, 2005). Alkylating drugs can act at any stage of the cell cycle 

and alkylate DNA bases in either the minor or major grooves (Ralhan and Kaur, 2007; 

Mkele, 2010). They are used to treat many different cancers including leukaemia, lymphoma, 

Hodgkin’s disease, multiple myeloma, and sarcoma, as well as cancers of the lung, breast and 

ovary (Mkele, 2010). These drugs can cause long-term damage to the bone marrow (Kemp et 

al., 2011). There are different classes of alkylating agents, including: nitrogen mustards, 

nitrosoureas, alkyl sulfonates, triazines and ethylenimines (Siddik, 2005; Mkele, 2010). 

Because alkylating agents damage DNA, they cause genotoxic stress (Busa et al., 2010). 

Alkylating agents have also been shown to cause a HSR by decreasing cellular levels of

glutathione (GSH), which induces oxidative stress (Chen et al., 1990; Chen and Stevens, 

1991; Freeman et al., 1995; Lee and Hahn, 1988; Donati et al., 1990; Beckmann et al., 1992).  

 

1.9.8 Cross-linking Agents 

Another group of cancer therapeutics, which mediate their toxicity through genotoxic stress 

are the cross-linking agents (Basu and Krishnamurthy, 2010; Nussbaumer et al., 2011). These 

cancer therapeutics are sometimes classified as alkylating agents because they kill cells in a 

similar way (Nussbaumer et al., 2011). Cross-linking agents include nitrogen mustards and 

nitrosurea platinum complexes, which include cisplatin, carboplatin and oxaliplatin 

(Nussbaumer et al., 2011; Basu and Krishnamurthy, 2010). These drugs are used to treat 

ovarian, testicular, lung cancer and metastatic colorectal cancer (Nussbaumer et al., 2011; 

Basu and Krishnamurthy, 2010; Mkele, 2010). The platinum complex, cisplatin, is the most 

commonly used cancer therapeutics (Rafique, 2010). Cisplatin and the second generation 
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platinum complex, carboplatin, have been reported to affect HSF1 activity and HSP70 

expression (Huber, 1992; Desai et al., 2013; Ohtsuboa et al., 2000).  

 

1.9.9 Intercalating Agents 

Intercalating agents are a class of therapeutics, which reversibly interact with the DNA 

double helix (Brana et al., 2001a). Intercalating agents, like alkylating agents, are not cell 

cycle phase specific and can disrupt at any phase of the cell cycle phase (Perez et al., 1994). 

Intercalating agents are mainly classified into the anthracycline class but mitoxantrone and 

actinomycin are also intercalating agents, which do not fall into this subclasss (Nussbaumer 

et al., 2011). All intercalating agents retain structural features, which include a polyaromatic 

system that bind by insertion between DNA base pairs with a marked preference for 5-

pyrimidine-purine-3 step (Nussbaumer et al., 2011; Brana et al., 2001b). The anti-tumour 

antibiotics, anthracyclines include doxorubicin, daunorubicin and aclarubicin, epirubicin and 

idarubicin (Nussbaumer et al., 2011). The first three of these are naturally-occurring products 

derived from Streptomyces peucetiusor or S. galilaeus (Nussbaumer et al., 2011; Conti, 

2007). These anthracyclines are used to treat a large number of tumours including acute 

leukaemia, lymphomas, myelocytic leukaemia, and solid tumours including sarcoma, breast 

cancer and ovarian cancer (Nussbaumer et al., 2011; Smith et al., 2010). These agents are 

also used as second line treatments and also in the cases of advanced cancer (Nussbaumer et 

al., 2011). Many of these cancers affect the bone marrow due to their site of origin or nature 

i.e. metastatic to bone. 

 

Due to their interaction with DNA and inhibition of transcription, these agents cause 

genotoxic stress (Ohno et al., 2008). Despite these agents primarily causing cell death 

through the inhibition of DNA synthesis, transcription and replication, they have also been 

shown to activate stress pathways within the cells (Smith et al., 2010). Anthracyclines have 

been shown to increase ROS and also causes mitochondrial dysfunction resulting in oxidative 

stress (Ewer and Lippman, 2005; Kelland, 2007). There also has been a report that 

anthracyclines increase the expression of HSPs in a number of tumour cell lines (Fucikova et 

al., 2011).  
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Figure 1.10 The Structure of HSP90 and Binding Regions of HSP90 Inhibitors   
(A.) HSP90 is present in the cytoplasm as a dimer. Each HSP90 monomer has three domains: 
an N-terminal ATP-binding domain, a middle domain and a C- terminal domain. The N-
terminal domain contains the adenine-binding pocket, which is responsible for HSP90 
ATPase activity that is essential for its function. This ATP binding site is where N terminal 
HSP90 inhibitors including: 17-AAG, 17-DMAG, radicicol, CCT108159 and NVP-AUY922 
bind as shown in (B.). This region is also where the latent HSF1 binds to HSP90 but is 
displaced by N-terminal HSP90 inhibitors (B.). The middle domain is a charged linker 
region, which contains the binding sites for client proteins and co-chaperones including 
p50CDC37 and p23. The carboxyl dimerization terminal has a tetratricopeptide repeat-binding 
(TPR) motif (EEVD) to which co-chaperones bind such as HOP and CHIP. C-terminal 
HSP90 inhibitors including novobiocin also bind to this region to inhibit HSP90 chaperone 
activity. Image sourced from (Whitesell and Lindquist, 2005). (B.) The displaced HSF1 
translocates to the nucleus and is activated as shown in Figure 1.7 Image from Dr John Price. 

A. 

B. 
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1.9.10 Antimetabolites 

Antimetabolites interfere with DNA and RNA growth by substituting the normal pyrimidine 

compounds and purine bases with pyrimidine or purine analogues (Mkele, 2010). 

Substitution with these analogues inhibits DNA synthesis by exerting their influences during 

the S phase of the cell cycle (Parker, 2009). These drugs are classified into folate, purine and 

pyrimidine compouonds (Nussbaumer et al., 2011; Mkele, 2010). Examples of 

antimetabolites include 5-flurouracil (5-FU), floxuridine, gemcitabine (Gemzar®) and 

methotrexate (Mkele, 2010). These drugs are used to treat leukaemias, non-Hodgkin’s 

lymphomas and many solid tumours including breast, ovarian, and intestinal cancer (Mkele, 

2010; Nussbaumer et al., 2011). Since antimetabolites inhibit DNA and RNA replication, 

these cancer therapeutics also cause genotoxic stress (Mkele, 2010). Recently evidence has 

emerged that the antimetabolite methotrexate activates HSF1 as shown to by increased 

HSP70 protein expression (Chai et al., 2014). 
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1.10 Scope of this Thesis 

The work presented in this thesis focusses on the osteoclast differentiation process and the 

effect of a number of anticancer therapeutics upon this process as well as the mechanisms 

that underlie these observed effects. Many chemotherapeutic drugs show cytotoxic effects on 

bone marrow and therefore indirectly affect bone metabolism. It is generally believed that 

such drugs damage bone cells in a non-specific way and this causes the associated bone loss. 

While this does often occur, bone loss involves the active resorption of bone by a single type 

of cell, the osteoclast. This suggests increased osteoclast numbers and osteoclast actions, not 

loss of osteoclasts. This idea follows thematically from an earlier publication by Price et al. 

(2005), which demonstrated that 17-AAG increased osteoclast formation in vitro and in vivo 

and this was associated with bone loss (Price et al., 2005). The increased numbers of 

osteoclasts is associated with in an even more harmful effect: that this anti-cancer drug, 

effective in reducing tumour growth in soft tissue, caused increased breast cancer growth and 

invasion in bone (Price et al., 2005). This suggests that a therapy, which affects osteoclasts in 

this way would have very undesirable effects, both on bone integrity and cancer growth. With 

this in mind the aims of this thesis are to answer the following questions: 

 

1) What is the mechanism that underlies the 17-AAG-induced increase in osteoclast 

numbers and does it involve 17-AAG activation of HSF1 and a cell stress response? 

2) Do other structually-unrelated HSP90 inhibitors act to increase osteoclast formation?  

3) Do other chemotherapeutics, which act through quite different anti-cancer 

mechanisms also stimulate osteoclast formation like 17-AAG and, if so, do they act in  

the same manner?
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2.1 Materials 

2.1.1 Mouse Strains 
Mice of the C57Black/6 background, male and between 8-14 weeks of age, were used as a 

source of fresh tissue for in vitro experiments unless otherwise indicated. C57Black/6 mice 

were obtained from Monash Animal Research Platform, Monash University, Clayton, Vic, 

and used with the approval of the Monash Medical Centre (MMC) Animal Ethics Committee 

B, approval number MMCB-2011/19. The mice were maintained at the MMC Animal 

Facility (Clayton, Vic) according to procedures approved by Animal Ethics Committee B 

(Clayton, Australia). HSF1 knockout mutant mice mouse strain HSF1tm1Ijb/tm1Ijb (here 

designated HSF1-/-), were obtained from Prof. Ivor Benjamin of the University of Utah, USA. 

They were previously confirmed by our group and by Prof Benjamin’s laboratory to 

completely lack HSF1. These mice were bred on a mixed Balb/c x 129 genetic background 

since HSF1 knockout mice are not viable on pure C57Black/6 pure genetic backgrounds 

since they die in utero due to failure of implantation (Xiao et al., 1999). Female HSF1-/-
 are 

infertile so HSF1 knockout mice were generated using male knockouts crossed with 

heterozygote females, or male heterozygotes with female heterozygotes. This resulted in 

greatly sub-Mendelian ratios of knockout mice born, likely due to implantation or 

development failure. For experiments, either littermates or age-matched mice that were 

closely related from the same colony were employed. Mice were kept under high barrier 

conditions at the Monash University Animal Facilities. Monash University Ethics approval 

number: SOBSB/B/2010/28BC.  

 

2.1.2 Tissue Culture Materials and Consumables 

Medium supplements and fetal bovine serum (FBS) were all purchased from Life 

Technologies (Grand Island, NY, USA). These included Alpha modification of Minimal 

Essential Medium (α-MEM) (cat no. 12561-072), RPMI Medium 1640 (cat no. 21870-092), 

Dulbecco’s Modified Eagle Medium (DMEM) (cat no. 21063-029), Penicillin (10000 

U/ml)/Streptomycin (10000 U/ml) (cat no. 15140-122), L-Glutamine (29.95 mg/ml) (cat no. 

25040-081), Trypsin-EDTA (10x) (cat no. 15400-054) HEPES buffer solution (1M) (cat no. 

15630-080), Phosphate buffered saline (PBS) (1x) without calcium or magnesium (cat no. 

14190-250). Foetal bovine serum (FBS) batches 029, batch no. 8164473 and batch no. 044 

(cat no. 16000044) were employed. Minocycline (cat no. M-9511), Geneticin (G418) 

(50mg/ml) (cat no. G8186), Cell dissociation solution, Non-enzymatic, in Hank’s buffered 
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salt solution (HBSS) (1x) (cat no. C1419) and thapsigargin (0.5mg) (cat no. T9033) were all 

purchased from Sigma (Castle Hill, NSW, AUS). Ampicillin (sodium salt, USP Grade) (cat 

no.AM0339) was purchased from Astral Scientific (Gymea, NSW, AUS). Mouse RANK-Fc 

(692-RK-100) and TGF-β1 (cat no. 240-b-002) were purchased from R&D 

systems/Bioscientific Pty. Ltd. (Sydney, NSW, AUS). RANKL (cat no. 47197900) was 

purchased from the Oriental Yeast Co. Ltd. (Tokyo, Japan). M-CSF (100μg) (cat no. 11795-

H08H) was purchased from Sino Biologicals (Beijing, P.R. China). KNK437 HSF1 inhibitor 

(5mg) (cat no. 373260) and KRIBB11, Heat Shock Protein Inhibitor II (cat no. 385570) were 

purchased from Calbiochem through Merck Millapore (Billerica, MA, USA.). Dimethyl 

sulfoxide (DMSO) (cat no. 276855) was purchased from Ajax Chemicals (NSW, AUS). L 

Cells were purchased from ATCC (Manassus, VA, USA). 17-AAG and cisplatin were kind 

gifts from Dr John Price (Monash University, AUS). CCT018159 was obtained from Cayman 

Chemical Company (Ann Arbor, Michigan, USA). NVP-AUY922 was purchased from 

Biovision (Milpitas, CA, USA). MG132 (cat no. S2619) and doxorubicin (cat no. S1208) 

were purchased from Selleck chemicals (Houston, TX, USA). Bortezomib (free base) (cat no. 

B-1408) was purchased from LC labs Scientific (Woburn, MA, USA) through Scientifix Pty 

Ltd (Cheltenham, Vic. AUS). SB203580 (cat no. 5633) was purchased from Cell Signalling 

(Danvers, MA. USA). Hoescht (cat no. H3570) from Life Technologies was a kind gift from 

Trevor Wilson. Corning 96 well flat clear bottom black polystrene cell culture treated 

microplates (cat no. COR3603), Corning costar sterile serological pipette 5 ml (cat no.4487) 

10ml (cat no.4488) and 25ml (cat no.4489) Corning 15ml (cat no.4307666) and 50ml (cat 

no.4308291) centrifuge tubes were all purchased from In Vitro Technologies (Noble Park, 

VIC, AUS). Nunclon white plate 96 well (cat no. 236105), Starstedt 96 well plates sterile (cat 

no. 83.1835), Nunc tissue culture flasks T25 (cat no 156367), T75 (cat no.156499) and T175 

(cat no. 159910), Nunc delta surface 6 well (cat no. 140675), 24 well (cat no. 142475), 48 

well (cat no.150687) and Starstedt 96 well sterile plastic tissue culture plates (cat no. 

83.1835) and 6mm diameter glass coverslips were all purchased from Thermo Fischer 

Scientific (Taren Point, NSW, AUS). 96 well white plates for luciferase assays (cat no. 

136101) and Corning® tissue-culture treated culture dishes 10mm (cat no. CLS430167) were 

purchased from Sigma (Castle Hill, NSW, AUS). Qualitive Filter paper size 55mm was 

purchased from Micro Analytix (Taren Point, NSW, AUS). Microscope slides twin frost 45ᵒ 

ground edge (cat no. S41104A), and 15mm diameter coverslips (cat no. CS15100) were 

purchased from Grale Scientific (Ringwood, Vic, AUS). Syringes and needles were 

purchased from Terumo Corporation (Elkton, MD, USA).  
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2.1.3 Molecular Biology Materials 

Acetic acid (Analar, cat no. 1-2.5L GL), glycerol (cat no. 242-2.5 GL), calcium chloride 

(CaCl2) dihydrate (cat no. 127-500G), magnesium chloride (MgCl2) (cat no. 296-500G), 

sodium deoxcholate (cat no. D6750-25G), IGEPAL (Nonidet) (cat no. I3021-50ML), ethanol 

(analytical grade, Ajax Finechem, cat no. 214-2.5L) and acetone (cat no.A35010-2.5L), 

Ethanol absolute UNIVAR ACS (cat no.AJA214-2.5LPL), propan-2-ol UNIVAR PL (cat no. 

AJA425-2.5PL), formaldehyde (36.5-38% solution) UNIVAR) (cat no. AJA809-2.5LPL), 

Pierce Halt Proteinase Inhibitor Cocktail (cat no. 78410), Whatman filter circle, Grade 1, 125 

mm (cat no. 1001-125) and Pierce goat anti-mouse secondary antibody (cat no. PIE 31444) 

were purchased from Thermo Fischer Scientific (Taren Point, NSW, AUS). Fast red violet 

(cat no. F3381), Naphthol ASMX Phosphate (N4875) and Betaine (>98%) (cat no. B2629)) 

were purchased from Sigma (Castle Hill, NSW, AUS). Tris (cat no. 0497) was purchased 

from Astral (Amresco). Tryptone (cat no. LP0042), Yeast Extract (cat no. LP0021) Agar, LB 

(cat no. LP0011) were all purchased from OXOID (Unipath Ltd., Hampshire UK). Nupage 4-

12% Bis-Tris gels 10 well (cat no. NP0321BOX), 12 well (cat no. NP0322BOX), 15 well (cat 

no. NP0323BOX), 17 well (cat no. NP0329BOX), 20 well (cat no. WG1402BOX) and 26 

well (cat no. WG1403BOX), NuPage MES SDS Running Buffer (20x) (cat no. NP0002), 

NuPage Antioxidant (cat no. NP0005) and Sample Reducing Agent (cat no. NP0004), 

Seeblue2 plus2 prestained standard (1x) (cat no. LC5925), Superscript III First strand 

Synthesis System for RT-PCR (cat no. 18080-051), Sybr safe (cat no. S33102) and 

Lipofectamine® LTX Reagent with PLUS™ Reagent (cat no. 15338100) were all purchased 

from Life Technologies (Mulgrave, VIC, AUS). Anti-MITF C5 antibody (cat no. Ab12039) 

was purchased from Sapphire Bioscience (Waterloo, NSW, AUS). Mouse anti-NFATc1 

antibody (cat no. 556602) was purchased from Becton Dickinson (North Ryde, NSW, AUS). 

p38 MAPK antibody (cat no. 9212) and Phospho-p38 MAPK (Thr180/Tyr182) (3D7) 

antibody (cat no.9215) were purchased from Cell Signalling (Danvers, MA, USA). 

HSP70/HSP72 antibody (cat no. ADI-SPA-812F) was purchased from Enzo Life Sciences/ 

Sapphire Bioscience (Waterloo, NSW, AUS). Immobilon-P Transfer membrane PVDF 

0.45μM Roll 26.5cm x3.75m (cat no. IPVH00010) and Re-blot Strong Solution (10x)(cat no. 

2504) were purchased from Merck Millipore (Bayswater, VIC, AUS) Amersham Hyperfilm 

ECL (18 x 24cm) 100 sheets (cat no. 28-906837) from GE Healthcare (Silverwater NSW, 

AUS). Fuji Medical X-ray film super RX, size 18cm x 24 cm (cat no. 100NIF) was purchased 

from Fujifilm (Minato-ku, Tokyo, Japan). Skim milk used for Western blotting was 

Carnation brand (Sydney, NSW, AUS). Complete EDTA free protease inhibitor cocktail (cat 
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no. 04693132991), PhosSTOP phosphatase inhibitor cocktail (cat no. 04906845001), 

Lumilight Western Blotting Substrate (cat no 12015200001) and Fugene HD transfection 

reagent (cat no. 4709705001) were purchased from Roche (Dee Why, NSW, AUS). 

Luciferase kit (cat no. E1501) and Luciferase passive lysis buffer x5 (cat no. E194a) were 

bought from Promega (Alexandria, NSW, AUS). DAB liquid chromagen system (cat no 

346811), goat anti-rabbit IgG-HRP (cat no. P044801), rabbit anti-goat IgG-HRP (cat no. 

P044901) were purchased from DAKO (North Sydney, NSW, AUS). Qiagen RNeasy kit (50 

samples) (cat no. 74104) was purchased from Qiagen (Doncaster, VIC, AUS) XL1-Blue 

Subcloning - Grade Competent Cells (cat no. 200130) were purchased from Stratagene (La 

Jolla, CA, USA). Primers were purchased from Sigma (Castle Hill, NSW, AUS) or Bioneer 

(Daejeon, Republic of Korea). 

 

2.1.4 Cell Lines 

 

2.1.4.1 RAW264.7 

RAW264.7 cells are a M-CSF-independent clonal murine macrophage-like leukemic cell 

line, which was derived from Abelson murine leukemia virus-induced ascites from a male 

mouse: Ig- H-2d+
, H-2b- , Thy-1-2-, Ia- (Ralph and Nakoinz, 1977; Raschke et al., 1978). The 

RAW264.7 cell line is a well characterized and accepted model of osteoclast formation with 

RANKL stimulated RAW264.7 cells forming TRAP and CTR expressing multinucleated 

cells, which are capable of bone resorption (Collin-Osdoby et al., 2003; Battaglino et al., 

2004; Matsumoto et al., 2004; Matsuo et al., 2004; Liu et al., 2003; Collin-Osdoby and 

Osdoby, 2012; Cuetara et al., 2006). The genotype of RAW264.7 cells closely resembles that 

of the osteoclast precursors and also of fully differentiated and active osteoclast. Furthermore, 

RAW264.7 cells also have a similar signalling pathway profile to that of osteoclasts and are 

therefore an appropriate model to use to study osteoclastogenesis (Collin-Osdoby et al., 

2003).  

 

2.1.4.2 L-Cells and L-Cell Conditioned Medium 

L-cells are a mouse fibroblast-like cell line, which constitutively secretes M-CSF. In this 

thesis L-cells are used as a source of growth medium containing M-CSF for bone marrow 

macrophage preparation (Stanley and Guilbert, 1981). For this, L-cell conditioned medium 

(LCM) was prepared. L-cells (5 x 106 cells) were cultured 75cm2 flask in 20 ml RPMI with 

10% heat-inactivated FBS (HI-FBS). The cells were allowed to grow for 7 days and the 
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supernatant collected at day 7. The supernatant was collected into 50 ml sterile polypropylene 

tubes, followed by centrifugations for 5 mins at 2,000 rpm to remove cells and cell debris. 

The supernatant was transferred to a fresh tube and centrifuged again. The resulting LCM 

supernatant was then passed through a sterile 0.45µm filter and stored at -20°C until use. 

Typically, 30% LCM was added to cultures containing bone marrow cells to prepare bone 

marrow macrophages. 

 

2.1.4.3 HEK-HSE Cells 

The HEK-HSE cells were generated by Dr Chau Nguyen. Briefly HEK293t cells were 

transduced with the bicistronic retroviral vector, pBABE_HSF1wt_IRES_EGFP to 

overexpress HSF1 wt, which was co-expressed at the gene level with an EGFP separated by 

an internal ribosomal entry site (IRES) (Nguyen et al., 2013). The HEK294t cells with stable 

expression of HSF1 wt and EGFP were selected by puromycin (1µg/ml) treatment for 2 

weeks (Nguyen et al., 2013). These cells were further transfected with a pHSE-mCherry 

vector in which mCherry expression is under the control of an inducible HSP70 (HSP70B) 

promoter (HSE removed and the HSP70B promoter, which contains HSE, inserted upstream 

of mCherry) (Nguyen et al., 2013; Winklhofer et al., 2001). The HSP70B promoter is 

‘strictly’ inducible having no to very little basal expression in most cells (Noonan et al., 

2007). This differs from the major inducible HSP72, which has basal expression levels in 

cells (Noonan et al., 2007) Comparative heat shock studies between the major inducible 

HSP72 gene and HSP70B show a transient increase in HSP70B levels whereas HSP72 levels 

persist for days (Noonan et al., 2007). Cells stably containing the HSE-mCherry construct 

were selected by G418 treatment (1µg/ml) for 2 weeks (Nguyen et al., 2013). Subsequently, 

cells with high levels of EGFP and mCherry were sorted by FACS (Nguyen et al., 2013).  

 

2.1.4.4 NFAT-response Element Dependent Luciferase Expressing RAW264.7 Cells 

(NFAT-RAW Cells) 

NFAT RAW cells, which were made previously by Dr Julian Quinn were generated by stable 

transfection of RAW264.7 cells with pGL4.30 [luc2P/NFAT-RE/Hygro] construct (Promega 

Corp., NSW, AUS) (Singh et al., 2012). This construct is a plasmid containing luciferase-2P 

expressed under the control of an NFAT response element, i.e., luciferase is produced in 

response to activated NFAT transcription factors. Cells were transfected using purified 

plasmid and Fugene 6 reagent (Promega) according to manufacturer’s instructions. 

Transfected cells were selected using hygromycin (200µg/ml) and became stable within three 
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passages. These cells were used to test NFAT transcriptional activity in response to RANKL 

and other compounds (Singh et al., 2012; van der Kraan et al., 2013). 

 

2.1.4.5 NFκB Response Element Dependent Luciferase Expressing RAW264.7 

Cells 

NFκB-RAW cells, RAW264.7 cells containing a NFκB reporter were generated (and 

generously supplied) by Prof. Jiake Xu, University of Western Australia, as previously 

described by Wang et al. (Wang et al., 2003a). Briefly, RAW264.7 cells were transfected 

with a luciferase reporter gene3kB-Luc-SV40 reporter (Wang et al., 2003b). This reporter 

contains three NFκB sites from the interferon gene upstream of the luciferase coding region, 

previously described (Steer et al., 2000; Akama et al., 1998; Wang et al., 2003a). The 3kB-

Luc-SV40 reporter construct (20 μg) and pcDNA3.1 (2 μg) vectors were transfected into 

RAW264.7 cells using electroporation with the following conditions (280 V and 960 μF) 

(Wang et al., 2003a). The transfected cells were then selected with G418 (400 μg/ml) (Gibco 

BRL, Life Technologies, Melbourne Australia) (Wang et al., 2003a). The resulting stable cell 

line was used to investigate NFκB activation by RANKL and other compounds (Wang et al., 

2003a; Singh et al., 2012; van der Kraan et al., 2013).  

 

2.2 Equipment 

Quantitative real-time RT-PCR (qRT-PCR) was performed using the Stratagene MX3000P 

machine, and PCR analysis was performed using the MX PRO software version mx3000P 

(Stratagene, Cedar Creek, TX, USA). The spectrophotometer, used to measure RNA 

concentrations, was the NanoDrop ND-1000 (Thermo Fisher Scientific, MA, USA). Tissue 

culture microscopes included the Olympus IMT (Olympus Optical Company Limited, Tokyo, 

Japan), Wilovert (Helmut Hund GmbH, Wetzlar, Germany), Leica Diavert Microscope, 

Olympus Ck2 microscope. Centrifuges included: tissue culture centrifuges, Beckman Coulter 

Allegra X-22, X-30R, X-ISR; eppendorf centrifuges, 5417C and 5424. Sorvall T6000D 

centrifuge (DuPont, OH, USA) and Beckman Avanti-J-301 centrifuges (Beckman) were used 

to pellet bacterial cultures. Membranes and bacterial cultures were shaken using the orbital 

mixer and orbital mixer incubator Ratek instruments. In addition, Ratek dry heat blocks were 

used to boil cell lysates and for cDNA synthesis. mCherry levels from the HSE-HEK cells 

were collected by the Arrayscan VTI (Thermo Fischer Scientific). To read the absorbance 

levels and luciferase levels the EnVision Multilabel Plate Reader (Perkin Elmer) and Sunrise 
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Tecan Magellan (6.3 version) plate reader were used. Waterbaths included Grant Water Bath 

(42ᵒC) and a 37°C temperature maintained Waterbath (Julabo P) scientific equipment 

manufacturing Co. Ltd. Cells lysates were sonicated using the Bandelin Sonorex digitec 

(Sonicator). Film was developed using the AGFA CP1000 developer (AGFA). 

 

2.3 Tissue Culture   

All cell cultures were incubated at 37°C in a humidified atmosphere with 5% CO2. 

 

2.3.1 Preparation of Bone Marrow (BM) Cells 

Adult C57Bl/6J male mice (8-12 weeks) were humanely killed by carbon dioxide inhalation 

followed by cervical dislocation. After rinsing the mouse with 70% ethanol the hind limbs 

were dissected out, skin and muscle were removed and femora and tibiae were isolated free 

of extraneous tissues. These long bones were cut just below the growth plate (removing the 

epiphyseal region) and then bone marrow flushed from the shaft of the bone using PBS in a 

syringe fitted with a 25 gauge needle. Cells were collected in a sterile 30ml falcon tube. This 

bone marrow was agitated and vortexed to break up cell aggregates. The suspension was then 

passed through a fine strainer to remove remaining aggregates and particles. The supernatant 

was centrifuged at 2,000 rpm for 5 min and the pelleted cells resuspended in 10 ml 

MEM/FBS and counted. Generally 5 x 107 bone marrow cells were obtained from the four 

hind limb bones of one 6 to 12 week old C57Black 6 mouse. 

 

2.3.2 Preparation of Bone Marrow-derived Macrophages  

Isolated bone marrow cells were resuspended in endotoxin free RPMI media containing heat-

inactivated FBS (10%) plus LCM (30%); or alternatively recombinant M-CSF (30ng/ml) was 

used in place of LCM. The cells were seeded at the density of 2.5x107 cells/ml media in a 10 

cm2 petri dish and incubated at 37C in a humidified atmosphere with 5% CO2 for 3 days. On 

day 3, the non-adherent bone marrow-derived macrophages (BMM) were collected from 

supernatant into a sterile 50 ml falcon tube and centrifuged for 5 min at 2000 rpm. To obtain 

adherent bone marrow-derived macrophages, the cells remaining in the petri dish were 

washed three times with PBS (1x) and incubated with 5 ml of a non-enzymatic cell 

dissociation solution (cat. No C5789, Sigma-Aldrich, MO, USA) for 20 min in a humidified 

incubator (37C with 5 % CO2.). The cells were then scraped with a sterile cell scraper, 

transferred to a sterile falcon tube containing 5ml media and centrifuged for 5 min at 2000 
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rpm. The cells were then resuspended in media and counted. For osteoclast cultures, both 

adherent BMM and BMM were seeded at 105 cells in 6mm diameter wells. This method to 

generate BMM follows previously described protocols (Quinn et al., 1998). 

 

2.4 Kill Curves: Finding the Cell Tolerance Levels for Pharmaceutical 

Compounds 

RAW264.7 cells were seeded at 2 x103 and 104 in 6mm diameter wells to determine seeding 

density. The RAW264.7 cell density 104 was determined to be best seeding density for a 6 

day culture in 6mm diameter wells. Thus this seeding density was used for experiments with 

these parameters throughout the course of the thesis. RAW264.7 cells were treated with the 

compounds of interest over an appropriate concentration range. The cells were incubated at 

37ᵒC and 5%CO2 for 1, 3, and 6 days or 1 and 2 days as noted. The media and non-adherent 

cells were removed through aspiration and the cells were rinsed in PBS (1x). The cells were 

then fixed in buffered formaldehyde (4%) for 5 minutes at room temperature. The 

formaldehyde was discarded and the cells washed again in PBS. After washing out the 

formaldehyde the cells were stained with crystal violet solution (3-4 drops) (Appendix A) and 

were incubated at room temperature for 10 minutes. The stain was removed by washing the 

cells in cold water until the water ran clear. The cells were air dried overnight. The crystal 

violet stain was extracted from the cells by eluting with of 10% acetic acid (200μl). The 

eluted cells were shaken for 15 minutes on a rocker at room temperature to facilitate the 

extraction process. The absorbance (560nM) was read on an EnVision Plate reader. 

 

HEK-HSE cells were seeded at 2.5 x104 cells, were left to settle for three hours and were 

treated with compounds to be tested. The procedure followed was similar to RAW264.7 cells 

above; however, due to the HEK-HSE cells being semi-adherent cells, the washing steps 

were limited and instead of aspiration solutions were removed through individual pipetting.  

 

2.5 In Vitro RANKL Stimulated Osteoclast Formation Assays 

 

2.5.1 RAW264.7 Cells 

RAW264.7 cells were seeded at 104 cells in 6mm diameter wells. Cells were then treated with 

recombinant RANKL. Concentrations of RANKL depended on the experiment details but 

were typically 20ng/ml and 100ng/ml, which are the minimum threshold concentration and 
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the maximal concentration required for osteoclast formation, respectively. Cells were treated 

with cytokines, compounds or DMSO vehicles appropriate to the experiment. All 

experiments included negative control cultures without RANKL treatment to demonstrate the 

necessity of RANKL to drive osteoclast formation. Cells were incubated at 37°C in a 

humidified atmosphere containing 5% CO2 for 3 days and then media and treatments were 

replenished. The cells were then incubated for a further 3 days. On day 6 the cells were 

stained for TRAP, a marker produced by fully differentiated osteoclast cells (see Chapter 

2.6.1). Cells, which were TRAP positive and multi-nucleated (nuclei ≥2), were counted as 

osteoclasts. 

 

2.5.2 Bone Marrow Cells  

Bone marrow cells were seeded at 105 cells in 6mm diameter wells in the presence of 

RANKL (20ng/ml) and M-CSF (30ng/ml). Bone marrow cells were found to be generally 

more sensitive to the drug treatments than RAW264.7 cells and concentrations employed 

were generally lower than employed with RAW264.7 cells. The bone marrow cell cultures 

were otherwise treated in the same manner described for RAW264.7 cells above.  
 

2.6 Identification of Osteoclast-like Cells in Culture 

2.6.1 TRAP Histochemical Staining 

Cells were washed in PBS (1x) and then fixed in PBS-buffered formaldehyde (4%) for 10 

minutes. The formaldehyde was removed, and the cells permeabilized with an ethanol: 

acetone mixture (1:1 ratio) for approximately 1 minute. The ethanol: acetone mixture was 

discarded, and the cells were left until almost dry. The cells were then stained with TRAP 

histochemical staining solution which consists of Naphthol AS-MX Phosphate (Sigma) 

(0.01%) and Fast Red Violet LB Salt (Sigma) (0.03 %) (Appendix A).  Briefly, Naphthol AS-

MX Phosphate (0.5-10 mg) was dissolved in dimethylformamide (BDH) (0.5 ml) and TRAP 

Buffer (50 ml) (Appendix A) was added. Fast Red Violet LB Salt (20-30 mg) was then 

dissolved in the buffer and the solution thoroughly mixed. The solution could be stored for up 

to 7 days at 4C. The cells were stained with the TRAP stain solution. During the 10 minute 

incubation the stain was monitored as there is variability in the time taken for the cells to 

stain. Upon staining, the histochemical stain substrate was then washed out with tap water 

and the cells allowed to dry. Stained plates were examined by light microscopy and 

photography. 
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2.6.2 CTR Staining 

 

2.6.2.1 Preparation of Cell Cultures Glass Coverslip Substrate  

Glass coverslips, 6mm in diameter (Thermo Fischer Scientific), were first cleaned of oily 

residues by boiling in non-ionic detergent (5 % Extran 3, Crown Scientific, VIC). Using a 

microwave, coverslips were gently boiled in detergent solution (250ml) within a conical flask 

for 5 min. The coverslips were then cooled, rinsed at least ten times in distilled H2O, and 

washed overnight in distilled H2O. They were rinsed a further 4 times in dH2O prior to being 

sterilized in 70 % ethanol for 15 min and air-drying in a laminar flow sterile cabinet. The 

coverslips were further sterilized by UV exposure overnight. 

 

Mouse bone marrow cells were seeded at 105 cells per well in 10mm diameter wells 

containing the cleaned 6 mm diameter coverslips. This allowed for the cells on coverslips to 

be removed for immunostaining while the remaining cells on the tissue culture plastic wells 

were histochemically stained for TRAP to confirm the presence of osteoclasts. Cells were 

typically incubated with M-CSF (30ng/ml) and RANKL (20ng/ml), unless otherwise stated 

and other compounds of interest as indicated in the relevant sections. Cells were grown at 

37°C in a humidified atmosphere containing 5% CO2. After 6 days of incubation the 

coverslips were removed from the wells, air dried, fixed with acetone at -20°C for 10 min, 

dried again and then affixed cell side facing upwards to glass slides for ease of handling. 

These slides were left at 4°C overnight allowing for the DPX to solidify.  

 

2.6.2.2 CTR Immunohistochemistry  

Cells affixed to a glass slide were incubated in purified rabbit anti-mouse CTR (IgG fraction 

purified in house from rabbit antiserum (5μg/ml) in PBS (1x)/BSA (0.5%) overnight at 4ᵒC. 

Controls included PBS (1x)/BSA (0.5%) alone and antibody pre-incubated with CTR 

(1mg/ml) antigen. After incubation, the cells were washed three times in PBS (1x), and 

peroxidase blocked by immersion in H2O2 (3%) / methanol for 30 min followed by 10 min of 

washing in PBS (1x). Cells were incubated in goat anti-rabbit IgG-HRP (1/100)/BSA 

(0.5%)/PBS (1x) for 1 hr at room temperature and washed in PBS (1x) for an additional three 

times. Cells were immune-stained with the DAB substrate (Dako liquid substrate chromogen 

system) and washed in dH2O. Cells were counter-stained with haematoxylin for 2 min and 

rinsed in running H2O. 
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2.7 Osteoclast Survival Assay 

Osteoclasts were generated in vitro from bone marrow in 10 cm diameter petri dishes in α-

MEM/FBS media supplemented with RANKL (100 ng/ml), M-CSF (30 ng/ml). On day 3, the 

media, RANKL and M-CSF were changed. Generally from day 4, the presence of many large 

osteoclasts was observed. Osteoclast numbers were estimated by field counting before they 

were harvested. The cultures were washed three times in PBS (1x) and proprietary Sigma 

Dissociation Buffer (5ml) (Sigma) was added to the cultures. The cells were incubated in the 

Dissociation Buffer for 30 minutes at 37C. Cells were then very gently scrapped with a 

tissue culture cell scraper (Falcon) and centrifuged at 1,000 rpm for 2 mins. The cells were 

then seeded at various densities (e.g., usually 100 estimated osteoclast numbers per well) in 6 

mm diameter wells in α-MEM/FBS with or without RANKL and test reagents. RANKL (100 

ng/ml) is maximal for osteoclast survival and was used as positive control. The cultures were 

incubated at 37C in 5 % CO2 for 24hr and were then fixed with formaldehyde (4%). The 

osteoclasts were histochemically stained for TRAP. The number of osteoclasts survived per 

treatment group was counted under the microscope, with survival expressed as a proportion 

(%) relative to positive control.  

 

2.8 Transient Transfection vATPase-d2 promoter-dependent Luciferase 
Constructs in RAW264.7 Cells 
 
RAW264.7 cells were transiently transfected with the ‘WT’ vATPase-d2 promoter construct, 

which contains NFATc1, MEF2- and MITF-binding sites or a mutated M(M1– 3)vATPase-

d2 promoter-driven firefly luciferase expression construct. The mutated construct contains 

mutations in the three MITF-binding sites rendering them non-functional (Figure 2.1). The 

NFATc1-, MEF2- and MITF- promoters were inserted at a 5ʹ prime site relative to a firefly 

luciferase coding region (Figure 2.1). Both constructs were kindly supplied by Prof. Jiake Xu 

(University of Western Australia, WA). After bacterial transformation, growth and midiprep 

purification of the two plasmids, transient transfection of RAW264.7 cells with the wt and 

mutant v-ATPase-d2 promoter were carried out using Lipofectamine LTX Plus Reagent (Life 

Technologies) according to manufacturer’s instructions. RAW264.7 cells were seeded at 6 

x104 the day prior to transfection to achieve 70-90% confluence at the time of transfection. 

The following day the Lipofectamine LTX Reagent was diluted in Opti-MEM media. In the 

presence of pRL Renilla luciferase construct (0.1μg/well) (Promega), the DNA, ‘WT’ 
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vATPase-d2 promoter driven firefly luciferase construct (0.2 μg/well) or the ‘mutated’ M 

(M1– 3)vATPase-d2 promoter-driven firefly luciferase expression construct (0.2 μg/well) 

was diluted in Opti-MEM media and PLUS reagent added. The diluted DNA was added to 

the diluted Lipofectamine LTX reagent in a 1:1 ratio and the solution incubated at room 

temperature for 5 minutes. The vATPase-d2 promoter construct and pRL Renilla luciferase 

construct/ Lipofectamine LTX lipid complexes were then added to the cells. The cells were 

incubated at 37ᵒC and 5% CO2 for 24 hours and viewed under the microscope before being 

treated with RANKL and/ or17-AAG (Chapter 2.9.2).  

 

2.9 Luciferase Reporter Assays 

 

2.9.1 NFAT and NFκB Luciferase Reporter Assays 

Two reporter cell lines for luciferase assays were developed from RAW264.7 cells as 

described in Chapter 2.1.4.4 and 2.1.4.5. NFκB-RAW and NFAT-RAW cells (see section 

2.1.4) were used to study the effect of 17-AAG treatment upon NFAT or NFκB 

transcriptional activity. NFκB-RAW and NFAT-RAW cells were seeded at in 6mm diameter 

culture wells at 4 x 104 cells and incubated overnight at 37C before use. The following day 

the cells were treated with both a sub-maximal dose of RANKL (20ng/ml) and a higher 

concentration of RANKL (50ng/ml or 100ng/ml) for NFAT cells and NFκB cells, 

respectively. These cultures were treated with or without the addition of 17-AAG (200nM). 

To confirm the signalling is RANKL dependent and specific, the cells were treated with 

recombinant RANK-Fc (300ng/ml), which is a decoy receptor that specifically binds to 

RANKL. As negative controls, untreated cultures and a DMSO vehicle control treatments 

(1/1000 dilution) were included. TGF-β (5ng/ml), a known enhancer of NFATc1, was used as 

a positive control in NFAT-RAW reporter cells. Treatments were performed in triplicate 

cultures for all individual experiments. The cultures were, unless stated, treated for 24 hours. 

After washing in cold PBS (1x), the cells were lysed in passive lysis buffer (1x) (Promega) 

overnight at 4C. Lysates were then transferred to a white flat bottomed 6mm diameter 

microplate wells (Corning, Lowell, MA, USA). Luciferase activity per well was read using 

an Envision Plate reader (Perkin Elmer) and proprietary Promega luciferase substrate  
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Figure 2.1 Diagram of the vATPase-d2 Construct 
(A.) Diagram of the 1kb-vATPase-d2 construct showing the structure of the ‘WT’ vATPase-
d2 promoter construct with its transcription factor binding domains for NFATc1-, MEF2- and 
MITF-binding sites. In addition the luciferase coding region (grey) is also depicted. (B.) The 
mutated M(M1– 3)vATPase-d2 promoter-driven firefly luciferase expression construct is 
shown. This construct contains mutations in the three MITF-binding sites rendering them 
non-functional. Image was sourced from (Feng et al., 2009). 
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(Luciferin; 50 µl/well). The Luciferase substrate (Promega) was injected automatically by the 

Envision machine and after 2 sec delay the signal was accumulated for a further 2 sec. 

Background was virtually zero, typical readings were above 50,000 light units for a strong 

stimulus such as RANKL. Data was presented as normalised to untreated control cultures 

within the experiment. 

 

2.9.2 vATPase-d2 Luciferase Reporter Assays 

To test the effects of 17-AAG upon MITF target gene, v-ATPase-d2, RAW264.7 cells that 

were transiently co-transfected with a vATPase-d2 promoter driven firefly luciferase 

construct, and a transfection control pRL Renilla luciferase construct were used. The cells 

were treated 24 hours post transfection. First the cells were washed with PBS (1x) and fresh 

α-MEM/FBS (200µl) added. Cells were then treated with RANKL and or 17-AAG. Both 

untreated and DMSO vehicle control treatments (1/10,000 DMSO) were included as negative 

controls, as specified. After 24hr or 48 hr, as indicated, the cells were lysed in passive lysis 

buffer (1x) (Promega) and levels of luciferase and Renilla luciferase determined using 

Luciferase substrate and Stop and Glo® reagent (Promega), respectively (according to the 

manufacturers’ instructions). The luciferase light emissions were measured using the 

EnVision plate reader (Perkin Elmer), which was described in the previous section. To 

confirm that the increased vATPase-d2 transcriptional activity was a result of MITF 

activation, the ‘mutant’ M(M1– 3)vATPase-d2 promoter-driven firefly luciferase expression 

construct was used. This construct, which is the same as the ‘WT’ construct except for 

engineered mutations in the three MITF binding sites that renders them non-functional was 

transiently transfected as described in Chapter 2.8 into RAW264.7 cells. RAW264.7 cells 

were transfected with the WT or mutant vATPase-d2 promoter driven firefly luciferase 

construct (in addition to pRL) alongside each other. Twenty-four hours after transfection, 

these cells were treated with 17-AAG (0.5 or 1μM) for 24 hours. As a negative control, 

untreated cultures were used. The cells were then lysed and luciferase quantified according to 

the method in Chapter 2.9.1.  

 

2.10 HEK-HSE Based Cell Stress Assays 

HEK-HSE cells generated by Dr Chau Nguyen as described earlier (Chapter 2.1.4) were 

seeded at 2.5 x 104 cells/well in DMEM phenol-free media. The cells were allowed to settle 

for ≥ 3 hours then treated with chemotherapeutics (17-AAG, NVP-AUY922, cisplatin, 
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doxorubicin, bortezomib and MG132) or appropriate DMSO vehicle control (1/2000 DMSO). 

After treatment, the cells were incubated for 24 hours at 37ᵒC and 5% CO2. At 24 hours, a 

nuclear fluorescent stain Hoechst dye (10μg/ml) was added to the wells and the cells 

incubated at 37°C and 5% CO2 for 15 minutes. The levels of mCherry were collected using 

the Arrayscan VTI High Content Screening instrument (Thermo Fischer Scientific), which is 

designed for high-capacity automated fluorescence imaging and quantitative analysis that can 

measure both fixed and live cells. Individual cells were identified by Hoechst nuclear staining 

(green filter), and cells were selected based on size and average intensity. Hoecsht “bright” 

cells > 600 arbitrary units (a measurement output from the machine), and cells that were 

smaller than 20μM were gated out. The DMSO vehicle control wells were selected as the 

reference wells for the mCherry levels (red filter) and mCherry levels were read (2μM radius 

around nucleus measured). Cells that had mCherry levels 2 standard deviations from the 

average were counted as positive. The percentage threshold of mCherry levels for each 

treatment group was measured against the reference wells. Eight images were taken per well 

and the intensities averaged.  

 

2.11 Cell Lysate Preparation for Western Blotting 

RAW264.7 cell lysates were prepared in modified radioimmunoprecipitation assay (RIPA) 

buffer (Appendix A). EDTA free Complete Protease Inhibitors (Halt; Thermo Fisher 

Scientific, Rockford, IL, USA) and Phosphatase inhibitors (Roche) were added prior to lysing 

cells. Culture media was aspirated off the cells and the plates were placed directly onto ice. 

The cells were rinsed with ice cold PBS (1x), which was removed by aspiration. Ice-cold 

RIPA buffer (up to 150μl) was added to the cells and the adherent cells were scraped off. The 

cells were transferred to a fresh eppendorf tube on ice. The cell lysates were left on ice for 10 

min and were sonicated in a water bath sonicator, containing ice, for 15 minutes. The cell 

lysates were then centrifuged at 4° C for 15 min at 10,000 x g. 

 

For detection of protein phosphorylation, cell lysates were prepared in a slightly altered 

manner After the cells were lysed in RIPA buffer, supplemented with protease and 

phosphatase inhibitors, on ice for 10 minutes, the lysates were passed through a 19 gauge 

needle five times to homogenize the lysates. After homogenization, the lysates were then 

centrifuged at 4° C for 15 min at 10,000 x g. 
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Protein concentrations were determined the by BCA protein assay (Pierce) as per the 

manufacturer’s instructions (Pierce, Rockford, IL, USA). BSA standards (125, 250, 500, 750, 

1000, 1500, and 2000μg/ml) and a blank (i.e., RIPA buffer alone) used as a negative control, 

were prepared according to manufacturer’s instructions. For the assay, BSA standards (10μl) 

and the blank (10μl) were pipetted into 6mm diameter wells in 96 well plates. For the 

unknown protein samples, protein (2μl) was diluted into RIPA buffer (8μl) for a 1/5 dilution. 

The working protein detection reagent (200μl) was prepared according to manufacturer’s 

instructions and added to each of the wells. The plates were mixed gently on a plate shaker 

followed by incubation at 37ᵒC and 5% CO2 for 30 minutes. The plates were then let to cool 

to room temperature as per manufacturer’s instructions. The optical density of the samples 

were measured at 560nM using a Tecan Mallagen plate reader using Mallagen version 6.3 

software. A standard curve was plotted by graphing the average blank corrected 560nm 

measurement for each BSA standard vs. its concentration on the x axis. As per the Pierce kit 

recommendation a Polynomial curve (over 2 orders of magnitude) was used rather than a 

linear fit due to the curve-fitting algorithms associated with a microplate reader. The standard 

curve was used to determine the protein concentration of each unknown sample. 

 

2.12 Protein Preparation for Western Blotting 

Protein (30μg) was pipetted into a new eppendorf, and a final concentration of 1x reducing 

agent and 1x sample buffer was added. The contents were collected by brief centrifugation 

and afterwards were boiled at 95° C for 5 minutes. The eppendorf tubes containing the 

reduced and boiled protein were then placed on ice for at least one minute, and the contents 

were collected again by brief centrifugation. The samples were then ready for loading onto 

the SDS-PAGE gel. 

 

2.13 Western Blot Analysis of Lysed Cell Samples 

For immunoblotting, each reduced protein sample (30μg) was loaded onto the 4-12% Bis-

Tris gradient SDS-page gels. SDS-PAGE gels were run under reducing conditions at 150V 

(constant) and typically 400mA current for 60 minutes. Proteins were transferred to 

polyvinylidene difluoride (PVDF) membranes using a wet transfer system with Novex buffer 

(25x) (Appendix A). Protein was transferred at 90V (constant), 300mA for 2 hours at 4ᵒC. 

After the transfer the membranes were blocked with skim milk (3%) in TBST (1x, pH7.4) 

(Appendix A) for 1 hr at room temperature to prevent non-specific binding. The membranes 
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were incubated with the appropriate primary antibodies at 4°C overnight in TBST (1 x)/ skim 

milk (3%). The membrane was then rinsed three times in TBST (1x) for 10 minutes each 

before being incubated with the appropriate secondary antibody, usually anti-goat or anti-

mouse IgG horseradish peroxidase (HRP)–conjugated antibodies for 1 hr at room 

temperature. The membranes were again washed three times for ten minutes each in TBST 

(1x). To detect the HRP signal, the Roche Lumilight detection system (Roche) was used 

according to manufacturer’s instructions. Film (Amersham or Fuji) was used to capture the 

signal. 

 

2.14 Isolation of Total RNA  

Cells (104 in 35mm diameter wells) were incubated overnight (37ᵒC and 5 CO2) followed by 

treatment with experimental reagents. At designated time points, the media and the treatments 

were aspirated off the cells, and the cells washed once in PBS (1x). RNA extraction was 

achieved by use of the Quigen RNeasy Mini Kit (cat no.74104) according to manufactures 

instructions 

 

Briefly, the cells were lysed by adding RLT lysis buffer (300μl) to each well. The cells were 

then scraped with a sterile cell scraper, and the cells from the duplicate wells were collected 

into a sterile autoclaved eppendorf. The lysed cells were homogenized and one volume of 

70% ethanol (600μl) was added to the homogenized lysate. Each sample (700μl) including 

precipitate was added to an RNeasy spin column. Cells were then centrifuged at 8,000x g for 

15 seconds followed by RW1 washing buffer (700μl) being added to the spin column to wash 

the membrane-bound RNA. After re-centrifugation the membrane was washed using RPE 

Buffer (500μl), which removes the remaining traces of salts and the spin column and was re-

centriguged. To elute the RNA, RNase-free water (30μl) was added directly onto the spin 

column’s membrane and the tube centrifuged. The concentrations of the samples were 

measured using NanoDrop™ spectrophotometer (Thermo Fischer Scientific). The RNA was 

stored at -80ᵒC until use. When isolating RNA for RNA-seq, an additional DNase treatment 

step was used (described below), as the technique is sensitive to very small amounts of 

genomic DNA.  
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2.14.1 DNase Treatment of RNA 

On-column DNase digestion was done using the RNase-free DNase Set (Qiagen) as per 

manufacturer’s instructions. Follow the RNA extraction procedure as above up to the step 

where the cell lysate:ethanol solution (700μl) was transferred to a RNeasy spin column. Then 

add RW1 wash buffer (350μl). Centrifuge the RNeasy spin column at 8,000 x g for 15 

seconds before preparing the DNase treatment. To prepare the DNase treatment, DNase I 

stock solution (10μl) and Buffer RDD (70μl) were combined and mixed by inverting the 

tubes For each sample, the DNase I incubation mix (80μl) was added directly to the RNeasy 

spin column membrane and was incubated at room temperature (20-30°C) for 15 minutes. 

The remaining RW1 buffer (350 μl) was added to the RNeasy spin column, which was then 

centrifuged for 15 seconds at 8,000 x g. The RNA extraction process was then completed 

following the manufacturer’s instructions as described above.  

 

2.15 Quantitative Reverse Transcription Polymerase Chain Reaction (qRT-

PCR) 

 

2.15.1 Oligonucleotide Primer Preparation 

Oligonucleotide primer sequences were designed or obtained that spanned exon-intron 

boundaries to avoid amplification of genomic DNA (gDNA). In addition, the primers were 

checked for GC ratios, melting temperatures and length (18-20-mers). The chosen primers 

were also analyzed for: self-dimer, heterodimer, hairpins GC content and mismatched 

melting temperature through nucleotide BLAST software and oligo analyzer (Integrated 

DNA Technologies). Oligonucleotides were synthesized by either Sigma (Castle Hill, NSW, 

AUS) or Bioneer (Daejeon, Republic of Korea). The dried oligonucleotide pellet was 

resuspended in RNase free water to a stock concentration of 100M. The sequences and 

accession numbers for the oligonucleotides used in these studies are listed in Table 2.1.  
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Table 2.1 qRT-PCR Oligonucleotides  

 

2.15.2 Reverse Transcriptase (RT) 

CDNA was prepared with the Superscript III Reverse Transcriptase Synthesis System for RT-

PCR kit (Invitrogen), according to the company’s protocol. Firstly, RNA was converted to 

first- strand cDNA by the following procedure. Components of the RNA/primer mix (Table 

2.2) were centrifuged before use and combined in an autoclaved eppendorf tube. After these 

components were combined and gently mixed, the RNA/primer mix was incubated at 65°C 

for 5 min. The reaction was then cooled on ice. The cDNA synthesis mix was then prepared, 

see Table 2.3. 

 

 

Gene (Mouse) Accession Number  Sequence 5′ to 3′prime 

Cd74 NM_010545.3 F-CGCATGAAGCTTCCGAAATC 

R-GCCCAAGGAGCATGTTATCC 

Oc-Stamp NM_029021.1 

 

F-TGGGCCTCCATATGACCTCGAGTAG 

R-TCAAAGGCTTGTAAATTGGAGGAGT 

Atp6v0d2 NM_175406.3 

 

F-AAGCCTTTGTTTGACGCTGT 

R-TTCGATGCCTCTGTGAGATG 

Car2 NM_009801.4 F-GATAAAGCTGCGTCCAAGAGC 

R-GCATTGTCCTGAGAGTCATCAAA 

Ccl9 NM_011338 

 

F-CAACAGAGACAAAAGAAGTCCAGAG 

R-CTTGCTGATAAAGATGATGCCC 

Il-1 NM_010554.4 F-AGTATCAGCAACGTCAAGCAA 

R-TCCAGATCATGGGTTATGGACTG 

uPA (Plau) 

 

NM_008873.3 F-GGTTCGCAGCCATCTACCAG 

R-TTCCTTCTTTGGGAGTTGAATGAA 

Hrpt NM_013556.2 F-TGATTAGCGATGATGAACCAG 

R-AGAGGGCCACAATGTGATG 
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Table 2.2 RNA/Primer Mix 

Component Concentration 

Total RNA up to 5μg 

Random hexamer primers 50ng 

dNTP mix 10mM 

DPEC H2O up to 10μl 

 

2.15.3 First Strand cDNA Synthesis 

The cDNA synthesis mix was prepared by adding each of these components in the indicated 

order.  

 

Table 2.3 cDNA synthesis Mix 

Component Volume (μl) 

10x RT buffer 2 

25mM MgCl2 4 

0.1 M DTT 2 

RNaseOUTTM ( 40 U/μl) 1 

SuperscriptTM III RT (200U/μl) 1 

 

cDNA synthesis mix (10 μl) was added to the RNA/primer mix and was pipetted gently to 

combine the reactants followed by brief centrifugation. The combined cDNA synthesis 

mixture was then incubated at 25ᵒC for 10 minutes that was followed by a second incubation 

at 50°C for 50 minutes. The reaction was heat inactivated at 85ᵒC for 5 minutes followed 

incubation on ice. The reactions were collected by centrifugation and RNase H (1μl as 

indicated by the kit) was added to the mixture to remove any remaining traces of RNA. 

Lastly the reactions were incubated at 37ᵒC for 20 minutes. The cDNA was then diluted in 

DEPC water from the kit to a final cDNA concentration of 25ng/μl and stored at -20°C.  

 

2.15.4 Quantitative RT-PCR 

For qRT-PCR analysis, the components in Table 2.4 were added to make the PCR reaction 

mix. The mRNA expression levels were analysed from synthesized cDNA using the 

Mx3000PTM Multiplex Quantitative PCR system (Stratagene, USA). 
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Table 2.4 qRT- PCR Reaction mix  

Component Volume (μl) 

cDNA (25ng/μl) 3μl 

SYBR Green Master Mix 10μl 

Forward Primer (10μM) 0.8μl 

Reverse Primer (10μM) 0.8μl 

Betaine (10M) 2μl 

dH2O 3.5μl 

 

Each reaction was subject to the following PCR conditions for 40 PCR cycles following an 

initial denaturing cycle at 95ᵒC for 10 minutes. 

Segment  Temperature (ᵒC) Time (sec) 

1. Denaturing  95   10 

2. Annealing  60   45 

3. Polymerisation  72   45 

 

The quantity of the gene was normalized to the quantity of HRPT, and the data were 

expressed as fold-induction relative to the calibrator (DMSO vehicle control unless noted “no 

treatment negative control’ “ve”). Within each experiment, the samples were run in triplicate 

and 3 independent experiments (unless noted) using separate sets of samples were used. A 

‘no RT’ (i.e., no cDNA) and H2O control was run for each sample. 

 

2.16 RNA Sequencing 

RNA extracted from three independent replicate experiments of cultured RAW264.7 cells 

treated with or without 17-AAG (500nM) for 24 hours. The samples were then tested for 

RNA integrity before tRNA depletion. The libraries were then prepared and RNA sequencing 

(RNA-seq) performed (17 million reads per sample) using a Applied Biosystems SOLiD 

5500/EZ Bead System at the Gandel Trust Sequencing Laboratory, Hudson Institute of 

Medical Research, Clayton, Vic. Initial analysis (first approach)(Figure 6.1) was performed 

using Cufflinks, Cuffdiff and Cubmerge  software on BAM files. A second approach called 

the tuxedo protocol was used to decrease data noise and used Tophat software and cufflinks 

software (as above) to provide a transcriptional annotation list (Figure 6.1) (Trapnell et al., 

2012).  Bam files were generated by Dr Ross Chapman (Centre for Innate Immunity and 

Infectious Diseases, Hudson Institute of Medical Research). Subsequent informatics analysis 
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on the data files was kindly performed by Dr Gholamreza Haffari and Milena Mitic (Dept of 

Information Technology, Monash University). See Chapter 6.2 and Figure 6.1 for a more 

detailed description of the analysis and a schematic.  

 

2.17 Cloning of Plasmid Constructs 

 

2.17.1 Cell Transformation 

XL1-Blue subcloning-grade competent cells were thawed on ice and WT’ vATPase-d2 

promoter-driven expression luciferase construct or the mutated M(M1– 3)vATPase-d2 

promoter-driven luciferase expression construct, DNA (40 ng) added. The tube was gently 

swirled to mix. The cells were incubated on ice for 20 min followed by a heat pulse in a 42° 

C water bath for 45 seconds to maximise the efficiency of transformation. The cells were then 

incubated on ice for 2 minutes and pre-heated super optimal broth with catabolic repression 

medium (SOC) (900 μl) (Appendix A) was added. The cells were incubated at 37°C for 30 

min with shaking at 225-250 rotations per minute (rpm). The transformation mix (200µl) was 

plated onto L-broth (LB) agar plates containing ampillicin (100 µg/ml), which were then 

incubated at 37°C overnight. 

 

2.17.2. DNA Plasmid Purification and Extraction 

To generate a starter culture, single colonies from DNA glycerol stock streaked plates or 

from a transformed bacteria-DNA plate were picked and used to inoculate 5 ml of LB-broth 

(Appendix A) with ampicillin (100 µg/ml). These cultures were left for a maximum of 8 hr at 

37°C with vigorous shaking, approximately 250rpm. A region without evident colonies was 

picked and treated the same as the sample as a negative control for the bacterial growth. 

 

To purify DNA for transfection a plasmid preparation Midi-prep kit (Qiagen) was used. 

Medium colonies were prepared prior to the commencement of the Midi-prep. The starter 

culture was diluted by 1/50 in LB medium (Appendix A) with ampicillin (100 ug/ml) and 

grown at 37°C overnight with shaking at 250 rpm. The DNA was purified according to the 

manufacturer’s instructions (midi-prep kit). Briefly, the bacterial cells were centrifuged at 

4°C at 6000 x g for 15 min and the pellet resuspend in the kit P1 Buffer. Kit buffer P2 was 

added and the cells lysed at room temperature for 5 min. The lysates was precipitated with 

cold P3 kit buffer. The nucleic acids were then purified by centrifugation by putting the 
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supernatant through a calibrated resin filter. The extracted DNA was eluted and precipitated 

by the addition of isopropanol. The DNA was centrifuged at 15,000 x g for 30 min at 4°C, 

washed with 70% ethanol and re-centrifuged for an additional minute. The DNA was 

dissolved in TE buffer (Appendix A), and the DNA concentration measured in ng/µl using a 

Nanodrop spectrophotometer (Thermo Fischer Scientific) and associated Nanodrop software. 

 

2.18 Statistical Analysis  

All data are presented as mean ± SEM of three independent experiments unless otherwise 

noted. Statistical analysis was performed on experiments by Student’s t test t (pairwise 

comparison) or ANOVA (for multiple comparison, with Dunnett’s post hoc test) which were 

done n=3. For all analyses, p value ≤ 0.05 was considered significant. All statistical analyses 

were performed using GraphPad Prism 6 software (La Jolla, CA, USA). 
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Chapter 3 The Influence of HSP90 Inhibitors upon Osteoclast Formation 
and RANKL/RANK-Dependent Transcription Factors 
 

3.1 Introduction 

Bone remodelling is a dynamic process involving bone resorption followed by the formation 

of new bone and is regulated by osteoblast and osteoclast differentiation (Crockett et al., 

2011; Raggatt and Partridge, 2010; Boyle et al., 2003; Katagiri and Takahashi, 2002). 

Osteoclastogenesis depends on the stimulation of osteoclast precursor cells to survive by M-

CSF and to differentiate by RANKL stimulation (Boyle et al., 2003; Feng, 2005). Both 

RANKL and M-CSF are generated in vivo by local stromal cells, osteoblasts and osteocytes 

(Boyle et al., 2003). Genetically-modified mouse strains deficient in either RANKL or M-

CSF lack osteoclasts, confirming their central role in osteoclast biology (Lacey et al., 1998; 

Li et al., 2000; Marks, 1982; Wiktor-Jedrzejczak et al., 1982). Furthermore, RANKL 

inhibition, through the administration of recombinant OPG or soluble recombinant RANK, 

reduces or eliminates osteoclasts in models of osteolysis, and reduces human pathological 

bone loss (Boyce and Xing, 2007; Chambers, 2000; Bezerra et al., 2005; Zhang et al., 2001; 

Roodman and Dougall, 2008).  

 

RANKL binding to its receptor, RANK, causes the activation of downstream signalling 

pathways that induces the expression of osteoclast transcription genes, and the activation of 

signalling molecules, which are necessary for the differentiation and activation of osteoclasts 

(Feng, 2005; Boyle et al., 2003). Amongst these transcription factors and signalling 

molecules are NFκB, NFATc1, c-FOS, MITF and p38 (Asagiri and Takayanagi, 2007; 

Mansky et al., 2002a; Gohda et al., 2005; Yamashita et al., 2007; Boyle et al., 2003; Raggatt 

and Partridge, 2010). Mice that lack these molecules are osteopetrotic and have increased 

bone mass (Del Fattore et al., 2008; Asagiri and Takayanagi, 2007; Mansky et al., 2002a; 

Gohda et al., 2005; Yamashita et al., 2007). In contrast, over-expression of these molecules 

generally increases osteoclast differentiation and resorptive activity (Matsumoto et al., 2004; 

Yamashita et al., 2007; Meadows et al., 2007; Yu et al., 2011). Therefore, the regulation of 

these important molecules is critical to determining the balance between osteoclast activity 

and osteoblast production of new bone (Boyle et al., 2003). Increased bone resorption can 

result from increased osteoclastogenesis, and therefore this is a major point of control in bone 

metabolism. For example, inflammatory cytokines, IL-1, IL-11 and TNFα, affect 
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osteoclastogenesis through their direct actions upon osteoclast progenitors to potentiate 

RANKL signals or by their regulation of RANKL expression by osteoblasts (Gupta and 

Massagué, 2006; Mundy, 2002; Weitzmann, 2013; Kim et al., 2005a; Bezerra et al., 2005). 

Many other pathological conditions including cancers, which metastasize to bone utilize the 

bone microenvironment and affect the differentiation pathway of the bone cells (Gupta and 

Massagué, 2006).  

 

The HSP90 molecule is a molecular chaperone that acts to stabilize cells, including bone 

cells, undergoing stress thereby allowing cell viability (Subbarao Sreedhar et al., 2004; 

Lindquist, 1986; Li and Buchner, 2013b). The expression of this molecule is increased in 

many cancers and its over-expression is directly correlated to poor prognosis (Cheng et al., 

2012; Koga et al., 2009; Kamal et al., 2004). As a result the HSP90 molecule has been 

targeted to inhibit for cancer treatment (Drysdale and Brough, 2008; Neckers, 2002; Chiosis, 

2006a; Powers and Workman, 2007). Price et al. previously described the effects of HSP90 

inhibitor, 17-AAG, upon bone loss and osteoclast formation (Price et al., 2005). When 

studying the effects of 17-AAG, upon metastasis bone disease, Price et al. discovered 17-

AAG significantly increased cancer growth in bone in an intracardiac MDA-MB-231 

inoculation model though its pro-osteolytic activity (Price et al., 2005). 17-AAG treatment 

stimulated osteoclast formation in vivo and in vitro, causing a concomitant increase in 

osteoclast numbers, and decreased total trabecular bone mass in tumour naïve mice (Price et 

al., 2005). In contrast, 17-AAG did not affect osteoblast differentiation (Price et al., 2005). 

Similarly Yano et al. found that 17-AAG also increased osteoclast numbers (Yano et al., 

2008). 17-AAG’s ability to increase osteoclast formation through HSP90 inhibition raised 

many questions as to the mechanism by which it acts. The work in this chapter addresses how 

17-AAG affects osteoclasts. Firstly by characterising 17-AAG effects upon osteoclast 

differentiation, and secondly by investigating the influence of HSP90 inhibition on RANKL-

dependent signalling pathways. In addition, other N-terminal HSP90 inhibitors have been 

more recently developed including CCT018159 and NVP-AUY922, and their effects upon 

osteoclastogenesis were studied. NVP-AUY922 is currently undergoing phase I and II 

clinical trials in non-small lung cancer, lymphoma, stomach and esophageal neoplasms, 

making it of importance to study (Cheung et al., 2005; Eccles et al., 2008; Sharp et al., 

2007a; National Institute of Health, 2014). The results point to a novel mechanism of control 

of osteoclast formation that may underlie the higher bone loss and indirectly the increased 

tumour growth in bone seen in 17-AAG treated mice (Price et al., 2005). 
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3.2 Results 

 

3.2.1 RANKL Drives Osteoclast Formation from Bone Marrow Cells and RAW264.7 

Cells 

As discussed above, osteoclast differentiation is a multi-step process that involves 

recruitment, proliferation and differentiation of haematopoietic myeloid progenitor cells into 

mature and active osteoclasts (Boyle et al., 2003). Committed or specific precursors of 

osteoclasts have yet to be identified, but osteoclasts can be readily generated from 

proliferating progenitors that also form macrophages or dendritic cells i.e., monocyte and 

macrophage lineage (Scheven et al., 1986; Ash et al., 1980; Akagawa et al., 1996). These 

progenitor cells reside in the bone marrow (BM), spleen, peripheral blood and any tissue 

containing immature macrophage populations (Quinn et al., 1998; Quinn et al., 1997). Two 

models, bone marrow cells and the RAW264.7 cell line, are used throughout this thesis to 

study the effects of compounds upon osteoclastogenesis. These two models and their 

responses to RANKL and M-CSF to differentiate into mature and active osteoclasts are 

described below. 

 

3.2.1.1 RAW264.7 Cells  

The RAW264.7 cells were used to study osteoclast differentiation as they are a well 

characterized and accepted model of osteoclast formation (Collin-Osdoby et al., 2003; 

Battaglino et al., 2004; Matsumoto et al., 2004; Matsuo et al., 2004; Liu et al., 2003). 

Furthermore, RAW264.7 cells have a similar signalling pathway profile to that of osteoclasts, 

making them an appropriate model to use to study osteoclastogenesis. (Collin-Osdoby et al., 

2003).   

 

To test the responses of this laboratory’s RAW264.7 cells for RANKL-elicited osteoclast 

formation, the cells (between passages 3 and 15) were treated with RANKL (2, 5, 10, 20, 50 

and 100ng/ml) in 6mm diameter wells for 6 days at an initial cell density of 104 cells. The 

RAW264.7 cells were not treated with M-CSF as they do not require M-CSF or any other 

growth factor to proliferate and survive in standard medium containing FBS. To quantify 

osteoclast formation, two markers were used: cells staining positive for TRAP and 

multinuclarity. In the absence of RANKL no TRAP staining was noted, although some cell 

fusion was evident. This appears to be a common occurrence in undifferentiated RAW264.7  
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RANKL Stimulates Osteoclast Formation in Cultured 
RAW264.7 Cells 
 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.1 
RAW264.7 cells were seeded at 104 cells in 6mm diameter wells. For all cultures, media and 
treatments were replaced on day 3. The cells were treated with a range of RANKL (2, 5, 10, 
20, 50 and 100ng/ml) concentrations. Cultures untreated with RANKL were included as a 
negative control, which is denoted by “-ve”. The cultures were performed in quadruplicate in 
each experiment. On day 6, the cells were fixed, permeabilized and histochemically stained 
for TRAP. Multinucleated and TRAP positive cells were counted as osteoclasts. RANKL 20, 
50 and 100ng/ml all significantly drive osteoclast formation relative to the negative control. 
Data is expressed as mean ± SEM of four independent experiments. Statistical analysis was 
performed by ANOVA, Dunetts post hoc test ***p ≤ 0.001. 

*** 

*** 

*** 
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cells; however, without RANKL stimulation these multinucleated cells always lack TRAP 

expression (Figure 3.1). RANKL increased osteoclast formation in a dose dependent manner 

(Figure 3.1). Increased fusion was observed as the RANKL concentration increased. RANKL 

(20ng/ml), which is considered the submaximal dose for osteoclast differentiation generated 

relatively small numbers of TRAP positive multinucleated cells. While RANKL (100ng/ml), 

the maximal concentration resulted in the formation of many large multinucleated osteoclasts 

(Figure 3.1).  

 

3.2.1.2 Bone Marrow Cells 

As a source of osteoclast progenitors, bone marrow cells were isolated from the tibiae and 

femora of 8 to 14 week old, male C57Black/6 strain mice. These bone marrow cells were 

used as a source of fresh tissue for in vitro experiments unless otherwise indicated. The bone 

marrow cells differentiate into mature osteoclasts in the presence of M-CSF (30ng/ml), which 

allows for survival and immature macrophage (or macrophage progenitor) proliferation and 

maturation as previously described in Chapter 1.1.5. In the presence of M-CSF, RANKL 

stimulates the differentiation and the expression of osteoclast genes in these cells.  

 

Bone marrow cells were seeded at a density of 105 cells per 6mm diameter culture well, 

which has previously been determined in our laboratory to be sufficient to yield good 

osteoclast formation within 6 days. The cells were cultured in the presence of M-CSF and 

RANKL (2, 5, 10, 20, 50 and 100ng/ml) for 6 days. No TRAP histochemical staining or and 

multinuclarity was observed in cultured cells with M-CSF treatment alone, indicating a 

complete lack of osteoclast commitment (Figure 3.2B). RANKL treatment caused osteoclast 

formation in a dose-dependent manner, as evident in TRAP positive multinucleated cells 

formed after 6 days of culture (Figure 3.2A-B). At concentrations below RANKL 5 ng/ml, 

few if any osteoclasts were seen; however, at RANKL 10ng/ml significant but highly variable 

numbers of mononuclear cells were seen with typically 4 or 5 bi- or tri-nucleate TRAP 

positive cells. As with the RAW264.7 cells, RANKL 20ng/ml caused formation of many 

osteoclasts but was a submaximal dose for their formation (Figure 3.2A-B.). RANKL (50 and 

100ng/ml) treatment was maximal and resulted in large numbers of osteoclasts (Figure 3.2 A-

B). In addition, the latter osteoclasts were morphologically large with many nuclei (Figure 

3.2 B). Unless otherwise specified, RANKL doses 20ng/ml and 100ng/ml are throughout the  

thesis to show submaximal and maximal responses to compounds.
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RANKL Stimulates Osteoclast Formation in Cultured 
Bone Marrow Cells 
 

 

 

 

 

 

 

 

 

  

 
Figure 3.2  
(A-B.) Bone marrow cells were seeded at 105 cells in 6mm diameter wells. The cells were 
treated with a range of RANKL (2, 5, 10, 20, 50 and 100ng/ml) concentrations. As a negative 
control, the cells were also left untreated, denoted “– ve”. Treatments were performed in 
quadruplicates. For all cultures, media and treatments were replaced on day 3. On day 6, the 
cells were fixed in formaldehyde (4%), permeabilized and histochemically stained for TRAP. 
Multinucleated and TRAP positive cells were counted as osteoclasts. (A.) RANKL (20, 50 
and 100ng/ml) all significantly drive osteoclast formation relative to the untreated negative 
control. (B.) Photomicrograph images of untreated and RANKL treated cells Scale bar- 
100μM. The data is expressed as the mean ± SEM of three independent experiments. 
Statistical analysis was performed by ANOVA, Dunnett’s post hoc test ***p ≤ 0.001. 

*** 

*** 
*** 

A. 

B. 

                      0                                10                           20                            50                            100             
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3.2.2 The N-terminal HSP90 Inhibitor 17-AAG Increases Osteoclast Formation 
 
17-AAG has previously been found to increase osteoclast formation both in vitro and in vivo, 

an action that can enhance cancer invasion and growth in the bone microenvironment (Price 

et al., 2005; Yano et al., 2006). To investigate HSP90 inhibition in osteoclast formation, first 

the effects of 17-AAG treatment upon osteoclastogenesis were confirmed. Secondly, 17-

AAG effects were compared to those of the next generation HSP90 inhibitors CCT018159 

and NVP-AUY922 (Eccles et al., 2008; Sharp et al., 2007b; Cheung et al., 2005). 

 

To determine the concentrations of 17-AAG that should be used to treat the RAW264.7 cells, 

firstly a range of 17-AAG concentrations were used to treat the cells (Appendix Figure B1). 

After days 1, 3 and 6, the cells were: stained with crystal violet, unbound crystal violet 

washed away, cell-bound stain eluted and the absorbance read at 560nM (Appendix Figure 

B1). Following 6 days of incubation, 17-AAG concentrations greater than 500nM were 

evidently toxic to the cells although the cell tolerated this concentration for shorter periods. 

Bone marrow macrophages were not tested as extensively, but they typically tolerated 17-

AAG concentrations at about half that of RAW264.7 cells. Thus for most studies 17-AAG 

200nM was the highest concentration employed.  

 

To determine whether 17-AAG increases the formation of osteoclasts in RAW264.7 cells, 

RAW264.7 cells (104) were seeded in 6 mm diameter tissue culture wells and treated with 

RANKL (20ng/ml) and 17-AAG (50, 100, 200 and 500nM) and were allowed to differentiate. 

At day 6, the cells were fixed and histochemically stained for osteoclast marker TRAP, which 

is the most useful phenotypic marker due to the simplicity of its detection by histochemical 

stain in fixed and permeabilized cells. 17-AAG treatment significantly increased osteoclast 

formation in a dose dependent manner (Figure 3.3). Osteoclast numbers were greatest and 

morphologically the largest following treatment with 17-AAG 200nM (Figure 3.3). 17-AAG 

(500nM) caused significant cell death (data not shown). In order to confirm 17-AAG actions 

upon osteoclast formation, primary mouse bone marrow progenitor cells were isolated from 

the hind limbs of C57Black/6 mice. Bone marrow cells (105) were seeded in 6mm diameter 

tissue culture wells and stimulated with M-CSF (30ng/ml) and the sub-maximal 

concentration of RANKL (20ng/ml). The cells were then treated with 17-AAG (25, 50, and 

100nM). 17-AAG treatment increased osteoclast formation over a 6 day period in a dose 

dependent manner (Figure 3.4 A.). The maximal response was observed at 17-AAG
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17-AAG Increases RANKL Stimulated RAW264.7 Cell 
Osteoclast Formation  
 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 3.3  
RAW264.7 cells were seeded at 104 cells onto 6mm diameter wells. (A.) The cells were 
treated with RANKL (20ng/ml) and 17-AAG (50, 100, 200 and 500nM) for 6 days. As a 
negative control the cells were also left untreated as signified by “-ve”. The cells were also 
treated with RANKL (20ng/ml) alone (‘0’) or in the presence of vehicle DMSO (1/10,000) 
(‘Veh’). (B.) The cells were treated with RANKL (100ng/ml) in the presence or absence of 
17-AAG (200nM) for 6 days. (A-B.) On day 3 the media and treatments were replenished. 
On day 6, the cells were fixed and histochemically stained for TRAP. The multinucleated 
cells and TRAP stained cells were counted as osteoclasts. All treatments were performed in 
quadruplicate. (A.) 17-AAG significantly increased osteoclast formation in a dose dependent 
manner relative to the DMSO vehicle control. (B.) Co-treatment of RANKL and 17-AAG 
increased osteoclast formation above that of RANKL treatment alone. The data is shown as 
mean ± SEM of (A.) five and (B.) three independent experiments. Statistical analysis was 
performed by ANOVA, Dunnett’s post hoc test. ** p < 0.01, *** p < 0.001. 

*** 

*** 

** 

A. B. 

** 
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(100nM) (Figure 3.4A). Bone marrow cells treated with 17-AAG 100nM also formed 

morphologically large osteoclasts, which indicate high rates of fusion (Figure 3.4B). 

Concentrations of 17-AAG 200nM and higher were toxic to the cells, with treatment causing 

much cell death (data not shown).  

 

Although TRAP expression is an invariable feature of osteoclasts, activated macrophages can 

also express TRAP and are capable of fusion in long-term cultures. While TRAP expression 

was absent in all cultures where RANKL was not added (indicating that TRAP positive 

macrophages were not arising) it nevertheless cannot be ruled out that HSP90 inhibitors 

cause an increase in TRAP+ macrophages. To rule out this possibility, use of another 

osteoclast marker is required. The calcitonin receptor (CTR) is regarded as a gold standard 

and highly specific marker for osteoclasts among the myelomonocytic lineage as it is not 

expressed by macrophages (Nicholson et al., 1986). It is not widely used since it usually 

requires radiolabelled ligand binding methods that are specialised and cumbersome; however, 

our laboratory has developed and validated antibody based methods of CTR detection (Quinn 

et al., 1999). Therefore to confirm that the 17-AAG mediated increase in TRAP positive 

multinucleated cells arising in the cultures described here are indeed bona fide osteoclasts, 

their CTR protein expression was examined. Multinucleated cells formed from bone marrow 

cells treated with 17-AAG (100nM), in the presence of RANKL (20ng/ml) and M-CSF 

(30ng/ml), all expressed CTR. In contrast, cells treated with the DMSO vehicle control did 

not (Figure 3.5). This confirms that the TRAP positive multinucleated cells thus formed were 

indeed osteoclasts. An antibody-antigen pre-absorption control confirmed that the stain was 

CTR specific (Figure. 3.5). 

 

RANKL has several effects on osteoclast and macrophages aside from differentiation, 

including effects on survival and activity (pit formation). Thus to test if 17-AAG affected 

RANKL pro-survival effects, osteoclasts were generated in vitro from BMM in 10 cm 

diameter petri dishes in MEM/FBS supplemented with RANKL (100 ng/ml) and M-CSF (30 

ng/ml). On day 3, the media, RANKL and M-CSF were changed. Osteoclast numbers were 

estimated by field counting before they were harvested with proprietary Sigma Dissociation 

Buffer (Sigma) in order to provide an approximate estimate of their number in suspension 

(their numbers and viability in suspension is not easy to measure). The cells were incubated 

in the Sigma Dissociation Buffer (Sigma) for 30 minutes at 37C then gently scraped from  
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17-AAG Increases Bone Marrow Cell Osteoclastogenesis 
 
 
 
 

 

 

 

 

 

 

 

                

 
Figure 3.4 
(A-B.) Bone marrow cells were seeded at 105 cells in 6mm wells and stimulated with 
RANKL (20ng/ml) and M-CSF (30ng/ml). The cells were treated with 17-AAG (25, 50 and 
100nM) for 6 days. As a negative control, the cells were not treated with RANKL, which is 
denoted by “-ve”. The cells were also treated with RANKL and M-CSF treatment alone (‘0’) 
and a DMSO vehicle control (“Veh”) in the presence of RANKL. On day 3 the media and 
treatments were replenished, and on day 6, the cells were fixed and histochemically stained 
for TRAP. Multinucleated cells and TRAP stained cells were counted as osteoclasts. (A.) 17-
AAG treatment significantly increased RANKL/M-CSF stimulated bone marrow 
osteoclastogenesis in a dose dependent manner. (B.) Photomicrograph of “Veh” and 
RANKL+17-AAG treated cultures, showing the increased size and number of osteoclasts 
formed with 17-AAG treatment. Scale bar - 50μm. The data is shown as the mean ± SEM of 
5 independent experiments. Statistical analysis was performed by ANOVA, Dunnett’s post  
hoc test. *** p ≤ 0.001. 

*** 

*** 

Veh + RANKL 20ng/ml + 
 M-CSF 

17-AAG 100nM + RANKL  
20ng/ml + M-CSF 

A. 

B. 
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17-AAG Treatment Increases Osteoclast Formation: 
Confirmation of CTR Expression  

                                                                                           

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.5 
Bone marrow cells were seeded 105 onto 6mm diameter glass coverslips and stimulated with 
RANKL (20ng/ml) and M-CSF (30ng/ml). After 6 days incubation the cultures were dried, 
acetone fixed and then immunoperoxidase stained with purified anti-CTR antibody (5 µg/ml; 
left and centre panel). The cells were then counterstained with haematoxylin. As an 
immunostaining control the anti-CTR antibody was neutralized by antigen (CTR peptide 100 
μg/ml; right panel) before incubation. 17-AAG treatment increased CTR positive cell 
numbers and size, which is consistent with the TRAP histochemical stain results. Scale bar- 
100μM. 

Veh + RANKL (20ng/ml) + M-CSF 17-AAG (100nM) + RANKL 
(20ng/ml) + M-CSF 

Antibody Control: 17-AAG (100nM)  
+ RANKL (20ng/ml) + M-CSF 
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the petri dish surface. The cells were then seeded at 100 ‘estimated’ osteoclasts per well in 6 

mm diameter wells in MEM/FBS with or without RANKL (20ng/ml and 100ng/ml) and 17-

AAG (100nM). After 24 hours incubation, the cells were fixed with formaldehyde (4%) and 

the osteoclasts histochemically stained for TRAP. The number of osteoclasts that survived 

this period were counted under the microscope, with survival expressed as a proportion (%) 

relative to positive control, i.e., cultures treated with RANKL (100ng/ml). No osteoclast 

survival was observed in the absence of RANKL treatment after 24hrs of incubation while 

RANKL (100ng/ml) stimulus (in the absence of M-CSF) resulted in large numbers of TRAP+ 

multinucleated cells surviving 24hrs (Figure 3.6). RANKL (20ng/ml) resulted in lower 

survival levels than RANKL (100ng/ml). Co-treatment of the cells with 17-AAG (100nM) 

was found to have no effect on the osteoclast survival effects of RANKL at any of these 

concentrations (Figure 3.6).  
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17-AAG does not Affect RANKL Pro-survival Effects 
upon Osteoclasts 
 

 

 

 

 

 

 

 
 
Figure 3.6 
Osteoclasts were generated in vitro from bone marrow macrophages in 10 cm diameter petri 
dishes in MEM/FBS supplemented with RANKL (100 ng/ml) and M-CSF (30 ng/ml). 
Osteoclast numbers were estimated and then harvested with proprietary Sigma Dissociation 
Buffer (Sigma). The cells were then seeded at an estimated 100 osteoclast per 6 mm diameter 
well with or without RANKL (20ng/ml or 100ng/ml) and 17-AAG (100nM). After 24 hours 
incubation the cells were fixed, histochemically stained for TRAP and the surviving 
osteoclasts counted. The number of osteoclasts present (i.e., survived) was expressed as a 
proportion (%) relative to positive control RANKL (100ng/ml) treated cultures. No osteoclast 
survival was observed in the absence of RANKL treatment. RANKL (100ng/ml) stimulus in 
the absence of M-CSF resulted in large numbers of TRAP+ multinucleated cells surviving 
24hrs. RANKL (20ng/ml) treatment resulted in lower survival levels than RANKL 
(100ng/ml) treatment. Co-treatment of the cells with 17-AAG had no effect on the osteoclast 
survival effects of RANKL. Experiments were performed with the help of Dr. Julian Quinn. 
All data is expressed as mean ± SEM of five independent experiments. Statistical analysis 
was performed by ANOVA, Dunnett’s post hoc test; *** p ≤ 0.001. 

*** *** 

*** *** 
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3.2.3 Next Generation HSP90 Inhibitors: CCT018159 and NVP-AUY922 Enhance 

Osteoclast Formation 

The HSP90 inhibitor 17-AAG has a number of limitations as a cancer therapeutic including 

limited aqueous solubility, low oral bioavailability, metabolism by polymorphic enzymes and 

hepatoxicity (Egorin et al., 2001; Kelland et al., 1999; Pacey et al., 2006; Egorin et al., 1998; 

Guo et al., 2005b; Goetz et al., 2003; Goetz et al., 2005). These limitations caused 17-AAG 

to be dropped from the clinic in 2008(National Institute of Health, 2014). However, due to 

the potential for inhibiting HSP90 in cancer cells, numerous other less toxic HSP90 inhibitors 

have been developed by rational drug design methods (National Institute of Health, 2014). 

Two N-terminal HSP90 inhibitors, CCT018159 and NVP-AUY922, have significantly better 

pharmokinetics than 17-AAG (Chiosis, 2006a; Eccles et al., 2008; Sharp et al., 2007b). 

These resorcylic pyrazole derivatives are structurally distinct from 17-AAG and are based on 

a purine scaffold; however, they bind to the same N-terminal ATP domain of HSP90 as 17-

AAG. As they are binding the same molecular target as 17-AAG, the ability of these 

compounds to affect osteoclast formation was studied.  

 

3.2.3.1 CCT018159  

CCT08159, which was discovered by high throughput screening is a resorcinylic pyrazole 

derivative that has activity against HSP90 (Sharp et al., 2007a; Cheung et al., 2005). This 

compound has been shown to have anti-cancer activity inhibiting the proliferation of HCT116 

human colon cancer cells (Sharp et al., 2007b). To determine the concentrations of 

CCT018159 that could be tolerated by RAW264.7 cells over the 6 day culture period, kill 

curves were performed. RAW264.7 cells were treated with CCT018159 (0.2, 0.5, 1, 2, 5, 10, 

20 and 50μM) for 1, 3 and 6 days. This demonstrated that concentrations of CCT018159 

(5μM) and higher were toxic to the RAW264.7 cells over 6 days (Appendix Figure B1). 

RANKL (20ng/ml) stimulated RAW264.7 osteoclast differentiation assays were then 

performed and RAW264.7 cells treated with CCT018159 (0.2, 0.5, 1 and 2μM). CCT018159 

treatment significantly increased osteoclast formation (Figure 3.7 A.). CCT018159 2μM 

caused the most significant increase in osteoclast formation and the derived osteoclasts were 

morphologically large due to cell fusion (Figure 3.8 B.). CCT018159 5μM caused extensive 

cell death after 6 days of culture, although this was not necessarily the case with shorter 

culture times. RAW264.7 cells that were treated with the maximal dose of RANKL 

(100ng/ml) and CCT018159 (2μM) increased osteoclast formation significantly compared 

with RANKL treatment alone (Figure 3.7 B.). To determine the effects of CCT018159 upon 
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osteoclast formation from primary mouse bone marrow cells were treated with CCT018159 

(0.2, 0.5, 1, 2μM) in the presence of RANKL (20ng/ml) and M-CSF (30ng/ml). At day 6, the 

numbers of TRAP positive and multinucleated cells were counted. CCT018159 treatment 

significantly increased osteoclast numbers above DMSO vehicle control cultures in a dose-

dependent manner (Figure 3.8 A.). Osteoclast numbers were significantly increased at all the 

CCT018159 concentrations tested (Fig. 3.8 A.). 

 

3.2.3.2 NVP-AUY922  

Due to low potency of CCT018159 HSP90 inhibition, further compounds were developed 

based on its chemical structure, including NVP-AUY922 (Sharp et al., 2007b). NVP-

AUY922 is a potent inhibitor being able to block HSP90 at nanomolar concentrations (Sharp 

et al., 2007b) This resorcinylic isoxazole analog has been described as having much greater 

cellular activity than its pyrazole counterpart as a result of increased uptake and decreased 

half-life (Drysdale and Brough, 2008). Whilst not being structurally related to 17-AAG, 

NVP-AUY922 binds to same ATP binding pocket in the N- terminal to inhibit the binding of 

ATP and causes HSP90 to be in an ADP bound closed confirmation (Koga et al., 2007; Goetz 

et al., 2003). NVP-AUY922 (Table 1.1) NVP-AUY922 depletes HSP90 client proteins, has 

anti-tumour properties as single agent in vivo in a number of cell lines and has entered Phase 

I-II clinical trials for a number of cancers (Eccles et al., 2008; National Institute of Health, 

2014). Firstly, NVP-AUY922 concentration ranges were determined by kill curves 

(Appendix Figure B1). RAW264.7 cells were then stimulated with RANKL (20ng/ml) and 

treated with NVP-AUY922 (1, 2, 5 and 10nM) for 6 days. This compound also significantly 

increased osteoclast numbers in a dose-dependent manner in these cultures (Figure. 3.9). 

NVP-AUY922 (2, 5, 10nM) also significantly increased osteoclast formation in primary bone 

marrow cells stimulated with M-CSF (30ng/ml) and the submaximal concentration of  

RANKL (20ng/ml) relative to the DMSO vehicle control. Like treatment with 17-AAG and 

CCT918159, NVP-AUY922 treatment caused the formation of larger osteoclasts suggesting 

that these HSP90 inhibitors increase osteoclast fusion (Figure 3. 10 B). NVP-AUY922 

treatment did not drive the formation of osteoclasts in the absence of RANKL.  
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CCT018159 Treatment Increases Osteoclast Formation in 
RAW264.7 Cells	
 

 

 

 

 

 

 

 

 

  

 

 

 

    

 

Figure 3.7 
RAW264.7 cells were seeded at 104 cells in 6mm diameter wells. The cells were stimulated 
with (A.) RANKL (20ng/ml) and CCT018159 (0.2, 0.5, 1 and 2μM). according to the 
osteoclast assay protocol. Controls included, negative control (“-ve”), RANKL alone (“0”) 
and DMSO vehicle (“Veh”), were also included (B.) The cells were treated with RANKL 
(100ng/ml) and CCT108159 (2μM). (A-B.) On day 6, cells were fixed and histochemically 
stained for TRAP. Cells that were TRAP positive and multinucleated were counted as 
osteoclasts (A.) CCT018159 treatment significantly increased osteoclast formation in a dose 
dependent manner relative to the DMSO vehicle control. (B.) The addition of CCT018159 to 
RANKL (100ng/ml) also significantly increased osteoclast formation. All data is expressed as 
mean ± SEM of (A.) three and (B.) five independent experiments. Statistical analysis was 
performed using (A.) ANOVA, Dunnett’s post hoc test; ***p ≥ 0.001 (B.) unpaired two 
tailed t test; ***p < 0.001. 

A. 

*** 

*** 

*** 

B. 
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CCT018159 Treatment Increases Osteoclastogenesis in 
Bone Marrow Cells 

 

 
 

 

 

 

 

 

 
 
 
Figure 3.8 
(A-B.) Bone marrow cells were seeded at 105 cells in 6mm wells and stimulated with 
RANKL (20ng/ml) and M-CSF (30ng/ml) to induce osteoclast differentiation. (A-B.) The 
cells were stimulated with RANKL (20ng/ml) and treated with CCT018159 (0.2, 0.5, 1 and 
2μM) for 6 days according the osteoclast assay protocol. Controls include negative control (“-
ve”), RANKL alone (“0”) and DMSO vehicle (“Veh”), were included. All treatments were 
performed in quadruplicate. The cells were histochemically stained for TRAP on day 6 and 
multinucleated and TRAP positive cells were counted as osteoclasts. (A.) CCT018159 
treatment significantly increased osteoclast formation in a dose dependent manner relative to 
the DMSO vehicle control. (B.) Photomicrographs of DMSO vehicle control and CCT018159 
(2μM) treated cultures, the latter showing its mediated increase in osteoclast numbers. Scale 
bar - 200μM. The data is expressed as the mean ± SEM of five independent experiments. 
Statistical analysis was performed by ANOVA Dunnett’s post hoc test; **p ≤0 .01, ***p ≤ 
0.001. 

CCT018159 (2µM) 

** 

*** 

*** 

*** 
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NVP-AUY922 Enhances RANKL-mediated Osteoclast 
Formation in RAW264.7 Cells 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.9 
RAW264.7 cells were seeded at 104 cells in 6mm diameter wells in the presence of RANKL 
(20ng/ml). The cells were treated with NVP-AUY922 (1, 2, 5 and 10 nM) for 6 days and then 
fixed and histochemically stained for TRAP. Controls included negative control (“-ve”), 
RANKL alone (“0”) and DMSO vehicle (“Veh”), were included. All treatments were 
performed in quadruplicate. NVP-AUY922 treatment significantly increased osteoclast 
formation relative to the DMSO vehicle control. The data is expressed as the mean ± SEM of 
three independent experiments. Statistical analysis was performed by ANOVA, Dunnett’s 
post hoc test ** p ≤0.01, *** p ≤ 0.001. 

*** 

** 
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NVP-AUY922 Enhances RANKL-mediated Osteoclast 
Formation in Bone Marrow Cells 
 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
Figure 3.10 
RAW264.7 cells were seeded at 105 cells in 6mm diameter wells in the presence of RANKL 
(20ng/ml) and M-CSF (30ng/ml). (A.) The cells were treated with NVP-AUY922 (1, 2, 5 and 
10 nM). Controls included negative control (“-ve”), RANKL alone (“0”) and DMSO vehicle 
(“Veh”), were included. On day 6, the cells were histochemically stained for TRAP. NVP-
AUY922 significantly increased osteoclast formation relative to the DMSO vehicle control. 
(B.) Photomicrographs of DMSO vehicle control and NVP-AUY922 (10nM) treated cultures. 
NVP-AUY922 increases the number and the size of osteoclasts, which have many nuclei. 
Scale bar-100μm. The data is shown as mean ± SEM of five independent experiments. 
Statistical analysis was performed by ANOVA, Dunnett’s post hoc test. *** p ≤ 0.001.  

*** 

*** 
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This data shows that the tested N-terminal HSP90 inhibitors, which inhibit the ATPase region 

of the molecule, all significantly increased RANKL-mediated osteoclast formation in both 

primary bone marrow and RAW264.7 cell cultures. This data suggests that HSP90 inhibitors 

may increase osteoclast formation by enhancing RANKL differentiation signals, thereby 

increasing osteoclast precursor commitment to the osteoclast differentiation pathway. 

Stimulating osteoclast progenitors to differentiate thus increases osteoclast numbers. 

However, the mechanism of action of these HSP90 inhibitors is unclear, and is examined in 

the next section. 
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3.2.4 17-AAG and TGF- Act through Different Mechanisms to Increase Osteoclast 
Differentiation  
 
The cytokine TGF-β is a powerful enhancer of osteoclast formation (Figure 3.11) (Quinn et 

al., 2001). Previous evidence suggests that TGF-β can enhance the effects of osteoclastogenic 

stimuli like RANKL and does so through actions early in the culture period (Quinn et al., 

2001). This early phase is characterised by cell proliferation commitment to the osteoclast 

lineage, whereas later phase (typically after day 3) is characterised by strong expression of 

osteoclast-associated genes at the protein level. Thus the previous data suggests that TGF-β 

influences the early stage commitment of progenitor cells (Quinn et al., 2001). Since 17-

AAG also enhances osteoclast formation, its actions were compared with those of TGF-β by 

the same approach. Therefore, the actions of these factors in the early and late phases of 

osteoclast formation were examined and compared.  

 

Bone marrow cells, stimulated with RANKL (20ng/ml) and M-CSF (30ng/ml), were treated 

with (A.) TGF-β (5ng/ml) or 17-AAG (100nM) for: 0-3, 3-6 or 0-6 days. Both TGF-β and 17-

AAG treatment for the whole period (day 0 to 6) had the expected strong effects since this is 

the same culture stimulation protocol as employed in previous studies (Figure 3.12). A 

significant increase in osteoclast formation was observed in cultures treated with TGF-β from 

day 0 to 3 but not in cultures treated with 17-AAG for this period (Figure 3.12). In contrast, 

TGF-β addition during days 3 to 6 had no effect on osteoclastogenesis; however, 17-AAG 

treatment during this period had a strong effect (Figure. 3.12). Thus, all of the effects of TGF-

β on osteoclast differentiation were exerted early within the osteoclastogenesis process. 

While in contrast, 17-AAG actions are probably exerted later in the osteoclast differentiation 

process. This data suggests that the two factors have different mechanisms by which they 

increase osteoclastogenesis. 
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TGF-β Increases Osteoclast Formation in RANKL 
Treated RAW264.7 Cells 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 3.11 
RAW264.7 cells were seeded at 104 cells in 6mm diameter wells. The cells were stimulated 
with RANKL (20ng/ml) and TGF-β (1, 2 or 5ng/ml) for 6 days and then stained for TRAP, 
according to the osteoclast and TRAP staining protocols, respectively. TGF-β (5ng/ml) 
treatment significantly increased osteoclast formation relative to the positive control. The 
data is shown as mean ± SEM of three independent experiments. Statistical analysis was 
performed by ANOVA, Dunnett’s post hoc test ***p ≥ 0.001. 

*** 
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TGF-β Acts Early whilst 17-AAG Acts Late During 
Osteoclastogenesis to Increase Osteoclast Formation 
 
 
 
 
 

 

 

 

 

 

 

 

 
 
Figure 3.12 
Bone marrow cells were seeded at 105 cells in 6mm diameter wells and were stimulated with 
RANKL (20ng/ml) and M-CSF (30ng/ml). Cells were also treated with (A.) TGF-β (5ng/ml) 
or (B.) 17-AAG (100nM), which were added for the indicated time periods: first half of the 
culture period (“day 0-3”), the second half of the culture period (“day 3-6”) or for the whole 
culture period (“day 0-6”). As a negative control, the cells were left untreated as denoted by 
“-ve” or were treated with DMSO vehicle (“Veh”). TGF-β treatment significantly increased 
osteoclast formation when added in the first half of the culture period (“day 0-3”) (or all the 
way through “day 0-6”), but its actions to increase osteoclastogenesis were not observed if it 
was added in the second half of the period (“day 3-6”). In contrast, (B.) 17-AAG treatment 
significantly increased osteoclast formation when added in the second half of the culture 
(“day 3-6”) but not the first (“day 0-3”). The data is expressed as mean ± SEM of (A.) four 
and (B.) three independent experiments. Statistical analysis was performed using ANOVA, 
Dunnett’s post hoc test ***p ≤ 0.001. 
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3.2.5 The Effect of 17-AAG upon the Osteogenic Transcription Factors  

When RANKL binds to the RANK receptor on the surface of the progenitor cells it sets into 

motion a cascade of signalling pathways, which activate transcription factors important 

within the osteoclast formation pathway (Chapter 1.5.3). These transcription factors including 

NFκB, NFATc1, AP-1 and MITF collectively and in cooperation with other unregulated 

transcription i.e. PU.1 drives the transcription of osteoclast-associated genes (Boyle et al., 

2003; Sharma et al., 2007; Asagiri and Takayanagi, 2007). The transcribed osteoclast 

associated genes included: Atp6v0d2, Apc5 (TRAP), Ctsk, Oscar, integrin αvβ3 (Boyle et al., 

2003; Asagiri and Takayanagi, 2007; Sharma et al., 2007). These factors are also influenced 

by other signalling molecules elicited by RANKL stimulation such as p38 and JNK (Mansky 

et al., 2002a; Matsumoto et al., 2000). The strong enhancement of 17-AAG upon RANKL-

dependent osteoclast formation suggests 17-AAG affects these RANKL-dependent signalling 

and transcription factors. Therefore, the effects of 17-AAG upon these transcription factors in 

the presence and absence of RANKL was examined in order to try to clarify how 17-AAG 

acts to increase osteoclast formation. 

 

As described in Chapter 1.5.3.1, the transcription factor NFκB has an important role in 

regulating osteoclast formation, function, and survival (Soysa and Alles, 2009). The role of 

the p52/p50 dimer NF-κB in OC formation was discovered through knockout studies, which 

showed the double-knockout (dKO) of p50 and p52 in mice causes them to have severe 

osteopetrosis and no osteoclasts (Soysa and Alles, 2009; Boyce et al., 2010). NFĸB activation 

is one of the earliest events of RANK signalling (Takayanagi, 2008a; Kuroda and Matsuo, 

2012). To determine whether 17-AAG affects NFκB transcriptional activity in RAW264.7 

cells, RAW264.7 cells stably transfected with an NFκB-dependent luciferase reporter 

construct (a kind gift of Dr Jiake Xu, University of Western Australia) were employed. Note 

that this assay detects increased nuclear transcriptional activity of NFκB, not simply levels of 

activated NFκB. These transfected cells are termed RAW-NFκB cells for the remainder of 

this thesis. The assay is described in detail in Chapter 2.9.1, but briefly RAW-NFκB cells 

were treated with RANKL submaximal (20ng/ml) or maximal (100ng/ml) concentration in 

the presence or absence of 17-AAG (200nM) for 6 and 24 hours. In addition, these cells were 

also treated with 17-AAG (200nM) in the absence of RANKL. At 6 hours, RANKL 

(20ng/ml) treatment significantly increased NFκB dependent luciferase signals compared to 

the untreated control (Figure 3.13 A.). RANKL 20ng/ml and 17-AAG (200nM) combination 

treatment also increased NFκB luciferase levels to a similar degree showing the combination 
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treatment did not further increase NFκB transcriptional levels above that of RANKL 

treatment alone (Figure 3.13 A.). Treatment with 17-AAG (200nM) in the absence of 

RANKL did not affect the NFκB signal. The maximal RANKL concentration (100ng/ml) 

also increased NFκB activity relative to the untreated control at 6 hours. RANKL (100ng/ml) 

and 17-AAG (200nM) combination treatment also significantly increased NFκB 

transcriptional levels above that of the negative control but again did not enhance the 

RANKL-dependent signal (Figure 3.13 B.). Similar experiments were performed with RAW- 

NFκB cells for 24 hour treatment; however, only the maximal concentration of RANKL 

(100ng/ml) was used. The results were very similar. RANKL (100ng/ml) treatment alone and 

RANKL (100ng/ml) plus 17-AAG (200nM) combination treatment increased NFκB activity 

levels to a similar degree (Figure 3.14). 17-AAG 200nM treatment alone had no effect on 

NFκB (Figure 3.14). This data indicates that 17-AAG is unlikely to affect the activity of 

NFκB induced by RANKL. To show the specificity of the experiment, RANKL (100ng/ml) 

signalling was blocked by treating the cells with RANK-Fc (300ng/ml), a decoy receptor that 

binds only to RANKL. RANK-Fc (300ng/ml) treatment reduced NFκB levels to untreated 

control levels, showing that the increase in NFκB transcriptional activity is RANKL mediated 

(Figure 3.14). 

 

A transcription factor essential to osteoclastogenesis and the commitment of cells to the 

osteoclast lineage is NFATc1. RANK signalling activates NFκB, p38 and AP-1, which along 

with oscillating levels of Ca2+ results in NFATc1 activation, nuclear translocation and 

transcription (Takayanagi et al., 2002). Once activated, NFATc1 binds to its own promoter 

recruiting AP-1 (Hogan et al., 2003; Zhao et al., 2010). Together NFATc1 and AP-1 

increases NFATc1 and NFATc2 mRNA expression as previously described (Chapter 1.5.3.4) 

(Zhao et al., 2010; Hogan et al., 2003). NFATc1 is often considered a master regulator of 

osteoclast formation as it is influenced by most of the different signalling networks involved 

in osteoclast formation including calcium and MAP Kinase dependent signals (Boyle et al., 

2003; Sharma et al., 2007; Takayanagi, 2007a). Note that the NFAT family of transcription 

factors are constitutively phosphorylated leading to their degradation; however, RANKL 

signals increase their dephosphorylation thereby increasing their protein levels (as detected 

by immunoblotting). To study 17-AAG effects on NFATc1, the transcriptional activity and 

protein expression of NFATc1 was examined. RAW-NFAT cell, RAW264.7 cells stably 

transfected with a NFAT-dependent luciferase reporter construct that were previously 
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17-AAG does not Increase the Transcriptional Activity of 
NFκB at 6 hours in RAW264.7 Cells 
 

 

 

 

 

 

 

 

  

 

 

 

 
Figure 3.13 
(A-B.) NFκB-RAW cells were seeded at 4 x 104 cells in 6mm diameter wells and were left to 
settle overnight. The following day, the cells were treated with (A.) RANKL (20ng/ml) or 
(B.), RANKL (100ng/ml). (A-B.) The cultures were treated with or without 17-AAG 
(200nM) as indicated. Treatments were performed in triplicates. Cultures were treated for 6 
hours before being lysed overnight in passive lysis buffer (1x) (Promega). The following day 
luciferase activity was determined by a luminometer. Both concentrations of RANKL 
significantly increased NFκB activity relative to the negative controls. Addition of 17-AAAG 
(200nM) to RANKL (20ng/ml and 100ng/ml) did not further increase NFκB activity, nor did 
17-AAG treatment alone. Data was normalised against negative controls, “-ve” to which data 
from treated cultures was compared. Data is expressed as mean ± SEM of three independent 
experiments. Statistical analysis was performed using ANOVA, Dunnett’s post hoc test * p ≤ 
0.05, *** p ≤ 0.001. 

* * 

*** 
*** 

A. B. 
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17-AAG does not Increase the Transcriptional Activity of 
NFκB at 24 hours  
 

 

 

 

 

 

 

 

 

                          

 

 

Figure 3.14 
NFκB-RAW were seeded at 4 x 104 in 6mm diameter wells. The following day the cells were 
treated with RANKL (100ng/ml), 17-AAG (200nM) or combination treatment of RANKL 
(100ng/ml) + 17-AAG (200nM). Cells were also treated with RANK.Fc (300ng/ml) to show 
the NFκB induction is RANKL specific. Treatments were performed in triplicates. Cultures 
were treated for 24 hours before being lysed in passive lysis buffer (1x) (Promega) overnight 
and luciferase activity determined by luminometer. 17-AAG (200nM) treatment did not affect 
NFκB dependent transcriptional activity. RANKL (100ng/ml) significantly increased NFκB 
dependent transcriptional activity. Co-treatment of 17-AAG (200nM) and RANKL (20ng/ml) 
did not further increase the RANKL-induced activity. 17-AAG treatment alone did not affect 
NFκB activity. Data was normalised against the negative, “-ve”, control to which the data 
was compared. Data is expressed as mean ± SEM of five independent experiments. Statistical 
analysis was performed by using ANOVA, Dunnett’s post hoc test *** p ≤ 0.001.

*** 

*** 
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established in our laboratory by Dr Julian Quinn, were used (Singh et al., 2012; van der 

Kraan et al., 2013). Treating RAW-NFAT cells with RANKL (20ng/ml and 50ng/ml) 

significantly increased NFAT-dependent transcriptional activity at 24 hours in comparison to 

the untreated negative control (Figure 3.15). However, 17-AAG (200nM) treatment alone did 

not affect NFAT transcription at the 24 hour time point (Figure 3.15). Co-stimulation of 

RANKL (20ng/ml) and 17-AAG (200nM) did not enhance the RANKL-induced activity in 

this assay. Rather the NFAT activity levels were markedly reduced (Figure 3.15). RANKL 

(50ng/ml) and 17-AAG (200nM) co-stimulation treatment increased NFAT transcriptional 

activity above that of the untreated negative control, but the NFAT levels was reduced 

compared to RANKL (50ng/ml) treatment alone (Figure 3.15). To further characterize the 

fundamental differences between 17-AAG and TGF-β enhanced osteoclast formation, the 

RAW-NFAT cells were treated with TGF-β, which is a known stimulator of NFATc1. TGF-β 

(5ng/ml) significantly increased the transcriptional activity of NFAT compared to the 

untreated negative control cultures (Figure 3.16). This data further suggests that the 

mechanism whereby 17-AAG acts to increase osteoclastogenesis is different to TGF-β.  

 

To further study the apparent lack of effects of 17-AAG upon NFATc1 activity, NFATc1 

immunoblotting was performed on non-transfected RAW264.7 cells. NFATc1 levels were 

detected as three bands (the top two often merging into a single thick band) in the range 90 to 

110kDa. A time course experiment (this was kindly performed by Dr Ryan Chai, Monash 

University) showed RANKL (50ng/ml) to increase NFATc1 protein expression in a time 

dependent manner from 8 to 24 hours (Figure 3.17). At 48 hours, NFATc1 protein levels 

were starting to drop in the RANKL treated samples but were still clearly higher than in the 

control (Figure 3.17). Co-treatment of 17-AAG (500nM) with RANKL (50ng/ml) increased 

NFATc1 protein levels at 8 to 24 hours, but protein levels were dampened compared to the 

RANKL (50ng/ml) stimulation alone (Figure 3.17). Treatment with 17-AAG (500nM) alone 

dose-dependently decreased NFATc1 protein levels (Figure 3.17). At 24 hrs there was only a 

small amount of NFATc1 protein detectable in the lysates and 48 hours of treatment further 

diminished NFATc1 protein levels (Figure 3.17). In summary, 17-AAG treatment has a 

negative effect on both NFAT transcriptional activity and protein levels of NFATc1. This 

would suggest 17-AAG might reduce osteoclast formation, rather than increases it from what 

is known in the literature regarding the importance of NFATc1 in osteoclastogenesis. This 

data shows that 17-AAG effects osteoclastogenesis are not exerted through NFATc1. In 

contrast, this data shows 17-AAG decreases NFATc1 levels. Another transcription factor that  
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17-AAG does not Increase NFAT-dependent 
Transcriptional Activity of the at 24 Hours  

 
 

 

 

         

 

 

 

 

 
 

 

Figure 3.15 
NFAT-RAW cells were seeded at 4 x 104

 cells in 6mm diameter wells and left to settle 
overnight. The following day the cells were treated with RANKL (20ng/ml or 50ng/ml) in the 
presence or absence of 17-AAG (200nM) as indicated. The cells were treated for 24 hours 
before being lysed in passive lysis buffer (1x) (Promega) overnight at 4°C. The luciferase 
activity in the lysates was then determined by luminometer. At 24 hours both RANKL 
(20ng/ml) and RANKL (50ng/ml) significantly increased NFAT-dependent transcriptional 
activity. 17-AAG alone also did not induce activity. RANKL and 17-AAG co-treatment did 
not increase NFAT transcriptional activity above that of RANKL treatment alone but rather 
decreased it. Data was normalised against the negative control, “-ve” to which the data was 
compared. Data is expressed as mean ± SEM of five independent experiments. Statistical 
analysis was performed using ANOVA, Dunnett’s post hoc test ** p ≤ 0.01, *** p ≤ 0.001. 

***

***

**
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TGF-β Increases NFAT Transcriptional Activity at 24 
Hours in RAW264.7 Cells 
 

 

 

 

 

 

 

 

	

	

 

 

 
 
Figure 3.16 
RAW-NFAT cells were seeded at 4 x 104 cells in 6mm diameter wells and were left to settle 
overnight. The following day the cells were treated for 24 hours with TGF-β (5ng/ml), a 
concentration that greatly enhances osteoclast formation. An untreated negative control, “-ve” 
was included. The cells were treated for 24 hours before being lysed overnight 4°C in passive 
lysis buffer (1x) (Promega). The luciferase activity in the RAW-NFAT cell lysates was 
determined using a luminometer. TGF-β (5ng/ml) treatment significantly increased NFAT-
dependent transcriptional activity relative to the negative control. Data was normalised to the 
negative controls. All data is expressed as mean ± SEM of four independent experiments. 
Statistical analysis was performed using Student’s t test, *** p ≤ 0.001. 

***
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17-AAG Treatment does not Increase NFATc1 nor c-FOS 
Protein Levels in RAW264.7 Cells 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

	

 

 

 

 
 

 
Figure 3.17 
RAW264.7 cells, seeded at 2.5 x 104 in 35mm diameter culture wells, were treated with 
RANKL (50ng/ml), 17-AAG (500nM) or RANKL (50ng/ml) + 17-AAG (500nM) co-
treatment for 8, 24 and 48 hours as indicated. The cells were lysed and NFATc1 and C-FOS 
protein levels determined by immunoblot analysis. RANKL treatment increased NFATc1 
protein expression. In contrast, 17-AAG treatment decreased NFATc1 protein expression in a 
time-dependent manner. RANKL and 17-AAG combination treatment did not further 
increase NFATc1 protein levels than that of RANKL treatment. Similarly, RANKL treatment 
increased c-FOS protein levels but 17-AAG treatment did not. RANKL and 17-AAG co-
treatment did not increase c-FOS levels above that of RANKL treatment alone. Western blot  
data courtesy of Dr Ryan Chai, Monash University.
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is critical to osteoclastogenesis is c-FOS (Wang et al., 1992). Mice that lack c-FOS exhibit 

severe osteopetrosis and lack osteoclasts (Wang et al., 1992). As previously published, 

RANKL increases c-FOS protein levels in a time dependent manner. However, 17-AAG 

treatment did not affect c-FOS protein levels (Figure 3.17). This data shows that 17-AAG 

treatment does not act to increase osteoclast formation through NFATc1 or c-FOS 

transcription factors, which point to some pathway mediator downstream of these factors. 

 

Most of the well-characterised RANKL-dependent cell signalling pathways are thought to be 

upstream of NFATc1 activation, i.e., they lead to NFATc1 activation and their blockade 

reduces NFATc1 levels. However, NFATc1 activity also represses the transcription of anti-

osteoclastogenic genes downstream of its activation. NFATc1 activation induces B 

lymphocyte-induced maturation protein-1 (BLIMP1), which transcriptionally represses anti-

osteoclastogenic genes i.e., Interferon regulatory factor 8 (IRFf8) and MAFB (Nishikawa et 

al., 2010). Investigations of the mRNA expression levels of these factors were examined by 

our group but were not affected by 17-AAG treatment (data not shown) consistent with the 

NFATc1 data above. This further implicates factors that are downstream of NFATc1 in 17-

AAG actions to increase osteoclast formation. The transcription factor, MITF, is enhanced 

relatively slowly in osteoclast progenitors compared to NFATc1 and has recently been shown 

to depend on NFATc1(Lu et al., 2014) . MITF is critical for the transcription of osteoclast 

specific genes such as Apc5 (TRAP), proton pump components i.e v-Atp6v0d2 and Cstk 

(Bronisz et al., 2006; Hershey and Fisher, 2004). Mitfmi/mi mice are osteopetrotic with few 

osteoclasts and have non-erupted teeth due to reduced bone resorption (Hershey and Fisher, 

2004). Ultrastructural studies have shown the reduced bone resorption occurs because 

osteoclasts derived from Mitf mi/Mitf mi mice are small, either mononuclear or have significantly 

reduced nuclei numbers, have defective ruffled borders and express low levels of TRAP and 

Cstk (Hershey and Fisher, 2004; Steingrimsson et al., 2002; Motyckova et al., 2001; Luchin 

et al., 2000). MITF A isoform and, in particular, E isoform have been shown to be critical in 

osteoclastogenesis (Lu et al., 2010a). Very recently MITF-E and -A protein levels have been 

shown to be NFATc1 dependent (Lu et al., 2014).  

 

To determine the effect of 17-AAG upon MITF, RAW264.7 cells were seeded in 35mm 

diameter culture wells and treated with 17-AAG (50,100, 200 and 500nM) for 48 hours. The 

cells were lysed and MITF protein levels analysed by Western blotting. Treatment of the cells 

with 17-AAG resulted in increased MITF protein levels in a dose-dependent manner under 
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these conditions. This data was surprising given the role NFATc1 has upon osteoclast 

formation, being considered the master regulator of osteoclastogenesis (Figure 3.18 A). MITF 

levels were observed to be the greatest at 17-AAG (500nM) (Figure 3.18 A.). RANKL 

treatment also caused an increase in MITF levels (Figure 3.18 A.). Effects of 17-AAG upon 

MITF protein levels over a time course was also examined. RAW264.7 cells were treated 

with RANKL (100ng/ml), 17-AAG (500nM) or in combination treatment at 6, 24 and 48 

hours. RANKL treatment increased MITF expression as previously described (Figure 3.18 

B.) (Lu et al., 2010a). 17-AAG (500nM) treatment also increased MITF protein expression in 

a time-dependent manner (Figure 3.18 B.). MITF protein expression was greatest at 48 hours 

(Figure 3.18 B.). This is consistent with the observation showing 17-AAG acts late in the 

osteoclastogenic processes (Figure 3.12). Combination treatment of RANKL (100ng/ml) with 

17-AAG (500nM) increased the expression of MITF protein, but their actions were not 

additive or synergistic. This requires further study to clarify this as the MITF levels may peak 

(and start degrading) at different times with the different stimuli. Note also that MITF has a 

number of described isoforms and in the MITF immunoblots throughout this thesis; a thick 

doublet band was always observed. Both bands (upper and lower) had increased expression 

with RANKL treatment.  

 

3.2.6 HSP90 Inhibitor NVP-AUY922 Increases MITF Protein Expression 

NVP-AUY922 was shown to increase osteoclast formation in both RAW264.7 and bone 

marrow cells. To determine the effect NVP-AUY922 has upon MITF protein levels, 

RAW264.7 cells were treated with NVP-AUY22 for 48 hours. At 48 hours the cells were 

lysed and MITF protein expression examined immunoblot. NVP-AUY922 increased MITF 

protein expression (Figure 3.19). This suggests that NVP-AUY922 may in part mediate its 

enhancing effects upon osteoclast numbers through MITF action. 
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17-AAG Increases MITF Protein Levels in RAW264.7 
Cells 
 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 
 
Figure 3.18 
RAW264.7 cells were seeded at 2 x105 in 35mm diameter culture wells and were left to settle 
overnight. The cells were treated with (A.) 17-AAG (50, 100, 200 and 500nM) for 48 hours 
and (B.) with RANKL (100ng/ml), 17-AAG (500nM) and combination treatment of RANKL 
(100ng/ml) + 17-AAG (500nM) for 6, 24 or 48 hours. At the designated time points, the cells 

were lysed and MITF levels determined by immunoblotting with -actin detection to indicate 
loading. (A.) 17-AAG treatment increased MITF protein levels in a dose-dependent manner. 
(B.) 17-AAG treatment also increased MITF protein expression in a time-dependent manner. 
Co-treatment of RANKL and 17-AAG also increased MITF protein expression. Western 
blots were performed three times with lysate samples from independent RAW264.7 isolates.
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NVP-AUY922 Treatment Increases MITF Protein Levels 
in RAW264.7 Cells  

 
 

 

 

 

 

 

 

 

 

	

	

	

	

	

 

 

 

 
 

Figure 3.19 
RAW264.7 cells were seeded at 2 x105 cells in 35 mm diameter well and were allowed to 
settle overnight. The cells were treated with NVP-AUY922 (2, 5, 10 and 20nM) for 48 hours. 

Cells were then lysed and MITF protein levels determined by immunoblotting, with -actin 
detection to indicate loading. NVP-AUY922 increases MITF protein expression at 48 hours. 
Western blots were performed three times with lysate samples from independent RAW264.7 
isolates. 
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3.2.7 17-AAG Enhances the Promoter Activity of the MITF Target Gene, v-Atp6v0d2 
 
The vacuolar H+ -adenosinetriphosphatase (vATPase) proton pump is essential for osteoclast 

activity. In particular, the d2 subunit, which is one of the 14 subunits of the vATPase proton 

pump has been shown to have an important role in maintaining bone homeostasis (Lee et al., 

2006). The Atp6v0d2gene has been shown to be transcriptionally regulated by MITF as well 

as NFATc1 (Feng et al., 2009; Kim et al., 2008b). ChIP analysis revealed that the promoter 

of v-Atp6v0d2 contains NFATc1, MEF and MITF binding sites (Feng et al., 2009). 

Furthermore, retroviral overexpression of MITF in RAW264.7 cells increased Atp6v0d2 

expression and potentiated osteoclast formation (MITF and MEF2 enhanced NFATc1 

mediated activation of vATPase-d2) (Feng et al., 2009). A collaborator, Prof. Jiake Xu from 

the University of Western Australia (UWA), kindly provided the v-Atp6v0d2 promoter 

dependent luciferase construct as well as a similar construct with the MITF binding sites 

mutated. The mutated construct was employed as a control to confirm the involvement of 

MITF.  

 

The constructs were isolated and purified from transformed bacterial cells (Chapter 2.17). 

RAW264.7 cells were transiently transfected with the Atp6v0d2reporter constructs, and a 

constitutively active Renilla luciferase expressing construct (Chapter 2.8). Transfected cells 

were subsequently treated with RANKL (100ng/ml) for 24 hours, which significantly 

increased the relative activity of v-ATPase-d2 transcriptional activity (Figure 3.20). 

Treatment with 17-AAG (1µM) also significantly increased the transcriptional activation 

relative to the DMSO vehicle control (Figure 3.21). A combination treatment of RANKL 

(20ng/ml) with 17-AAG (0.5 µM or 1µM) resulted in a significantly higher transcriptional 

activity compared to the RANKL (20ng/ml) treatment alone (Figure 3.21). The effect of 17-

AAG treatment alone as well as in combination with RANKL treatment upon v-ATPase-d2 

transcriptional activity was also observed at 48 hours. The cells were treated with 17-AAG 

(0.25, 0.5 and 1µM). 17-AAG (1µM) significantly increased v-Atp6v0d2 transcriptional 

activity at 48 hours (Figure 3.22 A.). In addition, RANKL (20ng/ml) and 17-AAG (1µM) co-

treatment significantly increased v-Atp6v0d2 transcriptional activity at 48 hours (Figure 3.22 

B.). This data indicates that 17-AAG treatment activates MITF target gene v-Atp6v0d2 in the 

absence or presence of RANKL at both 24 and 48 hours. 
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The M(M1-3)Atp6v0d2 construct, which contains inactivation mutations in all three MITF 

binding sites in the promoter was used as a method control to confirm the requirement for 

MITF binding in the actions of 17-AAG. The RAW264.7 cells were transiently transfected 

with the M(M1-3) Atp6v0d2 construct or wt construct in the presence of a constitutively 

active Renilla luciferase-expressing construct in the same manner as described above. The 

following day the cells were treated with 17-AAG (0.5μM and 1μM). RAW264.7 cells 

containing the M(M1-3) Atp6v0d2 mutated construct did not respond to 17-AAG treatment 

(Figure 3.23 B.). In contrast, cells that had been transfected with the wt construct alongside 

showed increased Atp6v0d2 transcriptional activity when treated with 17-AAG as seen prior 

(Figure 3.23 A.). This data indicates that 17-AAG acts in a MITF-dependent manner to 

increase the transcriptional activity of v-Atp6v0d2. This data is consistent with an enhancing 

action of 17-AAG in osteoclastogenesis occurring through its ability regulate MITF protein 

activity.  
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RANKL Treatment Increases the Activity of MITF Target 
Gene V-ATPase6d2 
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Figure 3.20 
(A.) Structure of Atp6v0d2 promoter construct showing the NFATc1-, MEF2- and MITF-
binding sites. The promoter was inserted at a 5ʹ site relative to a firefly luciferase coding 
region (gray). The construct was made and kindly supplied by Prof Jiake Xu. (UWA) (B.) 
RAW264.7 cells (6 ×104 cells/well) were transiently co-transfected with Atp6v0d2promoter-
driven firefly luciferase construct (0.2 μg/well) and a control pRL Renilla luciferase construct 
(0.1μg/well) using Lipofectamine TM LTX Plus reagent. After 24 hours, the cells were 
treated with RANKL (100ng/ml) for 24 hours, lysed in passive lysis buffer (1x) (Promega) 
overnight at 4ᵒC and luciferase levels read on a luminometer. RANKL (100ng/ml) increases 
vATPased2 transcriptional activity. Luciferase levels were calculated as a ratio of firefly 
luciferase to Renilla luciferase activity and shown as normalised relative to the untreated 
negative control, “-ve”. RANKL (100ng/ml) increases vATPased2 transcriptional activity. 
These experiments were performed with the help of Dr John Price and Dr Julian Quinn. Data 
is presented as mean ± SEM of five independent experiments. Statistical analysis was 
performed using an unpaired two-tailed t test, *** p ≤ 0.001.  

A. 

B. 

*** 



Chapter 3 HSP90 Inhibitors Induce Osteoclastogenesis 

149 

17-AAG and RANKL+17-AAG Co-treatment Increases 
vATPase6d2 Transcriptional Activity  
 

 

 

 

 

 

 

           

                   

 
 
 
Figure 3.21 
RAW264.7 cells (6 ×104 cells/well) were transiently co-transfected with Atp6v0d2promoter 
driven firefly luciferase construct (0.2 μg/well) and a control pRL Renilla luciferase construct 
(0.1μg/well) using Lipofectamine TM LTX Plus reagent. The cells were allowed to settle for 
24 hours and were then treated with17-AAG (0.5 or 1μM). Cells were also co-treatment of 
RANKL (20ng/ml) and 17-AAG (0.5 and 1μM). At 24 hours the cells were lysed in passive 
lysis buffer (1x) (Promega) and the luciferase levels read using a luminometer.17-AAG 
treatment increased vATPased2 transcriptional activity in the presence of absence of 
RANKL. Luciferase levels were calculated as a ratio of firefly luciferase to Renilla luciferase 
activity and shown as normalised relative to the untreated negative control, “-ve”. (A-B.) 17-
AAG treatment increases Atp6v0d2 transcriptional activity in the presence and absence of 
RANKL treatment. These experiments were performed with the help of Dr John Price and Dr 
Julian Quinn. Data is expressed as mean ± SEM of five independent experiments. Statistical 
analysis was by ANOVA, Bonferroni’s post hoc test, *p ≤ 0.05 **p ≤0.01.  

**
* *
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17-AAG and 17-AAG+RANKL Co-treatment Increases 
vATPase6d2 Transcriptional Activity at 48 hours 
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Figure 3.22 
RAW264.7 cells (6 ×104 cells/well) were transiently co-transfected with Atp6v0d2promoter-
drive firefly luciferase construct (0.2 μg/well) and a control pRL Renilla luciferase construct 
(0.1μg/well) using Lipofectamine TM LTX Plus reagent. After 24 hours the cells were treated 
with (A.) 17-AAG (0.25, 0.5 and 1 µM) and (B.) co-treatment of RANKL (20ng/ml) and 17-
AAG (0.5 and 1 µM). The cells were lysed after 48 hours in passive lysis buffer (1x) 
(Promega) overnight (4°C), and luciferases levels read using a luminometer. (A.) 17-AAG 
significantly increased Atp6v0d2 transcriptional activity relative to the untreated negative 
control at 48 hours. (B.) 17-AAG dose-dependently increased vATPased2 transcriptional 
activity in the presence of RANKL (20ng/ml). These experiments were performed with the 
help of Dr John Price and Dr Julian Quinn. Luciferase levels were calculated as a ratio of 
firefly luciferase to Renilla luciferase activity and shown as normalised relative to untreated 
control. Data is expressed as the mean ± SEM of three independent experiments. Statistical 
analysis was performed by ANOVA, Dunnett’s post hoc test, *** p ≤ 0.001. 

A. 

***

B. 

*** 
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Mutating the MITF Binding Sites Abolishes the 17-AAG 
Induced v-ATPase6d2 Activity 
 

 

 

 

 

 

 

 

 

 

    

 
Figure 3.23                                                              
RAW264.7 cells were transiently transfected with (A.) M(M1– 3)Atp6v0d2promoter-driven 
firefly luciferase expression construct (0.2 µg/well), which contains mutations in the three 
MITF-binding sites rendering them non-functional or (B.) the wt Atp6v0d2promoter (0.2 
µg/well). The cells were also simultaneously transiently transfected with pRL Renilla 
luciferase construct (0.1μg/well) as transfection controls. The co-transfection was carried out 
using the Lipofectamine TM LTX Plus reagent. At 24 hours both the cells containing the (A.) 
mutated Atp6v0d2 promoter and (B.) the wt Atp6v0d2 promoter were treated with 17-AAG 
(0.5 and 1 µM) for 24 hours before being lysed in passive lysis buffer (1x) (Promega) and 
Luciferase levels read. (A.) 17-AAG treatment increased Atp6v0d2 transcriptional activity. 
(B.) 17-AAG treatment did not affect vATPased2 transcriptional activity in the Mutated 
M(M1-3) Atp6v0d2 promoter. These experiments were performed with the help of Dr John 
Price and Dr Julian Quinn. Luciferase levels were calculated as a ratio of firefly luciferase to 
Renilla luciferase activity and shown as normalised relative to the untreated negative control 
“-ve”. The data is expressed as the mean ± SEM of five independent experiments. Statistical 
analysis was performed by ANOVA, Dunnett’s post hoc test, ** p ≤ 0.01, *** p ≤ 0.001. 

A.     WT Atp6v0d2 B.          Mutated Atp6v0d2  

** 

*** 
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3.3 Discussion  
We and others have previously identified that benzoquinone ansamycin HSP90 inhibitors 

such as 17-AAG and herbamycin A enhance osteoclast formation in vitro and in vivo (Price 

et al., 2005; Yano et al., 2008). These were surprising observations given that HSP90 is an 

important molecular chaperone, which maintains the activity and stability of many important 

cell signalling proteins that are important in the osteoclastogenesis pathways including NFκB 

(Travers et al., 2012; Eccles et al., 2008; Bohonowych et al., 2010). Because HSP90 

inhibitors 17-AAG and herbamycin A increased osteoclast formation, it was hypothesized 

that HSP90 inhibitors from other classes of compounds may similarly act to increase 

osteoclastogenesis. The alternative hypothesis is that increased osteoclast differentiation is a 

unique feature of this particular benzoquinone ansamycin class of HSP90 inhibitors.  

 

NVP-AUY922 has shown to have promising anti-cancer effects with anti-proliferative effects 

seen against a panel of breast cancer cell lines and primary cultures, multiple myeloma, 

prostate, colon, melanoma, glioma and HUVEC cell lines (Eccles et al., 2008). NVP-

AUY922 also has been shown to have anti-tumour properties as a single agent in vivo in BT-

474 breast, HCT116 colorectal, and U87MG glioblastoma xenografts in mice and is currently 

in Phase I-II clinical trials (National Institute of Health, 2014). Both CCT08159 and NVP-

AUY922 have better pharmacokinetic profiles than 17-AAG, which has been discontinued 

from clinical trials (Sharp et al., 2007b). First, 17-AAG actions upon RAW264.7 and bone 

marrow cells progenitors were confirmed. 17-AAG treatment very significantly increased 

osteoclast formation in a dose-dependent manner, which was confirmed using both TRAP 

and CTR markers of the osteoclast phenotype. Similarly to 17-AAG, both CCT018159 and 

NVP-AUY922 significantly increased osteoclastogenesis in both RAW264.7 and bone 

marrow cells in vitro. NVP-AUY922 increased osteoclast formation potently at low 

concentrations (10nM), which may be due to the fact that NVP-AUY922 has an increased 

half-life and, in addition, enters the cell more easily (Sharp et al., 2007b). The results in this 

chapter demonstrate that both CCT018159 and NVP-AUY922, which are compounds that are 

quite structurally distinct from 17-AAG, significantly increase osteoclast formation in vitro. 

This data suggests that the pro-osteoclastic properties of HSP90 inhibitors is not found only 

in benzoquinone ansamycin-based HSP90 inhibitors but is likely to be a more generalised 

property of N-terminal HSP90 inhibitors. Based on our characterization of these compounds, 

it is plausible to hypothesize that these compounds may act to cause bone loss in vivo, like 

17-AAG, but further studies would be required to determine this. In cancers that metastasize 
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to bone, such as breast neoplasms, bone metastasis establishment results in focal bone 

damage and skeletal related events (SRE) (Simos et al., 2013; Weilbaecher et al., 2011). As 

previously described by Price and co-workers, 17-AAG treatment increased tumour growth in 

metastatic bone disease through its pro-osteolytic actions (Price et al., 2005). Any osteolysis 

caused by CCT018159 and NVP-AUY922 would have the potential to increase tumour 

growth in bone potentially through the vicious cycle model. Therefore these compounds need 

to be screened for their effects on bone metabolism in vivo in tumour laden and naïve mice. 

 

Osteoclastogenesis occurs through the stimulation of osteoclast precursor cells to survive by 

M-CSF signals and to differentiate by RANKL stimulation (Boyle et al., 2003; Feng, 2005). 

RANKL binding to its receptor RANK and its downstream signalling pathways induces the 

expression of osteoclast transcription genes and the activation of signalling molecules, which 

are necessary for the differentiation and activation of osteoclasts (Feng, 2005; Boyle et al., 

2003). Amongst these transcription factors and signalling molecules are: NFκB, NFATc1, C-

FOS, MITF, and p38 (Asagiri and Takayanagi, 2007; Mansky et al., 2002a; Gohda et al., 

2005; Yamashita et al., 2007; Boyle et al., 2003; Raggatt and Partridge, 2010). These 

molecules are essential for RANKL action and therefore regulate osteoclast numbers and 

activity. Actions of RANKL to increase survival of osteoclasts were not affected by 17-AAG 

treatment. This data provides strong evidence that RANK and immediate downstream signals 

are probably not affected by 17-AAG, i.e., general sensitivity to RANKL was not increased. 

Regarding RANKL actions on osteoclast activity, previous work in our laboratory has found 

no effects of 17-AAG treatment. However, bone resorption assays are notoriously insensitive 

and can realistically detect only very large (>30%) effects, so this was not investigated here. 

The role of p38 in osteoclast formation and 17-AAG actions are included in Chapter 4.  

 

The transcription factors c-FOS and NFĸB are considered to be early transcription factors 

since they are very rapidly enhanced upon RANKL stimulus and they are crucial for the early 

commitment phases of osteoclast differentiation (Matsuo et al., 2004; Yamashita et al., 

2007). Using a luciferase induction construct 17-AAG treatment was shown not to affect the 

transcriptional activity of NFκB at both 6 and 24 hours. Likewise, 17-AAG treatment did not 

affect c-FOS protein levels. Downstream of (i.e., dependent on) these osteoclastogenic 

transcription factors is the ‘early to mid-stage’ transcription factor NFATc1. NFATc1 is 

commonly referred to in the osteoclast literature as a “master regulator” of osteoclast 

formation due to the very large number of both intrinsic and extrinsic factors that act on 
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osteoclast formation by affecting NFATc1 levels (Takayanagi, 2007b; Kim and Kim, 2014). 

It was therefore particularly interesting to note that 17-AAG did not increase NFAT 

transcriptional activity and NFATc1 protein levels but rather decreased it. These findings are 

consistent with the observation that NFATc1 is a HSP90 client protein (Ruffenach et al., 

2015). In addition, 17-AAG mechanism to increase osteoclast differentiation was shown to be 

distinct from TGF-β mediated enhancement of osteoclast formation. TGF-β acts early in the 

osteoclast differentiation course to increase osteoclast formation (Quinn et al., 2001). TGF-β 

increases NFATc1 levels, although it probably acts through a number of mechanisms to 

increase osteoclast commitment of progenitors (Fox et al., 2008). In comparison, 17-AAG 

acts relatively late in the differentiation process and as mentioned above does not affect 

NFATc1. This data suggests that NFATc1 is not the rate-limiting step in osteoclastogenesis. 

 

In contrast to the lack of effects on NFATc1, 17-AAG increased MITF protein expression in 

a dose-dependent manner. MITF is a basic helix loop-leucine zipper transcription factor that 

is considered to act late in osteoclastogenesis (Bronisz et al., 2006; Hershey and Fisher, 

2004). MITF forms part of a complex with NFAT, PU.1, NFĸB and AP-1 during the late 

stages of osteoclastogenesis to drive the expression of osteoclast-specific genes (Asagiri and 

Takayanagi, 2007; Boyle et al., 2003; Sharma et al., 2007). 17-AAG time-dependently 

increased MITF protein expression and its expression was the greatest at 48 hours.  This data 

is consistent with the notion that MITF is a relatively late-acting osteoclast transcription 

factor. Moreover as earlier described, 17-AAG actions upon osteoclast formation occur in the 

latter half of osteoclastogenesis. This data therefore supports the idea that 17-AAG actions 

upon osteoclast formation occur through the late acting MITF although this is difficult to 

prove since silencing or deletion of MITF blocks all osteoclast formation (Lu et al., 2010a; 

Boyle et al., 2003). The mi gene coding for MITF is a complex gene having different splice 

sites with the resultant expression of 9 proteins isoforms (Hershey and Fisher, 2005; 

Steingrimsson et al., 1994). Isoforms A and in particular E have been shown to be important 

in osteoclast formation with forced over-expression of these isoforms increasing 

osteoclastogenesis (Lu et al., 2010a). In particular, isoform E was able to most potently 

induce osteoclast formation and also increased the expression of osteoclast specific genes (Lu 

et al., 2014). MITF binds to a 7 base-pair motif TCANGTG in the promoter regions of target 

genes some of which include the v-Atp6v0d2, TRAP, Ctsk and E-cadherin (Levy et al., 2006; 

Pogenberg et al., 2012; Lu et al., 2010a). More recently, Lu et al. also found MITF 
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expression to be regulated by NFATc1 although no NFAT-binding site has been reported in 

the mi gene promoter regions (Lu et al., 2014). 

 

The data presented herein shows an ability of 17-AAG to increase the transcriptional activity 

of the MITF target gene v-ATPase-d2. This further supports the notion that 17-AAG actions 

upon MITF cause the subsequent increase in osteoclast formation. In summary, this data 

shows that 17-AAG exerts its pro-osteoclastogenic actions through its regulation of MITF 

(and its downstream targets). This suggests the regulation of MITF is a rate-limiting step in 

osteoclastogenesis, and implies a novel role of MITF in osteoclastogenesis. MITF is essential 

for osteoclasts formation (Lu et al., 2010a). Mice, which express mutant alleles of the MITF 

gene mi have a small number of defective osteoclasts, and mice with mutations that result in a 

lack of MITF Zip domains exhibit osteopetrosis and have no osteoclasts (Luchin et al., 2000; 

Lipton, 2004; Hershey and Fisher, 2004; Motyckova et al., 2001; Steingrimsson et al., 2002). 

Despite its essential role in osteoclast formation, it is generally not identified as a major 

regulatory mechanism in osteoclastogenesis. Although Kim et al. have suggested that IL-1 

increases RANKL-driven osteoclast formation through its regulation of MITF activity (when 

added late in the osteoclast differentiation course in the maturation phase) (Kim et al., 2009). 

This latter data is consistent with our laboratories findings of 17-AAG actions upon MITF 

and MITF’s role in osteoclastogenesis. Therefore, this data provides new and interesting 

evidence for a novel role of MITF regulation in osteoclastogenesis.  

 

This data suggests several possible ways in which 17-AAG might increase osteoclast 

formation. One of these ways may involve proteasomal inhibition. Inhibition of HSP90 

causes proteasomal degradation of HSP90 client proteins, which are often oncogenes or other 

proteins that have a role in non-oncogene addiction therefore reducing their concentration 

within the cell (Neckers and Workman, 2012; Jhaveri et al., 2012). This raises the possibility 

that an endogenous inhibitor or inhibitors of osteoclast formation (perhaps one that reduces 

MITF levels) are degraded resulting in an increase in osteoclast formation. In line with this, 

the removal of a RANKL inhibitor, RBP-J and NFκB inhibitor, NFĸBp100 have been used to 

explain increases in osteoclast formation (Zhao et al., 2012; Yao et al., 2009). Removal of 

these factors however, resulted in greatly enhanced NFATc1 levels, which 17-AAG did not 

affect (Zhao et al., 2012; Yao et al., 2009). Another more likely possibility is that N-terminal 

HSP90 inhibitors cause HSF1 to dissociate from HSP90, which it is complexed to and causes 

a downstream cellular stress response (Powers and Workman, 2007; Neckers and Workman, 
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2012; Whitesell and Lindquist, 2005). The dissociated HSF1 is activated, translocates to the 

nucleus and causes the initiation of a HSF1 stress response characterized by increased levels 

of HSPs i.e.HSP72 (Powers and Workman, 2007). Interestingly, C-terminal inhibitors 

including Novobiocin, which do not displace HSF1 and therefore do not cause a downstream 

stress response, do not affect osteoclast formation (Chai et al., 2014). This raises the 

possibility 17-AAG’s ability to cause a HSF1-mediated stress response, is affecting MITF 

and subsequent osteoclast formation. This hypothesis examined in the next chapter. 
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Chapter 4 The Effects of 17-AAG and NVP-AUY922 upon Cell Stress 
Molecules HSF1 and p38, and HSF1 Influences on Osteoclast Formation 
 

4.1 Introduction  

Cells are frequently exposed to environmental insults that cause acute or chronic cell stress 

(Morimoto, 1998). Examples of such stressors include: heat shock, anoxia, ethanol, 

chemotherapeutics and inflammatory cytokines (David et al., 1999; Åkerfelt et al., 2010). 

The need for a cell to be able to tolerate a particular stress is cell-type dependent; however, 

some sort of stress response mechanism exists in all cells. In response to stress, cells can 

activate a number of different mechanisms including the increased expression of heat shock 

proteins, which are typically central to cell survival (Chapter 1.7) (Fulda et al., 2010; 

Whitesell and Lindquist, 2005). Amongst the regulatory proteins that are rapidly activated 

upon cell exposure to stress are two proteins, which play particularly important roles in 

maintaining cellular survival: HSF1, an inducer of HSP expression, and p38, a MAP kinase 

(Wagner and Nebreda, 2009; Junttila et al., 2008; Morimoto, 1993). These proteins are the 

focus of the work described in this chapter. 

 

HSF1, a transcription factor that becomes activated upon cell stress (Chapter 1.8.1.1), is 

considered the primary mediator of classical cellular stress responses (Dai et al., 2007; 

Morimoto, 1993). HSF1 is usually found as a latent molecule complexed to HSP90 multi-

chaperone protein complexes in the cytoplasm (Zou et al., 1998; Whitesell and Lindquist, 

2009). In unstressed cells, a low basal level of transcriptionally-active HSF1 is present 

(Whitesell and Lindquist, 2009). Its stress-induced activation results in disassociation from 

the HSP90 complex, trimerization, translocation to the nucleus and binding to Heat Shock 

Elements in the gene promoters of target genes, which include many HSPs. HSF1 binding to 

HSE increases the transcription of HSPs and a range of other stress-sensitive factors (Diller, 

2006; Anckar and Sistonen, 2011; Åkerfelt et al., 2010). As previously described (Chapter 

1.8.1), increased HSP expression maintains cellular pathway integrity and homeostasis 

through their molecular chaperone functions (Richter et al., 2010; Gabai and Sherman, 2002). 

HSF1 is likely to be essential for most stress responses although it should be noted that HSF1 

null mice are viable on some genetic backgrounds, despite being somewhat runted and having 

low fertility (Jin et al., 2011). 
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HSPs, and in particular HSP90, is overexpressed in cancer cells (Jego et al., 2013; 

Calderwood, 2010; Zuehlke and Johnson, 2010). In a cancer cell, HSP90 protects the cell 

from environmental stress and also from the genetic and proteotoxic stress within the cell by 

stabilizing many oncogenic client proteins (Workman, 2004b; Whitesell and Lindquist, 

2005). The HSP90 inhibitor, 17-AAG, has been shown to have anti-cancer properties in a 

number of mouse xenograft models and was going through clinical trials up to 2008 

(Sauvageot et al., 2009; Solit et al., 2002; Burger et al., 2004; Price et al., 2005; National 

Institute of Health, 2014). However, as described by Price et al., 17-AAG treatment 

significantly increased invasion and growth in bone in an intracardiac MDA-MB-231 

inoculation model (Price et al., 2005). The ability of 17-AAG to increase tumour growth in 

the bone was postulated to occur through its ability to increase osteoclast formation and bone 

destruction (Price et al., 2005). Price and co-workers showed 17-AAG stimulated osteoclast 

formation in vitro and in vivo, causing decreased total trabecular bone in mice even in the 

absence of tumour challenge (Price et al., 2005). 17-AAG pro-osteoclastic effects were 

confirmed by using RAW264.7 and bone marrow primary cells (Figures 3.3-3.5). In addition, 

the more recently developed N-terminal HSP90 inhibitors CCT018159 and NVP-AUY922 

were also shown to increase osteoclast formation from RANKL stimulated RAW264.7 and 

bone marrow progenitors (Figures 3.9-3.12). In the previous chapter, 17-AAG and NVP-

AUY922 were also shown to act upon the late acting transcription factor MITF (Figures 3.18-

3.19). 

 

The osteolytic and pro-osteoclastic effects of 17-AAG cannot easily be explained by its 

inhibition of HSP90 as many of HSP90 client proteins, including NFATc1, play an important 

role in osteoclast formation (Price et al., 2005; Ruffenach et al., 2015). A second line of 

enquiry followed here is to investigate the known ability of HSP90 inhibitors to induce a 

HSF1-mediated cell stress response, which may affect osteoclast formation. As described in 

Chapter 1.9.4.2, N-terminal HSP90 inhibitors, including 17-AAG and NVP-AUY922, cause a 

HSF1 mediated heat shock response (HSR) by binding to the same region of HSP90 as HSF1 

causing its subsequent dissociation (Zou et al., 1998; Taylor et al., 2007; Kamal et al., 2004). 

HSF1 dissociation from HSP90 normally occurs when high levels of HSP90-binding 

misfolded proteins are present in cytoplasm due to heat or other toxic cellular insults (Chapter 

1.8.1.1) (Åkerfelt et al., 2010; Anckar and Sistonen, 2011). 17-AAG and NVP-AUY922 have 

thus been shown to induce a HSR in a number of cell types (Gaspar et al., 2010; Eccles et al., 
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2008; Cheung et al., 2005; Powers and Workman, 2007; Guo et al., 2005b; Doubrovin et al., 

2012).  

 

In this chapter several approaches to blocking HSF1 activity, including pharmacological, 

genetic knockout and knockdown, have been used and the effects of these on 17-AAG and 

NVP-AUY922 actions upon osteoclast formation examined. In addition to testing the 

hypothesis of HSF1 mediated cell stress involvement in osteoclast formation, a second 

hypothesis is tested. This hypothesis examines whether p38 MAP kinase is involved in the 

cellular responses of HSP90 inhibitors that increase osteoclast formation. The MAP kinase, 

p38, is an essential signalling molecule in RANKL responses but is also a stress-activated 

protein kinase. This molecule is thus a good candidate to be another mediator for the 

observed effects of HSP90 inhibitors either in cooperation with or independently of HSF1. 

 

4.2 Results  

 

4.2.1 17-AAG and NVP-AUY922 Enhance HSF1 Transcriptional Activity and Increase 

HSP72 Protein Levels   

The first step was to confirm the effects of 17-AAG and NVP-AUY922 effects upon HSE 

transcriptional activity as a proof of principle. This was studied using a reporter cell line 

generated by Dr Chau Nguyen (Chapter 2.1.4.3), which consisted of the HEK293 cell line 

that ectopically expressed EGFP, wild-type HSF1 at high levels and also contained a pHSE-

mCherry vector. These cells as previously described are designated as HEK-HSE cells 

(Nguyen et al., 2013). The mCherry expression was under the control of the stress inducible 

‘HSP70B’ promoter containing multiple HSE sites (Nguyen et al., 2013; Winklhofer et al., 

2001). The HSP70B promoter is strictly inducible unlike the major inducible form HSP72, 

which has low basal levels present in the cell (Watanabe et al., 2001; Volloch and Sherman, 

1999; Noonan et al., 2007). The high levels of wild type HSF1 expressed in these cells 

increases the sensitivity to cellular stresses (Nguyen et al., 2013).  

 

HEK-HSE cells were seeded at 2.5 x 104 cells in 6mm diameter wells in phenol red free 

DMEM media and were left to settle for 3 hours. Cells were then treated with 17-AAG 

(5μM) for 24 hours then nuclear dye Hoechst (10μg/ml), and the cells incubated for 15 

minutes at 37°C. The Hoescht dye and mCherry levels were then determined using the 
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Arrayscan VTI High Content Screening instrument (Thermo Fisher Scientific). At 24 hours, 

17-AAG (5μM) treatment significantly increased the activity of HSF1 relative to the DMSO 

vehicle control (Figure 4.1) in HEK-HSE cells as shown by expression of mCherry. This 

response needed to be confirmed in the RAW264.7 cells, the cell line of interest that displays 

a pro-osteoclastogenic response to RANKL (and 17-AAG). Repeated attempts to produce a 

stable HSF1-dependent (pHSE-mCherry) reporter transfected RAW264.7 cell line were not 

successful, so instead a classic immunoblot based approach was used to detect stress 

responses. As noted above, when HSF1 is activated increased expression of HSPs such as 

HSP70 family members i.e., HSP72 (HSPA1A) and HSP70B, HSP90 (HSP90AA1) and 

HSP27 (HSPB1) are observed. Stress induced HSP72 (HSPA1A) is a commonly accepted 

marker of HSF1 activation (Chapter 1.8.1.2), and was used in this thesis to detect HSF1 

activation. Treating RAW264.7 cells with 17-AAG for 24 hours increased HSP72 protein 

expression in a dose-dependent manner (Figure. 4.2 A). The greatest effect was seen at the 

highest concentration used, 17-AAG (1μM). This was similar to previous observations by our 

group that 17-AAG treatment increases HSP70 expression in RAW264.7 cells in a dose-

dependent manner after 24 hours treatment (Chai et al., 2014). This data is also broadly 

consistent with kinetic studies of HSP70 gene expression, which show HSP70 expression to 

be eight times greater than basal levels 24 hours post heat shock (Wang and Diller, 2003). 

Similar to the RAW264.7 cells, treating mouse BMM with 17-AAG (100nM or 200nM) for 

24 hours resulted in increased HSP72 expression relative to the DMSO vehicle control 

(Figure 4.2 B). With repeated immunoblot analysis of BMM cultures (data not shown), it 

appeared that the concentration that maximally increased HSP72 levels was variable. This 

may be due to bone marrow populations from different mouse sources being more or less 

sensitive to HSP90 inhibition through 17-AAG.  

 

The hypothesis that 17-AAG enhances osteoclast formation by binding to HSP90 to activate 

HSF1 would infer that another HSP90 inhibitor that has the same ATPase domain-binding 

profile would have similar actions. As previously described NVP-AUY922 is currently going 

through Phase I-II trials and has been shown to cause a HSR in a number of cancer cell lines 

(Eccles et al., 2008; Gaspar et al., 2010; National Institute of Health, 2014). To establish if 

NVP-AUY922 also causes a stress response in cells, three cell models and two different 

experimental approaches were used. The effect of NVP-AUY922 upon HSF1 transcriptional 

activity was studied using HEK-HSE reporter cells, and HSP72 immunoblot analysis was 

studied in BMM and in RAW264.7 cells. As with 17-AAG, HSE-HEK cells were treated 
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17-AAG Treatment Increases HSF1 Transcriptional 
Activity in HEK-HSE Cells  

 
 

                               

 

 

 

 

 

 

 

 

 
Figure 4.1 
(A-B.) HEK-HSE cells, stably transfected with a mCherry HSE reporter, were seeded at 2.5 x 

10
4
 cells/well in DMEM phenol-free media. The cells were allowed to adhere for ≥ 3 hours 

then treated with 17-AAG (5μM) or DMSO vehicle control (1/2000). At 24 hours, Hoechst 
dye (10μg/ml) was added to the wells and the cells incubated at 37°C for 15 minutes. The 
levels of mCherry were collected using the Arrayscan VTI High Content Screening 
instrument (Thermo Fischer Scientific). Individual cells were identified by Hoescht nuclear 
staining. The percentage threshold of mCherry was measured against a DMSO vehicle 
control. (A.) 17-AAG significantly increased HSF1 activity in HEK-HSE cells in comparison 
to the DMSO vehicle control (1/000). (B.) Depiction of mCherry levels in DMSO vehicle 
control (1/2000) and 17-AAG (5 μM) treated cells from the Arrayscan VTI High Content 
Screening instrument. Scale bar- 100μM. The data is shown as mean ± SEM of four 
independent experiments. Statistical analysis by unpaired t-test (2 tailed). *** p ≤ 0.001. 

*** A. 

B. 

Veh 17-AAG 
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17-AAG Treatment Increases HSP72 Protein Expression  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
Figure 4.2  
(A.) RAW264.7 cells were seeded at 2 x 105 cells in 35mm diameter culture wells and were 
allowed to settle overnight. The cells were then treated with 17-AAG (200, 500 or 100nM) 
and DMSO (1/10,000) as a DMSO vehicle control. (B.) BMM were prepared by incubating 
bone marrow in LCM media for 3 days prior to treatment. The BMM were then treated with 
treated with 17-AAG (100 and 200nM) or DMSO vehicle control (1/10,000). (A-B.) The 
cells were lysed and protein expression levels of the stress inducible isoform of HSP70, 
HSP72 was examined by immunoblot. Briefly, after the lysates were resolved on SDS-page 
gels and protein transferred the membrane was incubated in primary HSP72 ab (1:2000 at 
4°C overnight) followed by a HRP secondary antibody (1:5000 for 1 hr at room temperature). 
The film was developed using Roche Chemiluminescent reagent. 17-AAG increased HSP72 
protein levels at 24 hours in both RAW264.7 cells and in BMM relative to the DMSO vehicle 
control. Western blots were performed at least 2 times with different RAW264.7 cell isolates. 
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with NVP-AUY922 (5, 10 and 20nM) for 24 hours. Cells were stained with nuclear dye 

Hoechst (10μg/ml) and mCherry levels were quantified as previously described. NVP-

AUY922 treatment significantly increased mCherry reporter activity in a dose-dependent 

manner in comparison to the DMSO vehicle control, showing increased HSF1 activity 

(Figure. 4.3 A-B.).  

 

To confirm that NVP-AUY922 causes a cell stress response in RAW264.7 cells and BMM, 

these cells were treated with NVP-AUY922 and HSP72 protein levels were investigated by 

immunoblotting. RAW264.7 cells were treated with NVP-AUY922 (10, 20 or 50nM) for 24 

hours. In addition, primary BMM were treated with NVP-AUY922 (2 and 5nM). Consistent 

with the HEK-HSE cells, NVP-AUY922 treatment increased HSP72 protein expression in 

RAW264.7 in a dose-dependent manner. NVP-AUY922 (10nM) maximally increased HSP72 

protein expression (Figure 4.4 A.). A decrease in HSP72 levels in response to NVP-AUY922 

at the higher concentrations, of 20 and 50nM, was noted. This may be due to the fact that at 

these concentrations, the stress response had peaked and was either being resolved or the 

cells were entering apoptosis. If so, one might expect that at a 12 hour time point NVP-

AUY922 (20nM and 50nM) would increase HSP72 protein levels higher than that of 10nM. 

In BMM, NVP-AUY922 also increased HSP72 expression at 24 hours relative to the DMSO 

vehicle control (Figure 4.4 B.). Note that different sensitivities of the two cell types may 

reflect different tolerances or the degree to which the cells take up the drug. Thus, NVP-

AUY922 increased HSP72 expression in both RAW264.7 and mouse primary BMM. 

  

4.2.2 Pharmacological Inhibition of HSF1 Blocked the 17-AAG and NVP-AUY922 

Mediated Increase in Osteoclast Formation  

As described in Chapter 3 (Figures 3.3-3.5, 3.11 and 3.12), 17-AAG and NVP-AUY922 both 

increase RANKL-driven osteoclast differentiation in the RAW264.7 cell line model as well 

as from bone marrow progenitors. To establish a role for HSF1 in the stimulation of 

osteoclast formation by 17-AAG three approaches were employed: pharmacological 

inhibition of HSF1, HSF1 knockdown by shRNA, and HSF1 null mice. Heat Shock Protein 

Inhibitor I (KNK437), a benzylidene lactam compound, is a HSF1 pharmacological inhibitor 

that decreases the heat shock response in cells (Yokota et al., 2000). KNK437 inhibition of 

HSF1 decreases the heat shock response by suppressing the induction of multiple HSPs 

including: HSP105, HSP40 and the stress inducible form of HSP70, HSP72 
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NVP-AUY922 Treatment Increases HSF1 Transcriptional 
Activity in HEK-HSE Cells  

 
 

      

 

 

 

 

 

 

 
Figure 4.3  
(A-B.) HEK-HSE cells, stably transfected with a mCherry HSE reporter driven by a HSP70B 

promoter, were seeded at 2.5x 10
4
 cells in 6mm diameter wells in DMEM phenol red-free 

media. The cells were allowed to settle for ≥ 3 hours and then were treated with NVP-
AUY922 (5, 10 and 20 nM) or vehicle DMSO (1/2000) as a control. At 24 hours, Hoechst 
dye (10µg/ml) was added to the wells and the cells incubated at 37°C for 15 minutes. The 
levels of mCherry were collected using an Arrayscan VTI High Content Screening instrument 
(Thermo Fischer Scientific). Individual cells were identified by Hoescht nuclear staining. The 
percentage threshold of mCherry was measured against the DMSO vehicle control, which 
was used as a reference. (A.) NVP-AUY922 treatment dose-dependently increased HSF1 
activity in the HEK-HSE reporter cells.(B.) Images of mCherry levels in DMSO vehicle 
control (1/2000) and NVP-AUY922 (10nM) treated cells from the Arrayscan VTI High 
Content Screening instrument. Scale bar - 100μM. The data is shown as mean ± SEM of three 
independent experiments. Statistical analysis was performed by using ANOVA, Dunetts post  
hoc test. * p ≤ 0.05, *** p ≤ 0.001. 

*** 

*** 

* 

A. 

B. 

  

NVP-AUY922 Veh 
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NVP-AUY922 Treatment Increases HSP72 Protein 
Expression in RAW264.7 Cells and BMM 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.4 
(A.) RAW264.7 cells were seeded at 2 x 105 cells in 35mm diameter culture wells and were 
allowed to settle overnight. The cells were then treated with NVP-AUY922 (5, 10 and 20nM) 
or DMSO vehicle control (1/10,000). (B.) BMM were prepared by incubating bone marrow 
in LCM media for 3 days prior to treatment. The bone marrow macrophages were then 
treated with NVP-AUY922 (2 or 5nM) or DMSO vehicle control (1/10,000) for 24 hours (A-
B.) Protein (30µg) from the cell lysate was run on a reducing SDS-PAGE gel and transferred 
to PVDF membrane. The membrane was immunoblotted for HSP72 (1:2000 at 4 °C 
overnight). (A.) NVP-AUY922 increased HSP72 protein expression relative to the DMSO 
vehicle control (B.) Likewise NVP-AUY922 increased HSP72 protein levels in BMM in  
comparison to the DMSO vehicle control. Western blots were performed at least 2 times with 
different RAW264.7 cell isolates. 

NVP-AUY922 (nM) 

HSP72 

β-Actin 

  Veh          10             20            50  

NVP-AUY922 (nM) 

Veh              2                5 
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(Yokota et al., 2000). Ohnishi et al, showed that KNK437 inhibits HSF1 actions by 

interrupting binding of HSF1 to HSE elements present in the promoters of target genes i.e., 

HSPs (Manwell and Heikkila, 2007; Ohnishi et al., 2004). KNK437 is thought to be more 

specific than the HSF1 inhibitor, quercertin, which acts to decrease HSF1 but can affect other 

factors in the cell such as protein kinases (Yokota et al., 2000; Koishi et al., 2001; Manwell 

and Heikkila, 2007).  

 

To investigate the hypothesis that 17-AAG enhances osteoclast formation in a HSF1 

dependent manner, osteoclast assays were performed using RAW264.7 and bone marrow 

cells. Firstly, the concentrations of KNK437 that are non-toxic to RAW264.7 cells were 

determined by kill curves (Appendix Figure B2). RAW264.7 cells tolerated concentrations up 

to KNK437 (20μM) over a 6 day period. Based on the results KNK437 (10µM) was used as 

the standard KNK437 concentration to inhibit HSF1. Secondly, the effect of KNK437 upon 

RAW264.7 and bone marrow osteoclast formation were observed. RAW264.7 cells (104 cells 

in 6mm diameter wells) and bone marrow (105 cells in 6mm diameter wells) were treated 

with KNK437 (2, 5, 10, 20μM and 2, 4, 6, 8 and 10μM, respectively) over a 6 day period. 

Osteoclast quantitation by counting multinucleated TRAP positive cells showed that 

KNK437 did not affect osteoclastogenesis relative to the DMSO vehicle control in both 

RAW264.7 and in bone marrow cells (Appendix Figure B5). 

 

To determine whether 17-AAG increases osteoclast formation in a HSF1 dependent manner, 

Bone marrow cells isolated from the tibia of mice (Chapter 2.3.1) were cultured 105 cells in 

6mm diameter wells and stimulated with treated with RANKL (20ng/ml) and M-CSF 

(30ng/ml). BMM were treated with 17-AAG (100nM) in the presence or absence of KNK437 

(10µM). As method negative controls, some bone marrow cells did not receive RANKL 

stimulation and were classed as untreated (-ve control). As further controls, cultures treated 

with RANKL plus appropriate levels of vehicle (1/4000 DMSO) and with RANKL plus 

KNK437 (10µM) were included. 17-AAG treatment increased bone marrow cell osteoclast 

formation relative to the DMSO vehicle control, as previously described. However, the 

addition of KNK437 (10µM) ablated the increased osteoclast numbers caused by 17-AAG 

(Figure 4.5). KNK437 (10μM) treatment alone in the presence of RANKL (20ng/ml) did not 

affect osteoclast formation (Figure 4.5). In a similar manner, the effect of pharmacologically 

inhibiting HSF1 was studied upon 17-AAG treated RAW264.7 cells. RAW264.7 cells (104 

cells in 6mm diameter wells) were cultured in the presence of RANKL (20ng/ml) and were 
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treated with 17-AAG (200nM). These cultures where then treated in the presence or absence 

of the HSF1 inhibitor, KNK437 (10µM). On day 6, osteoclast formation was examined. 

Initial experiments showed, as previously described, 17-AAG concentrations increased 

osteoclast formation relative to the DMSO vehicle control (Appendix Figure B6). However, 

addition of KNK437 (10µM) ablated the 17-AAG mediated increase in osteoclast formation 

(Appendix Figure B6). Osteoclast numbers in cultures treated with KNK437 and 17-AAG 

was comparable to those in DMSO vehicle control cultures. KNK437 (10µM) treatment 

alone did not affect osteoclast formation in the absence of 17-AAG treatment (Appendix 

Figure B6). 

 

In the previous chapter NVP-AUY922 like 17-AAG was shown to increase osteoclast 

formation in both RAW264.7 and bone marrow cell cultures stimulated with RANKL 

(20ng/ml). Figures (4.3-4.4) demonstrate NVP-AUY922 treatment causes an HSF1 mediated 

cell stress response through both increased HSE activity and the increased production of 

HSP72 protein levels. To determine whether inhibiting HSF1 would affect the NVP-

AUY922-mediated increase in osteoclast formation, RAW264.7 and bone marrow cells were 

treated with NVP-AUY922 in the presence or absence of HSF1 inhibitor KNK437. RANKL 

(20ng/ml) stimulated RAW264.7 and mouse bone marrow cell cultures were treated with 

NVP-AUY922 (5nM), which significantly increased osteoclast formation compared to the 

DMSO vehicle control (Figure 4.6). In the presence of KNK437 (10µM), the NVP-AUY922-

driven increase in osteoclast numbers was ablated to osteoclast numbers similar to that in the 

DMSO vehicle control (Figure 4.6). This occurred in both RAW264.7 and bone marrow 

cells. KNK437 (10μM) treatment alone, in the absence of HSP90 inhibitors, did not affect 

osteoclast formation, as previously noted.  
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KNK437 Abolishes the 17-AAG Mediated Increases in 
Osteoclast Formation  
 

 

          

        

 

 

 

 

                        

 

 

 

 
 
 
Figure 4.5 

Bone marrow cells, seeded at105 cells in 6 mm diameter wells, were stimulated with RANKL 
(20ng/ml) and M-CSF (30ng/ml). The cells were then treated with 17-AAG (200nM) in the 
presence or absence of KNK437 (10µM). 17-AAG (200nM) treatment increases osteoclast 
formation as previously observed. Adding KNK437 (10µM) to inhibit HSF1 abolished the 
17-AAG mediated increase in osteoclast numbers to DMSO vehicle control levels (1/4000). 
The data is expressed as mean ± SEM of four independent experiments. Statistical analysis 
was performed by ANOVA, Dunnett’s post hoc test. *** p ≤ 0.001 relative to DMSO vehicle 
control. 

*** 
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Inhibiting HSF1 Abolishes the NVP-AUY922 Mediated 
Increase in Osteoclast Formation  
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Figure 4.6 

(A-B.) (A.) RAW264.7 cells were seeded at 104 cells and (B.) bone marrow cells at 105 cells 
in 6 mm diameter wells in the presence of RANKL (20ng/ml) and RANKL (20ng/ml) and M-
CSF (30ng/ml) respectively. The cells were treated with NVP-AUY922 (5nM) in the 
presence or absence of KNK437 (10µM). NVP-AUY922 5nM treatment significantly 
increases osteoclast formation in both RAW264.7 cells and bone marrow cells as previously 
observed. Adding KNK437 (10µM) to inhibit HSF1 abolished the NVP-AUY922 mediated 
increase in osteoclast numbers to DMSO vehicle control levels (1/4000). The data is shown 
as mean ± SEM of (A.) three and (B.) four independent experiments. Statistical analysis was 
performed by ANOVA, Dunnett’s post hoc test. ** p ≤ 0.01, *** p ≤ 0.001.   

*** 
**
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4.2.3 TGF-β Increases Osteoclast Formation Independent of HSF1 Activity 

A well-accepted enhancer of RANKL actions on osteoclast formation is TGF-β (Quinn et al., 

2001). As previously discussed, TGF-β acts early in the osteoclast differentiation process and 

has no effects if added after 3 days of culture, which is approximately the time at which the 

first TRAP+ mononuclear cells appear (Figure 3.7) (Quinn et al., 2001). This is in contrast to 

17-AAG actions upon osteoclast formation, which are principally exerted at or after day 3 

(Figure 3.7). 17-AAG treatment increases osteoclast numbers by acting in the day 3 to day 6 

period of osteoclast differentiation (Figure 3.7). This data suggested that the 17-AAG 

mechanism of increasing osteoclast numbers is different to that of TGF-β. To further 

compare TGF-β actions to that of the HSP90 inhibitors, RAW264.7 cells were treated with 

TGF-β (5ng/ml) in the presence or absence of KNK437 (10μM). TGF-β (5ng/ml) treatment 

increased osteoclast formation as previously observed (Figure 4.7). KNK437 (10μM) 

treatment did not affect TGF-β enhanced osteoclast numbers (Figure 4.7). These results 

suggest that HSF1 is not involved in TGF-β actions on osteoclasts and provides further 

evidence that the mechanism of action HSP90 in osteoclast formation is different to that of 

TGF-β.  

 

4.2.4 HSF1 Knockdown Eradicates 17-AAG Enhancement of Osteoclast Formation 

Since KNK437 is a pharmaceutical compound that may, by definition, have off target effects 

that affect osteoclasts, the specific effects of HSF1 upon 17-AAG actions in osteoclast 

formation was studied by a more highly specific targeting of HSF1, by RNA interference 

(Chai et al., 2014). HSF1 levels were decreased in RAW264.7 cells using a short hairpin 

microRNA shMir approach (Chai et al., 2014; Nguyen et al., 2013; Lang et al., 2012). 

RAW264.7 cells were transduced using lentiviral constructs that expressed either a non-

silencing shRNAmir (NS) or shRNAmirs 1 to 5, all of the latter having sequence specificity 

for mouse HSF1 (Lang et al., 2012; Chai et al., 2014; Nguyen et al., 2013). Immunoblot 

analysis confirmed HSF1 expression was decreased and shRNAmir5 confirmed to be the 

most effective at decreasing HSF1 proteins levels (Chai et al., 2014; Lang et al., 2012; 

Nguyen et al., 2013). To test the effect of 17-AAG upon osteoclast formation in cells that had 

reduced HSF1, further osteoclast assays were performed. Parental RAW264.7 cells, NS and 

Mir5 cells (seeded at 105 in 6mm diameter wells) were treated with RANKL (100ng/ml) in 

the presence or absence of 17-AAG (200nM). After 6 days, osteoclast numbers were 

quantified. Both the parental and NS transfected cells exhibited significantly increased 

osteoclast formation in response to 17-AAG treatment relative to RANKL (100ng/ml) 
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KNK437 Treatment does not Affect the TGF-β Stimulated 
Increase in Osteoclastogenesis 

 

 
 

 

 

 

                   

 

 

 

 

 

 
 
Figure 4.7 

RAW264.7 cells were seeded at 105 cells in 6mm diameter wells in the presence of RANKL 
(20ng/ml). The cells were treated with TGF-β (5ng/ml) in the presence or absence of 
KNK437 (10µM). As a control there was a no treatment negative control i.e. no RANKL 
treatment, “-ve”. As previously described TGF-β treatment enhances osteoclast formation. 
Inhibiting HSF1 by KNK437 (10μM) treatment does not affect TGF-β stimulated osteoclast 
differentiation. All data is expressed as mean ± SEM of three independent experiments. 
Statistical analysis was performed by ANOVA, Dunnett’s post hoc test ** p ≤ 0.001. 

 

** ** 
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treatment (Figure 4.8). In contrast, Mir5 cells that have reduced HSF1 levels did not have 

increased osteoclast numbers in response to 17-AAG treatment (Figure 4.8). This data shows 

HSF1 is required for 17-AAG ability to increase osteoclast differentiation. Chai et al. showed 

a similar result using the submaximal RANKL (20ng/ml) dose (Chai et al., 2014). 

 

4.2.5 17-AAG Does Not Increase Osteoclastogenesis in Bone Marrow HSF1-/- Cells 

In order to study the influence of HSF1 on 17-AAG actions in primary cells, bone marrow 

cells from HSF1 null mice were employed. This HSF1 knockout mouse line was originally 

generated and obtained from the Benjamin Laboratory (University of Utah, USA) (McMillan 

et al., 1998). These mice were maintained at Monash University high barrier animal facility. 

This mouse strain was maintained on a mixed Balb/c x 129 genetic background. HSF1 mice 

on other pure strains (such as C57BL6/J) do not produce viable HSF1 knockout mice (Jin et 

al., 2011). Since HSF1 is required for embryo implantation to proceed, the female knockout 

mice are infertile. Therefore, female knockouts were used for the experiments described 

below, and male mice were reserved for breeding (Jin et al., 2011). Mice were crossed HSF1 

heterozygote x heterozygote to obtain HSF1-WT, HSF1-Het (heterozygote) and HSF1-KO 

(HSF1 null) mice. These mice were maintained according to standard husbandry procedures; 

All procedures were approved by the Monash Animal Research Platform (MARP) 2 Animal 

Ethics Committee (Clayton, VIC Australia), authorization no. SOBSB/B/2010/28BC. 

 

Bone marrow cells were isolated from female HSF1-WT (HSF+/+), HSF1 heterozygotes 

(HSF+/-) and HSF1 null (HSF-/-) mice and osteoclast assay performed as previously described. 

Mouse genotypes were confirmed prior by standard PCR based genotyping assays, which 

were performed by members of the Price Laboratory. As expected the HSF1-WT cells 

showed increased osteoclast formation when treated with 17-AAG (25, 50 or 100nM) in 

comparison to the DMSO vehicle control (Figure 4.9). In contrast, cells from the HSF1 null 

mice when treated with 17-AAG did not show a significant increase in osteoclast formation 

significantly above controls (Figure 4.9). These results indicate that osteoclasts were still able 

to form in the absence of HSF1 but 17-AAG treatment was not able to enhance osteoclast 

formation. HSF1 heterozygote cells showed minimal response to 17-AAG treatment. 

Importantly Dr Ryan Chai showed 17-AAG induced MITF is dependent upon HSF1 

induction (Chai et al., 2014). Inhibiting HSF1 with KNK437 decreased the 17-AAG  
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Silencing HSF1 Ablates the 17-AAG Mediated Increase in 
Osteoclast Formation  

 
 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.8 
RAW264.7 cells were transduced with lentiviral vectors’ containing non-silencing (NS mir) 
or HSF1 targeting shRNAmir (Mir5) constructs (performed by Price laboratory members). 
These cells and parental cells, seeded at 104 in 6mm diameter wells, were treated with 
RANKL (100ng/m)l in the presence or absence of 17-AAG (200nM) for 6 days. On day 6, 
osteoclast numbers were quantified. 17-AAG treatment significantly increased osteoclast 
differentiation in both the Parental and NS cells. In contrast, osteoclast differentiation was not 
increased in Mir 5 cells in response to 17-AAG treatment. Statistical analysis was performed 
using t tests between RANKL and RANKL+17-AAG. All data is expressed as mean ± SEM  
of four independent experiments, ** p ≤ 0.001. 

  

** 

** 
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17-AAG Treatment does not Increase Osteoclast 

Formation in HSF1
-/- 

Bone Marrow Progenitor Cells   
 
 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.9 
Bone marrow cells were isolated from mouse tibia of HSF1 WT, HET and KO and were 

seeded at 10
5
 cells in 6mm diameter culture wells in media containing RANKL (20ng/ml) 

and M-CSF (30ng/ml). The cells were then treated with 17-AAG (25, 50 and 100nM) for 6 
days and then were immuno-histochemically stained with TRAP stain 17-AAG increases 

osteoclast formation in WT mice; however, heterozygote HSF1
+/-

 mice bone marrow cells 
responded to 17-AAG treatment minimally. 17-AAG treatment did not increase osteoclast 

formation from KO HSF1
-/- 

mice bone marrow progenitor cells. The data is expressed as the 
mean ± SEM of three independent experiments. Statistical analysis was performed using 
ANOVA, Tukey’s post hoc test. ** p ≤ 0.01 *** p ≤0.001 relative to DMSO vehicle control.

**
*** 

*** 

*** 
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HSF-1 Regulates 17-AAG Induced MITF Protein 
Expression 

 

 

 

 

 

 

                                    

 

 

 

 
 
 
 
Figure 4.10 
(A.) RAW264.7 cells were treated with a range of KNK-437 concentrations (0, 5, 10, 20 and 
30μM) in the presence of 17-AAG (1μM) for 24 hours. Protein was extracted and 
immunoblot analysis of MITF and HSP70 performed. HSF1 inhibition by KNK437 ablated 
17-AAG-induced MITF and Hsp70 protein levels after 24hrs. (B.) BMM derived from  
HSF1-/- and HSF1+/+ mice were treated with M-CSF (30ng/ml) and indicated concentrations 
of 17-AAG for 24 hrs. Protein was extracted and immunoblot analysis performed. HSF1-/- 
BMM showed lower MITF protein expression both with and without 17-AAG. Data used 
with permission from Dr Ryan Chai (Chai et al., 2014). 

A.  

B.  
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mediated induction of MITF in in a dose dependent manner (Figure 4.10) (Chai et al., 2014). 

Moreover, 17-AAG treatment had lower MITF protein expression in BMM from HSF1-/- 

mice (Figure 4.10) (Chai et al., 2014). This data suggests that 17-AAG induction of the HSR 

leads to increased MITF expression with subsequently increased osteoclastogenesis (Chai et 

al., 2014). Data (Figure 4.10) used with permission from Dr Ryan Chai, see (Chai et al., 

2014). 

 

4.2.6 17-AAG and NVP-AUY922 Phosphorylate MAP Kinase p38  

Since N-terminal HSP90 inhibitors, 17-AAG and NVP-AUY922 induced HSP72 levels, i.e., 

cause a HSR, it is possible that these compounds may also affect other cell stress-induced 

molecules within the cell. One significant stress-responsive pathway in the cell is the p38 

signalling cascade. This pathway is activated by phosphorylation in response to stimuli such 

as UV irradiation, heat shock, osmotic stress, inflammatory cytokines and chemotherapeutics 

(Chapter 1.8.2) (Zarubin and Han, 2005; Wagner and Nebreda, 2009; Junttila et al., 2008). 

p38 is an essential mediator in osteoclast formation as its blockade ablates all effects of 

RANKL on osteoclast progenitor differentiation (Matsumoto et al., 2000). p38 is activated by 

phosphorylation from “upstream” kinases such as MKK3, MKK6 and sometimes MMK4 

(Brancho et al., 2003; Wagner and Nebreda, 2009). In addition, p38 can be activated through 

TAB1 recruitment to RANK cytoplasmic tails (Chapter 1.5.3.2) (Cuenda and Rousseau, 

2007; Ge et al., 2002). This activated p38 then phosphorylates a number of substrates, which 

includes MITF and HSP27 (Mansky et al., 2002a; Xu et al., 2006). For these reasons, effects 

of 17-AAG and NVP-AUY922 upon p38 phosphorylation, and of p38 inhibition, were 

investigated.  

 

RAW264.7 cells were treated with the following stimuli: RANKL (100ng/ml) + DMSO 

vehicle (DMSO, 1/10,000), 17-AAG (1µM) and co-treatment with RANKL (100ng/ml) + 17-

AAG (1µM). As negative controls, cells were untreated or treated only with DMSO vehicle 

control. After cell stimulation, cells were lysed at 2, 5, 10, 20, 30, and 60 minutes. As 

previously established, RANKL strongly phosphorylated p38. This was observed very rapidly 

by 2 minutes with maximal phosphorylation occurring between 2 to 10 minutes (Figure 4.11). 

At and beyond 20 minutes, the phosphorylation signal reduced dramatically, and after 60 

minutes the phosphorylation levels were back to baseline. 17-AAG treatment of RAW264.7 

cells also increased p38 phosphorylation relative to the DMSO vehicle control (Figure 4.11). 

Like RANKL, the kinetics of 17-AAG actions on p38 was rapid like that of RANKL, with 
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p38 being phosphorylated at 2 minutes and maximal phosphorylation between 2 to 10 

minutes (Figure 4.11). After 10 minutes the phosphorylation signal started to wane and at 60 

minutes p38 phosphorylation was at or close to DMSO vehicle control levels. In the co-

treatment of RANKL (100ng/ml) + 17-AAG (1µM) samples, p38 was activated; however, 

variation of p38 phosphorylation levels was seen in the additive effect (Figure 4.11). It is 

possible the combination treatment changes the kinetics, having a mainly additive effect in 

the initial stages of p38 activation.  

 

To determine whether NVP-AUY922 has similar effects upon p38 phosphorylation, 

RAW264.7 cells were treated with NVP-AUY922 (100nM), RANKL (100ng/ml) + DMSO 

(1/10,000) or co-treatment of RANKL (100ng/ml) + NVP-AUY922 (100nM) for 2, 5, 10, 20, 

30 and 60 minutes, as for 17-AAG treatment experiments above. As in the 17-AAG 

experiments, both RANKL and NVP-AUY922 treatments, singularly and in combination, 

increased p38 phosphorylation (Figure 4.12). Activation of p38 was evident at 2 minutes, and 

maximal phosphorylation was observed between 2 to 10 minutes with NVP-AUY922 

treatment, which is similar to that described above for 17-AAG treatments. Combination 

treatment of NVP-AUY922 and RANKL phosphorylated p38 also increased phosphorylation 

levels above that of the DMSO vehicle control; however, the kinetics of p38 activation in the 

combination treatment is not fully clear (Figure 4.12).  

 

4.2.7 KNK437 Treatment Does Not Decrease N-terminal HSP90 Inhibitor-mediated 

Phosphorylation of MAP Kinase p38 

To determine whether HSF1 inhibition influences the actions of RANKL, NVP-AUY922-, 

and 17-AAG-induced p38 phosphorylation, RAW264.7 cells were examined in the presence 

or absence of KNK437 treatment. RAW264.7 cells were pre-treated for 24 hours with 

KNK437 (10µM) or DMSO vehicle control (1/4000). The RAW264.7 cells were maintained 

in medium containing 10% FBS plus or minus KNK437 (10µM) for 12 hours. The following 

12 hours, the cells were treated in serum-free media. After 24 hours of KNK437 treatment, 

the cells were treated with NVP-AUY922 (100nM), 17-AAG (1μM) or RANKL (100ng/ml) 

in the presence or absence of KNK437 (10μM) for 5, 10, 20, 30 and 60 minutes. As a control, 

a DMSO vehicle control (1/1000) matched to KNK437 concentration was used. In addition 

an untreated negative control (“–ve”) was also included. NVP-AUY922, 17-AAG and 

RANKL treatment all increased phosphorylation of p38 as previously observed and described 

above. The kinetics of p38 phosphorylation was similar regardless of KNK437 treatments 
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17-AAG Treatment Induces p38 Phosphorylation in 
RAW264.7 Cells 
 

 

 

 

 

 

 

 

 

 

               

 

 

 

 

 

 

 
 
Figure 4.11 

RAW264.7 cells were seeded at 106 cells in 35mm diameter culture wells and were allowed 
to adhere until they were serum starved the following night. The cells were treated with 17-
AAG (1µM), RANKL (100ng/ml) and DMSO (1/1000), or 17-AAG (1µM) and RANKL 
(100ng/ml) combination treatment for 2, 5, 10, 20, 30, and 60 minutes. Cells were lysed 
according to the phosphorylation lysates protocol. Phosphorylated p38 protein levels were 
examined by immunoblot using the Tyr and Thre phospho p38 Rabbit Ab primary antibody 
(Cell Signalling) (1:1000 overnight at 4°C). As previously described RANKL treatment 
causes phosphorylation of p38. Likewise, 17-AAG treatment induces p38 phosphorylation 
relative to the DMSO vehicle control. Total p38 levels were not affected by treatments with 
17-AAG, RANKL and DMSO or RANKL + 17-AAG combination treatments. Immunoblots 
were performed 2 times with independent lysates from different RAW264.7 cell isolates. 

17-AAG + RANKL RANKL + DMSO 17-AAG  
Time 
(mins) 

pp38 

p38 

Veh  2    5   10   20  30   60   2    5   10  20  30  60    2    5   10  20   30   60   

38kDa

38kDa 
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NVP-AUY922 Induces p38 Phosphorylation in RAW264.7 
Cells 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
Figure 4.12 
RAW264.7 cells were seeded at 106 cells in 35mm diameter culture wells and were allowed 
to adhere until they were serum starved the following night. The cells were treated with NVP-
AUY922 (100nM), RANKL (100ng/ml) and DMSO (1/10,000) or combination treatment of 
NVP-AUY922 (100nM) and RANKL (100ng/ml) for 2, 5, 10, 20, 30, and 60 minutes. Cells 
were lysed according to the phosphorylation lysates protocol. The lysates were resolved on 
SDS-gels and immunoblotted for phospho p38 by using anti- phosphor-Tyr/Thre antibody 
(Cell Signalling) (1:1000 overnight at 4°C). NVP-AUY922 treatment induces the 
phosphorylation of p38. Total p38 levels were not affected by treatments with: NVP-
AUY922, RANKL or RANKL+ NVP-AUY922 co-treatment. Immunoblots were performed 
with three different independent sets of lysates from RAW264.7 cell isolates.  
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(Figures 4.13 and 4.14). KNK437 treatment did not decrease the 17-AAG or NVP-AUY922 

induced p38 phosphorylation (Figures 4.13 and 4.14). The role of HSF1 in p38 

phosphorylation was also examined using a slightly different protocol, where KNK437 was 

added 1 hour before NVP-AUY922 and 17-AAG treatment. RAW264.7 cells were serum-

starved for 12 hours followed by 1 hour pre-treatment of KNK437 (10µM). This approach 

would only cause the inhibition of HSF1 activity and not downstream transcriptional targets, 

which might be affected by a longer KNK437 exposure. However, pre-treatment with 

KNK437 for only 1 hour still did not affect 17-AAG nor NVP-AUY922-elicited 

phosphorylation of p38 (data not shown). 

  

4.2.8 Inhibiting HSF1 Does Not Decrease RANKL-mediated Phosphorylation of p38 

As the Rankl gene has a HSE, the effect of HSF1 inhibition upon RANKL mediated p38 

phosphorylation was also examined (Roccisana et al., 2004). RAW264.7 cells were pre-

treated with KNK437 (10μM) for 24 hours as previously outlined for both 17-AAG (1μM) 

and NVP-AUY922 (100nM). The cells were then treated with RANKL (100ng/ml) in the 

absence or presence of KNK437 (10μM) for 60 minutes. Inhibiting of HSF1 and its 

downstream effectors through KNK437 did not decrease RANKL mediated p38 

phosphorylation (Figure 4.15). 
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The Effect of KNK437 Treatment 17-AAG Mediated p38 
Phosphorylation  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
Figure 4.13 
RAW264.7 cells were seeded at 106 cells in 35mm diameter culture wells and were left to 
adhere overnight. The cells were treated with plus or minus KNK437 (10µM) for 12 hours in 
full serum containing media followed by a further 12 hours of treatment whilst being serum 
starved. After 24 hours of KNK437 (10µM) treatment, the cells were then treated with 17-
AAG (1µM) for 5, 10, 20, 30 and 60 minutes. Cells were lysed according to the 
phosphorylation lysate protocol. The lysates were resolved on SDS- gels and immunoblotted 
for phospho p38 using the anti-phospho-Tyr/Thre p38 Ab primary antibody (1:1000 overnight 
at 4°C) (Cell Signalling). 17-AAG treatment induced p38 phosphorylation on Tyr and Thre 
residues relative to the DMSO vehicle control (1/4000). The addition of KNK437 treatment 
did not decrease 17-AAG ability to induce p38 phosphorylation. Total p38 levels were not 
affected by 17-AAG or KNK437 treatment. Western blots were performed three times with 
independent lysates samples from different RAW264.7 cell lysates. 
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The Effect of KNK437 upon NVP-AUY922 Mediated p38 
Phosphorylation 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 4.14 
RAW264.7 cells were seeded at 106 cells in 35mm diameter culture wells and were left to 
settle overnight. The cells were treated with plus or minus KNK437 (10µM) for 12 hours in 
full serum media followed by a further 12 hours of treatment whilst being serum starved. 
After 24 hours of KNK437 (10µM) treatment, the cells were then treated with NVP-AUY922 
(100nM) for 5, 10, 20, 30 and 60 minutes. Cells were lysed according to the phosphorylation 
lysates protocol. The lysates were resolved on SDS- gels and immunoblotted for phospho p38 
using the phosphor-Tyr and -Thre p38 Ab primary antibody (1:1000 overnight at 4°C) (Cell 
Signalling). NVP-AUY922 treatment induces p38 phosphorylation relative to the DSMO 
vehicle control as shown previously. The addition of KNK437, to NVP-AUY922 treatment 
did not decrease NVP-AUY922 mediated induction of p38 phosphorylation. Total p38 
protein expression was not affected by NVP-AUY922 or KNK437 treatment. Immunoblots 
were performed 3 times with independent RAW264.7 lysate samples. 
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The Effect of KNK437 upon RANKL Mediated p38 
Phosphorylation 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 4.15 
RAW264.7 cells, seeded at 106 cells in 35mm diameter culture wells, were left to settle 
overnight. The cells were treated with plus or minus KNK437 (10µM) for 12 hours in full 
serum media followed by a further 12 hours of treatment whilst being serum starved. After 24 
hours of KNK437 (10µM) treatment, the cells were then treated with RANKL (100ng/ml) for 
5, 10, 20, 30 and 60 minutes. Cells were lysed according to the phosphorylation lysates 
protocol and the lysates were immunoblotted for phospho p38 (Tyr and Thre phospho Rabbit 
Ab primary antibody (Cell Signalling) (1:1000 overnight at 4°C). Addition of KNK437 to 
RANKL treatment did not decrease the RANKL mediated activation of p38. Immunoblots 
were performed four times with independent samples from RAW264.7 cell isolates. 
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4.2.9 P38 Inhibition Decreases MITF Protein Levels 

Mansky et al. have previously observed RANKL-mediated MITF protein expression is 

dependent upon p38 phosphorylation (Mansky et al., 2002a). This raises the possibility that 

p38 activation similarly plays a role upon HSP90 inhibitor induced MITF and HSP72 protein 

expression. To investigate this possibility, the well-characterised and highly specific p38 

inhibitor SB203580 was used (Barančıḱ et al., 2001; Birkenkamp et al., 2000). RAW264.7 

cells were either untreated or treated with SB203580 (10µM) for 1 hr, followed by 17-AAG 

(500nM) and NVP-AUY922 (5nM) treatment. Both untreated controls and a DMSO vehicle 

control were included as well as cultures treated with SB203580 alone. Cells were treated for 

48 hours after which the cells were lysed. As previously found 17-AAG (500nM) increased 

MITF protein expression at 48 hours (Figure 4.16 A.). SB203580 treatment greatly reduced 

the 17-AAG mediated increase in MITF protein expression levels (Figure 4.16 A). However, 

inhibition of p38 by SB203580 treatment alone also decreased MITF protein expression 

below control levels, which suggested that p38 activity may be required for ‘basal’ (or 

unstimulated cell) MITF protein levels in these the cells (Figure 4.16). Treating RAW264.7 

cells with NVP-AUY922 (5nM) increased MITF protein expression, as previously shown 

Inhibition of p38 decreased this elevated MITF protein expression at 48 hours (Figure 4.16 

B.). Likewise SB203580 treatment decreased MITF basal levels. 
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Inhibiting p38 Abolishes the 17-AAG- and NVP-AUY922-
Mediated Increase in MITF Protein Levels 
 

 

 

 

 

 

 

 

  

 

 

                           

 
 

 
 
 
 
 
 
 
Figure 4.16 
(A.) 17-AAG (B.) NVP-AUY922 (A-B.) RAW264.7 were seeded at 2 x 106 cells in 35 mm 
diameter culture well and were left to adhere overnight. The cells were treated plus or minus 
SB203580 (10 µM) for 1 hr before being treated with (A.) 17-AAG (500nM) or (B.) NVP-
AUY922 (5nM) (in the presence or absence of SB203580) for 48 hours. The cells were lysed 
and resolved on SDS-page gels before being immunoblotted for MITF (1:5000, 4ᵒC 
overnight). (A-B.) 17-AAG and NVP-AUY922 induces MITF protein expression; however, 
addition of SB233580 decreases the HSP90 inhibitors mediated increase in MITF protein 
levels. SB203580 treatment alone also decreases MITF protein levels. Western blots were  
performed at least 2, to 4 times with independent lysates samples.  
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4.3 Discussion 

In Chapter 3 HSP90 ATPase domain N-terminal inhibitors, 17-AAG and NVP-AUY922 

effects to increase osteoclast formation in vitro, was described. The HSP90 inhibitor effects 

on osteoclast formation in vitro are strong and robust and are observed in many different 

types of osteoclast formation assays (Chai et al., 2014; Price et al., 2005). However, the 

mechanism underlying their action is unclear from the known actions of HSP90. 

 

In the work described here the mechanisms of this induction were explored As previously 

discussed in Chapter 1.9.2.1, HSP90 assists in the folding and function of its client proteins 

many of which are bona fide oncogenes, and allows the cancer cell to evade apoptosis and 

continue growing (Neckers and Workman, 2012). In addition to many of HSP90 client 

proteins being oncogenes, many transcription factors and signalling proteins, which are 

important in osteoclast differentiation are also HSP90 client proteins whose levels are 

reduced by HSP90 inhibition (Ruffenach et al., 2015; Walsby et al., 2012). Thus the 

inhibition of HSP90 and consequent downstream increase in osteoclastogenesis raised many 

questions. HSP90 client proteins that are important in osteoclastogenesis and whose 

expression is reduced by HSP90 inhibition include NFB, NFATc1 and MAP kinases 

(Walsby et al., 2012; Ruffenach et al., 2015; Millson et al., 2005). This was evident, for 

example, in Chapter 3 (Figure 3.15 and 3.17), which showed 17-AAG treatment decreased 

NFAT transcriptional activity and protein levels. Whilst there are HSP90 client proteins 

which positively affect osteoclastogenesis there may also be HSP90 client proteins that are 

endogenous or autocrine inhibitors of osteoclast differentiation such as IRF8 and MAFB 

(Kim and Kim, 2014). Their release from HSP90 binding and their subsequent mis-folding 

and/or degradation may result in increased osteoclast formation. Initial studies by members of 

the laboratory did not find 17-AAG treatment to affect regulation of endogenous inhibitors. 

Thus, studied in this chapter is an alternative hypothesis that the HSP90 inhibitors, 17-AAG 

and NVP-AUY922, increase osteoclast formation through their induction of an HSF1-

mediated cell stress. This action of N-terminal HSP90 inhibitors, including 17-AAG and 

NVP-AUY922, to cause a HSR when HSF1 is released from HSP90 is well documented in 

other cell types and also in patient tissue samples (Gaspar et al., 2010; Eccles et al., 2008; 

Powers and Workman, 2007; Guo et al., 2005b; Doubrovin et al., 2012; Bagatell et al., 2000; 

Banerji et al., 2005b). For example, 17-AAG treatment results in elevated HSP70 protein 

levels, which is a marker of cell stress in both cancer and surrogate tissues (Cervantes-Gomez 
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et al., 2009). Consistent with the hypothesis that the HSF1 mediated stress is responsible for 

the increase in osteoclast formation, is data showing C-terminal binding HSP90 inhibitors 

that, reduce HSP90 chaperone actions without affecting HSF1 activation do not affect 

osteoclast differentiation (Chai et al., 2014). It is noteworthy that the cell stress induction by 

N-terminal binding HSP90 inhibitors is recognised as a problem in cancer therapeutics. This 

is due to these inhibitors helping cancer cells escape from the consequences of lack of 

HSP90, thus opposing the very approach that is being employed to kill them (Whitesell and 

Lindquist, 2005). HSF1 inhibition has now been recognised as a promising future avenue in 

anti-cancer research, and one of the compounds developed for this, KNK437 was employed 

in the work in this chapter (Whitesell and Lindquist, 2009). The HSR is not the only stress 

response in the cells as discussed in Chapter 1.8. Another important stress pathway in cells is 

the p38 signalling cascade of which the p38 member is essential for osteoclastogenesis(Li et 

al., 2002). Thus, the p38 MAP kinase was also studied and found to have a possible 

involvement in 17-AAG and NVP-AUY922 actions upon osteoclast formation.  

 

In this chapter 17-AAG and NVP-AUY effects upon HSF1 mediated cell stress, was studied 

with regard to its influence on osteoclast formation. One approach used to determine whether 

HSP90 inhibitors 17-AAG and NVP-AUY922 cause a stress response in other cells was to 

use HEK-HSE cells. These cells overexpress wild type HSF1 and contain a pHSE-mCherry 

vector in which mCherry expression is under the control of an inducible HSP72 (HSP70B) 

promoter containing HSE sites to which HSF1 binds. At 24 hours, 17-AAG significantly 

increased mCherry levels. Similar HSE-reporter responses to 17-AAG have been seen in in 

transfectable osteoblastic cells (Price laboratory, data not shown). Such observations are 

consistent with other reports of HSF1 activity being increased in cancer and other cell types 

in response to 17-AAG and NVP-AUY922. The effect of 17-AAG upon HSF1 activation was 

studied indirectly through immunoblotting for the HSF1 dependent HSPs, in this case the 

stress inducible HSP72 isoform in RAW264.7 cells as well as in BMM. These results confirm 

Ryan Chai’s first reports of 17-AAG effects upon HSP70 and HSF1 protein levels in 

RAW264.7 cells and BMM (Chai et al., 2014). The more recently developed NVP-AUY922 

has previously been shown to increase the expression of the HSP70 upon HSF1 activation 

and transcriptional activity (Gupta et al., 2010; Volloch et al., 2000). Consistent with this, 

NVP-AUY922 increased HSF1 transcriptional activity, and, in addition, was shown to 

increase the protein expression of the HSP72 isoform in RAW264.7 cells specifically. As 

mentioned earlier, HSP72 belongs to the HSP70 family of HSPs, which includes many other 
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isoforms including HSP8A (HSC70). The HSP8A isoform was identified by RNA-seq 

analysis to be increased by 17-AAG treatment (Chapter 6.2). This HSP8A isoform has a 

known role in chaperone-mediated autophagy, and its levels increase when autophagy 

increases (Benbrook and Long, 2012). It is interesting to note that autophagy processes are 

known to be affected by cell stress and by HSP90 inhibitors  (Riedel et al., 2010; Hocking et 

al., 2012). Geldanamycin, 17-AAG and NVP-AUY922 have all been shown to induce or 

enhance autophagic processes including the upregulation of autophagy marker, Autophagy 

related gene 5 (ATG5)(Qing et al., 2006; Mori et al., 2015b; Rusmini et al., 2011; Hsueh et 

al., 2013).  

 

The HSF1 inhibitor KNK437, which reduces HSP70 induction and HSF1 binding to HSE in 

gene promoter targets was shown to block the osteoclast enhancing effects of 17-AAG and 

NVP-AUY922 (Yokota et al., 2000). This data is consistent with the effects of these HSP90 

inhibitors being dependent upon HSF1 and thus perhaps upon the HSR. It was notable 

however, that RANKL action upon osteoclastogenesis was not affected by HSF1 inhibition. 

This indicates that osteoclast formation is not HSF1 dependent, but HSF1 activity is 

nevertheless able to regulate osteoclastogenesis when it is elevated and in the case of 17-

AAG and NVP-AUY922. This data shows that both 17-AAG and NVP-AUY922 ability to 

increase osteoclast formation is at least partially HSF1 dependent. However, since KNK437 

may have off target effects, HSF1 dependency in the 17-AAG-mediated increase in 

osteoclastogenesis was examined using another approach, i.e., knockdown of HSF1 in 

RAW264.7 cells. RAW264.7 cells transduced with lentiviral vectors containing non-silencing 

(NS mir) or HSF1 targeting shRNAmir (Mir5) constructs were treated with RANKL 

(100ng/ml) in the presence or absence of 17-AAG (200nm). Silencing HSF1 decreases the 

17-AAG mediated increase in osteoclastogenesis. This data was consistent with Ryan Chai’s 

data, which showed the same effect when treating with the submaximal RANKL (20ng/ml) 

dose in independent experiments (Chai et al., 2014). Thus, knocking down HSF1 

significantly decreased osteoclastogenic responses to 17-AAG treatment, but this knockdown 

(like KNK437) did not affect their ability to form osteoclasts in response to RANKL This 

data provided corroborating evidence of a role for HSF1 in osteoclast formation in response 

to 17-AAG treatment. This approach can be used to further study the role of HSF1 in NVP-

AUY922 pro-osteoclastogenic effects.  
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A third approach was also used to further confirm this HSF1 role in the 17-AAG mediated 

increase in osteoclastogenesis. This was done by using cells from HSF1 null mice. 17-AAG 

treatment did not increase osteoclastogenesis in bone marrow cell populations from HSF1 

null mice but did so as expected in wild type littermate control mice. Bone marrow cell 

populations from HSF1 heterozygote mice only responded minimally to 17-AAG treatment 

i.e., at the lowest concentration. This data was first shown by Dr Ryan Chai and has since 

been published (Chai et al., 2014). These mice breed poorly due to lack of embryo 

implantation in female knockouts and general poor fertility in male knockouts. The mice are 

only fertile at all on a mixed genetic background (Balb/c x 129 strains were employed here) 

but not on pure C57Black6 or Balb/c backgrounds. This strongly suggests that there may be 

alternative factors or pathways that are able to partly compensate for the lack of HSF1 (Jin et 

al., 2011). The animals themselves are generally runted, which may result from bone defects; 

however, not enough of these mice were generated to make a proper systematic study 

feasible. It is also not necessarily true that any skeletal abnormalities were osteoclast 

dependent since numerous pathologies can affect bone. It was also clear that lack of HSF1 

did not prevent osteoclast formation from proceeding at reasonably normal levels in response 

to RANKL and M-CSF stimulation in the performed experiments although there was some 

variation noted. Thus, HSF1 is required for the 17-AAG mediated enhancement of osteoclast 

formation but not for osteoclast formation itself (Chai et al., 2014). However, this work was 

not able to determine whether HSF1 alone mediates 17-AAG effects on osteoclast, or 

whether 17-AAG treatment also induces some other factors critical in osteoclast formation, 

i.e., whether HSF1 is sufficient for enhancing osteoclast formation. Some support for this 

hypothesis can be found in the next chapter in which stressors that do not act through HSP90 

inhibition were studied. 

 

Another possible means for cell stress to affect osteoclasts is through a p38-dependent 

pathway. The p38 MAP kinase pathway is activated by a range of stressors and is a critical 

part of the actions of RANKL during osteoclastogenesis (Wagner and Nebreda, 2009; 

Matsumoto et al., 2000). Immunoblot studies showed 17-AAG and NVP-AUY922 treatment 

both increase p38 phosphorylation and they both had similar kinetics in their activation of 

p38. This data shows the complexity of the systems and that stress pathways are not mutually 

exclusive. P38 is a necessary component of the osteoclast differentiation pathway (Li et al., 

2002). Thus, to investigate the effect of p38 upon osteoclast differentiation under HSP90 

inhibition by inhibiting p38 is not possible as this would abolish osteoclast formation. 
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However, the possibility of a link between HSF1 and p38 was investigated by studying their 

possible interactions in osteoclast progenitor cells. Interestingly HSF1, which is a highly 

phosphorylated protein activity has been suggested to be regulated by the MAP kinase, ERK1 

(Kim et al., 1997). The other MAP kinases, p38 and JNK, have also been shown to bind to 

the same HSF1 region and cause HSF1 phosphorylation in a ras-dependent manner in 

NIH3T3 cells (Kim et al., 1997). Furthermore, JNK2 has been shown to cause HSF1 

hyperphosphorylation, and downstream HSP70 protein expression under heat shock 

conditions (Park and Liu, 2001). This indicates that HSF1 is modulated by MAP kinases but 

not whether HSF1 activity influences phosphorylation of p38. To study this question, HSF1 

was inhibited with KNK437 in the RAW264.7 cells, but no decreased 17-AAG elicited p38 

phosphorylation was seen in RAW264.7 cells. Likewise, NVP-AUY922 ability to 

phosphorylate p38 was not reduced by HSF1 blockade in RAW264.7 cells. These data 

indicate that HSF1 elevation is a separate phenomenon to the p38 activation.  

 

In Chapter 3 it was shown that 17-AAG had no effect or a negative effect upon most 

RANKL-dependent pathway factors such as NFATc1, while in contrast 17-AAG strikingly 

increased MITF protein expression in both a dose-dependent and time-dependent manner. 

Consistent with this, 17-AAG increased the transcriptional activity of MITF target gene v-

Atp6v0d2 in RAW264.7 cells (Figure 3.21-3.23). In this chapter both 17-AAG and NVP-

AUY922 mediated induction of MITF and has been shown to be reduced upon p38 

inhibition. Although this interpretation is complicated by the reduction of basal MITF levels 

with p38 inhibition. This suggests that p38 activation is required for a certain basal level of 

MITF protein expression and secondly p38 is partly required for the enhanced MITF protein 

expression in 17-AAG and NVP-AUY922 treated cells. This indicates that p38 might have a 

role in the 17-AAG-mediated increases in MITF protein expression but this is difficult to 

explore directly. This finding was also confirmed using the second HSP90 inhibitor NVP-

AUY922. Together this data suggests that HSP90 inhibitors that induce a HSF1 stress 

response increase MITF protein expression partly through p38 phosphorylation/activation. 

Further work on this aspect of MITF biology found that 17-AAG treatment increased MITF 

protein levels in RAW264.7 cells, and this was significantly reduced when HSF1 was 

inhibited with KNK437 treatment (Chai et al., 2014). In addition, HSF1 knockdown by 

shRNAmir also abolished the effect of 17-AAG upon MITF protein expression (Chai et al., 

2014). BMM from HSF1-/- have decreased levels of MITF both without and upon 17-AAG 

treatment (Chai et al., 2014). This data shows that MITF is regulated by 17-AAG induced 
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HSF1 activation (Chai et al., 2014). As previously described in bone marrow cultures isolated 

from HSF1-/- mice, 17-AAG treatment failed to increase osteoclast differentiation (Chai et al., 

2014). This data thus further consolidates the conclusions of this Chapter and Chapter 3 and 

indicate that 17-AAG treatment increases RANKL stimulated osteoclastogenesis by 

increased MITF protein expression, which is dependent upon the actions of HSF1. It should 

be noted however, that it is not possible to test this directly by blocking MITF since this 

would abolish all, or nearly all osteoclast formation as seen in dominant negative mi/mi mice. 

It should also be noted that overexpression of MITF (specifically the MITF-E isoform) in 

RAW264.7 cells increases osteoclast formation, although this can also be seen with forced 

overexpression of other RANKL signals such as NFATc1 (Lu et al., 2010a; Takayanagi et 

al., 2002; Asai et al., 2014). Further work is thus needed to clarify the role of MITF and other 

members of the MITF/TFE gene family of proteins, and perhaps also the MITF binding 

partner PU.1, although to date our laboratory has not found any regulation of PU.1 by 17-

AAG. 

 

From the first two experimental Chapters of thesis, it has been shown that N-terminal HSP90 

inhibitors 17-AAG and NVP-AUY922 cause a HSF1 mediated cell stress response (Figure 

4.17). 17-AAG does not affect early-induced osteoclastogenic transcription factors NFκB or 

NFATc1 at activity or protein levels. However, 17-AAG and NVP-AUY922 do increase the 

late acting MITF transcription factor (Figure 4.17). This data, as well as the report that MITF 

contains HSE sites, suggests that the 17-AAG mediated HSF1 cell stress acts upon MITF to 

increase osteoclast formation (Figure 4.17) (Laramie et al., 2008). This data discussed above 

implicate the cell stress response and other related pathways in HSP90 inhibitor actions to the 

extent that inhibition of HSF1 activation reduces these actions. This raises several further 

questions. For example, do HSF1 dependent stress responses drive increased osteoclast 

formation in the absence of HSP90 blockade? If so, is it HSF1 levels alone that can increase 

osteoclastogenesis or are accessory factors important? What other stress responses can drive 

osteoclast formation? This is examined in the next chapter. 
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Molecular Mechanism of the HSP90 Mediated 
Increase in Osteoclastogenesis 

 

 

 
Figure 4.17  
RANKL binding of RANK induces the activation of essential transcription factors NFκB, 
AP1 (c-FOS/jun dimer) and NFATc1. Expression of the late acting transcription factor MITF 
is increased. These factors induce the activation of osteoclast specific genes causing the 
progenitor cell to differentiate into a mature osteoclast. 17-AAG and NVP-AUY22 bind to 
HSP90 causing HSF1 dissociation, its activation and the induction of a HSR. HSF1 activation 
in turn increases MITF levels either by directly stimulating the MITF promoter or indirectly 
by altering the expression of HSP and/or non-HSP target genes. Increased MITF expression 
would lead to enhanced differentiation of osteoclast progenitors to RANKL, thus increasing 
osteoclastogenesis. 17-AAG and NVP-AUY922 also activate the stress MAP kinase p38, 
which is known to phosphorylate MITF. HSP90 inhibitors may also increase MITF 
expression in this manner. HSF1*=activated HSF1. Figure adapted from (Chai et al., 2014). 
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Chapter 5 The Effect of Chemotherapeutic Agents and Ethanol upon HSF1 
Mediated Cell Stress, Osteoclast Transcription Factors and Osteoclast 
Formation 
  

5.1 Introduction 

Cytotoxic chemotherapeutics are widely used as cancer treatments since they particularly 

target proliferating cancer cells causing them to undergo apoptosis (Wondrak, 2015; Cepeda 

et al., 2007; Adams, 2004). However, their cytotoxicity means that these compounds 

commonly cause significant levels of cellular stress. The HSP90 inhibitors studied in the 

previous chapter have been reported to strongly induce HSF1-mediated cell stress responses 

by causing a dissociation of HSF1 from HSP90 multichaperone complexes in a number of 

cells lines (Gupta and Massagué, 2006; Gaspar et al., 2010; Jensen et al., 2008; Guo et al., 

2005a; Doubrovin et al., 2012) (Chapter 1.9.4.2). In Chapters 3 and 4, 17-AAG and NVP-

AUY922 were confirmed to induce such cell stress responses in RAW264.7 cells and bone 

marrow macrophages, and to increase RANKL-dependent osteoclast formation relative to the 

DMSO vehicle control. It was also confirmed through HSF1 pharmacological inhibition, 

HSF1 silencing, and HSF1-/- mice that the latter pro-osteoclastic actions of 17-AAG are 

dependent upon HSF1 actions. NVP-AUY922 pro-osteoclastic actions were also inhibited by 

pharmacological inhibition of HSF1. Interestingly, 17-AAG and NVP-AUY922 dependency 

upon HSF1 for their osteolytic effects may involve increased level of cellular MITF, a 

transcription factor critical for osteoclast gene expression (Chai et al., 2014). These cell 

stress-dependent actions of HSP90 inhibitor compounds may explain the earlier observations 

of 17-AAG-elicited bone loss and tumour growth in vivo (Price et al., 2005). This raises the 

hypothesis that similar effects on osteoclasts (and on bone loss in vivo) might also occur with 

cell exposure to cell stressors acting through other mechanisms, such as cytotoxic 

compounds. Clinical use of chemotherapeutics such as doxorubicin and cisplatin are often 

associated with bone loss, although the damage they inflict on bone marrow cell populations,  

and on bone formation means that it is unclear whether any pro-osteolytic actions may be 

involved (Hu et al., 2010; Lipton et al., 2009a; Guise, 2006). Nevertheless, these and other 

cytotoxic compounds are likely to drive cell stress responses in osteoclast progenitors. This 

raised the hypothesis that assuming the concentrations needed to affect osteoclast progenitors 

are not lethal to the cells themselves, they may increase osteoclast formation as the HSP90 

inhibitors do. This chapter describes studies of a number of potential stressors, including 

doxorubicin, bortezomib, cisplatin and MG132 (Chapter 1.9) with regards to their ability to 
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increase osteoclast differentiation in vitro and if so, whether any observed effects are due to a 

HSF1 mediated responses. Ethanol, as a cell stressor, although not cytotoxic but having 

known detrimental effects on bone was similarly investigated for its actions on osteoclasts 

(Iitsuka et al., 2012). In addition to investigating the HSF1 dependent effects of these agents, 

the influence of other stressors on critical osteoclast transcription factors, NFATc1 and MITF 

were also examined since HSP90 inhibitors induced MITF levels whilst failing to induce 

NFATc1. 

 

As previously described, HSF1 acts to increase the transcription of HSPs through its 

interaction with HSE regulatory upstream promoter elements found in HSF1 target genes i.e., 

HSPs. Based on this, two approaches were used to assess the effect that cancer therapeutics 

have upon HSF1 activity. HSF1 activity was measured using the HEK-HSE cell line, which 

was generated by Dr. Chau Nguyen (Nguyen et al., 2013). As previously described, these 

cells contain a mCherry reporter which is driven by the strictly stress inducible HSP70B. In 

addition, the effect of chemotherapeutic treatments upon HSF1 and the HSR were assessed 

by the induction of stress sensitive HSP72 protein levels. 

 

5.2 Results 

 

5.2.1 The Effect of Doxorubicin upon HSF1-mediated Cell Stress 

Doxorubicin is one of the most commonly used cancer therapeutics (American Cancer 

Society, 2007). Doxorubcin treatment is used for haematological cancers, such as multiple 

myeloma and acute leukaemias as well as solid cancers, for example, lung, endometrium and 

breast cancers (Banerji et al., 2005a; American Cancer Society, 2007). Doxorubicin is a non-

specific DNA-intercalating group of anti-cancer agents, (Chapter 1.9.9), which cause cell 

death principally by causing genotoxic stress (Kelland, 2007). The cancers that doxorubicin is 

used to treat often affect the bone marrow because of where they originate i.e. leukaemia and 

sarcoma or in their metastatic state i.e. breast cancer (Mkele, 2010; Kemp et al., 2011). Many 

studies have also shown that doxorubicin has a negative effect on the bone marrow (Bhinge 

et al., 2012; Rana et al., 2013). Interestingly, anthracycline intercalating agents including 

doxorubicin agents have been described to cause a HSF1 cell stress response suggesting a 

parallel with HSP90 inhibitors (Zanini et al., 2007). Therefore, the effect of doxorubicin to 

cause a HSR and also specifically in RAW264.7 cells was examined. This was tested first in 
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HSE-HEK cells seeded at 2.5x104 cells in 6 mm diameter wells in phenol-free DMEM media. 

The cells were allowed to settle for ≥ 3 hours and then were treated with doxorubicin (10, 20, 

50 and 100nM) or DMSO vehicle control for 24 hours. Cells were incubated with nuclear dye 

Hoechst (10ug/ml) for 15 minutes at 37°C and levels of Hoescht dye and mCherry levels 

were then determined (Chapter 2.10). Twenty-four hour treatment with doxorubicin 

significantly increased HSP70B-dependent mCherry signals, showing HSF1 activation 

(Figure 5.1). Concentrations of doxorubicin greater than 200nM caused cell death. To 

confirm HSF1 dependency of the observed doxorubicin-mediated mCherry expression, the 

HSE-HEK based assays were repeated with doxorubicin (50nM) in the presence of HSF1 

inhibitor KNK437 (10µM) for 24 hours. Pooled results from two independent experiments 

showed that inhibiting HSF1 with KNK437 decreases the doxorubicin-mediated increase in 

mCherry expression (Appendix Figure B7). KNK437 treatment alone reduced HSF1 activity 

levels below that of the DMSO vehicle control (Appendix Figure B7). This may be a result of 

the cells experiencing a baseline stress level due to EGFP expression needing to be stabilised. 

Adding KNK437 may decrease this HSF1 mediated stress.  

 

The actions of doxorubicin on HSF1 mediated cell stress response in the RAW264.7 cell line 

were therefore investigated, since RAW264.7 cells are an important model of osteoclast 

biochemical pathways during osteoclast formation and are employed as such in this thesis. 

Thus, RAW264.7 cells were treated with doxorubicin (20 and 50 nM) for 24 and 48 hours 

and HSP72 protein expression analysed. At 24 and 48 hours, doxorubicin treatment increased 

HSP72 protein expression (Figure 5.2). Some variation was observed in the concentration of 

doxorubicin giving maximal HSP72 response between RAW264.7 cell isolate, however, 

doxorubicin caused a clear cell HSP72 induction in RAW264.7 cells.  

 

5.2.2 The Effect of Doxorubicin upon Osteoclastic Transcription Factors NFATc1 and 

MITF 

Since doxorubicin caused a HSF1 mediated cell stress response in HSE-HEK cells and in 

RAW264.7 cells like HSP90 inhibitors, the effects of this compound on osteoclast formation 

and osteoclastic transcription factors was investigated. As shown in Chapter 3, HSP90 

inhibitors increase both osteoclast formation and MITF protein levels but not NFATc1 levels 

or activity. Expression of NFATc1 and MITF after doxorubicin treatment was thus assessed 

in RAW264.7 cells. In contrast to 17-AAG, doxorubicin treatment increased NFATc1 

treatment increases osteoclastogenesis in vitro and MITF expression, in an HSF1- dependent 
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Doxorubicin Treatment Increases Hsf1 Transcriptional 
Activity in HEK-HSE Cells 
 

 

 

 

 

 

 

 

 

   

 

 
 
 
 
Figure: 5.1  
(A-B.) HEK-HSE cells were seeded at 2.5 x 104 cells in 6mm diameter well in DMEM 
phenol-free medium. After settling for a few hours, the cells were treated with doxorubicin 
(10, 20, 50 and 100nM) or DMSO (“Veh”). At 24 hours, Hoechst dye (10μg/ml) was added 
to the wells and the cells incubated at 37°C for 15 minutes. The levels of mCherry were 
collected using the Arrayscan VTI High Content Screening instrument. The percentage 
threshold of mCherry signal was compared against DMSO vehicle control. (A.) At 24 hours, 
doxorubicin increased HSF1 activity relative to the DMSO vehicle control. (B.) Depiction of 
mCherry levels in the DMSO vehicle control and doxorubicin treated cells from the 
Arrayscan VTI High Content Screening instrument. Scale bar - 100μm. All data is 
represented as mean ± SEM of three independent experiments. Statistical analysis used 
ANOVA, Dunnett’s post hoc test * p ≤ 0.05, *** p ≤ 0.001. 
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Doxorubicin Increases HSP72, NFATc1 and MITF 
Protein Levels in RAW264.7 Cells 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

Figure 5.2 
RAW264.7 cells were seeded at 2 x105 cells in 35mm diameter culture wells and were treated 
the following day with doxorubicin (20 and50nM) for (A.) 24 and (B.) 48 hours. The cells 
were lysed and HSP72, NFATc1 and MITF protein levels determined by immunoblot 
analysis. Doxorubicin treatment increased the protein levels of HSP72 and osteoclast 
transcription factors NFATc1 at 24 and 48 hours. MITF protein levels were also increased by 
doxorubicin at both 24 and 48 hours. Western blots were performed at least 2, to 5 times with 
independent lysates. 
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manner (Figure 5.2) (Chai et al., 2014). Doxorubicin treatment also increased MITF protein 

levels after 24 hours of treatment (Figure 5.2). Likewise at 48 hours, doxorubicin treatment 

markedly increased MITF protein expression relative to the DMSO vehicle control (Figure 

5.2).  

 

5.2.3 The Effect of Doxorubicin upon Osteoclast Formation  

RAW264.7 cells, seeded at 104 cells in 6mm diameter culture wells in the presence of 

RANKL (20ng/ml), were treated with doxorubicin (10, 20, 50, 100 and 200nM). After 6 days 

of culture doxorubicin treatment significantly increased RANKL-dependent RAW264.7 cell 

osteoclast formation in a dose-dependent manner (Figure 5.3). To further confirm this effect 

of doxorubicin on osteoclast formation, M-CSF and RANKL-stimulated primary bone 

marrow cells were similarly employed. Cells were seeded at 105 cells in 6mm diameter wells 

with RANKL (20ng/ml) and M-CSF (30ng/ml) and were treated with doxorubicin (5, 10 and 

20nM). Doxorubicin treatment significantly increased osteoclast formation in a dose 

dependent manner in comparison to the DMSO vehicle control (Figure 5.4). Concentrations 

of doxorubicin greater than 50 nM were determined to be toxic to these cells. 

 

5.2.4 Inhibiting HSF1 Abolishes the Doxorubicin-mediated Increase in Osteoclast 

Differentiation 

To determine whether the above pro-osteoclastic effects of doxorubicin were HSF1-

dependent, HSF1 was inhibited using KNK437. Bone marrow cells were seeded at 105 cells 

in 6mm diameter wells in the presence of RANKL (20ng/ml) and M-CSF (30ng/ml). The 

cells were treated with doxorubicin (5nM) in the presence or absence of KNK437 (10µM). 

As previously observed, doxorubicin (5nM) treatment significantly increased osteoclast 

formation (Figure 5.5). However, addition of KNK437 abolished the pro-osteoclastic actions 

of doxorubicin (Figure 5.5). Initial experiments have also been performed in RAW264.7 cells 

and a similar pattern has been observed (Appendix Figure B11). These data show that the 

doxorubicin-mediated enhancement of osteoclast formation is at least partly dependent upon 

HSF1-mediated cell stress. 
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Doxorubicin Increases RANKL Mediated RAW264.7 Cell 
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Figure 5.3  
(A-B.) RAW264.7 cells were seeded at 104 cells in 6mm diameter wells in the presence of 
RANKL (20ng/ml). RAW264.7 cells were treated with doxorubicin (5, 10 and 20nM) or 
DMSO (“Veh”) for 6 days. As a negative control, the cells were not treated with RANKL as 
denoted by “-ve”. As per every osteoclast assay, all treatments were performed in 
quadruplicate. On day 6 the cells were fixed and stained for TRAP. Multinucleated TRAP 
positive cells were counted as osteoclasts. Doxorubicin treatment increased osteoclast 
formation relative to the DMSO vehicle control (“Veh”). (B.) Image of RAW264.7 cells 
treated with Veh or doxorubicin (20nM). All data is expressed as mean ± SEM of three 
independent experiments. Scale bar - 50μm.Statistical analysis was performed by ANOVA, 
Dunnett’s post hoc test ** p ≤ 0.01, *** p ≤ 0.001.  
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Doxorubicin Increases Osteoclast Formation from Bone 
Marrow Cells  
 

 

 

 

 

 

  

 
 
 
 
 
 
 
 
 
Figure 5.4 
Bone marrow cells were seeded at 105 cells in 6mm wells and were treated with RANKL 
(20ng/ml) and M-CSF (30ng/ml) to stimulate low levels of osteoclast formation. The cells  
were also treated with doxorubicin (5, 10 and 20nM), and DMSO (“Veh”) for 6 days and 
were histochemically stained for TRAP. The negative control, “-ve”, shows results from 
cultures treated with M-CSF only. Multinucleated and TRAP positive cells were counted as 
osteoclasts. Doxorubicin treatment significantly increased osteoclast formation relative to the 
DMSO vehicle control. All data is expressed as mean ± SEM of six independent experiments. 
Statistical analysis was performed by ANOVA, Dunnett’s post hoc test *** p ≤ 0.001.  
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KNK437 Treatment Abolishes the Effects of Doxorubicin 
on Osteoclast Formation  
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Figure 5.5 

Bone marrow cells were seeded at 10
5
 cells in 6mm diameter wells in the presence of 

RANKL (20ng/ml) and M-CSF (30ng/ml), respectively. The cultures were treated with 
doxorubicin (5nM) in the presence or absence of KNK437 (10μM) treatment for 6 days. The 
cultures were also treated with DMSO (“Veh”) or KNK437 (10μM) alone. As an additional 
negative control, cells were left untreated “-ve”. On day 6 TRAP positive and multinucleated 
counted as osteoclasts. Doxorubicin (5nM) treatment significantly increased osteoclast 
formation relative to DMSO vehicle control; however, the addition of KNK437 reduces 
osteoclast numbers similar to numbers present in the DMSO vehicle control. Data is 
expressed as mean ± SEM of four independent experiments. Statistical analysis was 
performed using ANOVA, Dunnett’s post hoc test *** p ≤ 0.001.  

*** 
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5.2.5 The Effect of MG132 upon HSF1-mediated Cell Stress 

MG132 is a triterpene, peptide-aldehyde proteasome inhibitor derived from a Chinese 

medicinal plant, which blocks the proteolytic activity of the 26S proteasome complex (Guo 

and Peng, 2013; Kim et al., 1999). The deregulation of the ubiquitin-proteasomal system by 

MG132 can result in different cell cycle phase arrests and inhibition of ubiquitin-tagged 

protein degradation (Han et al., 2010; Yong Hwan Han and Woo Hyun Park, 2010; Oslowski 

and Urano, 2011). This causes the activation of the UPR (Chapter 1.8.4) (Oslowski and 

Urano, 2011; Nakajima et al., 2011). In addition other types of cell stress have also been 

reported to be activated, including oxidative stress and the HSR (Kim et al., 1999; Selimovic 

et al., 2013). MG132 is not used clinically but there have been numerous studies of MG132 

effects on cancer cell apoptosis (Yuan et al., 2008; Guo and Peng, 2013; Wente et al., 2005). 

 

The effect of MG132 upon HSE-dependent activity was first examined. HSE-HEK cells were 

seeded at 2.5x104 cells in 6mm diameter culture wells and were left to settle for a few hours. 

The cells were treated with MG132 (20, 50, 100, 200, 500, and 1000nM) or DMSO vehicle 

control for 24 hours and then examined. Treatment with MG132 significantly increased 

HSF1 activity, as seen by increased mCherry expression in the HSE-HEK-cells relative to the 

DMSO vehicle control (Figure 5.6 A-B). MG132 (500nM) was the highest concentration 

before cell toxicity was evident (Appendix B4). To confirm the increased mCherry 

expression was HSF1 dependent, the cells were treated with MG132 (500nM) in the presence 

or absence of KNK437 (10μM) for 24 hours. As previously shown, MG132 (500nM) 

increases mCherry expression activity; however, the addition of KNK437 (10μM) decreased 

mCherry levels showing the response is dependent upon HSF1 activity (Figure 5.7).  MG132 

was then studied for its effect to cause a HSR in the RAW264.7 cell line. RAW264.7 cells 

were treated with MG132 (100 and 200nM) for 24 and 48 hours and HSP72 protein 

expression analysed by immunoblotting. At both 24 and 48 hours, MG132 treatment 

increased HSP72 protein expression (Figure 5.8 A-B). 

 

5.2.6 The Influence of MG132 upon Osteoclastic Transcription Factors 

The effects of MG132 on the osteoclast transcription factor NFATc1 and MITF were also 

studied in RAW264.7 cells. MG132 treatment increased NFATc1 protein levels at 24 hours 

although variability at which concentration increased NFATc1 most potently was different  
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MG132 Treatment Increases HSF1 Transcriptional 
Activity in HEK-HSE Cells at 24hr 
 

 

 

 

 

 

 

 

 

  

 

 
 
 
Figure: 5. 6 
HEK-HSE cells were seeded at 2.5 x 104 cells in 6mm diameter well in DMEM phenol-free 
media. The cells were allowed to settle for ≥ 3 hours then treated with MG132 (20, 50, 100, 
200 or 500nM) or DMSO (“Veh”). At 24 hours, Hoechst dye (10μg/ml) was added to the 
wells and the cells incubated (37°C for 15 minutes). The levels of mCherry were collected 
using an Arrayscan VTI High Content Screening instrument. Individual cells were identified 
by Hoechst nuclear staining. The percentage threshold of mCherry was measured against the 
DMSO vehicle control. (A.) At 24 hours MG132 (200 and 500nM) significantly increased 
HSF1 transcriptional activity relative to the DMSO vehicle control. (B.) Depiction of 
mCherry levels in DMSO vehicle control and MG132 treated cells from the Arrayscan VTI 
High Content Screening instrument. Scale bar - 100μm. All data is expressed as mean ± SEM 
of four independent experiments. Statistical analysis was performed by ANOVA, Dunnett’s 
post hoc test *** p ≤ 0.001.  
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KNK437 Treatment Ablates MG132 Mediated Increase in 
HSE Activity in HSE-HEK Cells  
 

 

 

 

 

 

 

                

 
 
 
Figure: 5. 7 
HEK-HSE cells stably transfected with a mCherry HSE reporter were seeded at 2.5 x 104 
cells in 6mm diameter well in DMEM phenol-free media. The cells were allowed to settle for 
≥3 hours and then were treated with MG132 (500nM) in the presence or absence of KNK437 
(10μM). The cultures were also treated with DMSO (“Veh”) or KNK437 (10μM) alone. At 
24 hours, Hoechst dye (10μg/ml) was added to the wells and the cells incubated (37°C for 15 
minutes). The levels of mCherry were collected using an Arrayscan VTI High Content 
Screening instrument. The percentage threshold of mCherry was measured against the DMSO 
vehicle control. MG132 treatment significantly increased HSF1 transcriptional activity. 
However, addition of KNK437 reduced HSF1 activity levels to that similar of the DMSO 
vehicle control. KNK437 treatment alone also decreased mCherry levels. All data is 
expressed as mean ± SEM of three independent experiments. Statistical analysis was 
performed by ANOVA, Dunnett’s post hoc test *** p ≤ 0.001. 

*** 
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between cell isolates (Figure 5.8 A-B.) Initial studies have shown that MG132 also increase 

NFATc1 protein levels at 48 hours (data not shown). The effect of MG132 upon MITF 

protein levels in RAW264.7 cells was also investigated. MG132 treatment increased 

osteogenic transcription factor MITF protein levels at 24 hour and also at 48 hours (Figure 

5.8 A-B.). A clear dose response was not always seen; however, MG132 did increase MITF 

protein levels.  

 

5.2.7 The Effect of MG132 upon Osteoclast Formation 

As described above, MG132 causes HSF1-mediated cell stress response in HSE-HEK cells 

and in RAW264.7 cells and additionally increases the protein levels of pro-osteoclast 

transcription factors NFATc1 and MITF. The effect of MG132 upon osteoclastogenesis was 

then studied in RAW264.7 and bone marrow cells. RAW264.7 cells seeded at 104 cells in 

6mm diameter culture wells in the presence of RANKL (20ng/ml) and were treated with 

MG132 (10, 20, 500, 100 and 200nM). After 6 days of culture MG132 significantly increased 

RANKL-dependent RAW264.7 cell osteoclast formation in a dose-dependent manner (Figure 

5.10). To further confirm this effect of MG132 on osteoclast formation, M-CSF and RANKL-

stimulated primary bone marrow cells were similarly employed. Cells were seeded at 105 

cells in 6mm diameter well in the presence of RANKL (20ng/ml) and M-CSF (30ng/ml) and 

were treated with MG132 (100 and 200nM). Similar to RAW264.7 cells, MG132 treatment 

significantly increased osteoclast formation compared to DMSO vehicle control from bone 

marrow progenitor cells (Figure 5.10). 

 

5.2.8 Inhibiting HSF1 Abrogates the MG132-mediated Increase in Osteoclastogenesis  

As with the previous studies of cytotoxic compounds, the influence of HSF1 in MG132-

elicited increase in osteoclast formation was examined using KNK437 in osteoclast assays. 

Primary bone marrow cell cultures were treated with MG132 (50nM) in the presence or 

absence of KNK437 (10μM) for 6 days. As prior, MG132 treatment significantly increased 

osteoclast formation in bone marrow cells, but the addition of KNK437 abolished this 

increase in osteoclast numbers (Figure 5.11). KNK437 treatment alone did not affect 

osteoclast formation (Figure 5.11). Preliminary experiments using RAW264.7 cells also 

indicated that MG132 mediated enhancement of osteoclast formation was eradicated in the 

presence of KNK437 treatment (Appendix Figure B12). 
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MG132 Treatment Increases HSP72, NFATc1 and MITF 
Protein Levels in RAW264.7 Cells 
 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5.8 
RAW264.7 cells were seeded in 35mm diameter culture wells and were treated the following 
day with MG132 (100 and 200nMd 48 hours (B.). The cells were lysed and HSP72, NFATc1 
and MITF protein levels determined by immunoblot analysis. MG132 treatment increases the 
protein levels of HSP72 at both 24 and 48 hours. In addition MG132 treatment increased the 
protein levels of osteoclast transcription factors: NFATc1 at 24 hours, and MITF at both 24 
and 48 hours. Western blots were performed at least 2, to 4 times with independent lysates. 
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MG132 Enhances RANKL Mediated RAW264.7 Cell 
Osteoclast Formation 
 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 5 .9 
RAW264.7 cells were seeded at 104 cells in 6mm diameter culture wells in the presence of 
RANKL (20ng/ml). RAW264.7 cells were treated with MG132 (10, 20, 50, 100 and 200nM) 
or DMSO (“Veh”) for 6 days. As a negative control the cells were not treated with RANKL 
as denoted by “-ve”. On day 6, TRAP positive and multinucleated cells were counted as 
osteoclast. MG132 treatment significantly increased osteoclast formation in comparison to 
the DMSO vehicle control. All data is expressed as mean ± SEM of four independent 
experiments. Statistical analysis was performed by ANOVA, Dunetts post hoc test *** p ≤ 
0.001. 
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MG132 Increases RANKL and M-CSF Mediated-Bone 
Marrow Osteoclast Formation 
 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 5.10 
Bone marrow cells were seeded at 105 cells in 6mm diameter wells. Cells were treated with 
RANKL (20ng/ml) and M-CSF (30ng/ml) to stimulate osteoclast formation. The cells were 
then treated with MG132 (100, 200 and 500nM) or DMSO (“Veh”) for 6 days. The cells were 
also treated with DMSO (“Veh”) or were treated only with M-CSF (“-ve”). On day 6, TRAP 
positive and multinucleated cells were counted as osteoclasts. MG132 treatment significantly 
increased osteoclast formation in a dose-dependent manner relative to the DMSO vehicle 
control. All data is expressed as mean ± SEM of five independent experiments. Statistical 
analysis performed using ANOVA, Dunnett’s post hoc test * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 
0.001. 

* 
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KNK437 Abolishes the MG132 Mediated Increase in 
Osteoclast Formation  
 

 

 

 

 

 

 

 

                 

 

 

       

 

 
Figure 5.11 
Bone Marrow Cells were seeded at 105 cells in 6mm diameter wells in the presence of 
RANKL (20ng/ml). The cultures were treated with MG132 (100nM) in the presence or 
absence of KNK437 (10μM) for 6 days. The cultures were also treated with DMSO (“Veh”) 
or KNK437 (10μM) alone. As a negative control the cells were not treated with RANKL 
(“ve”). On day 6, multinucleated and TRAP positive cells were counted as osteoclasts. 
MG132 (100nM) treatment significantly increased osteoclast formation relative to the DMSO 
vehicle control as previously described. The addition of KNK437 decreased the enhancement 
of osteoclast formation. Data is expressed mean ± SEM of four independent experiments. 
Statistical analysis performed using ANOVA, Dunnett’s post hoc test *** p ≤ 0.001. 
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5.2.9 The Effect of Bortezomib upon HSF1 Mediated Cell Stress  

Another commonly used chemotherapeutic is bortezomib, which like MG132 is an example 

of a targeted therapeutic (Chapter 1.9.2). Bortezomib (Velcade®) is a dipeptide boronate 

proteasome inhibitor, which causes cell death by reversibly inhibiting the 26 subunit of the 

proteasome (Piperdi et al., 2011; Mattern et al., 2012). Bortezomib is currently used to treat 

haematological cancers including multiple myeloma (Piperdi et al., 2011; Chen et al., 2011). 

Interestingly bortezomib has been reported to activate a number of stress pathways within the 

cell including the ER stress response, HSF1 mediated cell stress, and the p38 stress MAP 

kinase cascade (Selimovic et al., 2013). Thus, bortezomib may affect osteoclast formation in 

the same manner as the other proteasome inhibitor, MG132. 

 

To determine whether bortezomib activates HSF1 causing a subsequent increase in HSF1 

transcriptional activity in HSE-HEK cells, the cells were treated with bortezomib (1, 10, 20, 

50, and 100nM). At 24 hours, bortezomib, like doxorubicin, increased HSF1 activity, as seen 

by an increase in mCherry levels, in a dose dependant manner relative to the DMSO vehicle 

control (Figure 5.12). This data establishes that bortezomib treatment causes 

HSF1transciprtional activity in HSE-HEK cells. Pooled results from two independent 

experiments showed HSF1 inhibition by KNK437 (10µM) treatment reduced the bortezomib 

mediated increase in HSF1 transcriptional activity (Appendix Figure B8). To study if 

bortezomib causes a HSF1 cell stress response specifically in RAW264.7 cells, RAW264.7 

cells were treated with bortezomib (200, 500 and 1000 pM) and HSF1 downstream target 

protein HSP72 protein levels were analysed by Western blotting. Bortezomib treatment 

increased the expression of HSP72 at 24 hours in a dose dependent manner (Figure 5.13 A-

B.). Bortezomib treatment also increased HSP72 protein expression at 48 hours although at 

this time point the dose, which caused maximal HSP72 levels varied between 0.5 and 1nM. 

 

5.2.10 The Effects of Bortezomib upon Osteoclast Transcription Factors NFATc1 and 

MITF 

The effects of bortezomib on the osteoclast transcription factors NFATc1 and MITF were 

studied in RAW264.7 cells. Bortezomib treatment increased NFATc1 protein levels at 24 

hours in a dose-dependent manner. NFATc1 expression was most potently induced by the 

highest concentrations of bortezomib (Figure 5.13 A-B.). The effect of bortezomib upon 

MITF protein levels was also studied. Bortezomib treatment increased osteoclastogenic  



Chapter 5 Cell Stressors Increase Osteoclastogenesis 

211 

Bortezomib Treatment Increases HSF1 Transcriptional 
Activity in HEK-HSE Cells 
 

 

 

 

 

 

 

 

 

    

 

 
 
 
Figure 5.12 
HEK-HSE cells stably transfected with a mCherry HSE reporter were seeded at 2.5 x 104 
cells in 6mm diameter wells in DMEM phenol-free media. The cells were allowed to settle 
for ≥ 3 hours then treated with bortezomib (1, 10, 20, 50 and 100nM) or DMSO (“Veh”). At 
24 hours, Hoechst dye (10μg/ml) was added to the wells and the cells incubated (37°C for 15 
minutes). The levels of mCherry were collected using an Arrayscan VTI High Content 
Screening instrument. The percentage threshold of mCherry was measured against the DMSO 
vehicle control. (A.) After 24 hours of treatment, bortezomib treatment significantly 
increased HSF1 transcriptional activity relative to the DMSO vehicle control. (B.) Depiction 
of mCherry levels in DMSO vehicle control and bortezomib treated cells from the Arrayscan 
VTI High Content Screening instrument. Scale bar -100μm. All data is expressed as mean ± 
SEM of four independent experiments. Statistical analysis was performed by ANOVA, 
Dunnett’s post hoc test, *** p ≤ 0.001.  
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transcription factor MITF protein levels at 24 hours although maximal MITF protein 

expression varied between cell isolates (Figure 5.13 A-B.). 

 

5.2.11 The Effect of Bortezomib Treatment on Osteoclastogenesis  

RAW264.7 cells were seeded at 104 cells in 6mm diameter culture wells in the presence of 

RANKL (20ng/ml) and were treated with bortezomib (100, 200, 500 and 1000 pM). After 6 

days of culture bortezomib treatment increased RANKL-dependent RAW264.7 cell 

osteoclast formation (Appendix Figure B9). To confirm this effect of bortezomib on 

osteoclast formation the experiment was repeated with primary bone marrow cells. Cells 

were seeded at 105 cells with RANKL (20ng/ml) and M-CSF (30ng/ml) and were treated with 

bortezomib (100, 200 and 500 pM) for 6 days. Bortezomib treatment significantly increased 

RANKL (20ng/ml) and MCSF (30ng/ml) stimulated bone marrow osteoclast formation over 

6 days (Figure 5.14).  

 

5.2.12 Inhibiting HSF1 Abolishes the Bortezomib-mediated Increase in Osteoclast 

Formation 

As described above, bortezomib treatment causes a stress response in RAW264.7 cells. To 

determine whether this action and bortezomib enhanced osteoclast formation is dependent 

upon HSF1, osteoclast formation assays were performed in the presence of KNK437. 

RAW264.7 cells and primary bone marrow cells were treated with bortezomib (1nM) in the 

presence or absence of KNK437 (10µM). In RAW264.7 cells, bortezomib treatment 

significantly increased osteoclast formation as previously described, but the addition of 

KNK437 abolished the bortezomib-enhanced osteoclast formation back to DMSO vehicle 

control levels (Figure 5.15 A.). Likewise in primary bone marrow cells, KNK437 (10µM) 

treatment abolished the pro-osteoclastic actions of bortezomib (Figure 5.15 B.). KNK437 

treatment reduced osteoclast numbers to levels similar to that of the DMSO vehicle control 

(Figure 5.15 A-B.). These data indicate that bortezomib increases osteoclast formation in a 

manner at least partially dependent upon the actions of HSF1 activity. 

 

5.2.13 Cisplatin Increases HSP72 Protein Levels in RAW264.7 Cells 

Cisplatin is one of the most common clinically used anti-cancer compounds and is used to 

treat cancers including testicular, ovarian, bladder, cervical, head and neck, oesophageal and 

small cell lung cancer (Cepeda et al., 2007; Rafique, 2010). This compound is a platinum
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Figure 5.13 
RAW264.7 cells were seeded in 35mm diameter culture wells and were treated the following 
day with bortezomib (200, 500 and 1000 pM) or DMSO (“Veh”) for (A.) 24 and (B.) 48 
hours. The cells were lysed and HSP72, NFATc1 and MITF protein levels determined by 
immunoblot analysis. Bortezomib treatment increased the protein levels of HSP72 at both 24 
and 48 hours. Bortezomib treatment also increased osteoclast transcription factors: NFATc1 
and MITF protein levels at 24 hours. Western blots were performed at least 2 to 3 times with 
independent protein samples. 
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Bortezomib Increases RANKL and M-CSF Mediated-
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Figure 5 .14 
Bone marrow cells were seeded at 105 cells in 6mm diameter culture wells. The cells were 
treated with RANKL (20ng/ml) and M-CSF (30ng/ml to stimulate osteoclast formation. The 
cells were treated with bortezomib (100, 200 and 500pM) or DMSO (“Veh”) for 6 days. As a 
negative control the cells were only treated with M-CSF as denoted by “-ve”. On day 6, 
TRAP positive multinucleated cells were counted as osteoclasts. Bortezomib treatment dose-
dependently increased RANKL mediated osteoclast formation relative to the DMSO vehicle 
control. All data is expressed as mean ± SEM of five independent experiments. Statistical 
analysis was performed by ANOVA, Dunnett’s post hoc test, * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 
0.001. 
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KNK437 Ablates the Bortezomib Mediated Increase in 
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Figure 5.15  
A. RAW264.7 cells. B. Bone Marrow Cells. (A-B.) RAW264.7 cells were seeded at 104 cells 
and bone marrow cells at 105 cells in 6mm diameter wells in the presence of RANKL 
(20ng/ml) and RANKL (20ng/ml) and M-CSF (30ng/ml), respectively. The cultures were 
treated with bortezomib (1nM) in the presence or absence of KNK437 (10μM) for 6 days. 
The cultures were also treated with KNK437 (10μM) alone, DMSO (“Veh”) or had no 
treatment, “-ve”. On day 6, multinucleated and TRAP positive cells were counted as 
osteoclasts. Bortezomib treatment significantly increases osteoclast formation in both 
cultures; however, the addition of KNK437 reduces osteoclast numbers similar to that in the 
DMSO vehicle control (“Veh”). All data is expressed as mean ± SEM of A. three and B. four 
independent experiments. Statistical analysis was performed using ANOVA, Dunnett’s post 
hoc test, *** p ≤ 0.001. 
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coordination complex that belongs to the cross linking group of chemotherapeutics (Kostova, 

2006). Cisplatin causes cellular apoptosis by genotoxic stress through cross-linking DNA and 

causing DNA damage (Nussbaumer et al., 2011; Basu and Krishnamurthy, 2010). The work 

described in this chapter has determined the chemotherapeutics doxorubicin, MG132 and 

bortezomib, whilst having different modes of cytotoxic action all nevertheless increase HSF1 

transcriptional activity in HEK-HSE cells. This approach was thus applied to cisplatin, with 

HEK-HSE cells treated with cisplatin (0.1, 0.2, 0.5, 1, 5 and 10µM) for a period of 24 hours. 

However, in contrast to the other chemotherapeutics, cisplatin treatment did not increase 

HSF1 transcriptional activity above that of the DMSO vehicle control despite concentrations 

of up to 5μM being used (Figure 5.16 A-B.). Despite cisplatin treatment not affecting HSF1 

transcriptional activity in HEK-HSE cells, the effects of cisplatin treatment upon HSF1 

activation was examined in RAW264.7 cells. RAW264.7 cells were seed at 2 x 105 cells in 

35mm diameter cultures wells and the following day were treated with cisplatin (0.5, 1 and 

3µM) for periods of 24 and 48 hours. After these timepoints the protein was extracted, and 

analysed by immunoblotting. Cisplatin treatment in increased HSP72 protein levels at both 

24 and 48 hours in RAW264.7 cells (Figure 5.17 A-B.). The induction of HSP72 protein in 

the cisplatin treated cells indicates that this chemotherapeutic drug may activate HSF1 in 

RAW264.7 cells although no such effect was indicated in HSE-HEK cells. 

  

5.2.14 The Effect of Cisplatin upon Protein Expression of NFATc1 and MITF 

The effect of cisplatin upon the protein levels of transcription factors NFATc1 and MITF 

were also studied in RAW264.7 cells. Cisplatin treatment increased the cellular protein levels 

of NFATc1 at 24 hours and 48 hours treatment although a full dose dependent response was 

not always seen, suggesting some complexity in the cellular responses to this drug (Figure 

5.17 A-B). Cisplatin treatment also increased MITF protein expression at 24 hours (Figure 

5.17 A.). Cisplatin also increased MITF protein expression at 48 hours (Appendix Figure 

B10). 

 

5.2.15 The Influence of Cisplatin upon Osteoclast Formation  

As for the other chemotherapeutic agents the effects of cisplatin upon osteoclast formation 

was studied in both RAW264.7 and bone marrow cells. RAW264.7 cells were seeded in the 

presence of RANKL and were treated with cisplatin (0.1, 0.2, 0.5, and 1µM) (Figure 5.18 

A.). Cisplatin treatment significantly increased osteoclastogenesis in the RANKL stimulated 

RAW264.7 cell line. RANKL (20ng/ml) and M-CSF (30ng/ml) stimulated primary bone 
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Figure 5.16  
HEK-HSE cells stably transfected with a mCherry HSE reporter were seeded at 2.5 x 104 
cells in 6mm diameter culture wells in DMEM phenol-free media. The cells were allowed to 
settle for ≥ 3 hours then treated with cisplatin (0.1, 0.2, 0.5, 1 and5μM) or DMSO (“Veh”) for 
24 hours. At 24 hours, Hoechst dye (10μg/ml) was added to the wells and the cells incubated 
at 37°C for 15 minutes. The levels of mCherry were collected using an Arrayscan VTI High 
Content Screening instrument. The percentage threshold of mCherry was measured against 
the DMSO vehicle control. At 24 hours, the chemotherapeutic, cisplatin, did not increase 
HSF1 activity in the HEK-HSE cells relative to the DMSO vehicle control. (B.) Depiction of 
mCherry levels in DMSO vehicle control and cisplatin treated cells from the Arrayscan VTI 
High Content Screening instrument. Scale bar - 100μm. All data is represented as the mean ± 
SEM of four independent experiments. Statistical Analysis was performed by ANOVA, 
Dunnett’s post hoc test.   
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Figure 5.17 
RAW264.7 cells were seeded at 2 x105 in 35mm diameter culture wells and were treated the 
following day with cisplatin (0. 5, 1 and 3 μM) or DMSO (“Veh”) for 24 and 48 hours. The 
cells were lysed and HSP72, NFATc1 and MITF protein levels determined by immunoblot 
analysis. Cisplatin treatment increased the protein levels of HSP72 at both 24 and 48 hours. 
Cisplatin treatment increased protein levels of osteoclast transcription factor NFATc1 at 24 
and 48 hours. In addition, MITF protein levels were also increased by cisplatin treatment for 
24 hours. Western blots were performed 2 to 3 times with independent lysates.  
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marrow cells were also treated with the same concentrations of cisplatin as the RAW264.7 

cells for 6 days. Similar to the RAW264.7 cells, cisplatin treatment significantly increased 

osteoclast formation from bone marrow cultures in a dose-dependent manner (Figure 3.18 

B.).  

 

5.2.16 The Effect of HSF1 Inhibition upon Cisplatin Enhancement of Osteoclastogenesis   

To ascertain the role of HSF1 in the cisplatin mediated increase in osteoclast formation, 

HSF1 was inhibited using KNK437 and osteoclast assays performed using primary bone 

marrow cells. The RANKL and M-CSF stimulated cell cultures were treated with cisplatin 

(1μM) in the presence or absence of KNK437 (10μM). Cisplatin treatment significantly 

increases osteoclast formation in bone marrow progenitor cells (Figure 3.19) and addition of 

KNK437 abolished this increase in osteoclast formation (Figure 3.19). Similarly, initial 

experiments showed inhibition of HSF1 in RAW264.7 cells decreased the cisplatin-mediated 

increase in osteoclast numbers (Appendix Figure B12).  

 

5.2.17 The Effect of Ethanol upon HSP72 Expression in RAW264.7 Cells  

Ethanol is not a chemotherapeutic agent however, it is well known to cause a classic 

oxidative stress in cells (Ambade and Mandrekar, 2012; Pignataro et al., 2007). In addition to 

causing oxidative stress, ethanol has also been shown to affect HSF1 activity and 

interestingly the cell responses to alcohol often intersect with molecules in the HSR pathway 

(Pignataro et al., 2007). Consistent with these reports, Chai et al. showed that ethanol causes 

a HSF1 mediated cell stress response by increasing HSP70 protein expression in RAW264.7 

cells at 24 hours (Chai et al., 2014). 

 

Based on this data, the same line of enquiry was followed for ethanol as for the 

chemotherapeutics. Firstly, the effects ethanol has upon osteoclastogenic factors MITF was 

determined. Ethanol treatment increased the late acting transcription factor MITF protein 

expression at both 24 and 48 hours relative to the negative control (Figure 5.20 A-B.). This 

data shows ethanol increases the protein levels of osteogenic transcription factor, MITF in 

RAW264.7 cell cultures. Initial studies have also shown ethanol treatment to increase protein 

levels of NFATc1 (Appendix Figure B11). 
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Figure 5.18 
(A.) RAW264.7 cells, (B.) Bone Marrow Cells. RAW264.7 cells were seeded at 104 cells and 
Bone Marrow cells at 105 cells in 6mm diameter wells in the presence of RANKL (20ng/ml) 
and RANKL (20ng/ml) and M-CSF (30ng/ml), respectively. (A-B.) The cultures were treated 
with cisplatin (0. 1, 0.2, 0.5, and 1μM) or DMSO (“Veh”) for 6 days. As a negative control 
cells were also left untreated “-ve”. On day 6 multinucleated and TRAP positive cells were 
counted as osteoclasts. Cisplatin treatment significantly increased RANKL mediated 
osteoclast formation relative to the DMSO vehicle control. All data is expressed as the mean 
± SEM of (A.) three and (B.) eight independent experiments. Statistical analysis was 
performed using ANOVA, Dunnett’s post hoc test ** p ≤ 0.01, *** p ≤ 0.001.  
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Figure 5.19 
Bone Marrow Cells were seeded at 105 cells in 6mm diameter wells in the presence of 
RANKL (20ng/ml) and M-CSF (30ng/ml). The cultures were treated with cisplatin (1μM) in 
the presence or absence of KNK437 (10μM) for 6 days. The cultures were also treated with 
DMSO (“Veh”) or KNK437 (10μM) alone. The cells were fixed and stained for TRAP. 
Multinucleated and TRAP positive cells were counted as osteoclasts. As previously shown 
cisplatin increases osteoclast formation from bone marrow cells. Adding KNK437 to inhibit 
HSF1 eradicated the cisplatin mediated increase in osteoclast numbers to DMSO vehicle 
control levels. All data is expressed as mean ± SEM of four independent experiments. 
Statistical analysis was performed using ANOVA, Dunnett’s post hoc test *** p ≤ 0.001.   
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Figure 5.20 
RAW264.7 cells were seeded at 2 x105 in 35mm diameter culture wells and were treated the 
following day with ethanol (0.2,0 .5 and 1%) for (A.) 24 and (B.). 48 hour. As a negative 
control the cells were left untreated, “-ve”. The cells were lysed and MITF protein levels 
determined by immunoblotting analysis. Ethanol treatment increased MITF protein levels at 
both 24 and 48 hours relative to the negative control. Western blots were performed at least 2 
to 3 times with independent lysates. 
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5.2.18 The Effect of Ethanol upon Osteoclast Formation 

The effects of ethanol treatment upon osteoclast formation were then studied using both 

RAW264.7 and bone marrow cells. RAW264.7 cells were seeded at 104 cells in 6 mm 

diameter wells in the presence of RANKL and were treated with ethanol (0.2, 0.5 and 1%). 

Ethanol treatment significantly increased osteoclastogenesis in the RANKL stimulated 

RAW264.7 cell line (Figure 5.21 A.). Similarly, RANKL (20ng/ml) and M-CSF (30ng/ml) 

stimulated primary bone marrow cells were also treated with ethanol (0.2, 0.5 and 1%) for 6 

days. Likewise, ethanol treatment significantly increased osteoclast formation in bone 

marrow cultures (Figure 5.21 B.). 

 

As earlier described ethanol causes HSF1 activation in RAW264.7 cells (Chai et al., 2014). 

In addition, key osteoclastogenic transcription factors NFATc1 and MITF protein levels are 

increased in response to ethanol treatment. Paramount to this is that ethanol increases 

osteoclast formation in RAW264.7 and bone marrow cells (also shown by (Chai et al., 2014). 

To determine whether ethanol enhanced osteoclast formation is dependent upon HSF1, 

osteoclast formation assays were performed in the presence of KNK437. RAW264.7 cells 

and primary bone marrow cells were treated with ethanol (1%) in the presence or absence of 

KNK437 (10µM). As previously described ethanol treatment increases osteoclast formation 

in both RAW264.7 and bone marrow cells; however, addition of KNK437 abolishes the 

ethanol enhanced osteoclast formation back to DMSO vehicle control levels (Appendix 

Figure B13).  
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Figure 5.21 
(A.) RAW264.7 cells, (B.) Bone Marrow Cells. (A-B.) RAW264.7 cells were seeded at 104 
cells and bone marrow cells at 105 cells in 6mm diameter wells in the presence of RANKL 
(20ng/ml) and RANKL (20ng/ml) and M-CSF (30ng/ml), respectively. The cultures were 
treated with ethanol (0.2, 0.5, and 1%) for 6 days. Multinucleated and TRAP positive cells 
were counted as osteoclasts. Ethanol treatment significantly increased RANKL mediated 
osteoclast formation relative to the RANKL (20ng/ml) control in both cultures. All data is 
expressed as the mean ± SEM of (A.) three and (B.) four independent experiments. Statistical 
analysis was performed using ANOVA, Dunnett’s post hoc test * p ≤ 0.05, *** p ≤0.001. 
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5.3 Discussion 

The experiments described in this chapter were designed to investigate the hypothesis that 

compounds, which induce cell stress by mechanisms other than direct HSP90 inhibition have 

the ability to increase osteoclast formation in vitro in a manner similar to 17-AAG. The list of 

stimuli was not exhaustive but focussed on compounds that have been reported to cause some 

type of stress response in other cells, mainly cytotoxic compounds. Initial experiments were 

also performed with some other compounds, including thapsigargin (an ER stress inducer and 

calcium dependent pathway inhibitor), hydrogen peroxide (a classic oxidative stressor) and 

celastrol (thought to be direct HSF1 inducer). However, initial studies with thapsigargin 

showed it did not increase osteoclast formation with the concentrations used, and the others 

displayed strong toxicity at concentrations where HSF1 induction occurs (data not shown). 

As a result these compounds were not pursued further. High toxicity is also a feature of the 

HSP90 inhibitor geldanamycin, which made that compound similarly unsuitable for study. 

Five stimuli were chosen for particular study: doxorubicin, bortezomib, MG132, cisplatin and 

ethanol. All of these compounds have significant clinical importance and affect bone 

metabolism in vivo although their effect on osteoclast biology are either not known or poorly 

characterised (Kemp et al., 2011; Rana et al., 2013; Friedlaender et al., 1984; van Leeuwen et 

al., 2000; Hadji et al., 2009). 

 

There are a number of cell stress pathways including oxidative stress, ER stress, genotoxic 

stress and metabolic stress but HSF1 is categorized as the critical mediator of cell stress 

regulating the HSR within the cell (Fulda et al., 2010; Davenport et al., 2007; Cuenda and 

Rousseau, 2007; Chaudhari et al., 2014; Morimoto, 2002; Christmann and Kaina, 2013). As 

previously described, HSF1 is activated by cell stress stimuli that induce HSP gene 

transcription and expression, which requires HSF1 binding to HSEs present within the 

promoters of HSP coding genes (ÅKerfelt et al., 2007; Morimoto, 2002). This HSE 

dependency is seen in classic stress inducible chaperones such as HSP72, HSP70B and 

HSP90 (Åkerfelt et al., 2010; Stephanou and Latchman, 2011). However, active HSF1 also 

promotes the expression of a range of other target genes, which include RANKL and MITF in 

osteoblasts and endothelial cells, respectively (Laramie et al., 2008; Roccisana et al., 2004). 

While HSF1 plays a crucial role in cell responses to heat shock and cytotoxic stresses that 

cause protein misfolding, the HSR functionally overlaps with other cell response pathways 

such as ER and metabolic stress, oxidative stress, and genotoxic stress pathways (Gutterman, 
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2005; Fucikova et al., 2011; Desai et al., 2013; Lee and Hahn, 1988; Beckmann et al., 1992; 

Vabulas et al., 2010; Martindale and Holbrook, 2002). It is notable that p38 and JNK MAP 

kinase pathways, are also activated by many types of cellular stress, but how these factors 

functionally interact with HSF1 is unclear (Kim et al., 1997; Obata et al., 2000; Raingeaud et 

al., 1995; Rafiee et al., 2006).  

 

N-Terminal HSP90 inhibitors cause a HSF1 stress response by causing HSF1 to displace 

from HSP90 and its subsequent activation (Zou et al., 1998; Taylor et al., 2007; Kamal et al., 

2004). However, chemotherapeutics that are not HSP90 inhibitors cause cytotoxic stress to 

the cell and hence can cause strong HSF1 activation, possibly through HSP90 client protein 

misfolding (Bracci et al., 2014). The effect of four chemotherapeutics, including doxorubicin 

and the proteasome inhibitors MG132 and bortezomib upon HSE-dependent activity was 

studied in HEK-HSE cells. Treatment with these chemotherapeutics significantly increased 

HSF1 transcriptional activity at 24 hours, which is consistent with previous reports that both 

MG132 and bortezomib activate HSF1 (Fucikova et al., 2011; Holmberg et al., 2000; Du et 

al., 2009; Kim et al., 1999). MG132 treatment has been shown to increase HSF1 nuclear 

localization in HeLa cells causes the formation of HSF1 nuclear stress bodies, and it is 

notable that HSF1 inhibition increases MG132 toxicity (Du et al., 2009; Holmberg et al., 

2000). This suggests that induction of an HSR blunts to some degree the cancer toxicity 

shown by this drug. In addition, MG132 has also been shown to cause HSF1 trimerization 

(Guo and Peng, 2013). Moreover, MG132 and another 26S proteasome inhibitor, lactacystin, 

induce HSF1 hyper-phosphorylation and increase HSF1 DNA binding activity in the apparent 

absence of heat shock, i.e., HSP induction (Kim et al., 1999; Guo and Peng, 2013). It is 

proposed that this action of MG132 occurs by a HSF-targeting kinase whose expression is 

increased upon MG132 treatment although the kinases casein kinase II, p38, protein kinase C, 

myosin light chain kinase, calmodulin protein kinase, PI-3K and DNA-PK are not involved in 

this process (Kim et al., 1999). A simpler explanation, however, is that MG132 inhibition of 

the proteasome stops the degradation of proteins, which are misfolded, and thereby triggers 

the UPR response and activation of HSP90 and HSF1. The data presented in this chapter is 

consistent with these findings, with HSF1 transcriptional activity being increased with 

MG132 treatment. In addition, MG132-induced HSF1 activity was decreased by the use of 

the HSF1 inhibitor KNK437. MG132 treatment also up-regulated HSP72 protein in 

RAW264.7 cells, a clear indication of HSF1 activation and a subsequent heat-shock response.  
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It should also be noted that MG132 has also been implicated in a number of other cell stress 

pathways including oxidative stress and MAP kinase pathways that include p38, JNK and 

ERK (Yong Hwan Han and Woo Hyun Park, 2010). MG132, although a proteasome 

inhibitor, is thought to cause cell apoptosis mainly through the production of ROS (Yong 

Hwan Han and Woo Hyun Park, 2010; Han et al., 2010). MG132 has been shown to increase 

ROS production and decrease GSH levels in A549 lung cells and As4.1 juxtaglomerular cells 

(Yong Hwan Han and Woo Hyun Park, 2010; Han et al., 2010). Mild changes in the 

oxidative-redox equilibrium are known to activate the stress MAP kinases JNK and p38, 

suggesting that MG132 effects upon ROS and GSH levels may additionally activate the p38 

pathway (Yong Hwan Han and Woo Hyun Park, 2010). Thus, p38 may have a role in MG132 

pro-osteoclastogenic effects, possibly by affecting MITF pools. It is interesting to note 

GSH/GSSH levels have been shown to regulate osteoclastogenesis, which is discussed in 

more detail later (Huh et al., 2005; Romagnoli et al., 2013; Iitsuka et al., 2012). 

 

Bortezomib, another proteasome inhibitor that is used clinically to treat multiple myeloma 

patients, also increases HSF1 transcriptional activity in HEK-HSE cells at 24 hours. 

Furthermore, initial experiments have shown HSF1 inhibition decreases the bortezomib-

mediated increase in HSF1 transcriptional activity. In addition, bortezomib increased 

inducible HSP72 protein levels in RAW264.7 cells. Similarly, Kao et al. 2013 found 

bortezomib increased HSE response element activity and also HSF1 protein expression in the 

TOV112D ovarian cancer cell line (Kao et al., 2013). Similar responses have been noted in 

various other cell types also (Selimovic et al., 2013; Kao et al., 2013). Induction of such 

HSF1 dependent responses is probably a consequence of several actions of bortezomib 

proteasomal inhibition including: cell cycle initiation of apoptosis pathways, the induction of 

ER stress (UPR) and also the deregulation of NFB activity (Selimovic et al., 2013). It 

should be noted, however, that such responses may differ greatly between cells types. 

Bortezomib has also been shown to trigger the phosphorylation of IRE1α, ASK1, JNK and 

p38 and enhance the DNA binding activity of transcription factors: Activator protein-1 (AP-

1), Activating transcription factor 2 (ATF-2), E26 avian leukemia oncogene 1, 5' domain 

(Ets-1), and HSF1 (Selimovic et al., 2013). These molecules participate in cell stress 

signalling cascades including ER stress (UPR), p38 stress signalling and the HSR. ER stress 

(UPR) has previously been shown to increase osteoclast formation with ER stress inducers 

thapsigargin and tunicamycin increasing osteoclast markers including TRAP (Wang et al., 
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2011b; Yip et al., 2005). This data suggests ER stress may have a role in osteoclastogenesis. 

Thapsigargin, effects on osteoclast differentiation are currently unclear, however, ER stress 

induced autophagy has been implicated in positively regulating osteoclastogenesis (Wang et 

al., 2011a). Autophagy is a cytoprotective process in which cells break down proteins and 

organelles promoting cell survival in stressful conditions (Hocking et al., 2012; Wirawan et 

al., 2012).  ER stress induced autophagy is thought to occur through the MCPIP protein, 

which is involved in oxidative stress, ER stress (UPR) and autophagy (Wang et al., 2011b). 

Inhibition of ER stress abolished autophagy and correspondingly decreased expression of 

osteoclast markers (Wang et al., 2011b). Recently MAP kinases and HSR have also been 

implicated in ER-stress-induced autophagy (Selimovic et al., 2013). ROS generated by 

bortezomib effect upon the mitochondria cause the phosphorylation of the ASK1 protein, 

which is important in ER stress processes (UPR) (Selimovic et al., 2013). This protein 

phosphorylates both JNK and p38. and inhibition studies of ASK1 and JNK showed that 

bortezomib induction of HSP72 was abrogated (Selimovic et al., 2013). It is interesting to 

note HSP90 inhibitors geldanamycin, 17-AAG and NVP-AUY922 have all been shown to 

induce or enhance autophagic processes (Qing et al., 2006; Mori et al., 2015b; Rusmini et al., 

2011; Hsueh et al., 2013).  

 

Doxorubicin and cisplatin, two of the most commonly used cancer therapeutics, act to cause 

cell apoptosis through DNA intercalation and cross-linking, respectively (Nussbaumer et al., 

2011; Basu and Krishnamurthy, 2010). DNA intercalating and cross-linking both result in 

genotoxic stress and activation of a number of stress pathways (Nussbaumer et al., 2011; 

Basu and Krishnamurthy, 2010). Anthracyclines, such as doxorubicin, have been shown to 

cause oxidative stress through mitochondrial dysfunction and the resulting increase in ROS 

production (Ewer and Lippman, 2005). Interestingly, anthracyclines have also been shown to 

increase the expression of HSPs in human prostate, ovarian and acute lymphoblastic 

leukemic cells, and neuroblastoma cells (Fucikova et al., 2011; Zanini et al., 2007). This data 

supports the hypothesis that stress mechanisms other than genotoxic stress may be involved 

in doxorubicin mediated cytotoxicity. In HEK-HSE cells, doxorubicin significantly increased 

HSF1 transcriptional activity whilst initial studies have shown HSF1 inhibition with KNK437 

decreased it. Moreover, RAW264.7 cells treated with doxorubicin had increased levels of 

HSP72 at 24 and 48 hour time points, which is further evidence of the activation of HSF1 by 

this compound. Interestingly, cisplatin has also been shown to induce HSP72 transcription in 

response to ROS, which are generated by cisplatin inhibition of RNA transcription (Ohtsuboa 
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et al., 2000; Huber, 1992). The second generation platinum coordination complex carboplatin 

has also recently been shown to activate HSF1 and increase expression of Autophagy Related 

7 (ATG7) protein, an important protein in autophagy processes such as membrane fusion 

(Desai et al., 2013). However, the actions of cisplatin in the current study were not as 

consistent as seen with the other stressors presented here with cisplatin not affecting HSF1 

activity despite high concentrations (up to 5μM) being used. Despite cisplatin treatment not 

affecting HSF1 activity assays in HEK-HSE cells, it did increase HSP72 protein levels at 

both 24 and 48 hours in RAW264.7 cells. The reasons for this apparent discrepancy are 

unclear. It may be that HSP72 protein is increased by cisplatin treatment through post-

translational modifications of HSF1. However, treatment with cisplatin, as well as 

doxorubicin, both causes an increase in osteoclast formation in a dose-dependent manner in 

RAW264.7 cell and bone marrow cells. Inhibition of HSF1 with KNK437 abolished both 

these therapeutics’ effects upon osteoclast formation in primary bone marrow cells. This data 

shows that a HSR (however, incomplete in the case of cisplatin) is sufficient to affect cells 

similarly to the HSP90 inhibitors. 

 

Ethanol is not a chemotherapeutic, however, does cause a classic oxidative stress in the cell 

(Albano, 2006). Ethanol exposure has previously been shown to cause the translocation of 

HSF1 to the nucleus, the formation of stress granules and the transcription of HSPs including 

HSP72 and HSP90 (Pignataro et al., 2007; Morimoto, 1998). The similarities between heat 

shock and ethanol exposure were examined in the neuron specific gene Gabra4,which is 

activated by alcohol and contains alcohol response elements (AREs) (Pignataro et al., 2007). 

Surprisingly, the effect of heat shock mimicked the effects of ethanol upon Gabra4 

expression (Pignataro et al., 2007). Electrophoretic mobility shift assay (EMSA) experiments 

showed that HSF1 can bind to ARE sequences suggesting that both ethanol and HSF1 can 

mediate their effects through this sequence (Pignataro et al., 2007). Further, many alcohol-

responsive genes (ARGs) contain alcohol response element (ARE)-like sequences and some 

of these genes have been shown to be activated by heat shock (Pignataro et al., 2007). These 

results suggest that ethanol can activate pathways in  which some molecules are involved in 

the heat shock response and ARE-like sequences may be involved in this process (Pignataro 

et al., 2007). Chai et al. (2014) also showed ethanol to increase HS70 protein expression in 

the RAW264.7 cell line.   
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The studies in Chapters 3 and 4 have shown that HSP90 inhibitor effects upon osteoclast 

formation occur through HSF1 and are associated with increased MITF levels. Furthermore, 

MITF induction by 17-AAG was shown to be HSF1 dependent (Chai et al., 2014). These 

observations were consistent with observations here that ethanol, MG132, bortezomib, 

cisplatin, and doxorubicin all increased RANKL driven osteoclast differentiation in both 

RAW264.7 cells and bone marrow cell cultures. Thus, chemotherapeutics and compounds 

that do not inhibit HSP90 have pro-osteoclastogenic effects. Significantly, all these 

compounds were shown to activate HSF1 and inhibition of HSF1, through KNK437, 

eradicated the chemotherapeutics’ enhancement of osteoclast formation. The data suggests 

that these chemotherapeutics, like 17-AAG and NVP-AUY922, are dependent upon HSF1 for 

their enhancement of osteoclast formation, and that stress stimuli that activate HSF1 have an 

important role in enhancing osteoclast formation. As noted earlier, the promoter region of the 

Mitf gene has been reported to contain HSE motifs that are sensitive to heat shock, which 

might mediate the effects of these stressors on osteoclast formation (Laramie et al., 2008). 

However, this is yet to be demonstrated properly with attempts to show binding of HSF1 to 

Mitf promoter sequences by our group chromatin immunoprecipitation being unsuccessful to 

date (data not shown). However, the role of stress activated molecules in osteoclast formation 

is not limited to HSF1 mediated stress alone, as ROS, pro-inflammatory cytokines, and p38 

either increase or are essential for osteoclastogenesis (Li et al., 2002; Kim et al., 2009; 

Bezerra et al., 2005; Kim et al., 2006; Ha et al., 2004; Lee et al., 2005). These compounds 

studied have been implicated to also activate these molecules, and, as such, further 

investigations should be made of the effects of these compounds upon these molecules in 

relation to osteoclastogenesis. It may be that crosstalk between pathways cause the activation 

of HSF1, p38 and other molecules or processes, which are important in osteoclastogenesis.  

 

The effects of these chemotherapeutics upon important osteoclastogenic transcription factors 

including NFATc1 and MITF were thus examined to explore the mechanism of action of 

these compounds. Interestingly, all the chemotherapeutics increased NFATc1 protein 

expression to some degree. Initial studies with ethanol treatment also increased NFATc1 

protein levels at both 24 and 48 hours. This is in contrast to the actions of the N-terminal 

HSP90 inhibitor 17-AAG, which did not increase NFAT transcriptional activity nor NFATc1 

protein levels but rather led to a slight decrease in activity and protein levels. Rather 17-AAG 

only affected the late acting osteoclastogenic transcription factor MITF. Like 17-AAG, 

chemotherapeutics, MG132, doxorubicin, cisplatin, and bortezomib all increased MITF 
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protein levels. Ethanol treatment also increased MITF protein expression. This data suggests 

that these chemotherapeutics are increasing osteoclast formation, at least in part, through the 

activation of these molecules. The fact that HSF1 is required for the enhancement of 

osteoclast formation suggests that HSF1 may act upon these osteoclastogenic factors to 

increase osteoclast formation. For example, the compounds may increase MITF in a HSF1 

dependent manner, like 17-AAG, or, alternatively, the increased protein levels of NFATc1 

might feed into MITF protein expression. However, as described previously, these 

chemotherapeutics cause a myriad of stress pathways and signalling molecules to be 

activated, which may affect osteoclast formation through other mechanisms. Nevertheless, 

the association of HSR and increased osteoclast formation is striking. This has clear 

pathophysiological implications, and is suggestive of HSF1 roles in osteoclast formation even 

though it may not be a direct action through MITF. 

 

Interestingly, BMM generated from mice exposed to ethanol  over a three week period have 

been previously shown to have significantly increased mRNA levels of RANK, c-FOS, c-

JUN, TRAP and CTSK but M-CSF and c-FMS mRNA levels are not affected (Iitsuka et al., 

2012). Ethanol treatment also increased the mRNA and protein levels of PU.1 and its 

associated transcription factor MITF (Iitsuka et al., 2012). In the same report, ethanol was 

shown to increase osteoclast formation of bone marrow-derived macrophage/monocyte 

precursor cells in vitro and in vivo with higher numbers of osteoclasts being present in the 

proximal tibia (Iitsuka et al., 2012). Similar to 17-AAG, ethanol treatment did not affect the 

osteoclast precursor cells that respond to M-CSF but rather affected the progenitor cells 

through RANKL signalling. The increase in osteoclastogenesis was associated with the 

activation of ERK through ROS production and increased levels of the RANK receptor 

(Iitsuka et al., 2012). The increased RANK levels were shown to be mediated through 

ethanol’s induction of PU.1 and MITF expression (Iitsuka et al., 2012). Interestingly, 

increased lipid peroxidation (and associated lower GSH levels), which has been found to 

increase osteoclast differentiation was also reported in these mice. (Iitsuka et al., 2012; Sanbe 

et al., 2009). This data suggests stress pathways work cooperatively to affect 

osteoclastogenesis. From the data presented in this chapter, ethanol treatment was shown to 

similarly increase protein levels of MITF and also of NFATc1. The effect of ethanol upon 

these osteoclast transcription factors may directly enhance osteoclastogenesis. Alternatively, 

there might be a number of mechanisms that are occurring in concert with one another to 

cause the increase in osteoclast formation including increased RANK expression. This data 
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provides some explanation for the effects of ethanol administration to lower bone mass in 

mice (Mercer et al., 2012; Zhang et al., 2002a). Similarly, alcoholism is known to induce 

osteopenia, although the consequences of alcohol-related liver damage on bone, complicate 

any interpretation of ethanol effects on bone (Alvisa-Negrín et al., 2009). Further work 

looking into the possible effect of HSF1 induction of MITF and NFATc1 and the effect of the 

induction of these transcription factors upon RANK expression should be followed up for the 

compounds studied in this chapter.  

 

Bone loss observed in pathological conditions such as osteoporosis and inflammatory 

diseases as a result of increased osteoclast numbers (Kim et al., 2006; Boyle et al., 2003). In 

these conditions often the inflammatory cytokine TNF-α strongly synergizes with RANKL 

and large amounts of ROS are produced (Kim et al., 2006). Evidence for the role of ROS in 

increasing osteoclast formation is steadily building. RANKL or RANKL/TNF-α driven 

osteoclast formation can be inhibited by the antioxidant α-lipoic acid (α-LA) in vitro (Kim et 

al., 2006). Also this antioxidant can supress in vivo RANKL driven or RANKL/TNF driven 

bone loss in a calvarial remodeling model (Kim et al., 2006). Lifestyle choices, which are 

risk factors for osteoporosis, such as smoking, hypertension and diabetes mellitus are also 

associated with increased oxidative stress and increased free radicals levels (Sheweita and 

Khoshhal, 2007). This suggests that ROS generated from these chemotherapeutics may act to 

increase osteoclast differentiation. These reports implicate a wide range of stress stimuli to be 

involved in the enhancement of osteoclast differentiation.  

 

Chemotherapeutics generally have an adverse effect on the bone marrow as a whole. 

However, the effects of the studied chemotherapeutics enhancing osteoclast formation in the 

clinical setting are not known, i.e., any effects that these chemotherapeutics are having on 

osteoclast formation in vivo may be masked by the more general deleterious effects upon 

bone. Cisplatin has been shown to decrease: mineralized bone volume, the percentage of 

woven bone volume and the percent of osteoclast-covered bone (Ehrhart et al., 2002). 

Despite these reductions cisplatin treatment did not affect total bone mineral density (Ehrhart 

et al., 2002). The authors of this work suggested that cisplatin treatment may result in the 

uncoupling of bone formation due to either increased osteoclast activity or a delayed response 

by the osteoblasts to lay down new bone matrix. (Ehrhart et al., 2002). Doxorubicin also 

negatively affects the bone marrow in a similar manner (Shusterman and Meadows, 2000; 

van Leeuwen et al., 2000; Hadji et al., 2009; Friedlaender et al., 1984). Recently, 
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doxorubicin has been shown to increase osteoclast differentiation (Rana et al., 2013). In a 

4T1 breast cancer model in which tumour cells naturally metastasise to bone from mammary 

fat pads, doxorubicin increased osteolytic lesions eight fold, relative to untreated tumour-

bearing mice (Rana et al., 2013). Furthermore, trabecular bone volume was decreased by 

50% (Rana et al., 2013). Interestingly, the authors presented data that doxorubicin actions 

upon bone loss are mediated through both TGF-β and oxidative stress (ROS) (Rana et al., 

2013). However, this data was not conclusive as their blockade can inhibit osteoclast 

formation in general (Rana et al., 2013). It may be possible that doxorubicin ability to 

increase TGF-β acts upon NFATc1; whilst ROS may increase p38 and HSF1 activation and 

expression, which can affect MITF levels. The antimetabolite methotrexate has also been 

shown to decrease trabecular bone volume (Friedlaender et al., 1984). Although these 

compounds have complex actions on bone, due to their osteolytic actions it is essential to 

study the effect that these chemotherapeutics are having in vivo upon osteoclast formation in 

the presence of cancer that has metastasized to bone. As previously described in Chapter 

1.9.4, the HSP90 inhibitor, 17-AAG, increased tumour growth in the hind limbs of mice by 

increasing osteoclast formation and the proposed augmentation of the vicious cycle (Price et 

al., 2005; Yano et al., 2006). 17-AAG increase of osteoclast formation and resorptive activity 

would have released a milieu of bone matrix factors, which promoted tumour growth and 

metastatic bone disease (Price et al., 2005). Therefore the effects that these 

chemotherapeutics, at dosages, which would be used to treat tumours, have upon osteoclast 

formation, upon the vicious cycle of tumour growth and bone resorption, needs to be 

assessed. It may be that the administration of such drugs to patients with cancers that have 

metastasized to bone may increase their growth there. 

 

In summary, five compounds of clinical importance chosen for their known or putative 

abilities to induce HSF1 dependent cell stress in some cell lines were studied for their 

abilities to affect osteoclast differentiation. These compounds were chemically unrelated and 

varied markedly in their actions on cells. However, all increased osteoclast formation and 

induced cell stress responses that included HSP72 induction. Similarly, the increased 

osteoclast formation observed with these treatments were reduced by co-treatment with HSF1 

inhibitor KNK437. This data suggests that, like HSP90 inhibitors, these compounds enhanced 

osteoclastogenesis in an HSF1 dependent manner. Furthermore, all of the compounds 

increased the protein levels of MITF in RAW264.7 cells, which again is similar to the actions 

of HSP90 inhibitors. One difference between the action of these compounds and that of 
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HSP90 inhibitors is that they did increase NFATc1 protein levels, which itself may lead to 

MITF induction (Lu et al., 2014). Thus, a number of stressors have been demonstrated to 

display cell stress dependent effects on osteoclast progenitors, which is potentially highly 

osteolytic. The results are not conclusive in regarding whether all the stressors act directly to 

regulate MITF as they may act indirectly via some NFATc1 regulation. However, given the 

critical role of the MITF transcription factor in osteoclast formation their actions on MITF 

levels are consistent with a strongly pro-osteoclastogenic action. These stressors have 

complex effects on bone cells in vivo but it seems highly plausible that they may exert 

osteolytic actions in bone.  
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Chapter 6 The Effect of 17-AAG Treatment on the RAW264.7 

Transcriptome 

 

6.1 Introduction 

The data presented in Chapters 3 and 4 have suggested that HSP90 N-terminal domain 

inhibitors influence osteoclast progenitor differentiation through their effects on cell stress 

and HSF1 activation. However, there may be responses to these compounds that are either 

not HSF1 dependent or involve HSF1-regulated genes, which are not classically associated 

with cell stress responses that influence osteoclast formation and function. To investigate 

these possibilities, the influences of 17-AAG treatment upon osteoclast progenitor mRNA 

expression were investigated in an unbiased manner by generating an RNA-seq profile of 17-

AAG treated RAW264.7 cells. RNA-seq, a relatively new deep sequencing technology, is 

used for whole transcriptome analysis, including not just mRNA but also non-coding RNA 

sequences (Wang et al., 2009; Trapnell et al., 2012; Trapnell et al., 2009). RNA-seq analysis 

involves RNA being converted to a cDNA library of fragments that are then amplified in a 

high throughput manner resulting in the formation of short sequences, which are attached to 

adaptors present on the fragment ends (Wang et al., 2009). The sequencing reads are then 

aligned to a reference transcriptome or they may be assembled into a genome – scale 

transcription map if no reference map is available (Wang et al., 2009; Trapnell et al., 2012). 

Each RNA-seq reading of a transcript gives a direct measure of the level of expression for 

each RNA transcript (Wang et al., 2009; Trapnell et al., 2009).  

 

The approach taken therefore was to take RNA extracted from RAW264.7 cells treated for 24 

hours with or without 17-AAG (500nM). After a few preporatory steps (Chapter 2.16) 

libraries were prepared and RNA-seq performed (17 million reads per sample) by the Gandel 

Trust Sequencing Laboratory, Hudson Insititute of Medical Research, Clayton.  
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6.2 Results 

Informatics analysis on the data files generated by the Gandel Trust Sequencing Laboratory 

was initially performed by Dr Ross Chapman (Centre for Innate Immunity and Infectious 

Diseases, Hudson Institute of Medical Research) who created BAM files from the RNA-seq 

analysis. Subsequent informatics analysis on the data files was kindly performed by Dr 

Gholamreza Haffari and Milena Mitic (Dept of Information Technology, Monash 

University). Because RNA-seq identifies alternative transcription and splicing, an algorithm, 

which is not restricted by this or by prior gene annotations was required (Trapnell et al., 

2010). The open-source Cufflinks software, which assembles aligned RNA-seq reads into a 

set of transcripts provides such algorithms and was used to analyse the RNA-seq reads -

(Trapnell et al., 2010; Center for Computational Biology) (Dr Gholamreza Haffari and 

Milena Mitic, Monash University). Two approaches were used to analyse the RNA-seq reads. 

Initial analysis (Approach 1) was performed by putting the original sorted BAM files (Ross 

Chapman, Hudson Institute of Medical Research) through Cufflinks and Cuffmerge software 

to assemble the RNA-seq files and the reference genome annotation into one transcriptome 

annotation list with relative gene abundancies (Trapnell et al., 2012). Following this, Cuffdiff 

software analysis was used to compare gene expression between the conditions in the merged 

transcriptome annotation list and tabulate differential gene expression (Figure 6.1) (Trapnell 

et al., 2012). Initial analyses from Approach 1 revealed that the RAW264.7 transcriptome 

data was noisy and many of the transcript results from this comparison had an unmeasurable 

(NO TEST) outcome i.e., not enough alignments for testing. Therefore, a second approach 

called the ‘Tuxedo Protocol’ was performed by aggregating the reads made of the different 

RNA isolates (Figure 6.1 Approach 2) (Trapnell et al., 2012). The Tuxedo protocol uses both 

Cufflink and complementary Tophat software to map to provide a transcriptional annotation 

list (Trapnell et al., 2012; Center for Computational Biology). The Tophat software is a high 

level aligner, which uses Bowtie algorithms to align the RNA-seq reads to the genome 

(Trapnell et al., 2012; Center for Computational Biology). Thus for Approach 2, the BAM 

files were converted back to fastq files, and new mapping of the two condition, 17-AAG vs 

no treatment “-ve” was done through Tophat software. This was done in order to use the 

same reference genome files throughout the process. After realigning the RNA-seq reads 

through Tophat software, Cufflinks and Cubmerge software produced transcriptome 

annotation files, determined gene abundancies and produced a merged file as previously 

described. This transcriptome annotation list was then analysed by Cuffdiff software 
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Schematic of Software used to Analyse RNA-seq Reads 
 

 

 
 
 
Figure 6.1 
The RNA-seq data was first analysed by ‘approach 1’ where the BAM files previously 
generated from the RNA-seq experiments (by Ross Chapman) were put through Cufflinks, 
Cuffmerge and Cuffdiff software to compare the RNA-seq reads. However, due to the 
transcriptome data being noisy, a second approach (‘approach 2’) to analyse the data was 
performed. In approach 2 the original BAM files were converted back to fastq files and the 
reads made of RNA isolate aggregated. New mapping was done by Tophat software. The 
aligned reads then underwent analysis by Cufflinks, Cuffmerge and Cuffdiff software as 
previously. Cuffdif software identified a number of tested genes were differentially expressed 
when treated with 17-AAG. Approximately 500 genes showed a significance of p ≤ 0.05 
relative to the untreated control, “-ve”. Figure sourced from (Trapnell et al., 2012). 

First Approach Starts Here 

Second Approach Starts Here 
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(Figure 6.1, Approach 2) (Trapnell et al., 2012). Using this approach, ‘Approach 2’, the 

number of NOTEST results was thus reduced to half, and a number of genes important to 

osteoclast formation were identified as possibly regulated by 17-AAG. Of those that were 

tested, a number of genes were differentially expressed with about 500 genes showing a 

significance of p ≤ 0.05 relative to the untreated negative control, “-ve”. However, the 

comparison software labelled most comparisons as ‘not significant’, which was unusual given 

the very small p values. The Tophat mapping software discarded a number of reads, which 

may account for the software identifying lack of significance in much of the data (personal 

communication). Table 6.1 details the top 130 differentially expressed genes as identified by 

the RNA-seq analysis. Note at the end of the table are genes which were not differentially 

expressed but due to their putative or know on role in osteoclastogenesis were included. 

 

6.2.1 RNA-seq Analysis Reads  

Many genes that are involved in osteoclast formation were identified to be regulated by 17-

AAG including Dc-stamp, Atp6v0d2, Acp5 (TRAP), Adam8, urokinase activator of 

plasminogen (uPA) and carbonic anhydrase II (Car 2) (Table 6.2) (Kudo et al., 2002; Crasto 

et al., 2013; Väänänen and Zhao, 2002; Syggelos et al., 2013; Everts et al., 2008). In 

addition, a number of genes, which are also putatively involved in osteoclast formation, were 

found to be regulated by 17-AAG treatment including Ccl9 and Cd74 (Lean et al., 2002; Gu 

et al., 2015). 17-AAG ability to induce HSP was corroborated with 17-AAG treatment 

inducing the expression of a number of HSP genes including Hspa13 (HSP70 family 

member), Hsp90ab1, Hspb7 (Hsp27), as well as an important autophagy-associated HSP 

cognate protein Hspa8 (HSP73/Hsc70) (Figure 6.2). Consistent with the notion that cross-talk 

occurs between different stress response pathways, 17-AAG treatment also induced the 

expression of a number of molecules that are induced by a heat shock response, oxidative 

stress, genotoxic stress (DNA damage) and mitotic stress (Figure 6.2) (York et al., 2007; 

Thornley et al., 2014; Kameda et al., 2013; Clarkson and Wood, 2005; Tan et al., 2014; Su et 

al., 2013; Toivola et al., 2010; Pérez de Castro and Malumbres, 2012). Some of these genes 

include Sialic acid binding Ig-like lectin 1(Siglec1), Excision repair cross complementation 

group 2 (Ercc2), Nuclear receptor subfamily 1, group D, member 2 (Nrld2), Nesting, 

intermediate filament (Nes) and TPX2, microtubule-associated (Tpx2) (York et al., 2007; 

Thornley et al., 2014; Kameda et al., 2013; Clarkson and Wood, 2005; Tan et al., 2014; Su et 

al., 2013; Toivola et al., 2010; Pérez de Castro and Malumbres, 2012). Interestingly, a 

number of 17-AAG upregulated genes, which are involved or have a likely involvement in 
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osteoclast function have also been reported to be activated by stress including, Ccl9, Car 2 

and uPA/Plau (Figure 6.2) (Sharma et al., 2013; Luparello et al., 2003; Lean et al., 2002; 

Ravindran et al., 2010; Erdelyi et al., 2009; Edwards and Weivoda, 2012).  
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Gene Description 

Osteoclast 

involvement Value 1 Value 2 log2(fold change) p value 

 

Q value Sig 

Hist1h4m  Histone cluster 1, H4m (Hist1h4m). Histone protein, 

nuclear protein involved in DNA organisation (U.S. 

National Library of Medicine, 2009) 

Not reported 276.66 120.558 -1.19839 5.00E-05 0.041973 Yes 

Slc39a2 Solute carrier family 39 (zinc transporter), member 2 

(Slc39a2). Possible involvement in osteoclast biology 

(Hadley et al., 2010). 

 

Possible  

9.67387 21.7805 1.17087 5.00E-05 0.041973 Yes 

Dc-stamp Dendrocyte expressed seven transmembrane protein 

(Dc-stamp). Osteoclast fusion and differentiation 

membrane protein, which has an essential role in 

Osteoclast biology (Vignery, 2005). 

Yes 8.58076 25.9317 1.59554 5.00E-05 0.041973 Yes 

Racgap1 Rac GTPase-activating protein 1 (Racgap1). The 

human gene is involved in haematopoietic 

differentiation (Tcherkezian and Lamarche-Vane, 

2007). 

Not reported 36.2821 16.0352 -1.17801 5.00E-05 0.041973 Yes 

Spink5 Serine peptidase inhibitor, Kazal type 1 (Spink5) 

Protease inhibitor (also called LEKTI) is an immune 

system modulator (Lee et al., 2010a). 

Not reported 2.4817 6.8697 1.46892 5.00E-05 0.041973 Yes 

Genes of high interest 

Genes of lesser interest 

Table 6.1 Table of Annotations of Genes Identified to be Regulated by 17-AAG             
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Siglec1 Sialic acid binding Ig-like lectin 1, sialoadhesin, 

adhesion factor. Possible regulation of osteoclast 

differentiation (Kameda et al., 2013). This factor is 

stress induced in macrophages (Thornley et al., 2014; 

York et al., 2007). 

Not reported 3.36172 7.57848 1.17271 5.00E-05 0.041973 Yes 

Cxcl2 Chemokine (C-X-C motif) ligand 2 (Cxcl2). 

Potential involvement in osteoclast differentiation (Ha 

et al., 2010). 

Possible 3.36828 11.917 1.82294 5.00E-05 0.041973 Yes 

Clec4n C-type lectin domain family 4, member n (Clec4n), 

Lectin protein activated by LPS treatment in 

RAW264.7 (Ban et al., 2011). 

Not 

reported 

17.0436 37.4298 1.13496 5.00E-05 0.041973 Yes 

Itgax Integrin alpha-X (Itgax). Adhesion receptor expressed 

by osteoclasts so it may have a potential involvement 

in osteoclast biology (Nesbitt et al., 1993). 

Possible 4.76307 11.2414 1.23886 5.00E-05 0.041973 Yes 

Rprl3 Ribonuclease P RNA-like 3 (Rpr13) (U.S. National 

Library of Medicine, 2009). 

Not reported 1558.06 3486.66 1.16209 5.00E-05 0.041973 Yes 

Tmem202 Transmembrane protein 202 (Tmem202), Unknown 

function (U.S. National Library of Medicine, 2009). 

Not reported 2.19243 8.3726 1.93314 5.00E-05 0.041973 Yes 

Il1rn Interleukin 1 receptor antagonist (Illrn). Antagonist of 

IL1-α is a critical inflammatory factor (U.S. National 

Library of Medicine, 2009). 

Not reported 43.6477 97.8534 1.16472 0.0001 0.071954 No 

Chpf2 Chondroitin polymerizing factor 2 ( Chpf2). Its 

function is unknown (U.S. National Library of 

Medicine, 2009). 

Not reported 160.655 23.0467 -2.80133 0.0001 0.071954 No 

Prc1 Protein regulator of cytokinesis 1 (Prc1). It is involved 

in cytokine production (U.S. National Library of 

Not reported 16.019 6.99636 -1.1951 0.00015 0.100735 No 
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Medicine, 2009). 

F10 Coagulation factor X (F10). This gene encodes the 

vitamin K-dependent coagulation factor X , which is 

involved in the blood coagulation cascade (U.S. 

National Library of Medicine, 2009). 

Not reported 12.2169 25.8706 1.08243 0.00015 0.100735 No 

Prr11 Proline rich 11 (Prr11) is a cell cycle progression gene 

(Ji et al., 2013). 

Not reported 8.74297 4.02733 -1.1183 0.00025 0.143907 No 

Capsl Calcyphosine-like (Capsl). Currently its function is 

unknown (U.S. National Library of Medicine, 2009). 

Not reported 0 0.403369 Inf 0.00025 0.143907 No 

Kif2c Kinesin family member 2C (Kif2c). The human gene 

encodes a protein , which functions as a microtubule-

dependent molecular motor that promotes mitotic 

chromosome segregation (U.S. National Library of 

Medicine, 2009). 

Not reported 6.02456 2.57523 -1.22616 0.00025 0.143907 No 

Ercc2 Excision repair cross complementation group 2 (Ercc2) 

Functions as a DNA repair enzyme , which is activated 

to respond to DNA damage (Clarkson and Wood, 

2005). 

Not reported 41.5408 8.45721 -2.29627 0.0003 0.151103 No 

Saa3 Serum amyloid A 3 (Saa3) (U.S. National Library of 

Medicine, 2009). 

Not reported 40.8802 87.2404 1.09359 0.0003 0.151102 No 

Kif18b Kinesin family member 18B (Kif18b). Human Gene 

encodes a protein, which has microtubule functions in 

mitotic cells (Stout et al., 2011). 

Not reported 2.9781 1.1884 -1.32537 0.00035 0.153292 No 

Nr1d2 Nuclear receptor subfamily 1, group D, member 2 

(Nrld2) Rev-erbA-beta transcription factor, involved in 

energy homeostasis. Reports of being regulated by 

Not reported 10.8736 5.41098 -1.00687 0.0004 0.157398 No 
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stress in hepatic cells (Tan et al., 2014). 

Car2 Carbonic anhydrase II, Critical function in osteoclast 

biology notably in the formation of acid (Edwards and 

Weivoda, 2012).Possibility that Car 2 may be stress 

sensitive in some cells (Sharma et al., 2013). 

Yes 6.68936 14.909 1.15624 0.0004 0.157398 No 

Aif1 Allograft inflammatory factor 1 (Aif1), Functions as an 

Inflammatory factor (U.S. National Library of 

Medicine, 2009). 

Not reported 4.34051 11.4751 1.40257 0.00045 0.157398 No 

Ttk Ttk protein kinase (U.S. National Library of Medicine, 

2009). 

Not reported 4.5684 1.96927 -1.21403 0.00045 0.157398 No 

Tacc3 Transforming, acidic coiled-coil containing protein 3 

(Tacc3). Intracellular protein, which may influence 

early osteoblast maturation (Bargo et al., 2010). 

Possible 13.615 6.53861 -1.05814 0.00055 0.170475 No 

Ect2 Ect2 oncogene (Ect2). Functions to regulate the cell 

cycle and cell division. Has been shown to be 

upregulated by DNA damage (genotoxic stress) 

(Srougi and Burridge, 2011). 

Not reported 10.3088 5.28714 -0.96332 0.00065 0.192582 No 

Kif4 Kinesin family member 4 (Kif4). Is a microtubule 

motor protein, which functions to transport 

membranous organelles (U.S. National Library of 

Medicine, 2009). 

Not reported 5.39806 2.61701 -1.04452 0.00065 0.192582 No 

Marcksl1 MARCKS-like 1 (Marcksl1). Human coding protein 

functions as a cytoskeleton protein (U.S. National 

Library of Medicine, 2009) 

Not reported 3.21471 8.17633 1.34676 0.00075 0.204193 No 

Aspm Asp (abnormal spindle)-like, microcephaly associated 

(Aspm). In Drosophila, this gene is essential for normal 

Not reported 3.73721 1.86556 -1.00235 0.0008 0.212663 No 
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mitotic spindle function. (U.S. National Library of 

Medicine, 2009). 

Dio2 Deiodinase, iodothyronine, type II protein. Human 

coding protein activates the Thyroid hormone (Curcio-

Morelli et al., 2003). 

Not reported 3.24228 1.53739 -1.07652 0.00085 0.212663 No 

Cep55 Centrosomal protein 55 (Cep55). Mitosis and 

cytokinesis functions in humans (Fabbro et al.). 

Not reported 9.42929 4.5179 -1.0615 0.00085 0.212663 No 

Mcm10 Minichromosome Maintenance Complex Component 

10 (Mcm10) protein. Mitosis functions (Homesley et 

al., 2000). 

Not reported 3.93906 1.80475 -1.12605 0.00085 0.212663 No 

Fbxo5 F-Box Protein 5 (Fbxo5). Functions as a mitotic protein 

(U.S. National Library of Medicine, 2009). 

Not reported 7.66325 3.23056 -1.24617 0.00095 0.212663 No 

Fam64a Family With Sequence Similarity 64, Member A 

(Fam64a). Mitotic protein. Human protein can also 

influences leukemic fusion protein CALM/AF10 

(Archangelo et al., 2013). 

Not reported 11.7652 5.34923 -1.13712 0.00095 0.212663 No 

Asf1b Anti-Silencing Function 1B Histone Chaperone. 

Functions as a Histone chaperone (U.S. National 

Library of Medicine, 2009). 

Not reported 16.4917 7.83898 -1.073 0.00095 0.212663 No 

Mcm7 Minichromosome maintenance deficient 7. Human 

coding protein functions in DNA replication (U.S. 

National Library of Medicine, 2009). 

Not reported 13.5239 6.86522 -0.97813 0.001 0.218989 No 

Kif11 Kinesin Family Member 11 (Kif11). Functions in 

Mitosis(U.S. National Library of Medicine, 2009). 

Not reported 9.00294 4.78241 -0.91266 0.00115 0.246479 No 

Ephx1 Epoxide hydrolase enzyme.(U.S. National Library of 

Medicine, 2009). 

Not reported 10.8595 20.7223 0.932229 0.0012 0.246698 No 
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Mmp14 Matrix metalloprotein-14 (Mmp14). Likely involvment 

in osteoclast biology and has been shown to shed 

RANKL (Rodríguez et al., 2010; Sato et al., 1997). 

Likely 1.0585 2.90574 1.45689 0.0012 0.246698 No 

Uhrf1 Ubiquitin-Like With PHD And Ring Finger Domains 1 

(Uhrf1). It functions as an epigenetic regulator (Ying et 

al., 2015). 

Not reported 5.65482 2.66953 -1.0829 0.0012 0.246698 No 

Fgr Feline Gardner-Rasheed Sarcoma Viral Oncogene 

Homolog. Tyrosine kinase (Fgr). Coding protein is 

involved in immune responses (Futosi et al., 2013; 

U.S. National Library of Medicine, 2009). FGR is 

expressed in osteoclasts and its expression is RANKL 

inducible (Lowell et al., 1996; Cappellen et al., 2002). 

Possible 1.65823 3.68084 1.15039 0.0012 0.246698 No 

uPA Urokinase-type plasminogen activator. This factor 

breaks down extracellular matrix and is involved in 

osteoclast function (Everts et al., 2008)  This factor is 

also HSF1 activated (Luparello et al., 2003). 

Yes 53.6952 95.475 0.830329 0.00125 0.254381 No 

Mastl Microtubule associated serine/threonine kinase-like. 

Human coding protein functions as a microtubule 

protein (U.S. National Library of Medicine, 2009). 

Not reported 3.3375 1.56333 -1.09414 0.0013 0.261911 No 

Scarna3a Small Cajal body-specific RNA 3A (Scarna3a). 

Currently its function is unknown (U.S. National 

Library of Medicine, 2009). 

Not reported 33399 14128.3 -1.24122 0.00135 0.269292 No 

Birc5 Baculoviral IAP repeat-containing 5 (Birc5) (also 

known as survivin). Member of the Inhibitor of 

Apopotosis family (IAP). HSF1 regulates surviving 

levels. In addition survivin has been reported to be 

Possible 26.9118 13.0187 -1.04766 0.0014 0.27121 No 
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activated by M-CSF during osteoclastogenesis 

(Bradley et al., 2008; Meng et al., 2010; U.S. National 

Library of Medicine, 2009). 

Hmmr Hyaluronan mediated motility receptor (Hmmr). The 

human coded protein has motility functions(U.S. 

National Library of Medicine, 2009). 

Not reported 13.9582 7.54448 -0.88762 0.0014 0.27121 No 

Zfp951 Zinc finger protein 951 (Zfp951) (U.S. National 

Library of Medicine, 2009). 

Not reported 1.00998 2.44662 1.27647 0.0014 0.27121 No 

Ndc80 NDC80 kinetochore complex component (Ndc80). 

Human coding protein functions as a kinetochore 

protein (U.S. National Library of Medicine, 2009). 

Not reported 7.92474 3.73893 -1.08374 0.0015 0.285099 No 

Hbegf Heparin-binding EGF-like growth factor (Hbegf) Not reported 0.221588 1.71008 2.94812 0.0015 0.285099 No 

Hmgb2 High mobility group box 2 (Hmgb2). The human 

coding protein functions as a DNA binding protein. 

May be stress induced (U.S. National Library of 

Medicine, 2009; Tang et al., 2011). 

Not reported 28.6943 15.5388 -0.88489 0.00155 0.289147 No 

Depdc1a (Dishevelled, EGL-10, Pleckstrin) domain contained 

protein 1A (Depdc1a) is a Myeloma marker 

(Kassambara et al., 2013). 

Not reported 5.04761 2.194 -1.20204 0.0016 0.293047 No 

Clspn Claspin (Clspn). Human coding protein regulates cell 

cycle checkpoints and is needed for S phase during 

mitosis (U.S. National Library of Medicine, 2009). 

Not reported 1.69198 0.732224 -1.20835 0.0016 0.293047 No 

Ccl9 CCL-9, MIP1gamma Chemokine. Involved in 

osteoclast function. Ccl9 is the major chemokine 

expressed by osteoclasts (Lean et al., 2002) .This 

Chemokine has been shown to be both RANKL and 

Yes 66.5021 116.598 0.810072 0.0017 0.297825 No 
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stress induced (Ravindran et al., 2010; Lean et al., 

2002; Erdelyi et al., 2009). 

Scimp SLP adaptor and CSK interacting membrane protein 

(Scimp). The human coding protein serves as a 

regulator of antigen presentation (Draber et al., 2011). 

Not reported 0.747318 2.92853 1.97038 0.00175 0.301344 No 

Ccnf Cyclin F (Ccnf). Human protein functions in cell cycle 

control(D’Angiolella et al., 2010; U.S. National 

Library of Medicine, 2009).  

Not reported 8.11228 4.07525 -0.99322 0.00175 0.301344 No 

Pilra Paired immunoglobulin-like type 2 receptor alpha 

(PILRalpha) (U.S. National Library of Medicine, 2009) 

Not reported 0.783919 2.17976 1.47539 0.0019 0.318994 No 

Kif18a Kinesin-like protein 8a (Kifl8a) (U.S. National Library 

of Medicine, 2009)  

Not reported 4.68125 2.28433 -1.03513 0.00195 0.324683 No 

H2-Q7 Histocompatibility 2, Q region locus 7 (H2-Q7) 

Unknown – histone (U.S. National Library of 

Medicine, 2009). 

Not reported 13.3374 6.25916 -1.09144 0.002 0.327594 No 

Kif15 Kinesin family member 15b (Kif15)(U.S. National 

Library of Medicine, 2009). 

Not reported 4.13263 2.08666 -0.98586 0.002 0.327593 No 

Kif20b Kinesin family member 20b (Kif20b)(U.S. National 

Library of Medicine, 2009). 

Not reported 5.06031 2.69063 -0.91128 0.0021 0.33847 No 

Aim1l Absent in melanoma 1-like protein (Aim11) (U.S. 

National Library of Medicine, 2009) 

Not reported 1.14371 3.30075 1.52908 0.0021 0.33847 No 

Nes Nesting, intermediate filament, May be induced by 

oxidative and mechanical stress (Su et al., 2013; 

Toivola et al., 2010). 

Not reported 0.058782 0.383724 2.70663 0.00215 0.343778 No 

Kif14 kinesin family member 14 (Kif14), Human coding 

protein binds microtubules (U.S. National Library of 

Not reported 1.56437 0.754838 -1.05134 0.0022 0.346277 No 
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Medicine, 2009). 

Haus4 HAUS augmin-like complex, subunit 4 (Haus4) 

Unknown function of coding protein in mice (U.S. 

National Library of Medicine, 2009). 

Not reported 5.04074 2.14995 -1.22933 0.0022 0.346277 No 

Dtl Denticleless homolog (Drosophila) (Dtl) Unknown 

function (U.S. National Library of Medicine, 2009). 

Not reported 3.99094 1.98975 -1.00414 0.0023 0.351046 No 

Ncaph Non-SMC condensin I complex, subunit H (Ncaph). 

Human coding protein is a chromosomal protein (U.S. 

National Library of Medicine, 2009) . 

Not reported 6.29693 3.22315 -0.96618 0.0023 0.351046 No 

Shcbp1 Cell spindle protein. Not reported 10.3599 5.19221 -0.99659 0.0023 0.351046 No 

Atp6v0d2 vATPase v0d2 isoform. Critical in Osteoclast biology. 

Functions to acidify the Howeship’s Lacunae and is 

involved in osteoclast fusion (Wu et al., 2009). This 

molecule is regulated by MITF (Feng et al., 2009). 

Yes 48.1166 84.2218 0.807659 0.0024 0.363555 No 

Anln Anillin, actin binding protein. Human coding protein 

has a role in cell growth, migration and mitosis(U.S. 

National Library of Medicine, 2009). 

Not reported 13.919 7.75151 -0.84451 0.00265 0.398429 No 

Cfb Complement factor b (Cfb). Protein is a complement 

factor (Pekna et al., 1998). 

Not reported 0.412122 1.32765 1.68773 0.0027 0.40148 No 

Pttg1 Pituitary tumour-transforming 1. Coding protein 

regulates Cell cycle progression (Wang et al., 2001; 

U.S. National Library of Medicine, 2009). 

Not reported 33.6379 16.8257 -0.99942 0.00275 0.40148 No 

Bub1b Budding uninhibited by benzimidazoles 1 homolog, 

beta (S. cerevisiae) (Bub1b) Mitotic checkpoint, cell 

cycle division protein (Kyuragi et al., 2015; U.S. 

National Library of Medicine, 2009). 

Not reported 20.1368 11.4024 -0.8205 0.00275 0.40148 No 
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Cenpi Centromere protein I (Cenpi). Coding protein is 

consitutively associated with centromeres (U.S. 

National Library of Medicine, 2009). 

Not reported 6.88829 3.50523 -0.97464 0.00275 0.40148 No 

 Snord61 Small nucleolar RNA, C/D box 61 RNA (Snord61). 

Small nucleolar RNA, non coding (Hüttenhofer et al., 

2001; U.S. National Library of Medicine, 2009). 

Not reported 254762 144760 -0.81549 0.00285 0.413086 No 

Alyref Aly/REF export factor (also called (THOC4). The 

Human protein codes a molecular chaperone (U.S. 

National Library of Medicine, 2009). 

Not reported 114.744 66.7939 -0.78064 0.0029 0.417331 No 

Plekhg3 Pleckstrin homology domain containing, family G 

(with RhoGef domain) member 3 (Plekhg3). Unknown 

function of coding protein (U.S. National Library of 

Medicine, 2009). 

Not reported 3.05451 1.55827 -0.971 0.00305 0.423782 No 

Rrm1 Ribonucleoside-diphosphate reductase enzyme (Rrm1) 

(Caras and Martin, 1988). 

Not reported 21.6538 12.5379 -0.78833 0.00305 0.423782 No 

Cenpn Centromere protein N (Cenpn). The human coding 

protein has a role in kinetochore assembly during 

mitosis (U.S. National Library of Medicine, 2009). 

Not reported 7.15561 3.31472 -1.11019 0.0031 0.427779 No 

Knstrn Kinetochore-localized astrin/SPAG5 binding (Knstrn). 

Currently its function is unknown (U.S. National 

Library of Medicine, 2009). 

Not reported 10.8108 5.88127 -0.87827 0.00325 0.445427 No 

H1f0 H1 histone family, member 0. Histone nuclear protein 

(U.S. National Library of Medicine, 2009). 

Not reported 94.7192 55.937 -0.75985 0.0033 0.449224 No 

Irg1 Immunoresponsive gene 1 (Irg1). Human coding 

protein promotes endotoxin tolerance (U.S. National 

Library of Medicine, 2009). 

Not reported 3.99601 7.8008 0.965061 0.00335 0.450657 No 
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Scarna3b Small Cajal body-specific RNA 3B (Scarna3b). 

Currently its function is unknown. 

Not reported 38.6123 17.8844 -1.11036 0.0034 0.450657 No 

Arhgef39 Rho guanine nucleotide exchange factor (GEF) 

39.Currently its function is unknown (U.S. National 

Library of Medicine, 2009). 

Not reported 4.40382 1.78658 -1.30156 0.0034 0.450657 No 

Kntc1 Kinetochore associated 1 (Kntc1) Human coding 

protein functions in the cell cycle (U.S. National 

Library of Medicine, 2009) 

Not reported 4.92218 2.68598 -0.87385 0.0034 0.450657 No 

Gsta3 Glutathione S-transferase A3. Expression has been 

shown to be increased upon oxidative stress (U.S. 

National Library of Medicine, 2009; Ilic et al., 2010). 

Not reported 1.79629 4.39432 1.29062 0.0035 0.460879 No 

Gins1 DNA replication complex GINS protein can be 

activated by DNA replication stress (Flach et al., 2014; 

U.S. National Library of Medicine, 2009). 

Not reported 9.11597 4.00591 -1.18627 0.0037 0.484051 No 

Ercc6l Excision repair cross-complementing rodent repair 

deficiency complementation group 6 like (Ercc61). 

Ercc61 belongs to the SNF-2 family member and is a 

nuclear protein, (Yin et al., 2011; U.S. National 

Library of Medicine, 2009). 

Not reported 2.85356 1.39947 -1.02789 0.00375 0.487427 No 

Cenpf Centromere protein F. Coding protein regulates cell 

cycle G2/M checkpoint (Evans et al., 2007; U.S. 

National Library of Medicine, 2009). 

Not reported 3.90096 2.20367 -0.82392 0.0038 0.488033 No 

Mcm5 Minichromosome maintenance deficient 5, cell 

division cycle 46 (S. cerevisiae) (Mcm5). In humans 

the coding protein acts as a DNA replication licensing 

factor (Stoeber et al., 2001; U.S. National Library of 

Not reported 13.3929 7.59948 -0.8175 0.00385 0.488033 No 
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Medicine, 2009). 

Fam212b Family with sequence similarity 212, member B 

(Fam212b). Currently its coding protein’s function is 

unknown (U.S. National Library of Medicine, 2009). 

Not reported 0.40134 1.01778 1.34254 0.0039 0.488033 No 

Stil Scl/Tal1 interrupting locus (Stil). Coding protein 

functions as a centrosomal protein (U.S. National 

Library of Medicine, 2009; Castiel et al., 2011). 

Not reported 1.37432 0.638611 -1.10571 0.00405 0.503675 No 

Ptma Prothymosin alpha (Ttma). Coding protein functions as 

a chromatin remodelling protein and is a component of 

a linker histone chaperone (George and Brown, 2010; 

U.S. National Library of Medicine, 2009). Human 

coding protein is overexpressed in a number of cancers 

(Ioannou et al., 2012). 

Not reported 652.27 383.778 -0.7652 0.0041 0.506765 No 

Hist1h2bb Histone cluster 1, H2bb ( Hist1h2bb). Coding protein is 

a histone nuclear protein (U.S. National Library of 

Medicine, 2009). 

Not reported 66.122 33.8181 -0.96733 0.0043 0.52188 No 

Sgol1 Shugoshin-like 1 (Sgol1). Human coding protein is 

important in mitosis (U.S. National Library of 

Medicine, 2009). 

Not reported 2.97414 1.41707 -1.06956 0.0043 0.52188 No 

Tcam1 Testicular cell adhesion molecule 1(Tcam1) . Currently 

the coding protein function is unknown (U.S. National 

Library of Medicine, 2009). 

Not reported 0.318689 1.06022 1.73414 0.00435 0.524787 No 

Nek2 NIMA (never in mitosis gene a)-related expressed 

kinase 2. Protein codes a serine/threonine-protein 

kinase whose role is to mitotic processes including 

spindle formation. (Hayward and Fry, 2006; Marina 

Not reported 11.7779 6.56236 -0.8438 0.00445 0.530498 No 



Chapter 6 17-AAG Regulation of Osteoclast Genes 

252 

and Saavedra, 2014). It is also overexpressed in cancer 

(Marina and Saavedra, 2014). 

Ckap2l Cytoskeleton associated protein 2-like (Ckap2l). 

Mouse coding protein function is unclear (U.S. 

National Library of Medicine, 2009). 

Not reported 2.51514 1.17676 -1.09582 0.0046 0.545154 No 

Hist1h3i Histone cluster 1, H3i (Histlh3i). Coding protein 

functions as a histone nuclear protein (U.S. National 

Library of Medicine, 2009). 

Not reported 88.7055 44.2755 -1.00252 0.00475 0.54999 No 

Sepp1 Selenoprotein P, plasma, 1 (Sepp1). Coding protein 

acts as a heparin binding antioxidant (U.S. National 

Library of Medicine, 2009) 

Not reported 5.84278 10.765 0.881614 0.00475 0.54999 No 

Sf3b3 Splicing factor 3b subunit b (Sf3b3). Human coding 

protein functions as a splicing factor and has a role in 

transcriptional modifications (U.S. National Library of 

Medicine, 2009). 

Not reported 323.702 101.03 -1.67988 0.00475 0.54999 No 

Abcd4 ATP-binding cassette, sub-family D (ALD), member 4 

(Abcd4). Coding protein functions as a protein 

transporter (U.S. National Library of Medicine, 2009). 

Not reported 13.8445 24.103 0.799894 0.00485 0.55836 No 

Nod1 Nucleotide-binding oligomerization domain-containing 

protein 1 (Nod1). Human coding protein is an 

intracellular receptor, which initiates an inflammatory 

response (U.S. National Library of Medicine, 2009).  

Not reported 0.517577 1.25987 1.28343 0.00495 0.566634 No 

Acp5 Acid phosphatase 5, tartrate resistant (Acp5). Tartrate 

resistant alkaline phosphatase (TRAP) enzyme. 

Protein is essential for osteoclast function (Boyle et al., 

2003). 

Yes 8.72943 16.2722 0.898453 0.00545 0.620345 No 
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Pygl Liver glycogen phosphorylase (Pygl). Coding protein 

functions as an enzyme, which has a role in degrading 

glycogen chains to free glucose (McInerney et al., 

2002). 

Not reported 3.15899 6.00894 0.927646 0.00565 0.632392 No 

Nckap1 Nck-associated protein 1. Function of coding protein is 

not clear (U.S. National Library of Medicine, 2009). 

Not reported 2.14727 4.14177 0.94774 0.00565 0.632392 No 

Spc25 SPC25, NDC80 kinetochore complex component, 

homolog (S. cerevisiae) Kinetochore NDC80 protein 

complex (cytokeratins), which functions in mitotic 

spindle checkpoint and microtubule kinetochore 

attachment (U.S. National Library of Medicine, 2009). 

Not reported 16.9001 9.27835 -0.86509 0.0057 0.634464 No 

Igf2bp2 Insulin-like growth factor 2 mRNA-binding protein 2. 

Human coding protein is a member of the IGF-II 

mRNA-binding protein (IMP) family and functions to 

regulate IGF2 translation (U.S. National Library of 

Medicine, 2009). 

Not reported 3.87249 7.04451 0.863237 0.00595 0.656967 No 

Hspa8 Heat shock protein 8. The coding protein is a HSP70 

(HSP73 or HSC70) family member. Hspa8 is not stress 

inducible but has a similar function as HSP70 i.e. 

facilitating correct protein folding (Zhang et al., 2014a; 

U.S. National Library of Medicine, 2009). This protein 

is also important in many signal pathways (Giebel et 

al., 1988; U.S. National Library of Medicine, 2009). 

 952.692 1872.13 0.974596 0.0061 0.664306 No 

Gen1 Gen homolog 1, endonuclease (Gen1). Coding protein 

is an endonuclease (U.S. National Library of Medicine, 

2009). 

Not reported 1.89814 0.859467 -1.14307 0.00625 0.676983 No 
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Fancd2 Fanconi anemia complementation group, D2. Coding 

protein belongs to Fanconi anemia complementation 

group (FANC), which includes other protein i.e. 

FANCD1 (also called BRCA2). Fancd2 is involved in 

the DNA damage response and repair system along 

with BRAC1 and BRAC2 (tumour suppressor 

genes)(U.S. National Library of Medicine, 2009).  

Not reported 3.39305 1.81862 -0.89974 0.00635 0.680497 No 

Chaf1a Chromatin assembly factor 1 subunit A (Chaf1a). 

Human protein is a histone associated protein, which 

may be regulated by oxidative stress (U.S. National 

Library of Medicine, 2009; Hybertson et al., 2011) 

Not reported 2.06586 0.982085 -1.07282 0.0067 0.705656 No 

Efcab11  EF-hand calcium binding domain 11. Coding protein 

has currently unknown function (U.S. National Library 

of Medicine, 2009). 

Not reported 2.98799 1.26907 -1.2354 0.00675 0.705656 No 

Hmgn5 High-mobility group nucleosome binding domain 5 

(Hmgn5). Human coding protein function as a 

nucleosome binding factor and transcriptional 

activating protein (U.S. National Library of Medicine, 

2009). 

Not reported 3.76366 1.80635 -1.05906 0.00685 0.705656 No 

Tpx2 TPX2, microtubule-associated protein homolog 

(Tpx2). Nuclear protein involved in cell proliferation. 

Role in oncogene-induced mitotic stress (Pérez de 

Castro and Malumbres, 2012; U.S. National Library of 

Medicine, 2009). 

Not reported 13.8634 8.31168 -0.73807 0.0069 0.705656 No 

Scgb2b23-ps Secretoglobin, family 2B, member 23, pseudogene 

(Scgb2b23-ps) (U.S. National Library of Medicine, 

Not reported 0 0.444387 Inf 0.0069 0.705656 No 
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2009). 

Spdl1 Spindle apparatus coiled-coil protein 1. Currently its 

function is unknown (U.S. National Library of 

Medicine, 2009). 

Not reported 17.5706 10.3516 -0.76331 0.0073 0.742793 No 

Mmp19 

 

Matrix metalloprotein-19 (Mmp19). 

Potential role in osteoclast biology as other Mmp 

family members including Mmp9 have a role in ECM 

degradation (Delaissé et al., 2003; Ben-david et al., 

2012; Hou et al., 2004).  

Possible 

 

4.78073  

9.142 

0.935278 0.0075 0.759234 No 

Cd74 CD74 antigen (invariant polypeptide of major 

histocompatibility complex, class II antigen-

associated). Coding protein is a receptor for MIF. 

Potential role in Osteoclast function (Gu et al., 2015; 

Mun et al., 2013). 

Possible 198.656 275.752 0.473101 1.80888 0.0628 No 

Mif Macrophage migration inhibitory factor (Mif). Likely 

involvement in osteoclast function although poorly 

defined (Gu et al., 2015). 

Likely 996.706 1276.67 0.357148 2.71427 0.17125 No 

Tnf Tumour necrosis factor, inflammatory agent (Tnf). 

Coding protein has important effects upon osteoclast 

biology (Azuma et al., 2000; Fuller et al., 2002; 

Horowitz and Lorenzo, 2002). 

Yes 7.26639 12.6831 0.803592 2.45236 0.01285 No 

Il-1a Interleukin 1 alpha (IL-1α). Coding protein is an 

inflammatory agent, which has important effects on 

osteoclasts (Kim et al., 2009; Horowitz and Lorenzo, 

2002; Lee et al., 2010b). 

Yes 

 

1.82619 3.36815 0.883114 2.23224 0.0252 No 
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Due to the difficulties in progressing with gene expression analysis with this approach, 

mRNA levels of the putatively regulated genes highlighted by the RNA-seq analysis were 

examined further by quantitative qRT-PCR analysis using the RNA that was used in the 

RNA-seq experiment. Note that principle component analysis (PCA) showed the replicates of 

one set of RNA did not cluster with the replicates from the other two independent 

experiments for both the untreated and 17-AAG treated samples (data not shown). Therefore 

only the replicates in two of the three RNA sets were compared and analysed between the 

untreated, “-ve” and 17-AAG treatment group. The RNA from the two independent 

experiments whose replicates clustered as shown by PCA analysis was used for validation. 

For this study, the mRNAs of genes implicated in osteoclast biology were prioritised and 

selected from the list (Table 6.1). Target genes to examine included: DC-STAMP, which is 

involved in osteoclast fusion; the pro-osteoclastogenic and inflammatory cytokine IL-1α; 

chemokine Ccl9, which is abundantly expressed on osteoclasts; Chemokine (C-X-C motif) 

ligand 2 (Cxcl2), which has been shown to enhance osteoclastogenesis; uPA, which is 

involved in ECM degradation; MIF receptor Cd74 that has been reported to have a putative 

role in osteoclast biology; and MITF target gene ATP6V0d2 (Table 6.2) (Kudo et al., 2002; 

Tani-Ishii et al., 1999; Edwards and Weivoda, 2012; Lean et al., 2002; Vignery, 2005; Wu et 

al., 2009; Gu et al., 2015; Ha et al., 2010; Everts et al., 2008). In particular, Dc-stamp was 

identified to be highly regulated by 17-AAG in the RNA-seq analysis. However, due to PCR 

primer issues with both Cxcl2 and Dc-stamp (i.e., primer pairs that give reliable results by 

quantitative qRT-PCR in RAW264.7 cell RNA could not be identified), validation of the 

effects of 17-AAG upon their transcript levels could not be studied. Since Dc-stamp 

cooperates with another protein, Oc-stamp in osteoclast fusion, preliminary analysis of 17-

AAG effects upon this osteoclast fusion molecule was performed (Appendix Figure B12) 

(Miyamoto et al., 2012). Despite Oc-stamp not being identified in the RNA-seq analysis to be 

differentially regulated by 17-AAG treatment, initial qRT-PCR analysis shows 17-AAG 

treatment significantly increases Oc-stamp mRNA levels (Appendix Figure B15). 

 

qRT-PCR analysis of cDNA derived from RNA-seq RNA showed that cultures treated with 

17-AAG had higher Il-1α mRNA expression relative to the control n=2 (Table 6.2). 

Similarly, validation by qRT-PCR showed that 17-AAG treatment increased Atp6v0d2 

mRNA expression (n=2) (Table 6.2). Note that ATP6V0d2 is name of the transcript variant 

that gives rise to v-ATPase V0d2 (a subunit variant of the osteoclastic proton pump), which 

was shown to be regulated by 17-AAG studied in Chapter 3. qRT-PCR analysis showed that 
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17-AAG treated cultures had higher levels also of carbonic anhydrase II (Car 2), which like 

v-ATPase V0d2 has an important role in acidification of Howship’s lacuna by converting 

carbon dioxide and water to bicarbonate ions and carbonic acid (n=2) (Table 6.2) (Nakamura, 

2007). Likewise, initial qRT-PCR validation using RNA-seq RNA showed cultures treated 

with 17-AAG had increased Car2 mRNA expression relative to the control (n=2) (Table 6.2). 

Similarly, qRT-PCR data showed 17-AAG treatment increases MIF receptor, Cd74, 

plasminogen activator uPA and chemokine Ccl9 mRNA (n=2) (Table 6.2). 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 6 17-AAG Regulation of Osteoclast Genes 

258 

RNA-seq Analysis of Target Genes and Initial qRT-PCR Validation 

  

 

Gene 

(mouse) 

Description Fold change  

Value 1 

Fold change 

Value 2 

log2(fold_ 

change) 

p value Q 

value  

Sig Fold 

Change 

SEM n 

Il-1α Interleukin 1 alpha. Inflammatory cytokine 
Involvement in osteoclast biology(Kim et al., 2009; 
Horowitz and Lorenzo, 2002; Lee et al., 2010b). 

1.83 3.37 0.88 2.2322 0.03 No 4.12 0.54 2 

Atp6v0d2 vATPase v0d2 isoform. Critical in osteoclast fusion and 
proton pumping (Wu et al., 2009). Regulated by MITF 
(Feng et al., 2009). 

48.12 84.22 0.81 0.0024 0.36 

 

No 2.76 0.56 2     

Car2 Carbonic anhydrase II. Critical in osteoclast function 
notably in the formation of acid (Edwards and Weivoda, 
2012). Stress sensitive in some cells (Sharma et al., 2013). 

6.69 14.91 1.16 0.0004 0.16 No 2.84 1.34 2

Ccl9 MIP1gamma Chemokine Ccl9 is expressed abundantly by 
osteoclasts (Lean et al., 2002). RANKL induced, stress 
induced (Lean et al., 2002; Ravindran et al., 2010; Erdelyi 
et al., 2009). 

66.50 116.60 0.81 0.0017 0.30 No 4.25 0.50 2

Upa urokinase-type plasminogen activator. Breaks down 
extracellular matrix. uPA is involved in osteoclast 
function(Everts et al., 2008). UPA has been shown to be 
activated by HSF1 (Luparello et al., 2003). 

53.70 95.48 0.83 0.0013 

 

0.25 No 1.93 0.27 2 

Cd74 MIF receptor. Potential role in Osteoclast 
Biology(Gu et al., 2015). 

198.66 275.75 0.47 1.8088 0.06 No 3.60 0.80 2 

 
 
 
Table 6.2  
Genes selected from RNA-seq analysis to follow up including IL-1α, Atp6v0d2, Car2, Ccl9, Upa and Cd74. RNA-seq analysis for the selected 
gene including the fold changes, p values and significance as determine by the Cuffdif software is shown is shown for the selected gene in the 
RNA-seq Analysis section of the table. Follow up qRT-PCR validation using the RNA from the RNA-seq experiment was done. The Ct Fold 
change between no treatment negative control “-ve” and 17-AAG treatment of two pooled independent experiments is expressed in the qRT-
PCR fold change column.  

RNA-seq Analysis qRT-PCR 
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6.2.2 qRT-PCR Validation 

Subsequent qRT-PCR validations were performed in freshly isolated RNA from RAW264.7 

cells treated in the same manner as the RNA-seq preparation. In addition, a 48 hour time 

point was included. Target genes were the same as those examined with the RNA-seq RNA. 

RAW264.7 cells treated with 17-AAG (500nM) for 24 and 48 hours increased Il-1α 

expression. At 24 hours 17-AAG treatment significantly increased Il-1α expression relative to 

the DMSO vehicle control (Figure 6.2 A.). Likewise, at 48 hours 17-AAG treatment also 

significantly increased Il-1α levels (Figure 6.2 B.). 17-AAG treatment also significantly 

increased the mRNA expression of Atp6v0d2 at both 24 and 48 hours (Figure 6.3 A-B.). 17-

AAG treatment did not increase Ccl9 mRNA expression at 24 hours, but after 48 hours Ccl9 

mRNA expression was increased relative to the DMSO vehicle control (Figure 6.4 A-B.). 

Similarly, uPA and Cd74 expression levels were not affected by 17-AAG treatment at 24 

hours; however, Cd74 expression was increased by 17-AAG treatment at 48 hours (Figure 

6.5 and Figure 6.6 A-B.). 17-AAG effects upon enzyme Car 2 and osteoclast fusion molecule 

Oc-stamp were also performed (Appendix Figures B14 and B15). 
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17-AAG Treatment Increases Il-1α mRNA Expression in 
RAW264.7 Cells  
 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 
 
Figure 6.2 
(A-B.) RAW264.7 cells were seeded at 104 cells in 35mm diameter wells. The following day 
the cells were treated with 17-AAG (500nM) or a DMSO vehicle control “veh” for 24 or 48 
hours. RNA was Extracted, DNase treated and cDNA prepared and employed in qRT-PCR. 
(A.) 17-AAG increased Il-1α mRNA expression at (A.) 24 hours and at (B.) 48 hours. Data 
was normalised to HRPT mRNA and is shown relative to DMSO vehicle control. All data are 
expressed as mean ± SEM of (A.) three (B.) four independent experiments. Statistical 
analysis was performed using a Student’s two tailed unpaired t-test *** p ≤ 0.001. 

*** 
*** 

A.               B.              
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17-AAG Treatment Increases V-Atp6v0d2 mRNA 
Expression in RAW264.7 Cells 

 
 

 

 

 

 

 

 

 

   

 

 

 

 
 
 
Figure 6.3 
(A-B.) RAW264.7 cells were seeded at 104 cells in 35mm diameter wells. The following day 
the cells were treated with 17-AAG (500nM) or a DMSO vehicle control “Veh” for 24 or 48 
hours. RNA was Extracted, DNase treated and cDNA prepared and analysed by qRT-PCR. 
(A.) 17-AAG treatment significantly increased Atp6v0d2 mRNA levels at 24 hours. (B.) 
Likewise at 48 hours, 17-AAG treatment significantly increased Atp6v0d2 mRNA levels. 
Data was normalised to HRPT mRNA, and is shown relative to DMSO vehicle control. All 
data are expressed as mean ± SEM of (A.) three (B.) four independent experiments. 
Statistical analysis was performed using a Student’s two tailed unpaired t-test * p ≤ 0.05, *** 
p ≤ 0.001. 

*** 

* 

A. B. 
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The Effect of 17-AAG Treatment upon Ccl9 mRNA 
Expression in RAW264.7 Cells  
 

 

 

 

 

 

 

 

 

 

    

   

 

 

 

 

 

Figure 6.4 
(A-B.) RAW264.7 cells were seeded at 104 cells in 35mm diameter wells. The following day 
the cells were treated with 17-AAG (500nM) or a DMSO vehicle control “Veh” for 24 or 48 
hours. RNA was Extracted, DNase treated and cDNA prepared and analysed by qRT-PCR. 
(A.) 17-AAG treatment did not affect Ccl9 expression at 24 hours; however, at (B.) 48 hours 
17-AAG treatment significantly increased Ccl9 expression levels. Data was normalised to 
HRPT mRNA and is shown relative to DMSO vehicle control. All data expressed as mean ± 
SEM of three independent experiments. Statistical analysis was performed using a Student’s 
two tailed unpaired t-test *** p ≤ 0.001. 

*** 

A. B. 
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The Effect of 17-AAG Treatment upon uPA mRNA 
Expression in RAW264.7 Cells  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6.5 
RAW264.7 cells were seeded at 104 cells in 35mm diameter wells. The following day the 
cells were treated with 17-AAG (500nM) or a vehicle DMSO control “Veh” for 24 hours. 
RNA was extracted, DNase treated and cDNA prepared, and cDNA prepared and analysed by 
qRT-PCR. 17-AAG treatment did not affect uPA expression at 24 hours. Data was 
normalised to HRPT mRNA and is shown relative to DMSO vehicle control. All data 
expressed as mean ± SEM of 3 independent experiments. Statistical analysis was performed 
using a Student’s two tailed unpaired t-test.  
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The Effect of 17-AAG Treatment upon Cd74 mRNA 
Expression in RAW264.7 Cells  
 

 

 

 

 

 

 

 

 

 

     

 

 

 

 

 

 

Figure 6.6 
(A-B.) RAW264.7 cells were seeded at 104 cells in 35mm diameter wells. The following day 
the cells were treated with 17-AAG (500nM) or a DMSO vehicle control “Veh” for (A.) 24 
or (B.) 48 hours. RNA was Extracted, DNase treated and cDNA prepared and analysed by 
qRT-PCR. (A.) At 24 hours 17-AAG did not affect Cd74 expression. (B.) After 48 hours of 
17-AAG treatment however, Cd74 expression levels were significantly increased. Data was 
normalised to HRPT mRNA and is shown relative to DMSO vehicle control. All data is 
expressed as mean ± SEM of 3 experiments. Statistical analysis was performed using a 
Student’s two tailed unpaired t-test *** p ≤ 0.001.  

*** 

A. B. 
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6.3 Discussion 

RNA-seq identified a number of transcripts whose levels were regulated by 17-AAG 

treatment in RAW264.7 cells. Amongst these were molecules having a known role and a 

putative role in osteoclast biology (Kudo et al., 2002; Tani-Ishii et al., 1999; Edwards and 

Weivoda, 2012; Everts et al.; Lean et al., 2002; Vignery, 2005; Wu et al., 2009; Gu et al., 

2015; Ha et al., 2010). Interestingly, some of these genes have been reported to be regulated 

by stress responses (Sharma et al., 2013; Luparello et al., 2003; Lean et al., 2002; Ravindran 

et al., 2010; Erdelyi et al., 2009; Edwards and Weivoda, 2012). 17-AAG treatment also 

regulated a number of genes, which are induced by stress whose encoded proteins have 

various functions (York et al., 2007; Thornley et al., 2014; Kameda et al., 2013; Clarkson 

and Wood, 2005; Tan et al., 2014; Su et al., 2013; Toivola et al., 2010; Pérez de Castro and 

Malumbres, 2012). For the purpose of this chapter genes were prioritised according to their 

role in osteoclast biology and included Il-1α, v-ATP6 V0d2, Ccl9, uPa, Cd74, Oc-stamp and 

Car 2.  

 

IL-1 is an isoform of IL-1, an inflammatory cytokine, which is a known stimulator of 

osteoclastogenesis (Boyle et al., 2003; Tani-Ishii et al., 1999; Jules et al., 2012). IL-1 

principally mediates its effects on osteoclastogenesis by increasing RANKL expression on 

osteoblasts, but also can act directly upon osteoclast progenitors to augment RANKL 

signalling (Kudo et al., 2002; Lee et al., 2002b; Jules et al., 2012). In the presence of 

RANKL, IL-1 has been shown to increase NFATc1 expression and can increase the 

expression of Car2, TRAP, MMP9 and CTSK (Jules et al., 2012). The IL-1α isoform of IL-1 

has been shown to be particularly important in increasing osteoclast differentiation (Kudo et 

al., 2003; Tani-Ishii et al., 1999). Adding anti- IL-1α antibodies to a co-culture of C57BL/6N 

mouse bone marrow and MC3T3-G2/PA6 cells decreased osteoclast numbers by 25% and the 

ratio of mononuclear to multinuclear to was 90:10 relative to control 60:40 (Tani-Ishii et al., 

1999). The reduction in the numbers of fused osteoclasts resulted in less resorption and thus 

decreased pit sizes (Tani-Ishii et al., 1999). Likewise, Il-1α knockout mice have significantly 

higher bone mineral density and significantly fewer osteoclasts present upon their femur 

trabecular bone (Lee et al., 2010b). These observations, in sum, suggest that the IL-1α 

isoform of IL-1 may play a role in 17-AAG induced osteolysis. Possible regulation in 

RAW264.7 cells was studied by qRT-PCR and the data showed 17-AAG treatment did 

indeed enhance Il-1α mRNA expression dramatically at both 24 and 48 hours (Figure 6.4). 
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17-AAG ability to increase Il-1α gene expression might also contribute to 17-AAG mediated 

increase in osteoclast differentiation from progenitor cells including its effects on cellular 

mediators such as MITF. In the context of metastatic bone disease, this factor may participate 

in 17-AAG osteolytic effects that increase metastatic bone tumour growth in xenograft mouse 

models.  

 

The MITF target gene Atp6v0d2, the name of the transcript for v-ATPase V0d2 proton pump 

isoform studied in Chapter 3 was also identified by the RNA-seq analysis as a potential target 

of 17-AAG (Feng et al., 2009). 17-AAG regulation ofATP6v0d2 mRNA is consistent with 

our results that showed 17-AAG increases Atp6v0d2 transcriptional activity in RAW264.7 

cells. The v-ATPase pump plays an essential role in osteoclast bone resorption by pumping 

hydrogen into Howship’s lacuna and osteoclasts have a high expression of v-ATPase a3 and 

v-ATPase d2 subunit isoforms (Crasto et al., 2013; Väänänen and Zhao, 2002; Yang et al., 

2012; Matsumoto et al., 2014). Mice that lack the v-ATPaseV0d2 (and a3) subunit have 

impaired bone resorption and increased bone mass (Lee et al., 2006; Crasto et al., 2013). The 

role of ATP6v0d2 in bone resorption is not strictly relevant here as the cells were not cultured 

on bone; however, a second striking property of this protein is its participation in osteoclast 

fusion (Lee et al., 2006). Osteoclasts derived from mice lacking the v-ATPase V0d2 subunit 

are predominantly mononuclear with a concomitant decrease in bone resorption (Lee et al., 

2006). qRT-PCR validation of the RNA-seq analysis confirmed 17-AAG treatment 

significantly increased the mRNA levels of v-ATPaseV0d2 expression at both 24 and 48 

hours. Increased expression of this molecule is consistent with all the prior observations of 

17-AAG driving increased differentiation and osteoclast size, as previously noted in Chapter 

3.2.2. Another factor similarly implicated in osteoclast fusion was Dc-stamp, which showed 

some indication of upregulation in the RNA-seq data. Dc-stamp, as well as Cxcl2, 

upregulation, however, could not be confirmed by qRT-PCR due to technical problems with 

primer design that could not be resolved. Despite this, initial qRT-PCR experiments suggest 

17-AAG increases expression of the fusion molecule Oc-stamp (Appendix Figure B15). This 

molecule has been shown to act in concert with Dc-stamp to mediate osteoclast fusion 

(Miyamoto et al., 2012). Another gene identified by the RNA-seq to be regulated by 17-AAG 

is Car2. This enzyme is essential for osteoclast function as it generates hydrogen ions to 

acidify Howship’s lacunae allowing for the mobilization of inorganic bone matrix (Billecocq 

et al., 1990; Laitala-Leinonen et al., 1999; Lehenkari et al., 1998; Laitala and Vaananen, 
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1993). Initial analysis suggests 17-AAG treatment also increases Car 2 mRNA levels at both 

24 and 48 hours (Appendix Figure B14).  

 

17-AAG treatment was also found to regulate chemokine (C-C motif) ligand 9 (Ccl9), which 

is also known as macrophage inflammatory protein δ or MIP-1δ (Maurer and von Stebut, 

2004). CCL9 belongs to the MIP-1 family of C-C chemokines whose members include 

CClL3/MIP-1α, CCl4/MIP-1β, CCL9/MIP-1δ and CCL15/MIP-1γ (Maurer and von Stebut, 

2004). MIP-1 proteins including CCL9 have a role in many inflammatory processes both 

physiological and pathological (Maurer and von Stebut, 2004). The CCL9 family member is 

reported to be the main chemokine expressed by mouse osteoclasts and has been shown to be 

important in the process of osteoclastogenesis and also mature osteoclast function (Yang et 

al., 2006; Lean et al., 2002). Ccl9 gene expression is induced by RANKL treatment in the 

middle stages of osteoclastogenesis and increases the differentiation and survival of mouse 

osteoclasts (Yang et al., 2006; Okamatsu et al., 2004). Furthermore, inhibiting CCL9 with an 

anti-CCL9 antibody suppresses osteoclast formation in vitro and in vivo (Yang et al., 2006). 

CCL9 also regulates mature osteoclast activity by stimulating cytoplasmic motility and 

polarization, which are required for osteoclast activation prior to resorption (Lean et al., 

2002). qRT-PCR analysis of mRNA from RAW264.7 cell cultures showed 17-AAG 

treatment significantly increased Ccl9 expression at 48 hours. As previously shown, 17-AAG 

treatment does not affect osteoclast survival rates (Chapter 3.2.2). However, 17-AAG effects 

upon CCL9 might play a role, as other chemokines are suspected to, in chemotaxis of 

osteoclast precursors possibly allowing them to identify each other prior to fusion.  

 

Another RNA-seq target gene identified was plasminogen activator, urokinase (Plau), which 

is also called urokinase Plasminogen Activator (uPA) (Figure 6.2 and 6.3) (Furlan et al., 

2007). uPA binds its membrane bound co-factor uPA receptor (uPAR) and converts the 

inactive precursor plasminogen to the active serine protease plasmin (Furlan et al., 2007; Lu 

et al., 2011; Syggelos et al., 2013). In the context of bone, active plasmin can also degrade 

the bone collagen matrix as well as numerous other extracellular matrix proteins (Syggelos et 

al., 2013; Lu et al., 2011). uPa further regulates bone matrix degradation through its 

activation of certain precursor MMPs including MMP-3, MMP-9, MMP-12, and MMP-13 

(Furlan et al., 2007; Syggelos et al., 2013). Kubota et al. found that uPA expression was 

increased during RANKL-mediated RAW264.7 osteoclast differentiation (Kubota et al., 

2003). In addition, mice that lack the uPA receptor (uPAR) have increased osteoblasts with a 
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concomitant increase in bone mass (Furlan et al., 2007). These mice also have decreased 

osteoclast numbers and the active osteoclasts have defective actin rings (Furlan et al., 2007). 

In contrast however, Daci et al. showed osteoclast numbers were not reduced in a 

1,25(OH)2D3 -stimulated co-culture of osteoblasts and bone marrow cells from uPA-/- mice 

(Daci et al., 1999). Initial qRT-PCR validation showed 17-AAG treatment doesn’t affect uPA 

expression levels at 24 hours (Figure 6.5). However, after 48 hours of 17-AAG treatment, 17-

AAG significantly increased uPA mRNA levels (Figure 6.5). 

 

The transmembrane protein Cd74 was shown not to be differentially regulated by 17-AAG in 

the RNA-seq analyses; however, initial qRT-PCR suggested some regulation. CD74 actions 

as a receptor for macrophage migration inhibitory factor (MIF) has suggested it may have a 

role in osteoclast biology (Gu et al., 2015). A recent report showed bone marrow cells from  

Cd74-/- mice exhibited decreased RANKL-mediated osteoclastogenesis (Gu et al., 2015). In 

contrast Mun et al. 2013 showed RANKL stimulated osteoclast differentiation was increased 

when using bone marrow cells from Cd74-/- mice (Mun et al., 2013). 17-AAG treatment did 

not affect Cd74 expression at 24 hours; however, after 48 hours of treatment Cd74 expression 

levels were increased (Figure 6.6).  

 

This data shows that in RAW264.7 cells 17-AAG impacts mRNA levels of a number of 

molecules previously shown to be important in osteoclast differentiation and activity. In 

pathological diseases including rheumatoid arthritis, osteolytic metastasis or myeloma the 

induction of these genes would act to increase disease progression through osteoclast 

formation and their interactions with the microenvironment i.e., vicious cycle observed in 

cancer invasion of bone. Further follow up work including qRT-PCR analysis on primary 

bone marrow cells and protein work should be addressed. To determine the role of HSF1 in 

these genes regulation, qRT-PCR and protein studies can be done using primary bone marrow 

cells from HSF1 null mice and also through HSF1 pharmacological inhibition. Based on 

these results, further over-expression or inhibitory studies to assess what role these genes are 

in osteoclast differentiation and activity in response to 17-AAG would be a useful future 

direction.  
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7.1 Summary and Conclusions 

The work studied in this thesis focussed on the effects of cell-stressing compounds, including 

HSP90 inhibitors, clinically used chemotherapeutics and ethanol upon osteoclast 

differentiation. 17-AAG and the more recently developed HSP90 inhibitors, CCT018159 and 

NVP-AUY922, were shown in this thesis to increase osteoclastogenesis. This work has 

shown a role for HSF1-dependent cell stress and a previously unsuspected regulatory role for 

MITF in osteoclast differentiation. Further investigation revealed similar effects of certain 

chemotherapeutic factors and of ethanol on osteoclast formation, and a similar involvement 

of cell stress and MITF. Osteoclast formation in vitro and in vivo is generally controlled by 

calcitropic hormones including PTH, Vit D3 and calcitonin (Onal et al., 2012; Bouillon and 

Suda, 2014; Suda et al., 1999). However, these studies have uncovered a new class of 

stimuli-stress inducing compounds that may be of particular importance in pathological and 

iatrogenic bone loss. 

 

Osteoclastogenesis occurs through the stimulation of osteoclast precursor cells to survive by 

M-CSF signals and to differentiate by RANKL stimulation (Boyle et al., 2003; Feng, 2005). 

RANK signalling causes the activation of downstream signalling pathways inducing the 

expression of osteoclast transcription genes and the activation of signalling molecules, which 

are necessary for the differentiation and activation of osteoclasts (Feng, 2005; Boyle et al., 

2003). Amongst these transcription factors and signalling molecules are NFκB, NFATc1, c-

FOS (a subunit of AP-1), MITF, and p38 (Asagiri and Takayanagi, 2007; Mansky et al., 

2002a; Gohda et al., 2005; Yamashita et al., 2007; Boyle et al., 2003; Raggatt and Partridge, 

2010). Mice that lack these molecules are osteopetrotic and have greatly increased bone mass  

(Asagiri and Takayanagi, 2007; Mansky et al., 2002a; Gohda et al., 2005; Yamashita et al., 

2007; Del Fattore et al., 2008). In contrast, osteoclast-stimulating factors such as RANKL 

raise the activation of these factors and over-expression of NFκB, NFATc1 and MITF all 

increase osteoclast differentiation and resorptive activity (Yamashita et al., 2007; Meadows 

et al., 2007; Takayanagi et al., 2002). Therefore, the regulation of these important molecules 

is inherent to the osteoclast activity and also indirectly through coupling signals to osteoblast 

bone formation (Boyle et al., 2003).  

 

Most skeletal diseases are the result of increased osteoclast activity where it is hypothesized 

that the balance between bone resorption and bone formation is skewed in the direction of 
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bone resorption (Boyle et al., 2003; Hienz et al., 2014). Prior work to this thesis showed that 

17-AAG treatment caused tumour growth and bone loss in metastatic bone disease in MDA-

MB-231 innoculated mice (Price et al., 2005). The 17-AAG mediated increase in tumour 

growth in the bone was contrary to 17-AAG anti-cancer effects in soft tumours (Price et al., 

2005; Solit et al., 2003; Solit et al., 2002; Kelland et al., 1999). This was hypothesized to 

occur through the vicious cycle which occurs in osteolytic metastasis (Price et al., 2005). 

Further work showed 17-AAG treatment decreased bone volume in tumour naïve mice 

through its actions to increase osteoclast formation (Price et al., 2005). Similarly, Yano et al. 

found 17-AAG treatment to also increase tumour growth and bone loss through 17-AAG 

actions to increase osteoclast formation (Yano et al., 2008). This data suggested the drug had 

pro-osteolytic activity. One of the aims of this thesis was to confirm 17-AAG pro-

osteoclastogenic effects upon osteoclast progenitors. In addition, the effect upon osteoclast 

differentiation was studied of more recently developed HSP90 inhibitors, CCT018159 and 

NVP-AUY922, the latter of which is currently undergoing phase I and II clinical trials 

(Cheung et al., 2005; Eccles et al., 2008; Sharp et al., 2007a; National Institute of Health, 

2014). As previously published by our group, 17-AAG treatment significantly increased the 

differentiation of osteoclast progenitors into mature osteoclasts in a dose-dependent manner 

in both the RAW264.7 cells and in primary bone marrow cells. Not only did 17-AAG 

treatment increase the number of TRAP and CTR positive cells, but the osteoclasts formed 

were larger than RANKL stimulated. This suggested 17-AAG also affects osteoclast fusion 

and therefore activity. The finding that 17-AAG increases osteoclast formation is consistent 

with studies by Yano et al., where 17-AAG was shown to increase osteoclast differentiation 

from primary bone marrow cells (Yano et al., 2008). Like 17-AAG, the more recently 

developed CCT018159 and NVP-AUY922 exerted pro-osteoclastogenic effects upon 

osteoclast progenitors increasing osteoclast formation (Table 7.1, CCT018159 not shown).  

 

Although the effects of NVP-AUY922 and CCT018159 on bone and tumours in tumour 

naïve and laden mice were not studied, these compounds have the potential to increase 

tumour growth through their pro-osteolytic actions. Therefore this data impresses the 

requirement for future studies to investigate this possibility. This data shows N-terminal 

HSP90 inhibitors increases osteoclast formation and suggests that the increase in 

osteoclastogenesis is a common effect amongst N-terminal HSP90 inhibitors. This research 

provides novel data on the effect of HSP90 drugs, which were in or are currently going 
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Sumary Table of Thesis Findings 

 

 

 

 
 
Table 7.1  
This table provides a summary of the treatment effects of experimental and clinically used chemotherapeutics upon cell stress markers, 
osteoclast transcription factors and osteoclast differentiation in HEK-HSE cells and RAW264.7 cells. 

 
 

HEK-HSE 
Cells 

Bone 
Marrow 
Cells 

                                      RAW264.7 Cells Bone Marrow 
Cells 

HSF1 
Transcriptional
Activity 

HSP72 Protein 
 

Phospho 
p38 
Protein 

NFATc1 
Protein 

MITF 
Protein 

Osteoclast Differentiation 

Chemotherapeutics 

17-AAG          

NVP-AUY922     Not    
Tested 

   

Cisplatin No  Effect Not    
Tested 

 Not    
Tested 

    

Doxorubicin  Not    
 Tested 

 Not    
 Tested 

    

Bortezomib  Not    
Tested 

 Not    
Tested 

    

MG132  Not    
Tested 

 Not    
Tested 

    

Cell Stress markers 
Osteoclastogenic responses 
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through clinical trials upon bone metabolism that has not previously been assessed. This work 

should impress the need to understand and screen the effects of HSP90 inhibitors upon bone  

as they may cause secondary problems i.e., tumour growth in metastatic disease in the case of 

17-AAG.  

 

17-AAG acts to inhibit HSP90 by binding to the N-terminal ATPase pocket, which inhibits 

its cycling between ATP and ADP- bound confirmations (Goetz et al., 2003; Koga et al., 

2009; Patel et al., 2011). This causes HSP90 to be in an open confirmation and bound to ADP 

with co-chaperones, which targets HSP90 oncogenic client proteins for proteasomal 

degradation (Patel et al., 2011; Koga et al., 2009). In addition, 17-AAG inhibits HSP90 

cytoprotective role in the cell against environmental, genetic and protein instability(Neckers 

and Workman, 2012). Through these actions 17-AAG mediates the anti-cancer effects seen in 

soft tumour models. Why 17-AAG increases osteoclast formation through HSP90 inhibition 

brought forth many questions to the mechanism by which it acts. One of the aims of this 

thesis was to study the mechanism whereby 17-AAG acts to increase osteoclastogenesis. 

How does HSP90 inhibition cause an increase in osteoclast formation? Osteoclastogenesis is 

a tightly regulated process involving a number of signalling pathways downstream of RANK 

activation (Feng, 2005; Boyle et al., 2003; Raggatt and Partridge, 2010). Within these 

pathways are the key osteoclast transcription factors (including NFκB, AP-1, NFATc1 and 

MITF) whose expression and activities are induced by RANKL to drive the differentiation of 

progenitor haemopoietic cells into mature cells (Raggatt and Partridge, 2010). Therefore, the 

effects of HSP90 inhibition through 17-AAG upon these transcription factors were assessed. 

17-AAG treatment did not affect NFκB or c-FOS. Interestingly, 17-AAG decreased the 

transcriptional activity and protein levels of NFATc1, which is considered the major 

regulator of osteoclastogenesis and is highly regulated by RANKL (Sharma et al., 2007; 

Takayanagi, 2007a). The fact that 17-AAG treatment had a negative effect upon NFATc1 

was surprising and shows that 17-AAG is not acting to increase osteoclast formation through 

NFATc1. As unexpected as 17-AAG negative effects upon NFATc1 were, it is consistent 

with a previous report that NFATc1 is HSP90 client protein and is therefore degraded when 

17-AAG is bound to HSP90 (Ruffenach et al., 2015). Further supporting this finding was the 

data showing 17-AAG acts to increase osteoclast differentiation in the latter half of the 

osteoclast formation pathway. In contrast, TGF-β acts to increase osteoclastogenesis in the 

earlier part of the process possibly through its actions upon NFATc1. This data indicates 

TGF-β and 17-AAG act by different mechanisms. This data also suggests that NFATc1 
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regulation during osteoclast formation is not quite the limiting factor in osteoclast formation 

that it is generally considered to be in the literature. Rather this data suggests that there is 

another point of control during osteoclastogenesis.  

 

Through work presented in this thesis MITF was identified as likely to be a novel point of 

control in osteoclastogenesis. Unlike 17-AAG effects upon other osteoclast transcription 

factors, 17-AAG treatment increased the protein expression of MITF in a time and dose-

dependent manner (Table 7.1). The MITF transcription factor is essential for osteoclast 

differentiation with mi/mi mice having low numbers of osteoclasts and the limited osteoclast 

numbers present having defective ruffled borders and resorptive activity  (Hershey and 

Fisher, 2004; Luchin et al., 2000; Steingrimsson et al., 2002; Motyckova et al., 2001; Sharma 

et al., 2007). MITF drives osteoclast differentiation by causing (in concert with NFATc1 and 

other transcription factors) the expression of osteoclastogenic genes (Boyle et al., 2003). In 

contrast to other osteoclastic transcription factors MITF activation occurs late in the 

osteoclast signalling/transcription factor cascade, i.e., in a manner dependent on the earlier 

induced factors (Boyle et al., 2003). Supporting this, studies have suggested MITF activation 

is probably downstream of NFATc1 although NFAT binding sites in MITF promoters have 

not been reported (Bronisz et al., 2006; Hershey and Fisher, 2004; Lu et al., 2014). The 

finding 17-AAG treatment increases MITF protein expression is consistent with 17-AAG 

acting late in the osteoclastogenesis pathway to increase osteoclast formation. Interestingly, 

the MITF isoforms A and in particular E have been previously identified to be important for 

osteoclast formation (Lu et al., 2010a). Lu et al. found RANKL stimulation to increase 

MITF-E protein levels, and also identified MITF isoform E to be a more potent 

osteoclastogenic factor than isoform A (Lu et al., 2010a). More recently the same group also 

identified MITF-E to be regulated by NFATc1 (Lu et al., 2014). Overexpression of NFATc1 

was able to increase MITF-E protein levels in the absence of RANKL (Lu et al., 2014). TGF-

β has also been shown to increase RANKL-induced MITF-E expression and 

osteoclastogenesis (Asai et al., 2014). This may occur through TGF-β stimulation of 

NFATc1, which may then feed into MITF, as described by the study above (Asai et al., 2014; 

Lu et al., 2014). As mentioned above MITF drives the expression of osteoclast genes 

including, Apc5 (TRAP), Ctsk, Clcn7, E-cadherin and the Atp6v0d2 (Lu et al., 2010a; Feng et 

al., 2009). Work in this thesis showed 17-AAG treatment increased the transcriptional 

activity of MITF target gene Atp6v0d2. Using a luciferase reporter construct containing the 

promoter region of the MITF target gene-Atp6v0d2, 17-AAG treatment increased the 
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transcriptional activity Atp6v0d2 in a dose-dependent manner although it was uncertain if 

this is dependent upon MITF induction. However, mutating the MITF binding regions in this 

construct abolished the 17-AAG mediated increase in Atp6v0d2 transcriptional activity, 

confirming MITF role in its induction. The more recently developed HSP90 inhibitor NVP-

AUY922 was also found to increase MITF protein expression (Table 7.1). This data suggests 

HSP90 inhibitors increase osteoclast differentiation through their ability to increase MITF 

expression although other transcription factors might also play a role in NVP-AUY922 

actions.  

 

There are several ways in which 17-AAG inhibition of HSP90 might increase osteoclast 

formation. HSP90 inhibition results in the proteasomal degradation of many HSP90 client 

proteins, raising the possibility of the degradation of some intracellular osteoclast inhibitors, 

perhaps one that reduces MITF levels (Pratt et al., 2010). Such osteoclast differentiation 

inhibitors include MAFB and IRF8; however, these are factors that affect NFATc1 and would 

be expected to raise NFATc1 mRNA levels. Studies by lab members have not so far found 

17-AAG to affect any of these inhibitors, but others may exist that remain unidentified. 

Similarly other endogenous osteoclast inhibitors, NFBp100 and RBP-J, respectively, may 

be degraded. However, a critical point to note is that degradation of these inhibitors greatly 

enhances NFATc1 levels, which is not observed with 17-AAG treatment (Zhao et al., 2012; 

Yao et al., 2009). Collectively, this data suggests that these endogenous osteoclast inhibitors 

are unlikely to mediate 17-AAG actions on osteoclast formation in these cultures (Zhao et al., 

2012; Yao et al., 2009).  

 

A well characterised feature of 17-AAG is its ability to indirectly activate HSF1 by its 

binding to HSP90 (Goetz et al., 2003). 17-AAG binds to the same N-terminal region as 

HSF1, therefore displacing it, which allows for its activation. This activation of HSF1 results 

in a HSR and increased expression of HSPs such as HSP72. HSF1 activation and HSP72 

expression was observed in these studies in HSP90 inhibitor-treated RAW264.7 and primary 

cells. For this reason, the hypothesis that 17-AAG (and other N terminal HSP90 inhibitors) 

increases osteoclast formation through HSF1 was studied. To study the role of HSF1 in 17-

AAG mediated osteoclast formation, three approaches were used: pharmacological inhibition, 

using bone marrow cells from mice lacking HSF1, and silencing HSF1. All three approaches 

gave a similar outcome. The effects of 17-AAG and NVP-AUY922 were first examined and 
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confirmed to cause increased HSF1 transcriptional activity and increased expression of the 

stress induced HSP72. Pharmacologically inhibiting HSF1 by KNK437 inhibited the 17-

AAG mediated increase in osteoclast formation. Similarly NVP-AUY922 enhanced 

osteoclast numbers were reduced to DMSO vehicle control levels with KNK437 treatment. 

Silencing HSF1 with siRNA methods ablated the 17-AAG mediated increase in osteoclast 

formation at submaximal and maximal RANKL concentrations. Moreover, bone marrow cells 

isolated from HSF1-/- mice did not exhibit increased osteoclast formation upon 17-AAG 

treatment. Together this data, the latter two of which was done in collaboration with Dr Ryan 

Chai shows the novel finding that the 17-AAG induced increase in osteoclast formation is 

dependent upon HSF1. To some extent NVP-AUY922 pro-osteoclastogenic were also shown 

to be dependent upon HSF1. However, it does not prove that the actions are directly mediated 

by HSF1 alone. Further studies examining the role of HSF1 in NVP-AUY922 mediated 

increase in osteoclast formation will need to be addressed using the additional approaches of 

HSF1 silencing and knockdown as used for 17-AAG. In addition, further studies looking at 

NVP-AUY922 mediated increase in osteoclastogenesis using some method that increases 

HSF1 levels without induction of cell stress should be performed. This would involve 

transduction by viral or other vectors to overexpress HSF1, which has been attempted by 

colleague Dr Ryan Chai when studying 17-AAG (Chai et al., 2014). This data indicated that 

HSF1 overexpression itself did not increase osteoclast formation but that response of cells to 

stressors such as 17AAG was higher. This might indicate that the actions of HSF1 require a 

co-factor or co-factors that are also induced. Other 17AAG-induced factors and hence 

possible co-factors were identified through RNA-seq analysis of the RAW264.7 

transcriptome. These 17-AAG regulated molecules included Atp6v0d2, IL-1α, Ccl9, and 

Cd74. However, in reference to the transduction method of Dr Chai, it has some technical 

drawbacks, such as cell line drift and selection bias, so that improved methods are needed to 

make this work more conclusive. Adding to these findings, Chai et al. also showed that other 

N-terminal HSP90 inhibitors including radicicol and the more water soluble 17-AAG 

derivative 17-DMAG activate HSF1 and increase osteoclast formation (Chai et al., 2014). In 

contrast HSP90 inhibitors novobiocin and courmamycin, which bind to the C-terminal and 

thus do not cause HSF1 to be displaced nor cause a detectable HSR, do not affect osteoclast 

differentiation (Chai et al., 2014). This supports the notion, suggested by work presented in 

this thesis, that HSP90 inhibitors, which bind to the HSP90 N terminal are dependent on 

HSF1 activation for their effects on osteoclast formation.  
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It is important to note here that MITF, so far, appears to be the only osteoclast-associated 

transcription factor to be regulated by 17-AAG. Surprisingly, the 17-AAG mediated increase 

in MITF protein levels is dependent upon HSF1  i.e., in bone marrow cells from HSF1-/- mice, 

17-AAG did not induce MITF expression (Chai et al., 2014). . This suggests 17-AAG and 

NVP-AUY922 indirect activation of HSF1 might lead to its binding to the MITF promoter, 

thereby increasing its expression. The increased expression of MITF may then lead to an 

increase in osteoclast formation. To further elucidate this, in the future ChIP experiments 

could be performed to determine firstly if HSF1 binds to MITF and secondly if 17-AAG and 

also NVP-AUY922 treatment increases the association of the two molecules. MITF is 

possibly the only factor to be influenced by a HSR, with no others having been so reported. 

Supporting this notion, Laramie et al. 2008 found that MITF mRNA levels in endothelial 

cells are regulated by heat shock (Laramie et al., 2008). Furthermore, they also demonstrated 

that HSE elements to which HSF1 might bind are present in promoter sequences upstream of 

the coding region (Laramie et al., 2008). This HSE motif was not in a standard triplicate form 

(HSF1 typically binds as a trimer to triplet HSE sequences, nTTCnnGAAnnTTCn, in HSP70 

promoters), but as a dimer (Laramie et al., 2008). This may indicate a requirement for a more 

complex transcriptional factor complex (Laramie et al., 2008). In addition, the SPl1/PU.1 

gene, which codes for the myeloid transcription factor PU.1 has been shown to have multiple 

HSE-like sequences. PU.1 and MITF associate in bone marrow progenitors to regulate a large 

number of osteoclast genes and mice lacking either of these genes, lack osteoclasts (Sharma 

et al., 2007). However, to date, our laboratory has not found HSR regulation of PU.1 in 

RAW264.7 cells in response to 17-AAG (Boudesco et al., 2015). It may be that MITF is 

affected in general by cell stress. Supporting this, MITF has also been shown to be regulated 

by oxidative stress (Liu et al., 2008). Liu et al. showed the melanocyte isoform of MITF, 

MITF-M, is able to regulate cellular responses to ROS treatment (Liu et al., 2008). In 

response to H2O2 treatment, MITF-M has been shown to be phosphorylated and induce the 

expression of target gene apurinic/apyrimidinic endonuclease (APE-1/Ref-1) in Sk-Mel-28 

and c83-2C melanoma cell lines respectively (Liu et al., 2008). It is important to note though 

that the MITF-M isoform is not found in osteoclast progenitors. In addition, MITF-M drives 

the expression of PGC1α overexpression in a number of human melanomas and derived cell 

lines (Gabriel et al., 2014). Interestingly, these cells have higher mitochondrial function and 

therefore increased ROS (Gabriel et al., 2014). Moreover, MITF has been shown to be 

activated by lysosomal stressors and activate the glycoprotein non-metastatic melanoma 

protein B (Gpnmb), whose expression has been found to correlate with body weight 
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(Vazquez et al., 2013). This data suggests that the transcription factor MITF is sensitive to 

cellular stress in a number of cell types. It is important to note RANKL, which belongs to the 

TNF cytokine family, has also been shown to contain a HSE motif in its promoter region 

(Roccisana et al., 2004). This suggests that RANKL and therefore osteoclastogenesis might 

also be regulated by cell stress. This hypothesis is supported by the fact that many skeletal 

diseases including rheumatoid arthritis, osteolytic bone metastasis cause the bone niche to be 

stressed and these diseases have increased osteoclast formation and bone destruction. 

Moreover the TNF cytokines to which RANKL belongs are involved in inflammation and 

apoptosis further suggesting RANKL and osteoclastogenesis is regulated by stress(Hehlgans 

and Pfeffer, 2005). 

 

In addition to 17-AAG and NVP-AUY922 activating a HSR, both these compounds also 

activated the stress MAP kinase p38 robustly (Table 7.1). This MAP Kinase is responsive to 

a wide variety of stresses and is essential for osteoclast formation (Zarubin and Han, 2005; 

Wagner and Nebreda, 2009; Matsumoto et al., 2000). Within the cell many recent reports 

suggests that stress pathways engage in crosstalk with one another and interestingly some 

studies have shown regulation between p38 and HSF1(Patel, 2009). HSF1 inhibition, by 

KNK437, ablates p38 MAP kinase levels in NaCl treated medullary cells (Patel, 2009). To 

determine whether 17-AAG and NVP-AUY922 mediated HSF1 activation is regulated by 

p38, HSF1 was inhibited and p38 activation assessed. HSF1 inhibition did not decrease 17-

AAG or NVP-AUY922 activation of p38. Rather it seemed that inhibition of HSF1 slightly 

increased p38 activation. This may result because p38 has to cope with an additional stress 

load due to HSF1 being incapacitated. In addition, HSP90 inhibition through 17-AAG and 

NVP-AUY922 would activate the UPR, and the inhibition of HSF1 would not allow for HSP 

expression to be increased as a coping mechanism to the UPR. Thus, the inhibition of HSF1 

would increase the stress load to the cell and potentially increase the activation of other stress 

molecules. Inversely, p38 inhibition has also been shown to decrease HSP70 levels in 

medullary cells (Patel, 2009). In addition, human esophageal microvascular endothelial cells 

have been shown to respond to acidic pH stress by p38 MAPK-regulated induction of HSP70 

and HSP27 (Rafiee et al., 2006). Further studies assessing p38 role in 17-AAG and NVP-

AUY922 induction of HSP72 are thus needed. It is interesting to note that the stress sensitive 

MITF is also regulated by p38 during osteoclastogenesis (Mansky et al., 2002a). Upon 

RANKL stimulation,p38 phosphorylates MITF on Ser307 in progenitor cells causing the 

induction of osteoclastogenic genes including TRAP (Mansky et al., 2002b). Work in this 
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thesis showed inhibiting p38 decreased both 17-AAG and NVP-AUY922 induction of MITF. 

This data suggests that p38 might contribute to the 17-AAG and NVP-AU922 mediated 

induction of MITF; however, p38 inhibition alone decreased MITF. Both HSF1 and p38 

activation from 17-AAG and NVP-AUY922 might act dually to increase MITF protein levels 

translating to increased osteoclastogenesis. This data further implicates MITF sensitivity to 

stress and that its induction through stress increases osteoclastogenesis.  

 

There are a number of cell stress pathways within the cell. The fact that 17-AAG activates the 

HSR and the stress molecule p38 (Table 7.1) led to the hypothesis that other compounds that 

activate stress pathways may influence osteoclastogenesis. Compounds that caused oxidative 

stress, ER stress, UPR, and genotoxic stress were found to activate HSF1 transcriptional 

activity and causing the induction of stress inducible HSP72. The data presented here shows 

the novel finding that these compounds, which vary in their targets and mechanism mode, 

activate a HSR in RAW264.7 cells (Table 7.1). This data suggests further that there is a 

crosstalk between stress pathways. MG132 and Bortezomib are both proteasome inhibitors, 

which cause a UPR response. Due to the cells no longer being able to degrade misfolded 

proteins, the cells undergo proteotoxic stress, which would suggest the activation of HSF1. 

Interestingly in a number of other cell types both MG132 and Bortezomib have been reported 

to activate HSF1 and increase HSP gene transcription (Du et al., 2009; Holmberg et al., 

2000; Kim et al., 1999). Similarly, Kao et al. 2013 found bortezomib increased HSE-

dependent response element activity, and also HSF1 protein expression in the TOV112D 

ovarian cancer cell line (Kao et al., 2013). The genotoxic stress-inducing compounds 

doxorubicin and second generation platinum coordination, carboplatin, have also been 

reported to activate HSF1. Anthracyclines including doxorubicin increase the expression of 

HSPs in human prostate, ovarian and acute lymphoblastic leukemic cells, and neuroblastoma 

cells (Fucikova et al., 2011; Zanini et al., 2007). Another stress response, oxidative stress, 

which occurs in response to ROS generation, has been shown to activate HSF1. Ethanol 

exposure, which causes ROS generation and oxidative stress has been shown to cause the 

translocation of HSF1 to the nucleus, the formation of stress granules and the transcription of 

HSPs including HSP70 and HSP90 (Morimoto, 1998; Pignataro et al., 2007). Pignataro et al. 

showed that the response to alcohol and heat shock have a similar profile. HSF1 was shown 

to be able to bind to alcohol response elements (ARE) sequences and ARE like sequences, 

which are present in many alcohol-responsive genes (Pignataro et al., 2007). Many of these 

genes have been shown to be activated by heat shock suggesting alcohol can activate 
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molecules that are involved in the HSR (Pignataro et al., 2007). Interestingly, these HSF1 

activating chemotherapeutics and ethanol were shown to increase osteoclast formation to 

variable degrees in RAW264.7 cells. This data shows the novel finding that anti-cancer 

agents and ethanol, which cause different stress responses in the cell can also activate HSF1 

and increase osteoclast formation (Table 7.1). Inhibition of HSF1, by KNK437, ablated the 

increased osteoclast formation caused by these compounds. This data shows compounds that 

cause genotoxic stress, ER stress (UPR), and oxidative stress can increase osteoclast 

formation at least partly through HSF1. This adds to the earlier data that the HSR increases 

osteoclast formation and suggests that many kinds of stress can regulate osteoclast formation 

with HSF1 potentially acting as a hub protein. Interestingly, the UPR, which occurs due to 

the accumulation of incorrectly folded proteins in the ER lumen, has been shown to have a 

role in osteoclastogenesis (Ron and Walter, 2007; Liu and Kaufman, 2003; Oslowski and 

Urano, 2011). The ER inhibitors thapsigargin and tunicamycin have been shown to increase 

osteoclast differention genes Acp5 (coding for TRAP) and Ctsk (cathepsin K) (Wang et al., 

2011b). ROS has also been shown to be important in osteoclast formation in several ways, 

including increased RANKL expression in osteoblasts (Bai et al., 2005). At a physiological 

level, a biochemical link between increased oxidative stress and reduced bone density has 

also been identified in patient samples. (Basu et al., 2001). Coenzyme Q10, selenium and 

curcumin, which are powerful antioxidants have been shown to markedly inhibit the 

formation of TRAP and multinucleated cells in both BMM and RAW264.7 cells (Moon et 

al., 2012a). Treatment with these antioxidants decreased NFATc1, TRAP and OSCAR 

expression (Moon et al., 2012a). These antioxidants were shown to scavenge intracellular 

ROS generation within osteoclast progenitors during RANKL stimulated osteoclastogenesis 

(Moon et al., 2012a). Similarly, peroxiredoxin (PRX)-like 2 activated in M-CSF stimulated 

monocytes (PAMM), which functions as redox regulatory protein also regulates 

osteoclastogenesis (Xu et al., 2010). PAMM, which acts to increases the GSH/GSSH ratio, is 

decreased upon M-CSF and RANKL co-stimulation (Xu et al., 2010). Overexpression of 

PAMM has been shown to decrease NFκB and c-Jun expression with a resultant decrease in 

osteoclast numbers (Xu et al., 2010). Moreover, it is interesting to note that RANKL 

stimulation in RAW264.7 cells decreases the GSH/GSSG ratio reflecting an increase in ROS 

expression (Xu et al., 2010). This suggests that oxidative stress plays a significant role in 

osteoclastogenesis. Although not examined in this thesis another stress-related pathway that 

is implicated in osteoclast formation is autophagy, a pathways originally observed as a 

response to nutrient deprivation (Levonen et al., 2014; Hocking et al., 2012). Haemopoietic 
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stem cells, precursor cells to osteoclasts, which lack the autophagy-related gene Atg7-/- fail to 

differentiate into osteoclasts (Hocking et al., 2012). Recently Desai et al. 2013 showed that 

HSF1 is involved in chemotherapeutic agent-induced cytoprotective autophagy, which occurs 

in a HSR independent manner through the upregulation of ATG7 (Desai et al., 2013). 

Interestingly, HSP90 N-terminal inhibitors including geldanamycin, 17-AAG and NVP-

AUY922 have all been implicated in causing autophagy (Hsueh et al., 2013; Riedel et al., 

2010; Karkoulis et al., 2013; Mori et al., 2015b).  

 

The cancer therapeutics studied in this thesis have been implicated in activating a range of 

stress pathways in addition to the stress pathway they target. Bortezomib, which causes a 

UPR has been shown to activate signalling molecules, including p38, and enhance the DNA 

binding activity of transcription factors AP-1, Ets-1 and HSF1 (Selimovic et al., 2013). These 

molecules are involved in a number of stress pathways including the stress MAP kinases, 

HSR and in ER-stress-induced autophagy. In addition, the UPR inducing MG132 has been 

implicated in oxidative stress and the MAP kinase pathways by decreasing GSH levels and 

causing p38 activation (Yong Hwan Han and Woo Hyun Park, 2010). Anthracyclines, such as 

doxorubicin, have been shown to cause mitochondrial dysfunction resulting in oxidative 

stress through increased ROS production (Gouspillou et al., 2015). These molecules and 

stress pathways have been implicated in osteoclast formation (Moon et al., 2012a). This 

suggests that crosstalk between these pathways may cooperate to increase osteoclastogenesis 

through a stress dependent mechanism. It is important to note however, that not all of the 

anti-cancer agents are known to cause bone loss. For example, bortezomib greatly increases 

osteoblast activity in vivo (Bai et al., 2005). As a future study the effect of cell stress upon 

osteoblast differentiation and function would be important to consider. Some 

chemotherapeutic compounds damage bone, but are thought to do so through the generalised 

damage they cause to bone and bone marrow cells (Wang et al., 2006). Nevertheless, this 

data points to the possibility of osteoclast-accelerated bone loss contributing to the damage 

they cause.  

 

Unlike the HSP90 inhibitors, these anti-cancer agents (MG132, Bortezomib, cisplatin and 

doxorubicin) and ethanol were also shown to increase NFATc1 protein expression in addition 

to MITF protein expression (Table 7.1). This data suggests their mechanism of action to 

increase osteoclastogenesis may have very significant differences to that of HSP90 inhibitors. 

Alternatively, it may reflect the fact that they induce a number of pathways, which all feed 
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into increased MITF levels. Due to the suggested stress sensitivity of MITF, further work 

using bone marrow progenitor cells from HSF1-/- mice and pharmacological inhibition of 

HSF1 can be used to detect HSF1 role in MITF induction by these compounds. In addition, 

the effect of multiple stressors, which activate alternative stress pathways including oxidative 

stress, ER stress (UPR) and genotoxic stress (DDR) upon MITF activation in context of 

osteoclast formation, should be addressed. Moreover, the effect of the cancer therapeutics and 

ethanol upon other osteoclast transcription factors and signalling molecules including c-FOS 

and p38 should be studied. Further studies regarding this NFATc1 induction by the 

compounds should also be addressed.   

 

7.1.1 Clinical importance 

The chemotherapeutics studied in this thesis have complex effects on bone cells in vivo but 

the experimental results suggest they may exert osteolytic actions in bone. If so, this would 

result in a significantly negative clinical impact upon individuals already suffering from 

pathological bone diseases. As mentioned earlier cisplatin, doxorubicin and ethanol have all 

been shown to cause clinical bone loss, consistant with the results reported here (Rana et al., 

2013; Ehrhart et al., 2002; Iitsuka et al., 2012; Alvisa-Negrín et al., 2009). Chemotherapy-

induced bone loss and the resulting SRE has already been identified as a major problem for 

patients (Guise, 2006; Lipton et al., 2009a). For young and adolescent patients, 

chemotherapy-induced bone loss inhibits bone growth, causes low bone volume, 

osteonecrosis and fractures (Fan et al., 2011; Fan et al., 2012). Middle to later aged patients 

in whom bone growth has stopped do not appear to have this predisposition. However, 

remodelling processes would be affected due to the uncoupled rates of bone formation and 

loss that is present in osteolytic bone pathologies (Fan et al., 2011; Feng and McDonald, 

2011; Boyle et al., 2003). These patients would be more likely to have fractures due to 

decreased bone integrity (Coleman, 2006; Mundy, 2002). Methotrexate, a treatment 

commonly given to young and adolescent patients with acute lymphoblastic leukaemia, is 

also used to treat patients with rheumatoid arthritis and has been shown to cause SRE (Fan et 

al., 2011; Cronstein, 2005). Folinic acid, which acts as an antidote to methotrextate treament, 

decreases growth plate and metaphseal damage thus being a possible treatment option for 

skeletal growth in young patients (Fan et al., 2011). Methotrexate increases osteoclast 

formation in a manner at least partly dependent on HSF1 in vitro (Chai et al., 2014). 

Consistent with these notions, antioxidants (which counteract ROS actions) along with 

exercise, vitamin D and bisphosphonate treatment is recommend for chemotherapy induced 
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bone loss (Fan et al., 2011; Mundy, 2002; Simos et al., 2013; Israeli, 2008). In the context of 

metastastatic bone disease these experimental and clinically used chemotherapeutics might 

increase tumour progression through osteolysis. As earlier described, 17-AAG treatment was 

shown to increase tumour growth in the bone in a MD-MB-231 mouse model and this 

promotion of tumour growth was hypothesized to depend on its osteolytic effects in vivo 

(Price et al., 2005). As with 17-AAG, it is conceivable that cisplatin doxorubcin and 

bortezomib treatment may act similarly to increase bone metastastic disease through the 

augmentation of the vicious cycle. Increased bone metastatic disease would cause the 

secondary complication of further bone loss and SRE as described above. Despite being a 

secondary complication to metastasis, SRE cause most of the patient burden including pain, 

spincal cord compression and mortality as treatment is refractory (Weilbaecher et al., 2011; 

Simos et al., 2013; Mundy, 2002). Increased osteolysis would also cause increased fracture 

incidence (Mundy, 2002; Coleman, 2006). Therefore, the effect of these chemotherapeutics 

upon metastastic bone disease needs to be carefully studied. A number of chemotherapeutic 

agents also negatively affect affect bone formation, although the reason for this is usually 

unclear but it is typically seen in the context of widespread damage to bone marrow (Wang et 

al., 2006). Though the chemotherapeutics methotrexate, doxorubicin and cisplatin have been 

shown to decrease bone formation rates by their actions upon osteoblasts (Morcuende et al., 

2004; Friedlaender et al., 1984; Stine et al., 2014). However, bortezomib has been shown to 

increase osteoblast differentiation suggesting bortezomib has complex effects on the bone 

microenvironment and can increases both osteolysis and bone formation (Bai et al., 2005). In 

addition to the tested chemotherapeutics, ethanol consumption has been shown to decrease 

bone volume (Alvisa-Negrín et al., 2009; Turner et al., 1987). The work in this thesis also 

suggests a possible wider clinical relevance of cell stress dependent enhancement of 

osteoclast differentiation since cell stress may occur in response to many pathological stimuli 

including inflmmatin and infection (Muralidharan and Mandrekar, 2013; Morimoto, 1993; 

Åkerfelt et al., 2010; Fulda et al., 2010; Richter et al., 2010). Thus cell stress may underlie at 

least part of the bone loss seen in other bone pathologies including the inflammatory 

rheumatoid arthritis and infectious peri-dontal and peri-implant diseases. Thus HSF1-

dependent cell stress might excerbate osteoclast activity thus contributing to the disease 

activity in patients with these pathologies.  
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In summary, cancer therapeutics act to cause cytotoxicity through very different mechanisms 

and induce a number of stress pathways in the cell including ER stress (UPR), oxidative 

stress, and genotoxic stress. Interestingly, a number of these stress pathways have been 

implicated in regulating osteoclastogenesis including oxidative stress and ER stress. Our data 

shows the novel findings of these anti-cancer agents. These chemotherapeutics, including 

those going through clinical trials and those using clinically, were shown to increase 

osteoclastogenesis in part through HSF1 activation and the HSR. Therefore, a number of 

stressors have been demonstrated to display cell stress dependent effects on osteoclast 

progenitors, which is potentially highly osteolytic. This data suggests that cellular stress 

regulates osteoclastogenesis. Consistent with this RANKL has a HSE element present within 

its promoter further suggesting osteoclastogenesis is regulated by stress (Roccisana et al., 

2004) Another transcription factor, which has been reported to have a HSE and is suggested 

to be stress sensitive is MITF (Ruffenach et al., 2015). These compounds caused increased 

MITF expression in osteoclast progenitor cells. The results are not conclusive in regard to 

whether all the stressors act directly to regulate MITF as they may act indirectly via some 

NFATc1 regulation. However, given the critical role of this transcription factor in osteoclast 

formation, their actions on MITF levels are consistent with a strongly pro-osteoclastogenic 

action. These stressors have complex effects on bone cells in vivo, but it seems highly likely 

that they may exert osteolytic actions in bone. In the context of metastatic bone disease, these 

drugs, like 17-AAG, may act to increase tumour progression through osteolysis and the 

vicious cycle model. Bone metastasis also results in SRE, which have negative impacts upon 

an individual’s health. Most often once having metastasized, the tumours are refractory to 

treatment. Thus, any increase in osteolysis would further disease progression and be 

detrimental to the patient. For these reasons, it is important that developing and clinically 

used anti-cancer therapeutics should be screened for effects on bone metabolism. This work 

further suggests that stress stimuli and stress pathways, which are often activated in 

pathological bone diseases including rheumatoid arthritis, contribute to the often disordered 

differentiation of osteoclasts and their activity.  
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Figure 7.1 Proposed Model of Cell Stressor Action upon Osteoclastogenesis 
Cell stressors, chemotherapeutics (17-AAG, NVP-AUY922, bortezomib, cisplatin, MG132, and 
doxorubicin) and ethanol increase osteoclastogenesis by targeting key transcription factors in the 
RANK signalling pathway. The increase in osteoclastogenesis by these compounds is dependent 
upon HSF-1 activation and the heat shock response. The N-terminal HSP90 inhibitors act to 
increase osteoclast differentiation by increasing the expression of late acting transcription factor 
MITF in a HSF-1 dependent manner.  These inhibitors also activate the p38 MAP kinase stress 
pathway which may also feed into MITF activation. MG132 and clinically used 
chemotherapeutics cisplatin, doxorubicin and bortezomib do not inhibit HSP90 but cause 
cytotoxicity in a range of mechanisms including proteasome inhibition (ER stress). These 
compounds and ethanol increase MITF expression also; however, unlike N-terminal HSP90 
inhibitors, they increase NFATc1 protein levels. MITF expression may be increased through 
increased expression of NFATc1 or alternatively through HSF-1 like the HSP90 inhibitors. Full 
lines show demonstrated results. Dotted lines represent possible mechanisms. Image adapted 
from Chai et al. (2014).  
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Appendix A: Solution and Buffer Recipes 
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Appendix A: Solution and Buffer Recipes 

 
SOB Medium (per Litre) 
20g of Tryptone 
5g of yeast extract 
0.5 NaCl 
Deionised H2O to 1L 
Autoclaved 
Add 10ml of filter-sterilized MgCl2 (1M) and 10ml of filter sterilized MgSO4 (1 M) prior to 
use 
 
SOC Medium (per 100ml) 
1ml of filter-sterilized glucose (2 M) 
SOB medium (autoclaved) to a final volume of 100ml* 
* This medium is required to be prepared immediately before use 
 
LB Broth (per 400ml) 
Tryptone (OXOID L42)  4 g 
Yeast extract (OXOID L21)  2 g 
Sodium Chloride   4 g 
MQ water to 400mls 
Autoclave 
 
LB-Agar (per 400ml) 
Tryptone (OXOID L42)  4 g 
Yeast extract (OXOID L21)  2 g 
Sodium Chloride   4 g 
Agar (OXOID)   6 g 
MQ water to 400mls 
Autoclave 
 
1M MgSO4  
MgSO4    123.2 g 

dH2O     500ml 

Autoclave 
 
1M MgCl2  
MgCl2     101.7g 
dH2O     500ml 
Autoclave 
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2M Glucose 
Glucose    18g 
Autoclaved dH2O   50ml 
*Filter sterilize 
 
Acetic Acid 
Glacial acetic acid   100ml 
 dH2O     900ml 
 
EDTA 100mM pH8 
EDTA     37.22g  
Autoclaved H2O    1 litre  
*Adjust pH to 8. 
 
Radioimmunoprecipitation assay (RIPA) buffer  
50 mMol/L Tris-HCl (pH 7.4) 
1% NP40  
0.25% Na deoxycholate  
150 mMol/L NaCl  
dH2O     250ml 
*Before use EDTA free Complete Protease Inhibitors (Halt (Thermo Fisher Scientific, 
Rockford, IL, USA) and Phosphatase inhibitors were added (Sigma-Aldrich, Castle Hill, 
NSW, AUS) 
 
10 X TBS (per Litre) 
0.5M TRIS     60.57g  
1.5M NaCl     87.66g  
Dilute in 800ml of dH2O, pH to 7.4. Top up with dH2O to 1 Litre 
 
1 X TBS/1%Tween 
dH2O     900 ml  
10 x TBS    100ml 
Tween-20    1ml  
 
25 X Transfer Buffer        
25mM TRIS-HCl   30.3g 
192mM Glycine   144g 
Deionised H2O to 1L  
 
1 X Transfer Buffer (per 500ml)                                                                                                                       
25 x Novex transfer buffer   40ml 
dH2O     360ml 
Methanol    100ml 
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TRAP histochemical stain buffer 
Sodium acetate (2.05 g) and potassium sodium tartrate (5.65 g) was dissolved in 400 ml 
dH2O.The pH was adjusted to 5.0 with glacial acetic acid and diluted to a final volume of 500 
ml with dH2O resulting in a final solution containing sodium acetate (50 mM) and potassium 

sodium tartrate (40 mM). The solution was stored at 4C for up to 3 months. 
 
4 % Formaldehyde 
10 ml formaldehyde (BDH) (40 %) was diluted in 90 ml dH2O and stored at room 
temperature in a light-proof bottle. 
 
Methanol: Acetone solution 
Equal volumes of Methanol and Acetone were combined and mixed thoroughly. 
 
Crystal Violet Stain 
Add 2ml of EtoH (100%) to 98ml autoclaved H2O.Add crystal violet (1 g). Filter the solution.  
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XXXV 

Appendix B Additional Figures  
The Effect of HSP90 Inhibitors upon RAW264.7 Cell 
Growth 

 

 

 
Appendix Figure B1 
RAW264.7 cells were seeded at 104 in 6mm wells and were allowed to adhere overnight. The 
cells were treated with HSP90 inhibitors: 17-AAG (0.02, 0.05, 0.1, 0.2, 0.5, 1μM), 
CCT08159 (0.2, 0.5, 1, 2, 5, 10, 20 and 50μM) and NVP-AUY922 (2, 5, 10, 20, 30, 50, 100, 
200nM) and were incubated (37ᵒC and 5%CO2) for 1, 3, and 7 days. At these time points the 
cells were washed in PBS (1x), fixed in formaldehyde (4%) and washed again in PBS (1x). 
The cells were stained with 3-4 drops of crystal violet and were incubated at room 
temperature for 10 minutes. The stain was washed out and the cells air-dried overnight. The 
crystal violet stained cells were eluted in 10% acetic acid (200μl) and shaken for 15 minutes 
at room temperature. The absorbance (560nM) was read on an EnVision plate reader. 
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The Effect of HSF1 Inhibitor, KNK437, upon RAW264.7 
Cell Growth 

 

 

 

 

 

 
 
 
 
 
 
 
Appendix Figure B2 
RAW264.7 cells were seeded at 104 in 6mm diameter wells, and allowed to adhere overnight. 
The RAW264.7 cells were treated with KNK437 (1, 2, 5, 10 and 20 μM) and were incubated 
(37ᵒC and 5% CO2) for 1, 3, and 7 days. At these time points the cells were washed in PBS 
(1x), fixed in 4% for 5 minutes at room temperature and washed again in PBS (1x). The cells 
were: stained with 3-4 drops of crystal violet, incubated at room temperature for 10 minutes, 
washed to remove excess stain and air-dried overnight. The crystal violet stained cells were 
eluted in 10% acetic acid (200μl) and were shaken for 15 minutes at room temperature. The 
absorbance (560nM) was read on an EnVision plate reader. 
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The Effect of Chemotherapeutics upon RAW264.7 Cell 
Growth 

 

 

 
 
Appendix Figure B3 
RAW264.7 cells were seeded at 104 in 6mm diameter wells. The cells were treated with 
chemotherapeutics:  bortezomib (0.1, 0.2, 0.5, 1 and 2nM), cisplatin (1, 2, 3, 4 and 5μM), 
MG132 (50, 100, 200, 400 and 500nM) and doxorubicin (20, 50, 100 and 200nM) and were 
incubated (37ᵒC and 5%CO2) for 1 or 2 days. At these time points the cells were washed in 
PBS (1x), fixed in formaldehyde (4%) and washed again in PBS (1x). The cells were stained 
with 3-4 drops of crystal violet and were incubated at room temperature for 10 minutes. The 
stain was washed out and the cells air-dried overnight. The crystal violet stained cells were 
eluted in 10% acetic acid (200μl) and shaken for 15 minutes at room temperature. The 
absorbance (560nM) was read on an EnVision plate reader. 
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The Effect of Chemotherapeutics upon HEK-HSE Cell 
Growth 

 

 
 
 

 
Appendix Figure B4 
HEK-HSE cells (2.5 x104) were seeded and allowed to adhere for  ≥3 hours. The cells were 
treated with chemotherapeutics: cisplatin (0.2, 0.5, 1, 2, 3, 4 and 5μM), MG132 (50, 100, 
200, 300, 400 and 500nM), doxorubicin (10, 20, 50, 100 and 200nM) and bortezomib (0.1, 
0.2, 0.5, 1 and 2 nM) and were incubated (37ᵒC and 5%CO2) for 24 hours. At this time point 
the cells were washed in PBS (1x), fixed in formaldehyde (4%) and washed again in PBS 
(1x). The cells were stained with 3-4 drops of crystal violet and were incubated at room 
temperature for 10 minutes. The stain was washed out and the cells air-dried overnight. The 
crystal violet stained cells were eluted in 10% acetic acid (200μl) and shaken for 15 minutes 
at room temperature. The absorbance (560nM) was read on an EnVision plate reader. 
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The Effect of KNK437 upon Osteoclast Formation 

 

 

 

 

 

 

    

 

 
 
 

 
Appendix Figure B5 
(A.) RAW264.7 cells, (B.) Bone Marrow Cells. RAW264.7 cells were seeded at 104 cells and 
bone marrow cells at 105 cells in 6mm diameter wells in the presence of RANKL (20ng/ml) 
and RANKL (20ng/ml) and M-CSF (30ng/ml), respectively. RAW264.7 cells and bone 
marrow cells were treated with KNK437 (2, 5, 10 and 20μM) and KNK437 (2, 4, 6, 8 and 
10μM) respectively. The cultures were also treated with DMSO (“Veh”). As a negative 
control the cells were not treated with RANKL, as denoted by “-ve”. On day 6, the cells were 
fixed and stained for TRAP. Multinucleated and TRAP positive cells were counted as 
osteoclasts.  (A.) Data is expressed as mean ± SD of one independent experiment with 4 
replicates per treatment. (B.) Data is expressed as mean ± SEM of two independent 
experiments. 

A. B. 
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KNK437 Abolishes the Doxorubicin Elicited HSE-
dependent Activity in HSE-HEK Cells 
  

 
 
 
 
 
 

               
 
 
 
 
Appendix Figure B6 
RAW264.7 cells were seeded at 104 cells in 6mm diameter wells in the presence of RANKL 
(20ng/ml). The cultures were treated with 17-AAG (200nM)) in the presence or absence of 
KNK437 (10μM) for 6 days. The cultures were also treated with DMSO (“Veh”) or KNK437 
(10μM) alone. As a negative control the cells were not treated with RANKL, as denoted by “-
ve”. On day 6, multinucleated and TRAP positive cells were counted as osteoclasts. 17-AAG 
treatment increased osteoclast formation as previously observed; however, the addition of 
KNK437 reduces osteoclast numbers similar to that in the DMSO vehicle control.  All data is 
expressed as mean ± SD of one independent experiment with 4 replicates per treatments (as 
per all osteoclast assays performed). 
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KNK437 Abolishes the Doxorubicin Elicited HSF1 
Transcriptional Activity in HSE-HEK Cells 

 
 

 

 

 

 

 

                

 

 

 

 
Appendix Figure B7 
HEK-HSE cell were seeded at 2.5 x 104 cells in 6mm diameter wells in DMEM phenol-free 
media and were left to adhere for ≥ 3 hours. The cells were then treated with doxorubicin 
(5nM) in the presence or absence of KNK437 (10μM). The cells were also treated with 
KNK437 (10μM) alone.  At 24 hours Hoechst dye (10μg/ml) was added to the wells and the 
cells incubated (37°C, 5% CO2 for 15 minutes). The levels of mCherry were collected using 
an Arrayscan VTI High Content Screening instrument. Individual cells were identified by 
Hoechst nuclear stain and the percentage threshold of mCherry was measured relative to the 
DSMO vehicle control, “Veh”.  After 24 hours of treatment, doxorubicin treatment increased 
HSF1 transcriptional activity; however, the addition of KNK437 ablated this increase.  
KNK437 treatment alone also reduced HSF1 transcriptional activity. All data is expressed as 
the mean ± SEM of two independent experiments. 
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KNK437 Ablates the Bortezomib Mediated Increase in 
HSF1 Transcriptional Activity in HSE-HEK Cells 

 

 

 

 

 

               
 
 
 
 
Appendix Figure B8 
HEK-HSE cell were seeded at 2.5 x 104 cells in 6mm diameter wells in DMEM phenol-free 
media.  The cells were allowed to settle for ≥ 3 hours then treated with bortezomib (50nM) in 
the presence or absence of KNK437 (10μM). Cells were also treated with KNK437 (10μM) 
alone.  At 24 hours, Hoechst dye (10μg/ml) was added to the wells and the cells incubated 
(37 °C, 5% CO2 for 15 minutes). The levels of mCherry were collected using an Arrayscan 
VTI High Content Screening instrument. Individual cells were identified by Hoechst nuclear 
stain and the percentage threshold of mCherry was measured against a DMSO vehicle 
control, “Veh”.  Bortezomib increased HSF1 activity as previously shown; however, 
KNK437 decreases the bortezomib mediated increase in HSF1 activity.  Also KNK437 
treatment alone reduces basal HSE transcriptional activity. All data is expressed as mean ±  
SEM of 2 independent experiments. 
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Bortezomib Treatment Increases RANKL Mediated-
RAW264.7 Cell Osteoclast Formation  
 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
Appendix Figure B9 
(A-B.) RAW264.7 cells were seeded at 104 cells in 6mm diameter wells and stimulated with 
RANKL (20ng/ml). The cells were treated with bortezomib (100, 200, 500 and 1000pM) or 
DMSO (“Veh”) for 6 days. As a negative control the cells were not treated with RANKL 
denoted by “-ve”. On day 6, multinucleated and TRAP positive cells were counted as 
osteoclasts. Bortezomib treatment increases osteoclast formation in a dose dependent manner 
relative to the DMSO vehicle control. (B.) Image of RAW264.7 cells treated with Veh or 
bortezomib (1000pM). Representative graph of two independent experiments. Scale bar - 
50μM. 

Veh                                      Bortezomib (1000pM) 

A. B. 
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Cisplatin increases MITF Protein Expression in 
RAW264.7 Cells at 48 hours 

 
 
 
 
 

 
 
 
 

  
 
 
  
 
 
 
 
 
 
 
 
 
 
Appendix Figure B10 
RAW264.7 cells were seeded at 2 x105 in 35mm diameter culture wells and were treated the 
following day with cisplatin (0.5, 1 and 3 μM) or a DMSO vehicle control, “Veh”, for 48 
hours. The cells were lysed and MITF protein levels determined by immunoblotting analysis. 
Cisplatin treatment increased MITF protein levels at 48 hours relative to the DMSO vehicle 
control.  

48hr

   Veh           0.5           1         

Cisplatin (μM) 
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Ethanol Increases NFATc1 Protein Expression 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Appendix Figure B11 
RAW264.7 cells were seeded at 2 x105 in 35mm diameter culture wells and were treated the 
following day with ethanol (0.2,0 .5 and 1%) for  (A.) 24 and (B.). 48 hour. As a negative 
control the cells were left untreated, “-ve”. The cells were lysed and NFATc1 protein levels 
determined by immunoblotting analysis. Ethanol treatment increased NFATc1 protein levels 
at both 24 and 48 hours relative to the negative control.  

NFATc1 

β-actin GAPDH

NFATc1 

  -ve        0.2     0 .5       1 

Ethanol (%) 

24hr 48hr 

 -ve        0.2     0 .5       1 

Ethanol (%) 

A. B. 
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KNK437 Ablates the Chemotherapeutic-Mediated 
Increase in RAW264.7 Cell Osteoclast Formation 

 

 

 

 

 

 

 

 

 

 

 
Appendix Figure B12 
(A-C.) RAW264.7 cells were seeded at 104 cells in 6mm diameter wells in the presence of 
RANKL (20ng/ml). The cultures were treated with (A.) doxorubicin (5nM), (B.) MG132 
(100nM) and (C.) cisplatin (1μM) in the presence or absence of KNK437 (10μM) for 6 days.  
(A-C.)The cultures were also treated with DMSO (“Veh”) or KNK437 (10μM) alone. As a 
negative control the cells were not treated with RANKL, as denoted by “-ve”.  On day 6 the 
cells were fixed and stained for TRAP. Multinucleated and TRAP positive cells were counted 
as osteoclasts. Doxorubicin, MG132 and cisplatin treatment all increase osteoclast formation 
as previously observed; however, the addition of KNK437 reduces osteoclast numbers similar 
to that in the DMSO vehicle control.  All data is expressed as mean ± SD of one independent 
experiment with 4 replicates per treatments (as per all osteoclast assays performed). 

A. B. C. 
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KNK437 Treatment Abrogates the Ethanol Mediated 
Increase in Osteoclast Formation 
 

 

 

 

 

 

 

 

 

 

   

 

      

 

 
 

Appendix Figure B13 
(A.) RAW264.7 cells, (B.) Bone Marrow Cells. (A-B.) RAW264.7 cells were seeded at 104 
cells and bone marrow cells at 105 cells in 6mm diameter wells in the presence of RANKL 
(20ng/ml) and RANKL (20ng/ml) and M-CSF (30ng/ml), respectively. The cultures were 
treated with Ethanol (1%) in the presence or absence of KNK437 (10μM) for 6 days.  The 
cultures were also treated with DMSO (“Veh”) or KNK437 (10μM) alone. As a negative 
control the cells were not treated with RANKL, as denoted by “-ve”. On day 6, 
multinucleated and TRAP positive cells were counted as osteoclasts.  Ethanol increases 
osteoclast formation in both cultures; however, the addition of KNK437 decreases osteoclast 
numbers similar to that in the DSMO vehicle control.  All data is expressed as mean ± SEM 
of two independent experiments for both (A-B.). 

A. B. 
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The Effect of 17-AAG Treatment upon Carbonic 
Anhydrase II (CAR2) mRNA Expression 

 

 

 

 

 

 

 
 

 

 

 

 

 

Appendix Figure B14 
RAW264.7 cells were seeded at 104 cells in 35mm diameter wells. The following day the 
cells were treated with 17-AAG (500nM) or a DMSO vehicle control for 24 or 48 hours. 
RNA was extracted, DNase treated and cDNA prepared and used in qRT-PCR. Data was 
normalised to HRPT mRNA and is shown relative to DMSO vehicle control. 17-AAG 
increased CAR 2 mRNA expression at (A.) 24 hours and at (B.) 48 hours. All data are 
expressed as mean ± SEM of two independent experiments for both (A-B.). 

A. B. 
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The Effect of 17-AAG Treatment upon OC-STAMP 
mRNA Expression 
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Appendix Figure B15 
RAW264.7 cells were seeded at 104 cells in 35mm diameter wells. The following day the     
cells were treated with 17-AAG (500nM) or a DMSO vehicle control for 24 hours. RNA was 
extracted, DNase treated and cDNA prepared and used in qRT-PCR. Data was normalised to 
HRPT mRNA and is shown relative to DMSO vehicle control. 17-AAG increased OC-
STAMP mRNA expression at (A.) 24 hours and (B.) 48 hours. Data is expressed as mean ± 
SD of one independent experiment. 
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HSP90 inhibitors enhance differentiation and MITF (microphthalmia
transcription factor) activity in osteoclast progenitors
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The HSP90 (heat-shock protein 90) inhibitor 17-AAG
(17-allylamino-demethoxygeldanamycin) increases osteoclast
formation both in vitro and in vivo, an action that can enhance
cancer invasion and growth in the bone microenvironment. The
cellular mechanisms through which 17-AAG exerts this action are
not understood. Thus we sought to clarify the actions
of 17-AAG on osteoclasts and determine whether other
HSP90 inhibitors had similar properties. We determined that
17-AAG and the structurally unrelated HSP90 inhibitors
CCT018159 and NVP-AUY922 dose-dependently increased
RANKL [receptor activator of NF-κB (nuclear factor κB)
ligand]-stimulated osteoclastogenesis in mouse bone marrow
and pre-osteoclastic RAW264.7 cell cultures. Moreover, 17-
AAG also enhanced RANKL- and TNF (tumour necrosis
factor)-elicited osteoclastogenesis, but did not affect RANKL-
induced osteoclast survival, suggesting that only differentiation
mechanisms are targeted. 17-AAG affected the later stages
of progenitor maturation (after 3 days of incubation), whereas

the osteoclast formation enhancer TGFβ (transforming growth
factor β) acted prior to this, suggesting different mechanisms
of action. In studies of RANKL-elicited intracellular signalling,
17-AAG treatment did not increase c-Fos or NFAT (nuclear
factor of activated T-cells) c1 protein levels nor did 17-AAG
increase activity in luciferase-based NF-κB- and NFAT-response
assays. In contrast, 17-AAG treatment (and RANKL treatment)
increased both MITF (microphthalmia-associated transcription
factor) protein levels and MITF-dependent vATPase-d2 (V-type
proton ATPase subunit d2) gene promoter activity. These results
indicate that HSP90 inhibitors enhance osteoclast differentiation
in an NFATc1-independent manner that involves elevated MITF
levels and activity.

Key words: 17-allylamino-demethoxygeldanamycin (17-AAG),
bone, cell signal, heat-shock protein 90 (HSP90), osteoclast,
osteolysis.

INTRODUCTION

The osteoclast is a multinucleated macrophage-related cell that
has a central role in bone metabolism through its ability to directly
resorb bone [1]. In bone remodelling and repair, bone resorbed by
osteoclasts is replaced by new bone formed by mesenchymally
derived osteoblasts [2], the balance between these two cellular
actions maintains bone mass, structure and mechanical qualities.
However, this balance can be perturbed by pathological stimuli
that increase osteoclast numbers to cause a net loss of bone.
This is commonly seen in inflammation and with the invasion of
the bone by metastasizing cancer cells, notably breast cancer
cells, that cause hypercalcaemia and pathological fractures at
the affected sites [2–5]; such osteolysis releases bone matrix-
associated factors that considerably enhance tumour growth
within the bone. The mechanisms that underlie pathological bone
loss are not well understood, but are of major clinical interest.

Osteoclast formation from macrophage lineage progenitors is
a major point of control in bone resorption and is normally
driven by RANKL {RANK [receptor activator of NF-κB (nuclear
factor κB)] ligand} and M-CSF (macrophage colony-stimulating
factor), the latter a macrophage proliferation and survival factor

[1,6]. RANKL, a member of the TNF (tumour necrosis factor)
family, binds its cognate receptor RANK on progenitor cells
to elicit signals essential for osteoclastic gene expression [7,8].
RANKL and its receptor are essential for osteoclast formation
in vivo and mice lacking RANK or RANKL are devoid of
osteoclasts [9], although in some circumstances TNF has a
low capacity to elicit osteoclast formation [10,11]. Osteoclast
formation is normally regulated by RANKL expression levels in
osteoblasts and osteocytes, which is in turn regulated by osteolytic
hormones [12]. However, a few local factors can directly
act on osteoclast progenitors to enhance RANKL-dependent
osteoclastogenesis, notably TGFβ (transforming growth factor
β) [13,14].

HSP (heat-shock protein) 90 is a ubiquitously expressed
ATPase-dependent molecular chaperone that mediates the
conformational maturation and stability of its client proteins
[15], including many that participate in cell signalling pathways.
These include numerous protein kinases, steroid receptors and
transcription factors, some critical for cancer cell growth,
survival and progression [16]. Owing to the importance of
HSP90 to cancer cells, HSP90 has emerged as a significant
therapeutic target in cancer. As a result, a number of HSP90

Abbreviations used: 17-AAG, 17-allylamino-demethoxygeldanamycin; AP-1, activator protein 1; CTR, calcitonin receptor; FBS, fetal bovine serum; GM,
geldanamycin; HRP, horseradish peroxidase; HSF1, heat-shock factor 1; HSP, heat-shock protein; IL-1, interleukin 1; MAPK, mitogen-activated protein
kinase; M-CSF, macrophage colony-stimulating factor; MEM, α-minimal essential medium; MITF, microphthalmia-associated transcription factor; MNC,
multinucleated cell; NFATc1, nuclear factor of activated T-cells, cytoplasmic 1; NF-κB, nuclear factor κB; RANK, receptor activator of NF-κB; RANKL, RANK
ligand; RBP-Jκ, recombination signal-binding protein 1 for Jκ; TGFβ, transforming growth factor β; TNF, tumour necrosis factor; TRAP, tartrate-resistant
acid phosphatase; vATPase-d2, V-type proton ATPase subunit d2.
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inhibitors have been generated, primarily targeting the N-terminal
ATPase domain of the molecule. Most of these agents can be
grouped according to their structural similarity to the compounds
GM (geldanamycin) and RD (radicicol) [17]. These include,
respectively, the benzoquinone ansamycin 17-AAG (17-allyl-17-
demethoxygeldanamycin) and the resorcinol isoxazole derivative
NVP-AUY922.

Although 17-AAG potently inhibits soft tissue tumour growth
in numerous models [18,19] and HSP90 inhibition can perturb
the signalling molecules involved in osteoclast formation [20–
22], we found that 17-AAG can still strongly enhance RANKL-
driven osteoclast formation in vitro and in vivo, causing significant
bone loss [23]. This was consistent with our observation that 17-
AAG, surprisingly, increased breast cancer bone metastasis, but
not soft tissue tumour growth or invasion in xenograft mouse
models [23]. Yano et al. [24] subsequently made similar findings
in a prostate cancer xenograft model which further confirmed the
importance of osteoclasts in the deleterious effect of 17-AAG on
bone. Although the latter study suggested a mediating action for
Src kinase, the lack of a fundamental role for Src in osteoclast
differentiation suggests other mechanisms exist. The strong
enhancement of RANKL-dependent osteoclast formation by 17-
AAG raises the possibility that 17-AAG actions are mediated
by intracellular signals and/or transcription factors which are
induced by RANKL. These include NF-κB, NFATc1 (nuclear
factor of activated T-cells, cytoplasmic 1), AP-1 (activator protein
1; a c-Fos/c-Jun dimer) and MITF (microphthalmia-associated
transcription factor); when these factors are blocked or absent
osteoclast formation does not occur [1]. NFATc1 in particular is
considered a critical regulator of osteoclastogenesis as its forced
overexpression causes RANKL-independent osteoclast formation
[25]. Many osteoclast inhibitory factors can reduce NFATc1
levels, whereas other factors, such as TGFβ, can enhance them
[25,26]. Activated NFATc1 forms complexes that can include
transcription factors PU.1, AP-1, NF-κB and MITF [3,25] and
these drive the expression of numerous osteoclast-associated
genes.

In the present study we sought to identify critical mechanisms
of action of 17-AAG by examining the kinetics of its influence
on osteoclast formation and its effects on RANKL-elicited cell
signals. Moreover, we also investigated whether other structurally
unrelated HSP90 inhibitors with emerging therapeutic potential,
namely CCT018159 and NVP-AUY922, similarly influence
osteoclast formation. The results of the present study confirm
that the those HSP90 inhibitors do indeed potently increase
osteoclast formation. Additionally, our extended analysis of
17-AAG demonstrates surprisingly that although no effects on
NFATc1, c-Fos or NF-κB were observed, 17-AAG significantly
enhances MITF levels and activity. This influence on MITF may
thus constitute a novel NFATc1-independent mechanism driving
bone loss associated with HSP90 inhibitor treatment, and so may
potentially contribute to other types of pathological osteolysis.

MATERIALS AND METHODS

Reagents

17-AAG was purchased from LC Labs, CCT018159 was from
Cayman Chemical and NVP-AUY922 purchased from Biovision.
L-cell conditioned medium (an impure source of secreted murine
M-CSF) was prepared as described in Yeung et al. [27]. For TRAP
(tartrate-resistant acid phosphatase) staining, fast Red Violet LB
Salt F-1625, naphthol AS-MX phosphate and dimethylformamide
were purchased from Sigma–Aldrich. Recombinant soluble
murine RANKL was purchased from Oriental Yeast Company,

and human M-CSF and TGFβ (TGFβ1 isoform) from R&D
Systems.

Antibodies and Animals

Purified anti-CTR (calcitonin receptor) antibody was produced
in-house following the method of Tikellis et al. [28]. Mouse
monoclonal anti-MITF antibody (C5; ab12039) was purchased
from Abcam, and anti-NFATc1 (7A6; sc-7294) and anti-MITF
(N15; sc-10999) antibodies were purchased from Santa Cruz
Biotechnology. Anti-β-actin clone AC-15 which was used as
a loading control for immunoblotting was purchased from
Sigma–Aldrich. HRP (horseradish peroxidase)-conjugated anti-
(mouse IgG) and anti-(goat IgG) secondary antibodies for
immunohistochemistry and immunoblotting were obtained from
Pierce and Thermo Scientific respectively. Alexa FluorTM 680
goat anti-rabbit (A21076) and Alexa FluorTM 750 goat anti-mouse
(A21037) antibodies were obtained from Life Technologies.
C57BL/6 mice were obtained from Monash Animal Services
(Monash University, Clayton, Australia) and maintained at the
Monash Medical Centre Animal Facility (Clayton, Australia)
according to procedures approved by Monash Medical Centre
Animal Ethics Committee B, authorization MMCB-2011/19.
Bone marrow cells for culture were immediately isolated from
humanely killed mice by flushing the bone marrow cavity of long
bones with PBS.

Cell cultures

Primary bone marrow macrophage cultures were maintained in
L-cell conditioned medium to induce macrophage proliferation
as described previously [29]. RAW264.7 cells (A.T.C.C.)
and primary bone marrow cells undergoing osteoclast
differentiation were cultured in MEM (α-minimal essential
medium; Life Technologies) supplemented with 10% FBS
(fetal bovine serum; CSL Biosciences) and containing 0.005 %
penicillin (10000 units/ml)/streptomycin (10000 units/ml) (Life
Technologies), L-glutamine (29.95 mg/ml; Life Technologies)
and Hepes (Sigma–Aldrich). Cells were maintained in a 37 ◦C
incubator in a humidified atmosphere containing 5 % CO2.

Assays of osteoclast progenitor differentiation, proliferation and
activity

Assays for osteoclast formation were performed as described
previously [23,29] with all experiments being performed in
quadruplicate wells for each independent experiment. Briefly,
RAW264.7 cells (104 cells/well) or mouse bone marrow cells
(105 cells/well) were cultured in 6-mm diameter tissue culture
wells containing 0.2 ml of medium (MEM/FBS) with the mouse
bone marrow cells being supplemented with 30 ng/ml M-CSF.
To induce osteoclast differentiation, the indicated concentrations
of RANKL or TNF were added to the cells and replaced
after day 3 of culture. On day 6 of incubation, cells were
fixed in 4% buffered formalin for 10 min then washed in
methanol/acetone (1:1 ratio), air-dried and histochemically
stained for TRAP [30]; TRAP+ cells with >2 nuclei by light
microscopy were counted as MNCs (multinucleated cells) or
osteoclasts. Some osteoclast-forming cultures were performed
on glass coverslips to allow immunohistochemical detection
of CTR. On day 6 these cultures were washed, acetone-fixed,
dried and immunoperoxidase-stained with 5 μg/ml purified anti-
CTR antibody and haematoxylin counterstained as described
previously [30]; as an immunostaining control the anti-CTR
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antibody was neutralized via incubation with 100 μg/ml antigen
(CTR peptide) prior to use [30]. For osteoclast survival assays,
osteoclasts were first generated by stimulation of bone marrow
cells (5×106 cells) in 10-cm diameter tissue culture dishes for
6 days with 100 ng/ml RANKL and 30 ng/ml M-CSF. Cells
were then dispersed using non-enzymic cell dispersion buffer
(catalogue number C5914, Sigma), rinsed in PBS, resuspended
in MEM/10% FBS and plated at 105 cells/well in 6-mm
culture wells. Cells were cultured for 24 h with survival factor
(RANKL) in conjunction with other treatments. Cells were then
fixed and histochemically stained for TRAP and the osteoclast
numbers counted; results are expressed relative to the positive
control cultures stimulated by 100 ng/ml RANKL alone. For cell
proliferation assays RAW264.7 cells were seeded at 104 cells per
6-mm diameter culture well and treated with HSP90 inhibitors.
Cells were fixed in 4% formaldehyde and Crystal Violet stained
after 1, 3 and 7 days of incubation then dried and eluted before
the absorbance at 560 nm was measured on a Wallac EnVision
multilabel plate reader (PerkinElmer).

Immunoblot analysis

Immunoblot analysis was performed as described previously
[23]. Briefly, cell lysates were generated using modified
RIPA buffer [50 mmol/l Tris/HCl (pH 7.4), 1% Nonidet P40,
0.25% sodium deoxycholate and 150 mmol/l NaCl] containing
protease and phosphatase inhibitors. Protein concentrations were
determined by the BCA (bicinchoninic acid) protein assay as per
manufacturer’s protocol (Pierce). Cell lysates were run on 4–
12% Bis-Tris gradient SDS/PAGE with Mes SDS running buffer
(Life Technologies) under reducing conditions and transferred on
to PVDF membranes (Roche). Membranes were blocked for 1 h
with 3% dried skimmed milk (Diploma, Fonterra Food services)
in PBST (PBS and 0.1% Tween 20) and incubated overnight
at 4 ◦C with the appropriate primary antibodies. Immunoblot
visualization was achieved by incubation with appropriate
HRP-conjugated secondary antibodies and the use of an ECL
(enhanced chemiluminescence) detection system according to the
manufacturer’s instructions (Pierce).

Luciferase reporter assays

RAW264.7 cells that had been stably transfected with a construct
expressing firefly luciferase driven by a promoter containing either
an NF-κB- or an NFAT-response element-containing promoter
were used in luciferase reporter assays as described previously
[31]. Briefly, reporter cells were seeded at 4×104 cells/6-mm
diameter culture well in MEM/FBS and incubated overnight.
Treatments were performed in triplicate over 24 h, PBS rinsed
then lysed with Passive Lysis buffer (Promega) for 24 h at
4 ◦C. Lysates were transferred to a white flat bottomed 96-
well microplate (Corning) and signal was measured using firefly
luciferase substrate (Promega) as per manufacturer’s instructions
using a EnVision multilabel plate reader. Transient transfection
of RAW264.7 cells (6×104 cells/well) with the vATPase-d2 (V-
type proton ATPase subunit d2) promoter [32] and the M(M1–
3)vATPase-d2 promoter (containing mutations in the three MITF-
binding sites rendering them non-functional [32]) was carried
out using LipofectamineTM LTX Plus reagent (Life Technologies)
according to the manufacturer’s instructions. The vATPase-d2
promoter–luciferase construct (0.2 μg/well) was co-transfected
with pRL Renilla luciferase construct (0.1 μg/well; Promega) and
after 24 h, cells were rinsed and stimuli applied (in 200 μl of
MEM/FBS) for a further 24 h, after which time cells were lysed
as above and levels of luciferase determined using luciferase

substrate and Stop and Glo® reagent (Promega) according to
the manufacturer’s instructions, and light emission was measured
using the EnVision plate reader.

Statistical analysis

Data were analysed using Graphpad Prism 5 software, and
statistical significance determined using Student’s unpaired t test
for pair-wise comparisons and ANOVA/Dunnett’s post-hoc
test (as indicated) for multiple comparisons.

RESULTS

Characterization of the effects of 17-AAG on osteoclast formation
in vitro

To characterize the effects of 17-AAG upon osteoclast formation,
we employed both M-CSF-stimulated mouse bone marrow
cells and the macrophage/pre-osteoclast cell line RAW264.7.
Cultures treated with 100 ng/ml RANKL for 6 days, as described
previously [23,31], resulted in formation of numerous TRAP+

mononuclear cells and TRAP+ MNCs, the latter counted as
osteoclasts; omission of RANKL resulted only in numerous
TRAP− mononuclear cells. In M-CSF-stimulated bone marrow
cell cultures, 20 ng/ml RANKL (a submaximal concentration in
this assay) yielded approximately 40 TRAP+ MNCs per culture
well (Figures 1A–1C). 17-AAG dose-dependently increased
TRAP+ MNC numbers over 25–100 nM, the latter concentration
increasing formation over 3-fold (Figure 1A). MNCs in these
cultures also expressed CTR, confirming their osteoclast identity
[30] (Figure 1D). At concentrations of 200 nM and above, high
cell toxicity with reduced cell survival was observed; similar
toxicity was seen in M-CSF-dependent bone marrow-derived
macrophages (results not shown). RANKL concentrations were
also titrated in the presence of 100 nM 17-AAG or vehicle con-
trol (Figure 1B), which showed that 17-AAG did not increase
osteoclast formation in the absence of RANKL or in the presence
of 5 or 10 ng/ml RANKL, but enhancement of TRAP+ MNC
formation was seen with 20, 50 and 100 ng/ml RANKL treatments
(Figure 1B). The 50 and 100 ng/ml RANKL treatments resulted in
very large MNCs being formed, and in those treated with 17-AAG
MNCs with a high number of nuclei were noted. This increased
cell fusion was not necessarily reflected in a concomitant increase
in total MNC numbers, presumably since fusion between existing
MNCs may actually serve to decrease the overall numbers. 17-
AAG also enhanced TRAP+ MNC formation in RAW264.7 cells
treated with 20 ng/ml RANKL, although these cells tolerated up
to 200 nM 17-AAG (Figure 1E).

Since TNF can also weakly drive osteoclast formation in vitro
we investigated whether 17-AAG could also influence its action.
In M-CSF-treated bone marrow cells, TNF caused formation of
very low numbers of TRAP+ MNCs compared with RANKL (less
than 3 TRAP+ MNCs per well), but this was greatly enhanced by
17-AAG treatment (Figure 1F), indicating that 17-AAG enhances
osteoclastogenic stimuli, not merely RANK signals. 17-AAG also
increased TRAP+ cell formation in TNF-treated RAW264.7 cells
(results not shown).

To determine whether 17-AAG influences other actions of
RANKL, we examined the effect of 17-AAG on the osteoclast pro-
survival effects of RANKL. In dispersed osteoclast-rich cultures
generated from bone marrow cells there was no cell survival
observed in the absence of any RANKL treatment after 24 h of
incubation (Figure 1G), whereas 100 ng/ml RANKL stimulus (in
the absence of M-CSF) resulted in large numbers of TRAP+
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Figure 1 17-AAG strongly increases RANKL- and TNF-dependent TRAP+ MNC formation in vitro

(A) Dose response of 17-AAG in bone marrow cell populations treated with 20 ng/ml RANKL (submaximal concentration) and 30 ng/ml M-CSF (n = 5). (B) Titration of RANKL concentration in 17-AAG-
and vehicle-treated bone marrow cultures (n = 3). (C) Images of TRAP+ MNCs formed in 17-AAG- and RANKL-treated bone marrow cells. (D) Similar cultures were immunoperoxidase-stained by
an anti-CTR antibody (antibody control was the anti-CTR antibody neutralized by prior incubation with the CTR peptide) and haematoxylin-counterstained. Scale bar = 100 μm. (E) 17-AAG dose
dependently increases TRAP + MNC formation in 20 ng/ml RANKL-stimulated RAW264.7 cells (n = 3). (F) 17-AAG also greatly enhances TRAP + MNC formation in TNF-treated bone marrow cells
(n = 4). (G) 17-AAG does not affect RANKL actions as a survival factor for osteoclasts (n = 5). Results are means +− S.E.M. for the indicated number of pooled replicate experiments. Veh, DMSO
vehicle control. *P < 0.05, **P < 0.01 and ***P < 0.001 relative to untreated controls using ANOVA/Dunnett’s post-hoc test.

MNCs surviving after 24 h; 20 ng/ml RANKL resulted in lower
survival levels than 100 ng/ml. Co-treatment of the cells with 17-
AAG (100 nM) was found to have no effect on the osteoclast
survival effects of RANKL at any of these concentrations
(Figure 1G).

Enhancement of osteoclast formation by CCT018159, NVP-AUY922
and TGFβ

As CCT018159 and NVP-AUY922 strongly inhibit HSP90 by
binding to the N-terminal ATPase domain of the molecule,
yet are structurally distinct from 17-AAG, we studied their
influence on osteoclast formation. NVP-AUY922 treatment up
to a 10 nM concentration dose-dependently increased TRAP+

MNC formation in both bone marrow and RAW264.7 cell
cultures (Figures 2A and 2B), beyond which cell toxicity was
observed. Similarly, increased osteoclast formation was observed
with CCT018159 treatment (Figures 2C–2E). As with 17-AAG,
increased osteoclast numbers with CCT018159 treatment were
seen in cultures maximally stimulated with RANKL (100 ng/ml;
Figures 1B and 2F).

TGFβ strongly enhances RANKL (and TNF) stimulation of
osteoclast formation [14] in a manner that resembles 17-AAG.
Since we previously found that TGFβ acts in the earlier phases
of osteoclast formation we investigated the time course of 17-
AAG action on bone marrow cell–osteoclast differentiation. A
time-course analysis of RANKL plus M-CSF-stimulated bone
marrow cultures showed that TRAP+ MNCs were not evident
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Figure 2 Enhancement of TRAP+ MNC formation in vitro by second generation (resorcinol-containing) HSP90 inhibitors

Dose response of NVP-AUY922 in bone marrow cell populations treated with 20 ng/ml RANKL (submaximal concentration) and 30 ng/ml M-CSF (n = 5) (A) and RAW264.7 cells stimulated with
20 ng/ml RANKL (n = 3) (B). Dose response of CCT018 159 in bone marrow cell populations treated with 20 ng/ml RANKL and 30 ng/ml M-CSF (n = 5) (C) and RAW264.7 cells stimulated
with 20 ng/ml RANKL (n = 5) (D). (E) Images of TRAP histochemically stained cells in NYP-AUY922 and CCT018159 enhanced osteoclast formation in RANKL- and M-CSF-stimulated bone marrow
cell cultures. Scale bar = 100 μm. (F) CCT018159 enhanced TRAP+ cell formation in RAW264.7 cells stimulated with 100 ng/ml RANKL (n = 3). Results are means +− S.E.M. of the indicated
number of pooled replicate experiments. **P < 0.01 and ***P < 0.001 relative to the untreated controls using ANOVA/Dunnett’s post-hoc test.

until day 4 of the incubation period (Figure 3A), indicating that
the early commitment phase of osteoclast formation lasts for at
least 3 days in this culture system. TGFβ enhanced TRAP+ MNC
formation when added during days 0–3, but not days 3–6 of these
cultures (Figure 3B). In contrast, 17-AAG actions were significant
only when added at day 3. This suggests that 17-AAG probably
exerts its actions on osteoclast formation through a mechanism
significantly different to that of TGFβ.

17-AAG does not stimulate levels of key osteoclast transcription
factors NF-κB, NFATc1 and the AP-1 subunit c-Fos

To investigate potential mechanisms of 17-AAG in osteoclast
formation, we investigated its actions on transcription factors

known to be elicited by RANKL, namely NF-κB, c-
Fos and NFATc1 using immunoblotting and transcriptional
luciferase reporter assays that employed RAW264.7 cells. In
RAW264.7 cells stably transfected with an NF-κB–luciferase
reporter construct [31] 17-AAG did not affect NF-κB signals
either directly or with co-stimulation by 100 ng/ml RANKL
(Figure 4A). Immunoblot analysis also demonstrated that
RANKL treatment increased the levels of NFATc1 in a time-
and dose-dependent manner, whereas 17-AAG had no effect
(Figures 4B and 4C). As with NFATc1, a strong increase in c-Fos
levels by RANKL was observed, but no effect of 17-AAG was
seen (Figures 4B and 4C). Consistent with the lack of effect of 17-
AAG on NFATc1 protein levels, a luciferase-based activity assay
indicated a similar lack of effect on NFATc1 activity (Figure 4D).
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Figure 3 Time-course evaluation of TRAP+ MNC formation shows that
17-AAG and TGFβ influence different phases of osteoclast commitment

(A) Formation of TRAP+ MNCs in response to RANKL and M-CSF (30 ng/ml) stimulus of bone
marrow cells over 6 days of culture. (B) TGFβ acts during the earlier phase, whereas 17-AAG
principally acts within the later phase of osteoclast formation of bone marrow cells treated
with RANKL and M-CSF. Results are means +− S.E.M. for three replicate pooled experiments.
***P < 0.001 relative to day 0 controls (A) or untreated controls (B) using ANOVA/Dunnett’s
post-hoc test.

This assay employed RAW264.7 cells stably transfected with
an NFAT-dependent luciferase reporter construct (with promoter-
binding sites for NFATc1) and both RANKL and TGFβ treatments
strongly induced the luciferase signal as described previously
[31], whereas 17-AAG did not (Figure 4D). 17-AAG also did
not enhance RANKL-induced activity in this assay. These data
suggest that NF-κB, NFATc1 and c-Fos, although regulated by
numerous factors that influence osteoclast formation, are not the
probable mediators of 17-AAG action in osteoclast formation.

17-AAG enhances MITF protein levels and the promoter activity of
the MITF target vATPase-d2

MITF is an essential osteoclast transcription factor whose
activation has been shown to be dependent on NF-κB, AP-1 and
NFATc1 and thus its effects are probably exerted relatively late
within the RANKL-dependent transcription factor cascade. In
concordance with Lu et al. [8], we found that RANKL treatment
of RAW264.7 cells increased MITF protein expression levels
(Figures 5A and 5B); note that a number of MITF isoforms have
been described although all bands detected by immunoblotting
appeared to be raised by RANKL treatment. We also found
that 17-AAG increased MITF levels in RAW264.7 cells in a
dose- and time-dependent manner (Figures 5A and 5B) with
very strong enhancement of MITF protein levels at 48 h. This
suggests that MITF could be a mediator of the actions of 17-AAG
upon osteoclast formation. To further investigate the action of
17-AAG on MITF, we employed a luciferase reporter construct
containing the promoter region of a MITF target gene, vATPase-
d2 (Figure 5C). In RAW264.7 cells transiently transfected with
this construct RANKL treatment significantly increased the
activity of this promoter as reported previously (Figure 5D)

[32]. Moreover, like RANKL, 17-AAG caused a dose-dependent
increase in the activity of the reporter construct (Figure 5E). This
indicates activation of the MITF target gene vATPase-d2 by both
RANKL and 17-AAG. As a further control, we employed a similar
construct [M(M1–3)vATPase-d2] containing mutations in all
three MITF-binding sites (Figure 5C) which render the construct
unresponsive to MITF, as described previously [32]. 17-AAG
failed to induce a response in RAW264.7 cells transfected with
this mutant construct (Figure 5F, left-hand panel). As a method
control, the latter experiments were carried out alongside the
same RAW264.7 cells transfected with the wild-type vATPase-d2
construct which did respond to 17-AAG (Figure 5F, right-hand
panel) as before. In conclusion, these results point to an action of
17-AAG in osteoclast formation via its ability to regulate MITF
protein expression levels and its activity.

DISCUSSION

We and others have previously identified that benzoquinone
ansamycin HSP90 inhibitors, such as 17-AAG and herbimycin,
enhance osteoclast formation in vitro and in vivo [23,24].
These were surprising observations given that HSP90 is an
important molecular chaperone that maintains the activity and
stability of many important cell signalling proteins [18,19]. To
clarify this action of 17-AAG we first investigated whether
enhancing osteoclast formation is a unique feature of the GM
class of HSP90 inhibitors to which it belongs. High-throughput
biochemical screening originally identified CCT08159 as a
high-affinity resorcinol-containing HSP90 ATPase inhibitor that
reduced HCT116 human colon cell proliferation [18,33–35]
and further structure-based rational drug-based design identified
NVP-AUY922. The latter is currently undergoing Phase II clinical
trials in HER2+ (human epidermal growth factor receptor 2)
ERα + (oestrogen receptor α) locally advanced or metastatic
breast cancer [19]. CCT018159 and NVP-AUY922 have better
pharmacokinetic profiles than 17-AAG and are more likely to
provide clinical benefit [36]; we found both HSP90 inhibitors
(compounds structurally dissimilar from those of the GM class)
also greatly increased osteoclast numbers in vitro. This suggests
that pro-osteoclastic effects are not limited to GM-based HSP90
inhibitors. This may also suggest that such compounds, like
17-AAG, might also provoke bone loss in vivo. Nevertheless,
they are anti-cancer compounds with some promise [15,18], and
if bone loss emerges as a clinical problem it is likely to be
overcome by the appropriate use of anti-osteolytic therapies such
as bisphosphonates. However, this issue may be more acute in
cancers that metastasize to bone, such as breast carcinomas, where
osteolysis mediated by osteoclasts is provoked by the invading
cancer cells and results in the release of factors from the bone
matrix that potently stimulate tumour growth [37]. Consistent
with this, a low calcium diet in mice increases bone resorption
that in turn increases tumour invasion and growth in bone [38]. In
addition, bone metastasis establishment not only results in focal
bone damage and other serious complications, but can also result
in tumours more refractory to treatment [39]. For these reasons
it seems desirable that potential anti-cancer therapeutics such as
these should be screened for effects on bone metabolism.

The results of the present study have provided new and
surprising insights into the effects of HSP90 inhibitors upon
osteoclast progenitors, namely that 17-AAG does not influence
their levels of c-Fos (an AP-1 subunit), NF-κB or NFATc1, but
does increase the levels of MITF. These are transcription factors
critical for osteoclast formation and induced by RANKL, and
NFATc1 in particular is regarded as a highly regulated and critical
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Figure 4 Unlike RANKL, 17-AAG does not induce NF-κB, c-Fos or NFATc1 levels or activity in RAW264.7 cells

(A) Induction of signal in NF-κB RAW reporter cells by RANKL, but not by 17-AAG (500 nM) after a 24 h treatment period (n = 5). (B) Time-course analysis of RANKL (50 ng/ml), 17-AAG (500 nM)
and a combination treatment of both demonstrated that RANKL increased both NFATc1 and c-Fos levels, whereas 17-AAG had no effect. The combination treatment showed little difference to that of
RANKL treatment alone. All lanes pictured were derived from the same gel. (C) NFATc1 and c-Fos protein levels were increased by a 24 h treatment of RANKL in a dose-dependent manner, whereas
levels of these proteins in the RAW264.7 cells were not increased by 17-AAG treatment. (D) Signal induction in the NFAT RAW reporter cell line (at 24 h) shows induction by RANKL (left-hand panel)
and TGFβ (right-hand panel), but not by 17-AAG (left-hand panel) in these RAW264.7-derived cells (n = 4). Results are means +− S.E.M. for the indicated number of pooled replicate experiments.
**P < 0.01 and ***P < 0.001 relative to untreated control using ANOVA/Dunnett’s post-hoc test for multiple comparisons and Student’s t test for two-way comparison. Veh’, DMSO vehicle control.

determinant of osteoclast formation [1]. There are thus several
ways in which 17-AAG might increase osteoclast formation.
HSP90 inhibition results in the proteosomal degradation of
many HSP90 client proteins [40], raising the possibility of the
degradation of some intracellular osteoclast inhibitor, perhaps
one that reduces MITF levels. It is notable that removal of
RANKL- and TNF-inducible endogenous osteoclast inhibitors
[NF-κBp100 and RBP-Jκ (recombination signal-binding protein
1 for Jκ) respectively] has been proposed by Zhao et al. [41]
and Yao et al. [11] to explain increased osteoclast formation
in their models. These factors, however, also result in greatly
enhanced NFATc1 levels, which we do not observe with 17-
AAG treatment. A more likely possibility is suggested by the
observations that many HSP90 inhibitors cause a dissociation of
the HSP90 complex with HSF1 (heat-shock factor 1) leading to
HSF1 activation and the initiation of an HSF1-mediated cell stress
response [42] characterized by increased levels of HSPs such as
HSP70. This raises the possibility that the increased MITF levels
observed upon 17-AAG treatment may be cell-stress-dependent.
Indeed, MITF levels have been shown to be induced in epithelial
cells upon heat shock and consistent with this the MITF gene
promoter is known to contain a number of HSF1-binding motifs
[43]. 17-AAG activation of HSF1 may thus explain increased
MITF levels and, through that, osteoclast formation. Consistent
with this we have identified HSF1-dependent actions enhancing
osteoclast formation in RAW264.7 cells (R.C.C. Chai, A.G. van
der Kraan, B.J. Lang, M.M. Kouspou, M.T. Gillespie, J.M.W.
Quinn and J.T. Price, unpublished work) which might point to
HSF1/MITF mediation of 17-AAG action on osteoclasts, although
further work is required to clarify this. A third possible explanation

for pro-osteoclastic effects of 17-AAG is via MAPK (mitogen-
activated protein kinase) signalling proteins. HSP90 inhibition can
lead to increased p38 activation [44] and p38 activity is critical
in osteoclast differentiation [1]. It should be noted, however,
that the effect of 17-AAG on MAPK proteins varies between
cell types [21] and has not yet been examined in osteoclast
progenitors. In addition, since p38 inhibition completely blocks
osteoclast formation its role in this process is not easy to
determine.

Further characterization of the 17-AAG pro-osteoclastic action
(confirmed by detection of CTR expression in the MNCs) showed
that this action clearly required a minimal RANKL stimulus of the
osteoclast progenitors; in the present study this was a >10 ng/ml
RANKL stimulus, a level that barely elicits detectable TRAP+

cell formation (Figure 1B). 17-AAG also caused supramaximal
increases in RANKL-stimulated osteoclast formation. These data
are consistent with an action of 17-AAG to enhance differentiation
mechanisms somewhere downstream of RANK binding, i.e. it
did not simply raise the general sensitivity of cells to RANKL.
The lack of effects of 17-AAG on RANKL-dependent osteoclast
survival also suggests this conclusion, as does the huge effect
of 17-AAG on osteoclast formation driven by TNF (Figures 1F
and 1G). TNF does not bind the RANKL receptor (RANK),
but acts via the TNFR (TNF receptor) p55 and p75 receptors
to elicit the activation of NF-κB and a number of downstream
mediators, the same as RANKL treatment does. The results of the
present study also raise the possibility that HSP90 inhibitors may
enhance TNF-driven osteolysis, although the influence of TNF,
especially in vivo, is complex. High TNF levels are associated with
osteolysis in vivo, often in the context of chronic inflammation, but
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Figure 5 17-AAG increases MITF levels in RAW264.7 cells independently
of RANKL

(A) Immunoblot demonstrating the dose response of MITF protein levels to increasing
concentrations of RANKL and 17-AAG. (B) Immunoblot analysis of a time course of MITF
protein levels in response to RANKL and 17-AAG treatment over a 48 h period. Veh, vehicle
control. (C) Diagram of the 1 kb vATPase-d2 construct showing transcription factor-binding
domains as indicated and the luciferase-encoding region (grey). (D) RANKL treatment response
of the 1 kb vATPase-d2 reporter construct transiently transfected into the RAW264.7 cell
construct. **P < 0.01 relative to the untreated control using Student’s t test (n = 5). Cont,
no treatment control. (E) Transiently transfected RAW264.7 cells with the 1 kb vATPase-d2
reporter construct demonstrated that 17-AAG and RANKL plus 17-AAG treatments increased
reporter activity, whereas a combination treatment generated an additive affect. (F) 17-AAG
did not induce luciferase activity in RAW264.7 cells transfected with the M(M1–3)vATPase-d2
construct containing mutated MITF-binding sites (left-hand panel ‘Mutated’) in experiments
conducted in parallel with studies conducted with 1 kb vATPase-d2 constructs (right-hand
panel, ‘Wild Type’). (E and F) *P < 0.05, **P < 0.01 and ***P < 0.001 relative to the control
using ANOVA/Bonferroni’s post-hoc test (n = 5).

TNF also induces RANKL protein expression in osteoblasts and
suppresses bone formation. In vitro TNF-dependent osteoclast
formation is well attested, but is not observed in RANK-null
mice in vivo, suggesting that TNF-driven osteoclast formation
in vivo is totally RANKL dependent. This lack of direct action
of TNF was explained by two studies that identified osteoclast-
suppressive intracellular pathways involving NF-κBp100 and
RBP-Jκ (see above) which are induced by TNF [11,41]; disabling

these mechanisms by genetic manipulation resulted in direct
TNF-driven osteoclast formation in RANK-null mice in vivo.
Although mechanistically interesting it is not yet clear if these
molecules play a role in TNF-induced bone loss in human disease
or inflammatory models of wild-type mice, so it is currently
unclear whether the effect of 17-AAG on bone might include
TNF-mediated actions.

Since TGFβ is one of the few exogenous factors that can
enhance osteoclast formation by direct action on progenitors,
we compared its influence to that of 17-AAG. TGFβ can prime
osteoclast progenitors to respond to RANKL [45]. As observed
previously [26,46] we found that, like RANKL, TGFβ enhanced
NFATc1 levels, consistent with the effects of TGFβ being mainly
evident in the earlier period of the bone marrow culture period
(Figure 3). In contrast, 17-AAG exerted its influence later than
this, suggesting that the mechanism of actions of TGFβ and 17-
AAG differ substantially.

The lack of effects of 17-AAG on NFATc1 levels played a major
role in our decision to focus on MITF as a possible mediating
transcription factor. It should be noted that we examined the total
cellular levels of NFATc1 (i.e. in unfractionated cell lysates) since
this typically reflects the levels of NFATc1 in the nucleus and is
a widely adopted approach. As a transcription factor, NFATc1
requires nuclear translocation to act, indeed NFATc1 binds to the
promoter of its own gene further accelerating its own transcription
and production [46]. However, to date, the nuclear transport of
NFATc1 has not been determined to be a point of control in
osteoclast differentiation. To definitively identify any effects of
17-AAG on NFATc1 activity we used an NFAT-luciferase reporter
assay in RAW264.7 cells. Consistent with our findings of a
lack of an effect of 17-AAG upon NFATc1 protein levels, 17-
AAG (unlike TGFβ) had no effect on NFATc1 activity. However,
MITF activation is downstream of NFATc1 and occurs later in
the osteoclast signalling/transcription factor cascade. MITF is a
widely expressed basic helix–loop–leucine zipper transcription
factor required for the latter stages of osteoclastogenesis [3,47].
MITF binds to a conserved 7 bp motif, TCANGTG, in the
promoter region of target genes, which include vATPase-d2
subunit, TRAP [Acp5 (acid phosphatase 5, tartrate resistant)],
Ctsk (cathespin K) and E-cadherin [3,32,48]. MITF participates
in the transcription factor complexes needed for osteoclast gene
expression, complexes which include NFATc1, PU.1, NF-κB and
AP-1. Mice that express mutant alleles of the MITF gene, mi, have
few and defective osteoclasts [48] and mice null for MITF display
osteopetrosis and lack osteoclasts. The MITF gene transcript
is alternatively spliced and exists in at least 8 isoforms, and
when isoforms A and E are overexpressed osteoclast formation is
enhanced [8]. MITF protein levels induction may thus plausibly
explain, at least in part, the actions of 17-AAG in osteoclast
formation. Given that 17-AAG does not enhance NFATc1 and
other important upstream targets of RANKL, MITF levels might
be rate limiting for osteoclast formation. Although the importance
of MITF in osteoclasts has been long recognized, it is not generally
considered as a point of regulation, although Kim et al. [49] have
suggested that IL-1 (interleukin 1) regulation of MITF activity
might enhance osteoclast formation when IL-1 is added late in
the osteoclast maturation period. This latter observation seems
similar to our observations with 17-AAG (Figure 3).

Thus, in summary, HSP90 inhibitors have a powerful
stimulatory effect on osteoclast formation in vitro which is
consistent with previously observed osteolytic actions of 17-
AAG in mice [23,24]. 17-AAG, even in the absence of RANKL,
increases the levels of MITF in osteoclast progenitors, an essential
transcription factor in osteoclast formation. This may underlie the
osteoclastic effects of HSP90 inhibitors. If that is the case it seems
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likely that osteolysis provoked by 17-AAG reflects an increase in
the sensitivity of osteoclast progenitors to the effects of RANKL
present in the bone microenvironment.
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Osteoclast formation is central to bone metabolism, occurring when myelomonocytic progenitors are
stimulated by membrane-bound receptor activator of NFjB ligand (RANKL) on osteoblasts. Osteolytic
hormones induce osteoblast RANKL expression, and reduce production of RANKL decoy receptor osteo-
protegerin (OPG). However, rather than RANKL and OPG mRNA or protein levels, to measure hormon-
ally-induced osteoclastogenic stimuli the net RANKL activity at the osteoblast surface needs to be
determined. To estimate this we developed a cell reporter approach employing pre-osteoclast
RAW264.7 cells transfected with luciferase reporter constructs controlled by NFjB (NFjB-RAW) or
NFATc1 (NFAT-RAW)-binding promoter elements. Strong signals were induced in these cells by recombi-
nant RANKL over 24 h. When NFjB-RAW cells were co-cultured on osteoblastic cells (primary osteoblasts
or Kusa O cells) stimulated by osteolytic factors 1,25(OH)2 vitamin D3 (1,25(OH)2D3) and prostaglandin E2

(PGE2), a strong dose dependent signal in NFjB-RAW cells was induced. These signals were completely
blocked by soluble recombinant RANKL receptor, RANK.Fc. This osteoblastic RANKL activity was sus-
tained for 3 days in Kusa O cells; with 1,25(OH)2D3 withdrawal, RANKL-induced signal was still detect-
able 24 h later. However, conditioned medium from stimulated osteoblasts induced no signal. TGFb
treatment inhibited osteoclast formation supported by 1,25(OH)2D3-treated Kusa O cells, and likewise
blocked RANKL-dependent signals in NFAT-RAW co-cultured with these cells. These data indicate net
RANKL stimulus at the osteoblast surface is increased by 1,25(OH)2D3 and PGE2, and suppressed by TGFb,
in line with their effects on RANKL mRNA levels. These results demonstrate the utility of this simple co-
culture-based reporter assay for osteoblast RANKL activity.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

RANKL, a TNF-related protein, is a key factor regulating bone
metabolism through its role in stimulating the formation and acti-
vation of bone resorbing osteoclasts [1]. The high bone mass and
osteoclast deficiency in mice lacking RANKL or its receptor RANK
[1–3] demonstrates the fundamental role of these molecules in
bone metabolism. There is also ample clinical evidence that inhib-
iting RANKL actions significantly suppresses bone resorption both
clinically and in mouse models [4,5]. The major source of RANKL
at the bone surface is the bone forming cells, osteoblasts, as well
as osteoblast-related osteocytes and bone lining cells. These cells
produce both RANKL [6] and its secreted decoy receptor osteopro-
tegerin (OPG) in a highly regulated manner. Thus osteolytic factors
ll rights reserved.
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like IL-6 family cytokines, PTH and dihydroxyvitamin D3

(1,25(OH)3D3), drive osteoclast formation from hematopoietic cells
by increasing RANKL production in osteoblasts [1,6] and reducing
their production of OPG (illustrated in Fig. 1A). Activated T cells
and myeloma cells also produce RANKL either in a secreted or shed
soluble form [7,8]. Osteoblasts appear to produce only membrane-
associated RANKL as, at least in vitro, contact between osteoclast
progenitors and osteoblasts is required for osteoclast formation.
However, soluble RANKL production by osteocytes has been sug-
gested by recent work [9].

From the foregoing it is clear that measurement of RANKL in
osteoblasts and stromal cells is of great interest. This is commonly
studied by quantifying RANKL and OPG mRNA levels [6]. Estimating
relative RANKL protein levels in osteoblast cell membrane extracts
can be achieved by Western blotting but low sensitivity can be a
problem and may also detect the significant amounts of RANKL
bound to intracellular membranes [10,11]. Another concern is that
it is not the RANKL levels per se that drive osteoclast formation but

http://dx.doi.org/10.1016/j.bbrc.2012.04.103
http://dx.doi.org/10.1016/j.bbrc.2012.04.103
http://www.sciencedirect.com/science/journal/0006291X
http://www.elsevier.com/locate/ybbrc
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the net RANKL stimulus produced, i.e., net of OPG inhibitory effects
[12]. The magnitude of this net RANKL stimulus can be inferred by
studying osteoclast formation in co-cultures of bone marrow
progenitors (or other hematopoietic population) with osteoblasts
treated with stimuli of interest. However, such osteoclast formation
is only observed after several days and involves complex differenti-
ation pathway dynamics.

With these considerations we developed a simple, robust and
rapid method to estimate functional RANKL stimulus in live osteo-
blastic cells by incubating osteoblasts with RANK+ reporter cells
derived from RAW264.7 cells. These cells efficiently form osteo-
clasts in response to RANKL, i.e., respond similarly to osteoclast
precursors. RAW264.7 cells were stably transfected with vectors
containing luciferase-expressing constructs under the control of
promoters sensitive to NFjB and the NFATc1 transcription factors,
both of which are critical for RANKL-dependent osteoclast forma-
tion [13,14]. Stimuli that induce signals in these reporter cells were
confirmed as RANKL when their effects were ablated by soluble
RANK.Fc, a truncated chimeric form of RANK which binds RANKL
alone [3]. We used these methods to study two significant ques-
tions about RANKL induction – namely whether mRNA levels of
RANKL stimulus reflects the net functional RANKL stimulus, and
whether the induced RANKL stimulus is sustained or transient.
The latter is particularly important in considering RANKL stimula-
tion by relatively unstable local hormones like prostaglandins.
2. Materials and methods

2.1. Cells and reagents

Tissue culture medium used in all cultures was minimal essen-
tial medium-alpha (MEM) (Gibco BRL, Gaithersburg, MD) supple-
mented with fetal bovine serum 10% (CSL Biosciences, Parkville,
Australia) and penicillin 50 U/mL; streptomycin 50 lg/mL and
2 mM L-glutamine (Gibco BRL).

C57BL/6J mice were obtained from Monash Animal Services,
Clayton, Australia and were maintained at Monash Medical Centre
Animal facility, Clayton, Australia with procedures approved by the
institute ethics committee. Osteoblasts were prepared from new-
born mouse calvariae by sequential digestion with 0.1% collage-
nase plus 0.2% dispase (Godo Shusei, Tokyo, Japan) and cultured
for 3–4 days to confluence prior to use. Mouse bone marrow was
obtained from adult (6–12 week old) male C57black6/J mice. Kusa
O cells were cultured as previously described [15]. Rabbit anti-
mouse/rat calcitonin receptor antibody was produced in house as
per Tikellis et al. [16].

2.2. Cytokines and hormones

Recombinant GST-RANKL158–316 (RANKL) was obtained from the
Oriental Yeast Co. Ltd. (Itabashi City, Tokyo, Japan). Other recombi-
nant proteins were obtained from R&D Systems (Minneapolis, MN).
1,25(OH)2D3 was obtained from Wako Pure Chemical Co. (Osaka,
Japan) and Prostaglandin E2 (PGE2) was obtained from Sigma
Chemical Co. (Castle Hill, Australia). Other reagents were analytical
grade obtained from Sigma unless noted.

2.3. Construction of stable reporter cell lines

NFjB-RAWs were generated as previously described [17].
Briefly, RAW264.7 cells were stably transfected with a G418-
selectable vector containing a 3kB-Luc-SV40 luciferase reporter
with a promoter containing NFjB binding sites (jB). Similarly,
NFAT-RAWs were generated by stable transfection of RAW264.7
cells with a GL4.30 [luc2P/NFAT-RE/Hygro] (Promega, South Syd-
ney, Australia) reporter construct with the luciferase production
under the control of an NFAT-response element.

2.4. Luciferase reporter cell-based assays

NFjB-RAW and NFAT-RAW cells were routinely maintained in
MEM/10%FBS. After trypsinisation 4 � 104 cells were seeded per
well in tissue culture 96-wells (0.34 ml TPP grade, Thermo Fisher
Scientific, Scoresby, Australia) and treatments were added as de-
scribed. After incubation at 37 �C for 24 h, cells were rinsed in ster-
ile PBS, lysed by the addition of 40 ll of passive lysis buffer
(Promega) followed by an overnight incubation at 4 �C. Lysates
were transferred to white 96 well plates (Thermo Fisher) for anal-
ysis with luciferase substrate (Promega) using an Envision (model
2103) multi-label plate reader (Perkin Elmer, Waltham, MA).

For luciferase reporter cell co-cultures with osteoblastic cells,
the latter (Kusa O, primary osteoblasts and UMR106.01 cells) were
seeded 2 � 104 cells/well in standard 96 well plates. Cytokine and
hormone treatments were added to the cells at this point (unless
otherwise noted) and incubated for 24 h. Reporter NFjB-RAW
and NFAT-RAW cells (4 � 104 cells/well) were then added to these
osteoblastic assays and the protocol followed the sequence men-
tioned as above.

2.5. Osteoclast formation assays

Kusa O cells were seeded in 10 mm diameter culture wells
(2 � 104/well) in MEM/FBS, and mouse bone marrow cells
(105 cells/well) added. 1,25(OH)2D3 (10 nM) stimulation was
added to the co-cultures, which were incubated at 37 �C for 3 days,
then medium and mediators were replenished. After 7 days incu-
bation cells were histochemically stained for TRAP as previously
[18]. Some cell preparations were cultured on 6 mm diameter glass
coverslips (Thermo Fisher), which were fixed in cold (�20 �C) ace-
tone and immuno-stained with anti-calcitonin receptor (CTR) anti-
body (5 lg/ml) as previously [19].

2.6. Analysis of mRNA expression

Kusa O cells were cultured in six well plates with or without
hormonal stimulation (MEM with 2%FBS). RNA was isolated using
TRIZOL (Invitrogen) and treated with DNase (Ambion, Austin, TX)
according to the manufacturer’s instructions. cDNA was prepared
from 5 lg RNA Superscript III Double-Stranded cDNA Synthesis
Kit (Invitrogen). Real-Time PCR analysis (Stratagene Mx3000P, Agi-
lent, Santa Clara, CA) was performed using SYBR Green mix (Invit-
rogen) according to manufacturer’s instructions. Data were
normalised to hypoxanthine-guanine phosphoribosyl transferase
(HPRT)-1 and represented as fold induction over untreated time-
point control. The oligonucleotide primer sequences (Sigma Geno-
sys, Castle Hills, Australia) were as follows: RANKL (Gene Accession
Number NM_011613), forward primer: 50-TCCAGCTATGATG-
GAAGGCT-30, reverse primer: 50-GTACCAAGAGGACAGAGTG-30.
HPRT-1 (Gene Accession Number NM_013556), forward primer:
50-TGATTAGCGATGATGAACCAG-30, reverse primer: 50-AGA-
GGGCCACAATGTGATG-30.

2.7. Statistical analysis

Statistical analyses were performed using one way ANOVA with
Tukey’s post hoc test, using Graphpad Prism 5 software (Graphpad
Software, San Diego, CA). In all cases, P < 0.05 was considered sig-
nificant. All values are presented as mean ± standard error. Data in
this manuscript was audited in accordance with the NHMRC (Aus-
tralia) Code for the Responsible Conduct of Research (PHI Data
Audit No. 11–29).
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3. Results

3.1. Osteoblast RANKL regulation and the characterisation of NFjB-
reporter cells

Kusa O is a pre-osteoblastic and pre-adipocytic cell line that
supports osteoclast formation and forms mature osteoblasts in
long-term culture [15]. RT-PCR analysis confirmed that 10 nM
1,25(OH)2D3 treatment of Kusa O stromal cells enhanced RANKL
mRNA (Fig. 1B). Consistent with this, Kusa O cells co-cultured
with mouse bone marrow cells in the presence of 1,25(OH)2D3

for 7 days resulted in osteoclast formation, evidenced by large
numbers of TRAP+ and CTR+ mononucleated and multinucleated
cells (Fig. 1C).

For NFjB-RAW cell characterisation, 4 � 104 cells were cultured
per 6 mm diameter well for 24 h in the presence of recombinant
RANKL. The cells showed a robust and dose dependent increase
in luciferase signal with RANKL concentration that was maximal
at 100 ng/ml, and blocked by 300 ng/ml recombinant RANK.Fc pro-
tein (Fig. 1D and E). Shorter periods of RANKL exposure similarly
induced a signal but this was usually weaker and less robust (data
not shown) so in further experiments, only 24 h incubations were
used unless otherwise noted. Other NFjB inducing stimuli were
also tested on these cells including TNF (20 ng/ml) (Fig. 1E) and
LPS (100 ng/ml) (data not shown), which both induced a strong sig-
nal, but as expected these signals were not blocked by RANK.Fc.
NFAT-RAW cells prepared and cultured similarly also exhibited a
similar dose dependent increase to that observed in NFjB-RAW
cells in response to RANKL stimulation (data not shown).
Fig. 1. RANKL production by osteoblastic cells and the characterisation of RANKL-eli
formation supported by hormonally-stimulated osteoblasts. Osteoblastic cells (OB) and p
PTH and osteolytic factors the osteoblasts produce RANKL (and less OPG), driving format
Kusa O osteoblastic cells stimulated by 1,25(OH)2D3. (C) Confirmation of osteoclast for
immunostaining (brown colour; top image) and immunostaining control (lower image
recombinant RANKL stimulation. (E) Signals elicited in NFjB-RAWs with RANKL (100 ng/m
of the references to color in this figure legend, the reader is referred to the web version
3.2. The use of reporter cells to measure membrane-bound RANKL
stimulus in osteoblasts

To test the ability of Kusa O cells to make soluble RANKL detect-
able by the reporter cells, we incubated Kusa O cell cultures (ini-
tially 90% confluent) for 3 days in the presence or absence of
1,25(OH)2D3. Conditioned medium (30%) from these cultures was
added to NFjB-RAW cells for 24 h but no significant luciferase sig-
nal was observed (Fig. 2A) suggesting little or no transfer of activity
RANKL. We then tested the response of NFjB-RAW cells in contact
with Kusa O cells stimulated with 1,25(OH)2D3 (illustrated in
Fig. 2B). We first confirmed recombinant RANKL-induced signal
in these cells was not affected by 1,25(OH)2D3 (Fig. 2C). NFjB-
RAW cells were then added to Kusa O cells pre-treated with
1,25(OH)2D3 for 24 h, and a strong dose dependent signal was ob-
served after 24 h of co-culture (Fig. 2D). A maximal stimulation
was attained with 100nM 1,25(OH)2D3. Signals induced by
1,25(OH)2D3 were completely ablated by 300 ng/ml RANK.Fc
(Fig. 2E) and for further studies this concentration of 300 ng/ml
RANK.Fc was routinely used. Co-cultures with NFAT-RAW cells
showed a similar pattern (data not shown) indicating that both re-
porter RAW cell types can be used to assess net RANKL stimulus in
Kusa O cells. We also found that primary calvarial mouse osteo-
blasts also induced signals in reporter NFjB-RAW cells, when trea-
ted with the commonly used stimuli 10 nM 1,25(OH)2D3 and
10�7 M PGE2. (Fig. 2F); again this was ablated by the presence of
RANK.Fc. Rat osteoblastic UMR106.01 cells also generated
1,25(OH)2D3-dependent RANKL signals in co-culture (data not
shown).
cited luciferase responses of NFjB-RAW cells. (A) Diagram illustrates osteoclast
rogenitors in unstimulated state produce OPG (shown top). With the stimulation of
ion of osteoclasts (OC) (lower diagram). (B) Regulation of mRNA levels of RANKL in

mation in 1,25(OH)2D3 treated bone marrow cells with Kusa O cells, showing CTR
); black bars = 100 lm. (D) Dose response of signal elicited in NFjB-RAW cells to

l) but not TNF (20 ng/ml) were blocked by RANK.Fc (300 ng/ml). (For interpretation
of this article.)
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3.3. Persistence of RANKL activity in stimulated Kusa O cells

To determine the stability of the induced RANKL activity in stro-
mal cells and to determine whether the protocol we adopted in
Fig. 2 are the best options, we varied the time at which the stimu-
lus (10�8 M 1,25(OH)2D3) was added relative to the reporter cells
(illustrated in Fig. 3A). ‘Day 0’ was taken as the time point at which
reporter NFjB-RAW cells were added to the Kusa O cells; ‘Day �1’
is the day prior to NFjB-RAW addition, ‘Day �2’ ‘Day �3’ were 2
and 3 days prior. NFjB-RAWs were incubated in these co-cultures
for 24 h (i.e., to ‘Day +1) and then were lysed for luciferase analysis.
We first varied the time course of stimulation in the following
manner: no stimulus; 1,25(OH)2D3 stimulus added at Day �1 then
removed (washed out) at Day 0; 1,25(OH)2D3 stimulus added at
Day 0 only; 1,25(OH)2D3 stimulus added at Day �1, then again at
Day 0. In each case there was a full change of medium at Day 0 just
prior to reporter cell addition. When 1,25(OH)2D3 stimulation was
added at Day �1 then washed out at Day 0 a diminished signal was
observed compared to cultures where stimulus continued for a fur-
ther 24 h (Fig. 3B). Nevertheless, this suggests that RANKL signal
persists significantly even when the stimulus is removed. When
1,25(OH)2D3 was added only with the reporter cells (i.e., at Day
0) the signal was detected but as might be expected this was weak-
er than that achieved by 24 h pre-stimulation. This is consistent
with 24 h being required for RANKL protein expression to be
maximal.

When 1,25(OH)2D3 stimulus (10�8 M) was added at 3 or 2 days
prior to reporter cell addition (Day 0), the signal obtained was
equivalent to that observed when 1,25(OH)2D3 was added 1 day
prior (Fig. 3C). This suggests that either the 1,25(OH)2D3 or the
RANKL induction (or both) were stable over this period. We also
tested PGE2 (10 nM) applied in the same way, and indeed a weaker
but similarly persistent signal was observed over this period.
3.4. Employing reporter cells to study RANKL suppression – the
influence of TGFb

We previously showed TGFb treatment suppresses RANKL
mRNA levels in primary osteoblasts [20] and reduces osteoclast
formation in co-cultures. We first confirmed that in Kusa O cells
TGFb reduced RANKL mRNA levels induced by 1,25(OH)2D3

(Fig. 4A). We then investigated the effects of TGFb on levels of
membrane RANKL activity in Kusa O cells using reporter cell/Kusa
O co-cultures. However, first we tested the direct effects of TGFb on
our reporter cells and found TGFb had a significant negative effect
on luciferase signals in NFB-RAW cells (Fig. 4B; left panel). This
observation suggested that this reporter cell was unsuitable for
investigating TGFb actions on Kusa O RANKL activity. In contrast,
TGFb (5 ng/ml) did not inhibit luciferase signals in NFAT-RAW
cells, indeed enhanced them (Fig. 4B; right panel). Using NFAT-
RAW cells co-cultured with 1,25(OH)2D3-treated Kusa O we found
that the strong RANKL-activity signal was indeed suppressed by
TGFb (Fig. 4C). TGFb also blocked osteoclast formation in bone
marrow/Kusa O co-cultures (Fig. 4D and E), but this inhibition
was rescued by adding recombinant RANKL (200 ng/ml). This indi-
cates that TGFb inhibition of osteoclast formation is solely due the
suppression of RANKL activity in Kusa O cells (Fig. 4D and E).
4. Discussion

This study has demonstrated that a simple co-culture method
employing NFjB and NFAT sensitive reporter cells can be used to
assess the levels of membrane-associated RANKL in osteoblastic
cells. We succeeded in generating stably transfected reporter cells
from pre-osteoclast/macrophage RAW264.7 cells (which are gen-
erally difficult to transfect) resulting in cells luciferase-responding
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cells highly responsive to RANKL that were robustly stimulated
when incubated in co-cultures with RANKL-expressing osteoblasts.
This enabled a consistent and simple assay system for osteoblast
RANKL activity, our results showing consistency with osteoblast
RANKL mRNA expression levels and RANKL-dependent osteoclast
formation. Our data indicates that relative quantification of func-
tional RANKL signal strength on osteoblast membranes can be at-
tempted in this way, as the results shown in Fig. 2D showed a
clear dose response to increasing stimulus. Comparison of the
magnitude of the RANKL-induced signals in Fig. 2E (Kusa O) and
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Fig. 2F (osteoblasts) suggests that of the two the Kusa O cells pro-
vided a greater RANKL stimulus, however a careful estimate of the
RANK.Fc concentration needed to ablate the RANKL signal would
be needed to confirm this. This is because the linearity of the rela-
tionship between RANKL level and luciferase response is unclear,
and indeed may be modified by other factors produced by the
osteoblastic cells.

Measuring RANKL stimulus using a range of different assays is
important to determine what elevates osteoclast formation in
pathological tissues [21] and how osteoblastic cells participate in
such osteolysis. It is particularly difficult with a membrane-bound
protein to determine how much RANKL these cells deliver to osteo-
clasts, whether increased RANKL levels alone account for elevated
osteoclast number. RANKL can be released in soluble form [22] and
its detection in the circulation may indicate tissue RANKL levels,
however, this may not give a useful indication of RANKL levels in
bone, and it is unclear in some studies if detected circulating
RANKL is bound to OPG. In our studies we were unable to find
any transferable RANKL activity in conditioned medium from stim-
ulated Kusa O (Fig. 2A) which suggests that at least under these
conditions osteoblasts produce mainly cell-associated RANKL.
Our data also suggests that RANKL activity induced by
1,25(OH)2D3 and PGE2 is surprisingly persistent long term
(Fig. 3B) indicating these factors are stable under culture condi-
tions as RANKL signal drops when the stimulus is removed
(Fig. 3C). Alternatively, they may induce other autocrine RANKL-
inducing factors from the stromal cells to sustain RANKL levels
[23].

As well as investigating RANKL induction in osteoblasts we also
sought to clarify paradoxical aspects of TGFb action on osteoclast
generation. TGFb clearly enhances osteoclast progenitor responses
to RANKL (and hence osteoclast numbers [20]) however when
RANKL is delivered by osteoblasts TGFb has inhibitory actions.
Consistent with this, TGFb reduced RANKL mRNA levels, but
whether this abolishes RANKL protein production or induces pro-
duction of some other inhibitor is unclear [20]. As TGFb itself di-
rectly reduced luciferase signals in NFjB-RAW, cells we instead
studied this phenomenon using NFAT-RAWs Kusa O co-cultures;
these results indicated that RANKL activity induced by
1,25(OH)2D3 was indeed abolished by TGFb. It was also noted that
TGFb still induced NFAT signals which is significant as many osteo-
clast inhibitors diminish NFATc1 levels [14]. This data strongly
suggests that RANKL activity is simply suppressed by TGFb treat-
ment, which also explains why simply adding recombinant RANKL
was able to restore osteoclast formation in such co-cultures.

In summary, we have developed a reporter co-culture method
to estimate the functional membrane-associated RANKL activity
induced in osteoblastic cells by osteolytic factors. This demon-
strated that RANKL activity is sustained until the osteolytic stimu-
lus is removed, while TGFb rapidly abolishes induced RANKL
activity. This simple approach provides a useful and rapid method
to study RANKL activity regulated by hormonal factors.
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Background: HSP90 inhibitors increase osteoclast formation and bone loss.
Results: Altered Hsf1 activity impacts the ability of stress-inducing compounds to modulate osteoclast formation.
Conclusion: Hsf1 plays an important role in stress-associated osteoclast formation, potentially via MITF.
Significance: We identified a novel pathway whereby agents inducing stress can enhance osteoclast formation.

Many anticancer therapeutic agents cause bone loss, which
increases the risk of fractures that severely reduce quality of life.
Thus, in drug development, it is critical to identify and under-
stand such effects. Anticancer therapeutic and HSP90 inhibitor
17-(allylamino)-17-demethoxygeldanamycin (17-AAG) causes
bone loss by increasing osteoclast formation, but the mecha-
nism underlying this is not understood. 17-AAG activates heat
shock factor 1 (Hsf1), the master transcriptional regulator of
heat shock/cell stress responses, which may be involved in this
negative action of 17-AAG upon bone. Using mouse bone mar-
row and RAW264.7 osteoclast differentiation models we found
that HSP90 inhibitors that induced a heat shock response also
enhanced osteoclast formation, whereas HSP90 inhibitors that
did not (including coumermycin A1 and novobiocin) did not
affect osteoclast formation. Pharmacological inhibition or
shRNAmir knockdown of Hsf1 in RAW264.7 cells as well as the
use of Hsf1 null mouse bone marrow cells demonstrated that
17-AAG-enhanced osteoclast formation was Hsf1-dependent.
Moreover, ectopic overexpression of Hsf1 enhanced 17-AAG
effects upon osteoclast formation. Consistent with these
findings, protein levels of the essential osteoclast transcrip-
tion factor microphthalmia-associated transcription factor
were increased by 17-AAG in an Hsf1-dependent manner. In
addition to HSP90 inhibitors, we also identified that other
agents that induced cellular stress, such as ethanol, doxoru-
bicin, and methotrexate, also directly increased osteoclast
formation, potentially in an Hsf1-dependent manner. These
results, therefore, indicate that cellular stress can enhance
osteoclast differentiation via Hsf1-dependent mechanisms

and may significantly contribute to pathological and thera-
peutic related bone loss.

Maintaining bone mass and quality is critical for sustained
health and quality of life by preventing fracture (1). For this
reason, bone undergoes continual remodeling throughout
adult life to optimize bone quality and structural integrity. This
remodeling process involves cycles of bone resorption and for-
mation, mediated by osteoclasts and osteoblasts, respectively
(2, 3). Many factors can negatively impact bone health, includ-
ing a poor diet, gonadal hormonal insufficiency, pathological
insult, as well as a range of therapeutic agents (4 –7) that often
compound the loss of bone mass seen with aging. Factors that
are deleterious to bone generally cause a net increase in the
formation of the specialized bone-resorbing cell, the osteoclast,
causing sustained bone loss that can result in low bone mass, i.e.
osteopenia or osteoporosis (8, 9), that is not compensated for by
increased bone formation. Such bone loss is associated with
decreased bone strength and, thus, an increased fracture risk,
particularly in the spine, hip, and wrist, with any resulting frac-
tures ultimately leading to a severely diminished quality of life
and increased rate of mortality, particularly in elderly patients
(10). Localized rapid bone loss may also cause pain and hyper-
calcemia (4).

It is increasingly recognized that chemotherapeutic agents
have a major negative impact upon bone by increasing bone loss
and fracture risk more rapidly and severely than seen in normal
age-related bone loss (4, 6). Although both hormonal and non-
hormonal cancer therapies promote bone loss by inducing
hypogonadism, chemotherapeutics can also directly impact
osteoclasts (as well as the bone-forming osteoblasts) to cause
loss of bone mass and structural integrity, although the mech-
anisms that underlie this have still to be fully elucidated (4,
11–13). Because of the effectiveness of a number of cancer
treatments providing improved survival rates, especially in
older patients who may already have low bone mass, it is of
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increasing importance to determine the effect of therapeutics
on bone turnover and bone loss. Moreover, it is important to
identify the mechanisms by which anticancer agents may result
in bone loss so that preventative measures, such as administra-
tion of antiosteolytic treatments, may be designed effectively.

The process of osteoclast formation is fundamental to the
resorption of bone during both physiological and pathophysio-
logical bone resorption. Osteoclasts are multinucleated, hema-
topoietically derived cells (3) that are highly active and rela-
tively short-lived. Thus, their formation is a highly regulated
point of control for bone resorption and is dependent upon the
action of RANKL,3 a TNF-related molecule whose production
is locally regulated by many osteotropic hormones. RANKL
typically acts in concert with M-CSF, a survival and prolifera-
tion factor for osteoclast progenitors and macrophages.
RANKL, through interaction with its cognate receptor RANK,
activates a cascade of critical transcription factors in osteoclast
progenitors, notably involving NF�B, AP-1 (cFos/cJun dimer),
NFATc1, and MITF. These factors, in turn, activate osteoclastic
gene expression and induce cell fusion, resulting in mature,
functional, multinucleated osteoclasts (14, 15).

Heat shock protein 90 (HSP90) is a molecular chaperone that
is required for the stability and functionality of a diverse range
of proteins (16). In particular, its action is critical for the stabil-
ity and activity of mutated and overexpressed oncogenic pro-
teins that enhance the survival, growth, and invasive potential
of cancer cells (16, 17). Consistent with this, HSP90 is highly
expressed in many tumor types and has been associated with
poor patient outcomes (16 –18). Thus, HSP90 has emerged as a
major cancer therapeutic target and, as such, a number of
HSP90 inhibitors have been developed, many of which have
undergone or are currently in clinical trials (19).

We have found previously that the geldanamycin-derived
HSP90 inhibitor and anticancer agent 17-AAG increases bone
loss in mouse models through the direct stimulation of oste-
oclast formation (20). Furthermore, although 17-AAG proved
to be effective in reducing the tumor burden at extraosseous
sites, it actually increased the tumor burden within the bone
and caused elevated bone loss even in the absence of tumor cells
(20). Increased tumor growth in bone probably reflects the well
characterized effects of the release of tumor growth factors
from the bone matrix and is, therefore, secondary to the bone
destruction caused by the pro-osteoclastic effects of 17-AAG.
Consistent with our findings, Yano et al. (21) demonstrated that
17-AAG treatment enhanced prostate tumor growth in the
bones of mice, which could be abrogated by the administration
of inhibitors of osteoclast formation and function. In addition
to 17-AAG, we have demonstrated that other structurally unre-
lated HSP90 inhibitors also enhance osteoclast formation (20,
22). To date, the mechanism by which HSP90 inhibitors stim-
ulate osteoclast formation has not been clearly defined,

although Src kinase and the elevated expression of the essential
osteoclast transcription factor microphthalmia-associated
transcription factor (MITF) may play roles (21, 22). However,
HSP90 inhibition itself seems unlikely to be directly critical in
17-AAG actions on osteoclasts because many of the RANKL
signaling pathways required for osteoclast formation (e.g. NF�B
activation) are at least partly HSP90-dependent.

An alternative possibility is that the ability of 17-AAG to
activate the transcription factor heat shock factor 1 (Hsf1) may
play a central role in its effects on osteoclasts. Hsf1 is a critical
regulator of stress responses in mammalian cells and is essential
for the response to a broad range of stress stimuli, including the
regulation of heat shock proteins (HSPs) (23–25). Fundamental
to this response is the fact that Hsf1 associates with HSP90
under normal conditions, maintaining Hsf1 in an inactive
monomeric state (26, 27). However, upon 17-AAG binding to
the N-terminal ATPase domain of HSP90 or upon cellular stress,
Hsf1 dissociates from the HSP90 complex, forming homotrimeric
complexes, undergoes phosphorylation and SUMOylation (28),
and binds to heat shock element sites within the promoters of
target genes (28, 29). This results in a characteristic pattern of gene
expression that is observed during stress (e.g. elevated levels of
HSP70 and other HSPs), aiding cell survival. Thus, we examined
whether the Hsf1-mediated stress response induced by HSP90
inhibition is responsible for enhancing osteoclast formation.

In this study, we report that the effects of 17-AAG upon
osteoclast formation are indeed Hsf1-dependent and that, con-
sistent with this, other Hsf1-inducing stressors have similar
effects. Moreover, within the context of the stress response, we
found that Hsf1 plays a major role in enhancing the levels of the
critical osteoclast formation factor MITF. Our results impli-
cate, for the first time, the role of Hsf1 in osteoclast formation
and the influence of stress-induced MITF expression, which
points to a direct effect of cell stress and MITF in inducing bone
loss that may be important in many diseases that affect bone.

EXPERIMENTAL PROCEDURES

Reagents and Antibodies—The HSP90 inhibitors 17-AAG,
17-DMAG, and radicicol were obtained from LC Labs
(Woburn, MA), and coumermycin A1 and novobiocin were
obtained from Sigma-Aldrich (Castle Hill, NSW, Australia).
KNK437 was a gift from Kaneka Corp. (Takasago, Japan), and
quercetin, methotrexate, and doxorubicin were purchased
from Merck Millipore (Kilsyth, VIC, Australia). Anti-HSP70
(HSPA1A) antibody (catalog no. ADI-SPA-812) was purchased
from Enzo Life Sciences (San Diego, CA). Anti-HSP105/110
(HSPH1) antibody (catalog no. SC-6241) was purchased from
Santa Cruz Biotechnology (Dallas, TX). The pan anti-actin
antibody (catalog no. MS-1295-P) was purchased from Thermo
Fisher Scientific (Scoresby, VIC, Australia), and the anti-Hsf1
antibody (catalog no. 4356) was obtained from Cell Signaling
Technology (Danvers, MA). IgG HRP-conjugated secondary
antibodies for immunoblotting were purchased from Thermo
Fisher Scientific. Recombinant murine soluble RANKL
(RANKL158 –316-GST fusion protein) was obtained from Orien-
tal Yeast Co. (Tokyo, Japan), and human M-CSF and TGF�
(TGF�1 isoform) were from R&D Systems (Minneapolis, MN).
L-cell conditioned medium (a source of secreted murine

3 The abbreviations used are: RANKL, receptor activator of nuclear factor �B
ligand; MITF, microphthalmia-associated transcription factor; 17-AAG,
17-(allylamino)-17-demethoxygeldanamycin; 17-DMAG, 17-dimethylami-
noethylamino-17-demethoxygeldanamycin; HSP, heat shock protein;
TRAP, tartrate-resistant acid phosphatase; MEM, minimal essential medi-
um; BMM, bone marrow macrophage(s); MNC, mononuclear cell; ANOVA,
analysis of variance.
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M-CSF) was prepared as described by Yeung et al. (30). For tar-
trate resistant acid phosphatase (TRAP) histochemical staining,
fast red violet LB salt (F-1625), naphthol AS-MX phosphate, and
dimethylformamide were purchased from Sigma-Aldrich.

Animals—C57Black/6 mice were obtained from Monash
Animal Services (Monash University, Clayton, VIC, Australia).
The mice were maintained at the Monash Medical Centre Ani-
mal Facility (Clayton, VIC, Australia) according to procedures
approved by the Monash Medical Centre Animal Ethics Com-
mittee B (Clayton, VIC, Australia), authorization no. MMCB-
2011/19. The C;129-Hsf1tm1Ijb/J (stock no. 010543) (31) were
purchased from The Jackson Laboratories (Bar Harbor, ME)
and maintained in the Animal Resource Laboratories of
Monash University (Clayton, VIC, Australia) according to
standard husbandry and breeding procedures approved by
the Monash Animal Research Platform (MARP) 2 Animal
Ethics Committee (Clayton, VIC Australia), authorization
no. SOBSB/B/2010/28BC. Mice were maintained on a
BALB/cx 129SvEV background, and intercrossed Hsf1�/�

mice were used to generate Hsf1�/�, Hsf1�/�, and Hsf1�/�mice.
Mouse genotypes were determined by PCR according to the
standard protocol for the C;129-Hsf1tm1Ijb/J strain provided
by The Jackson Laboratory. All mice used in the experiments
were age-matched females.

Cell Lines and Culture—RAW264.7 cells were purchased
from the ATCC and were maintained in minimal essential
medium-� (MEM) (Invitrogen) containing 10% FBS (Thermo
Fisher Scientific), penicillin (10000 units/ml), and streptomycin
(10000 units/ml) (Invitrogen), and HEPES (Invitrogen). All
osteoclast formation assays utilized this medium (MEM/FBS).
Primary bone marrow cells for culture were immediately iso-
lated from humanely killed, 6- to 12-week-old mice by flushing
the bone marrow cavity of the long bones with PBS in accor-
dance with the MARP Animal Ethics Committee (Monash Uni-
versity, Clayton, VIC, Australia) authorization MARP/2011/
048. Primary bone marrow macrophage (BMM) cultures were
maintained in L-cell conditioned medium to induce BMM pro-
liferation, as described previously (32) in RPMI 1640 medium
(Invitrogen) supplemented with penicillin and streptomycin
and 10% heat-inactivated FBS (MEM/HIFBS). All cells were
maintained in a 37 °C incubator in a humidified atmosphere
containing 5% CO2.

Hsf1 shRNAmir Knockdown and Hsf1 Ectopic Overexpression—
For Hsf1 knockdown, GIPZ lentiviral shRNAmir constructs
(V2LMM_226824, V2LMM_82329, V2LMM_82328, V3LMM_
415511, and V3LMM_415512) targeted toward mouse Hsf1 and a
GIPZ non-silencing control lentiviral shRNAmir construct
(RHS4346) were purchased from Thermo Scientific. The non-si-
lencing control and the targeted mouse GIPZ shRNA constructs
were transiently cotransfected with psPAX2 and pMD2.G packag-
ing constructs into HEK293T cells using Lipofectamine LTX
according to the instructions of the manufacturer (Invitrogen).
The medium was replaced 16 h later, and, after a further 24 h,
the lentiviral-conditioned medium was collected and filtered
using a 0.45-�m filter. RAW264.7 cells were transduced by the
addition of the lentiviral-conditioned medium for a period of
24 h with the addition of 10 mg/ml of Polybrene. Cells were
then grown in standard medium, and transduced cells were

selected on the basis of GFP expression using FACS (Flowcore
Platform, Monash University) with the selection gates being set
to normalize GFP fluorescence intensity between the non-si-
lencing and Hsf1-silencing shRNAmir-expressing cells. The
most efficient knockdowns were achieved by using the
V3LMM_415512 and V2LMM_82329 shRNAmirs, which were
used for subsequent experiments and are referred to as mir4
and mir5, respectively.

To ectopically overexpress mouse Hsf1 in RAW264.7 cells, a
retroviral expression system was employed. The pBABE-Hsf1-
IRES-mCherry retroviral construct was generated by excision
of mouse Hsf1 from the Hsf1 construct pcDNA3.1(�) mHsf1
(provided by Richard Voellmy, University of Miami, FL) using
HindIII endonuclease refilled by T4 DNA polymerase to gener-
ate blunt ends, and this was further digested with EcoRI endo-
nuclease. The resulting product was then ligated with pBABE-
puro-IRES-mCherry (33) that had been linearized by BamHI
digestion, end-filled with T4 DNA polymerase, and then
digested with EcoRI endonuclease. The correct orientation of
the mHSF1 insert was confirmed by diagnostic endonuclease
digestion. HEK293T cells were cotransfected with pCL-Ampho
packaging vector (Imgenex, San Diego, CA) and pBABE-Hsf1-
IRES-mCherry using Lipofectamine LTX (Invitrogen). Retrovi-
ral-conditioned medium generation, RAW264.7 transduction,
and selection of mCherry-expressing transduced cells by FACS
were performed according to the lentiviral approaches stated
previously.

Osteoclast Progenitor Differentiation and Survival Assays—
Osteoclasts were generated by culturing RAW264.7 cells for a
6-day period in 96-well plates at a density of 5 � 103 cells/well in
MEM/FBS, 20 ng/ml RANKL and in the presence or absence
(vehicle control) of HSP90 inhibitors and other stress-inducing
agents, as indicated under “Results.” The medium and the
agents were replaced at day 3, and on day 6, cells were fixed with
4% formaldehyde and histochemically stained for TRAP as
described previously (34). TRAP-positive multinucleated cells
(MNCs) containing three or more nuclei per cell, quantified
using an inverted light microscope, were counted as oste-
oclasts. To generate osteoclasts from primary murine cells,
bone marrow cells were flushed from bisected long bones of
C57black6/J, wild-type (Hsf1�/�), heterozygous (Hsf1�/�), or
knockout (Hsf1�/�) C;129-Hsf1tm1Ijb/J mice with PBS. Cells
were centrifuged and then resuspended in MEM/FBS. Bone
marrow cells (105 cells/well) were stimulated by 20 ng/ml
RANKL and 25 ng/ml M-CSF in the presence or absence of the
HSP90 inhibitor 17-AAG for 6 days. Cells were then fixed and
stained histochemically for TRAP and osteoclast numbers
counted. For BMM preparation for Western blotting, bone
marrow cells (106 cells/ml) were suspended in RPMI/HIFBS
supplemented with 30% L-cell-conditioned medium (30, 32),
incubated at 37 °C in a humidified atmosphere containing 5%
CO2 for 3 days, and then, the non-adherent cell fraction was
removed. The resulting adherent proliferating cells were then
prepared for analysis. These cells were able to form numerous
osteoclasts with RANKL/M-CSF treatment, as described previ-
ously (32). For cell survival assays RAW264.7 cells were seeded
at 5 � 103 cells/well and treated with a range of HSP90 inhibitor
concentrations. After a period of 96 h, cells were fixed in 50%
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TCA at 4 °C for 1 h, followed by five washes in distilled water.
Cells were stained with sulforhodamine B (Sigma-Aldrich),
rinsed, and then cell-bound sulforhodamine B was solubilized
in 150 �l of 10 mM Tris-HCl (pH 10.5). The absorbance at 550
nm was measured by spectrophotometry using a Multiskan FC
absorbance plate reader (Thermo-Lab Systems, MA).

Immunoblot Analysis—Immunoblot analysis was performed
as described previously (20, 22, 35). Briefly, cell lysates were
generated using modified radioimmune precipitation assay
buffer (50 mmol/liter Tris-HCl (pH 7.4), 1% Nonidet P-40,
0.25% sodium deoxycholate, 150 mmol/liter NaCl) containing
phosphatase and protease inhibitor mixture (Sigma-Aldrich),
sonicated, and then clarified by centrifugation. Protein concen-
trations were determined using the BCA protein assay accord-
ing to the instructions of the manufacturer (Thermo Fisher
Scientific). Cell lysates were run on 4 –12% BisTris gradient
SDS-PAGE electrophoresis gels with MES SDS running buffer
(Invitrogen) under reducing conditions and transferred to
Immobilon-P PVDF membranes (Merck Millipore). Mem-
branes were blocked for 1 h with 3% milk powder (Diploma,
Fonterra Food Services, Mount Waverley, Australia) dissolved
in PBST (PBS � 0.1% Tween 20). Membranes were then incu-
bated overnight at 4 °C with appropriate primary antibodies.
Immunoblot visualization was achieved by incubation with
appropriate IgG HRP-conjugated secondary antibodies and an
ECL detection system (Supersignal West Pico, Thermo Fisher
Scientific) according to the instructions of the manufacturer.

Statistical Analysis—Data were analyzed using Prism 5 soft-
ware (GraphPad, San Diego, CA), and statistical significance
was determined using ANOVA/Dunnett’s post hoc test. Quan-
titative data are presented as mean � S.E. of three or more
pooled experiments, and significance is represented graphically
by *, p � 0.05; **, p � 0.01; or ***, p � 0.001.

RESULTS

HSP90 Inhibitors Enhance Osteoclast Formation in Associa-
tion with Induction of the Heat Shock Response—To investigate
the role of the HSR and, more specifically, Hsf1, in 17-AAG
actions on osteoclastogenesis, we first examined the effects of
different HSP90 inhibitors on the maturation of murine
RAW264.7 cells, a bipotential osteoclast/macrophage progeni-
tor cell line that responds strongly to RANKL treatment by
forming osteoclasts. RAW264.7 cells were treated with a sub-
maximal concentration of RANKL (20 ng/ml) that is sufficient
to cause low levels of osteoclast formation over 6 days of incu-
bation. Osteoclast formation was completely dependent on
RANKL treatment; i.e. in cultures where RANKL was omitted,
osteoclast formation or mononuclear TRAP� cells were never
seen, as described previously 22. Unlike primary bone marrow
cells or BMM, RAW264.7 cells form osteoclasts without
M-CSF treatment; i.e. they require only RANKL stimulation.

Treatment of RAW264.7 cells with 17-AAG induced a dose-
dependent increase in Hsp70 (Hspa1a) protein expression, con-
sistent with induction of the HSR (Fig. 1A), and, consistent with
previous findings (20, 21), 17-AAG also increased RANKL-
stimulated osteoclast formation in a dose-dependent manner
(Fig. 1, B and C). To confirm that this response was not unique
to RAW264.7 cells, examination of the effects of 17-AAG in

RANKL- and M-CSF-stimulated primary bone marrow cells
derived from C57Black/6 mice was performed. As with that of
the RAW264.7 cell line, 17-AAG significantly increased Hsp70
expression (Fig. 1D), and this was associated with a marked
increase in osteoclast formation (Fig. 1, E and F). It was noted
that the primary bone marrow cultures were more sensitive to
17-AAG with respect to the induction of the HSR and that this
correlated with increased osteoclast formation.

In RAW264.7 cells, 17-DMAG, a HSP90 inhibitor that is
structurally related to 17-AAG but more potently inhibits
HSP90, also enhanced both Hsp70 protein levels (Fig. 2A) and
RANKL-induced osteoclast formation (Fig. 2B) in a dose-de-
pendent manner, although at notably lower concentrations to
that of 17-AAG (Fig. 1, A and B).

To determine the scope of the effect, we examined whether
the structurally unrelated HSP90 inhibitor radicicol had similar
effects to that of 17-AAG and 17-DMAG. Despite the differing
structure of radicicol, it was also found to significantly increase
Hsp70 levels (Fig. 2C) and significantly increase osteoclast for-
mation (Fig. 1D). However, in contrast to these findings, the
HSP90 inhibitors coumermycin A1 (Fig. 2E) and novobiocin
(Fig. 2G) did not significantly increase Hsp70 levels, thus failing
to induce a robust HSR. Moreover, coumermycin A1 (Fig. 2F)
and novobiocin (Fig. 2H) did not significantly increase oste-
oclast formation. These two HSP90 inhibitors bind the C-ter-
minal region of HSP90 and, thus, have a different mode of
action to that of 17-AAG, 17-DMAG, and radicicol. These
results are consistent with the notion that activation of Hsf1
and its ability to induce the HSR induced by N-terminal HSP90
inhibitors enhances RANKL-elicited osteoclast formation.

Pharmacological Inhibition of Hsf1 Reduces 17-AAG Enhance-
ment of RANKL-induced Osteoclast Differentiation—To further
investigate whether the HSR was mechanistically important
for 17-AAG-enhanced osteoclast formation, we examined
whether pharmacological inhibition of the HSR would abrogate
the 17-AAG-mediated effect. Quercetin and KNK437 are two
compounds that have been shown to inhibit the HSR via
impacting Hsf1 functionality (36, 37). Consistent with this,
treatment of RAW264.7 cells with KNK437 (Fig. 3A) dose-de-
pendently inhibited the induction of Hsp70 protein expression
by 17-AAG and significantly abrogated the effects of 17-AAG
on RANKL-stimulated osteoclast formation (Fig. 3B), indicat-
ing a potential influence of Hsf1 on osteoclast formation. Quer-
cetin was also found to inhibit Hsp70 induction by 17-AAG
(Fig. 3C) and also significantly reduced the effects of 17-AAG
upon osteoclast formation (Fig. 3D). Of the two compounds,
KNK437 was more potent at inhibiting Hsp70 induction and,
consistent with this, was more effective at blocking 17-AAG
effects upon osteoclast formation (Fig. 3B). Interestingly, the
enhancement of osteoclast differentiation by TGF�, a cytokine
known to stimulate NFATc1 expression (unlike 17-AAG (22))
and augment RANKL signals (38, 39), was not affected by
KNK437-mediated inhibition of Hsf1 (Fig. 3E). Thus, this dem-
onstrated a specificity of action of KNK437 upon stress-medi-
ated osteoclast formation and, more importantly, that of Hsf1
in 17-AAG-enhanced osteoclast differentiation.
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Hsf1 Knockdown Impairs the Effect of 17-AAG on
Osteoclastogenesis—To demonstrate a specific involvement of
Hsf1 upon 17-AAG actions in osteoclast formation, we reduced
Hsf1 expression by RNA interference methods. We utilized an
shRNAmir approach on the basis of the design of the primary
microRNA-30 transcript allowing for processing via the endog-
enous RNAi pathways and allowing for more specific silencing
than conventional shRNAi. RAW264.7 cells were transduced
using lentiviral constructs that expressed either a non-silencing
shRNAmir that had no homology to any known mammalian
genes or shRNAmirs with specificity for mouse Hsf1. Immuno-
blot analysis of Hsf1 levels confirmed the efficient knockdown
of Hsf1 in RAW264.7 cells using two independent shRNAmirs
(Fig. 4A). Consistent with the knockdown of Hsf1, the 17-AAG-
mediated induction of Hsp70 was abrogated significantly (Fig.
4A). In non-silencing shRNAmir control RAW264.7 cells,
17-AAG strongly enhanced osteoclast formation, whereas
knockdown of Hsf1 by mir4 or mir5 significantly reduced the
effects of 17-AAG upon osteoclast formation (Fig. 4B), consis-

tent with the effects of the pharmacological inhibition of Hsf1.
Of interest, 17-AAG did not increase the steady-state levels of
Hsf1, but, consistent with it being a HSP90 client protein, Hsf1
levels were reduced. To ensure that abrogation of 17-AAG-
mediated effects upon osteoclast formation because of Hsf1
knockdown was not merely a result of an increased cell death,
we tested the sensitivity of the RAW264.7 cells to 17-AAG-
mediated cell death. In standard cell survival assays examining
increasing 17-AAG concentrations, no differences were
observed between the non-silencing control and Hsf1 knock-
down cells (Fig. 4C), indicating that any effects on osteoclast
formation were not due to alterations in cell survival.

Overexpression of Hsf1 Enhances 17-AAG Effects on RANKL-
induced Osteoclast Differentiation—To further investigate the
influence of Hsf1 in 17-AAG-enhanced osteoclast differentia-
tion, we examined the effect of overexpressing mouse wild-type
Hsf1 in the RAW264.7 cell line. To achieve this, we transduced
RAW264.7 cells with retroviral vectors expressing mCherry
(control) or wild-type Hsf1 (Hsf1WT). Immunoblot analysis

FIGURE 1. 17-AAG enhances RANKL-dependent osteoclastogenesis and induces an HSR. A, murine osteoclast progenitor RAW264.7 cells showed an
increase in Hsp70 levels (immunoblot analysis) after treatment with indicated concentrations of 17-AAG for 24 h. B, RAW264.7 cells were cultured in 20 ng/ml
RANKL and the indicated concentrations of 17-AAG for 6 days, and osteoclasts (TRAP-positive MNCs) were counted. 17-AAG treatment dose-dependently
enhanced RANKL-dependent osteoclast formation. C, photomicrographs of osteoclasts formed in RANKL-treated RAW264.7 cell cultures showing increased
osteoclast formation in 17-AAG-treated (0.4 �M) cells compared with vehicle control (Veh. Ctl.). Red, TRAP staining. Scale bars � 100 �m. D, immunoblot analysis
of BMMs demonstrated elevated Hsp70 protein levels after treatment with 17-AAG (0.1 �M) after a 24-h treatment period. E, as with RAW264.7 cells, mouse
bone marrow cells cultured in 20 ng/ml RANKL and M-CSF for 6 days demonstrated a significant increase in TRAP-positive MNCs with 0.1 �M 17-AAG treatment.
F, photomicrographs of osteoclasts formed in mouse bone marrow cells cultured in 20 ng/ml RANKL and M-CSF for 6 days. Cultures with 17-AAG (0.1 �M)
showed an increase in TRAP-positive MNCs when compared with vehicle control. Red, TRAP staining. Scale bars � 100 �m. Error bars represent the mean � S.E.
of three independent experiments. *, p � 0.05; **, p � 0.01; ***, p � 0.001 relative to RANKL (20 ng/ml)-treated vehicle control using ANOVA/Dunnett’s post hoc
test.
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demonstrated that, although there was a strong overexpression
of Hsf1 in the pBABE-Hsf1WT-transduced RAW264.7 cells,
Hsf1 was maintained in an inactive state, as demonstrated by
the comparative steady-state levels of Hsp70 and Hsp105
between control cells and Hsf1-overexpressing cells (Fig. 5A).
However, upon treatment with increasing concentrations of
17-AAG, Hsf1-overexpressing cells demonstrated an aug-
mented response, denoted by increased Hsp70 and Hsp105
expression (Fig. 5A) in comparison with the vector control
(pBABE-mCherry)-transduced cells. Consistent with this find-
ing, RAW264.7 cells overexpressing Hsf1 were more sensitive

to the effects of 17-AAG in enhancing osteoclast differentiation
(Fig. 5B). Notably, however, Hsf1 overexpression did not alter
the osteoclastogenic potential of RAW264.7 cells in the absence
of 17-AAG. Therefore, elevated Hsf1 levels appeared to sensi-
tize cells to the actions of 17-AAG rather than directly enhance
osteoclast differentiation.

17-AAG-enhanced Osteoclast Formation Is Impaired in Pri-
mary Bone Marrow Cells Derived from Hsf1�/� Mice—To
extend our findings, we examined the role of Hsf1 in 17-AAG-
enhanced osteoclast formation in primary cells using bone
marrow cells derived from mice that were wild-type (Hsf1�/�),
heterozygous (Hsf1�/�), and null (Hsf1�/�) for Hsf1. Immuno-
blot analysis showed that the expression level of Hsf1 in BMM
derived from Hsf�/� mice was undetectable, whereas its level of
expression in Hsf1�/� BMM was observed to be significantly
lower than those isolated from wild-type (Hsf1�/�) mice (Fig.
6A). Consistent with the steady-state levels of Hsf1 in isolated
BMM, the induction of Hsp70 by 17-AAG was absent in the
Hsf1�/� BMM and reduced significantly in the Hsf1�/� BMM
when compared with Hsf1�/� BMM (Fig. 6A). We then exam-
ined osteoclast formation in Hsf1�/�, Hsf1�/�, and Hsf1�/�

bone marrow cells (stimulated with 20 ng/ml RANKL and
M-CSF) in the presence of 17-AAG. We found that, in Hsf�/�

cell cultures, 17-AAG failed to significantly elevate osteoclast
numbers relative to vehicle control cultures, whereas in
Hsf1�/� bone marrow cultures, 17-AAG significantly enhanced
osteoclast differentiation (Fig. 6, B and C). Bone marrow cell cul-
tures from Hsf1�/� mice also showed a marked impairment of
17-AAG-enhanced osteoclast formation, consistent with the
decreased steady-state and activated levels of Hsf1 in these cells
(Figs. 6, B and C).

17-AAG Treatment Enhances MITF Levels in an Hsf1-depen-
dent Manner—MITF has been shown to be a critical regulator
of osteoclast formation and function (40 – 42), although the
regulation of MITF protein expression in osteoclasts is not well
characterized. We have shown previously that, although
17-AAG has no enhancing effect upon major RANKL-elicited
intracellular signaling components (e.g. NF�B, c-fos, and
NFATc1), we determined that 17-AAG did potently enhance
the cellular protein levels of MITF (22). Therefore, we investi-
gated whether 17-AAG enhanced MITF protein levels in a
manner that was mediated via Hsf1. We found that increased
MITF protein levels caused by 17-AAG treatment of
RAW264.7 cells was reduced significantly by pharmacological
inhibition of Hsf1 by KNK437 treatment (Fig. 7A). Similarly,
knockdown of Hsf1 by shRNAmir also inhibited the effect of
17-AAG upon MITF protein induction (Fig. 7B). Examination
of primary BMM cultures isolated from Hsf1�/� mice demon-
strated that MITF protein was low or undetectable by immu-
noblot analysis, either with or without 17-AAG treatment (Fig.
7C). Conversely, overexpression of Hsf1 in RAW264.7 cells
resulted in the elevation of MITF levels when compared with
control cells and was increased further with 17-AAG treatment
(Fig. 7D). These results indicate that 17-AAG increased
RANKL-induced osteoclast differentiation with increased
MITF protein levels, which was mediated by the action of Hsf1.

FIGURE 2. Induction of an HSR by HSP90 inhibitors associates with
increased osteoclast formation. A, Hsp70 protein levels in RAW264.7 were
dose-dependently increased by 17-DMAG treatment after a 24-h period. B,
17-DMAG significantly increased osteoclast formation in RANKL-treated
RAW264.7 cells. C, the structurally unrelated HSP90 inhibitor radicicol
increased Hsp70 levels in RAW264.7 cells after a 24-h treatment period. D,
radicicol significantly increased osteoclast formation in RAW264.7 cells when
compared with vehicle control. The coumermycin A1 (E and F) and novobio-
cin (G and H) HSP90 inhibitors did not induce a heat shock response, indicated
by a failure to increase Hsp70 levels in RAW264.7 cells and also failed to
increase osteoclast formation. Error bars represent the mean � S.E. of three
independent experiments. *, p � 0.05; **, p � 0.01; ***, p � 0.001 relative to
RANKL (20 ng/ml)-treated vehicle control using ANOVA/Dunnett’s post hoc
test.
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Ethanol and Chemotherapeutic Agents Enhance Osteoclast
Differentiation Potentially Mediated by Hsf1—Hsf1 is activated
to counteract cellular damage and death caused by proteotox-
icity of a wide variety of chemical agents. In addition to HSP90
inhibitors, many cytotoxic chemotherapeutic agents also
potently activate Hsf1 and the HSR (43– 46). Interestingly,
some cytotoxic chemotherapeutic agents are also known to
promote osteoclast formation (13). We hypothesized that at
least some stress-inducing agents, including some currently
used cytotoxic chemotherapeutics, may directly enhance oste-
oclastogenesis via activation of Hsf1 and the HSR (in a manner
similar to that of 17-AAG) if the agent was not too directly
toxic to RAW264.7 cells. We examined both ethanol, an oxi-
dative stressor that has been shown previously to enhance
osteoclastogenesis and induce the HSR (47, 48), and two
cytotoxic chemotherapeutic agents, doxorubicin and meth-
otrexate. Immunoblot analysis demonstrated that ethanol (Fig.
8A), doxorubicin (Fig. 8B), and methotrexate (Fig. 8C) all
increased Hsp70 protein expression in a dose-dependent man-
ner, consistent with their activation of Hsf1 and the HSR. Con-
sistent with our previous findings regarding HSP90 inhibitors
and the HSR, we observed that these three stressors, ethanol,
doxorubicin, and methotrexate, all enhanced RANKL-depen-
dent osteoclast formation in a dose-dependent manner in
RAW264.7 cells (Figs. 7, D–F). As with 17-AAG, pharmacolog-
ical inhibition of the HSR and Hsf1 by KNK437 in RAW264.7
cultures treated with ethanol (Fig. 7G), doxorubicin (Fig. 7H),
or methotrexate (Fig. 7I) inhibited the pro-osteoclastic effects
of the agents, although KN437 did not completely ablate the

effects of methotrexate. In sum, these results demonstrate that,
in addition to 17-AAG, other compounds that can induce Hsf1
activation and the HSR are also able to enhance RANKL-in-
duced osteoclastogenesis, potentially through a mechanism
that is at least partly Hsf1-dependent.

DISCUSSION

The ability of 17-AAG to cause bone loss and to increase
breast and prostate tumor growth and invasion in bone in
murine models indicates that this compound has potentially
serious negative effects on bone mass (20, 21). Although
17-AAG itself is not likely to be used clinically, functionally
similar, second-generation HSP90 inhibitors are currently
undergoing clinical trials and may enter the clinic in the future.
Thus, it is imperative to elucidate their effects on bone. 17-AAG
and other HSP90 inhibitors have profound stimulatory effects
on osteoclast formation (20 –22, 49), although contributing
influences of other cells to the observed bone loss cannot be
ruled out (50). In addition, increases in osteoclast numbers and
consequent increased bone resorption potentially increase the
risk of metastatic tumor growth in bone because of the release
of tumor growth factors from the bone matrix (51).

In this study, we demonstrated that 17-AAG and other stres-
sors act in an Hsf1-dependent manner to increase osteoclast
formation from their progenitors and that this may involve an
increase in the levels of the transcription factor MITF. We
investigated Hsf1 involvement in 17-AAG using a number of
approaches, including the use of pharmacological inhibition of
Hsf1 and HSR by KNK437. This compound is a potent inhibitor

FIGURE 3. Inhibitors of Hsf1 decrease the effects of 17-AAG, but not TGF�, on osteoclastogenesis in RANKL-treated RAW264.7 cells. A, immunoblot
analysis demonstrated that 24-h cotreatment of RAW264.7 cells with KNK437 ablated 17-AAG-induced Hsp70 protein induction. B, KNK437 inhibited 17-AAG-
enhanced osteoclast formation in RAW264.7 cells cultured for 6 days in the presence of 20 ng/ml RANKL. Veh. Ctl., vehicle control. Quercetin reduced the effects
of 17-AAG treatment on Hsp70 protein expression after 24 h of treatment (C) and inhibited the effects of 17-AAG upon enhanced osteoclast numbers in RANKL
(20 ng/ml) treated RAW264.7 cells (D). E, RAW264.7 cells cultured with RANKL showed an increase in osteoclast numbers with TGF� treatment. However, no
effects of KNK437 treatment were observed. Error bars represent the mean � S.E. of four independent experiments. *, p � 0.05; **, p � 0.01; ***, p � 0.001
relative to RANKL-treated (20 ng/ml) vehicle control using ANOVA/Dunnett’s post hoc test.
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of Hsf1-induced expression of HSPs, such as HSP70, but does
not affect the basal levels of their constitutively expressed iso-
forms (36). It was notable that KNK437 administration at 10 �M

completely ablated 17-AAG actions on osteoclast formation
but did not decrease it below the control baseline levels induced
by 20 ng/ml RANKL alone. This concentration of KNK437 also
blocked Hsp70 induction. Quercetin, a widely distributed, nat-
urally occurring flavonoid, also reduces HSP induction and has
acceptable toxicity in clinical trials (52, 53). However, it should
be noted that quercetin also inhibits c-fos and NF�B actions
that play a role in osteoclastogenesis, so its effects cannot be
assumed to be via Hsf1 alone (54, 55). Quercetin is not used in
any currently approved therapies but has been investigated for
anticancer and anti-inflammatory actions, so its clinical use to

ameliorate pathological bone loss is possible but has not yet
been investigated properly.

To more specifically address the role of Hsf1 in 17-AAG oste-
oclast effects, we targeted Hsf1 expression by shRNAmirs in
RAW264.7 cells. Knockdown of Hsf1 had a similar effect to that
of KNK437 in decreasing the effect of 17-AAG on RANKL-
induced osteoclast formation as well as inhibiting the induction
of HSP70 by 17-AAG. Bone marrow cells from Hsf1�/� mice
were similarly defective in 17-AAG induction of osteoclast for-
mation. However, the ability of the progenitors to form oste-
oclasts was not impaired because osteoclast formation in
response to RANKL in Hsf1�/�, Hsf1�/�, and Hsf1�/� were all
comparable. Unfortunately, because of fertility problems in
these mice (56), we have not been able to undertake a system-
atic study of the bones or the influence of stressors on their
bone parameters. However, with a role for Hsf1 being estab-
lished, we also sought to identify the sufficiency of Hsf1 induc-
tion in mediating 17-AAG actions on osteoclasts. Ectopic over-
expression of Hsf1 (28) did not increase osteoclast formation
itself but did significantly increase the osteoclastic responsive-
ness of RAW264.7 cells to 17-AAG. The overexpressed Hsf1
probably remained in an inactive state because we observed no
alteration in the steady-state levels of HSP70, indicating that

FIGURE 4. Hsf1 knockdown greatly reduces the effect of 17-AAG upon
RANKL-induced osteoclastogenesis. A, lentivirus-transduced RAW264.7
cells with non-silencing (NS mir) or Hsf1-targeting shRNAmir (mir4 and mir5)
constructs were treated with the indicated concentrations of 17-AAG for 24 h.
Immunoblot analysis demonstrated decreased Hsf1 protein levels, confirm-
ing knockdown. 17-AAG induction of Hsp70 protein was also impaired in the
Hsf1 knockdown RAW264.7 cells. B, Hsf1 knockdown resulted in a significant
reduction of the effects of 17-AAG on osteoclast formation in RAW264.7 cells
cultured in 20 ng/ml RANKL. C, a dose-response survival assay over 96 h in
RAW264.7 cells with indicated concentrations of 17-AAG demonstrated that
Hsf1 knockdown had no significant effect upon RAW264.7 cell survival. Error
bars represent the mean � S.E. of three independent experiments. *, p � 0.05;
**, p � 0.01; ***, p � 0.001 relative to RANKL-treated (20 ng/ml) vehicle con-
trol using ANOVA/Dunnett’s post hoc test.

FIGURE 5. Overexpression of Hsf1 enhances 17-AAG effects on RANKL-
induced osteoclastogenesis. A, RAW264.7 cells that had been retrovirus-
transduced with pBABE-mCherry control or pBABE-Hsf1WT-mCherry con-
structs were treated with the indicated concentrations of 17-AAG for 24 h.
Immunoblot analysis demonstrated that ectopic expression of Hsf1 increased
the levels of Hsp70 and Hsp105 induced by 17-AAG in RAW264.7 cells. B, Hsf1
overexpression resulted in a significant increase in TRAP-positive osteoclasts
in RAW264.7 cells (cultured in 20 ng/ml RANKL) at increasing concentrations
of 17-AAG for 6 days relative to vehicle control. Data are presented as the
proportion relative to control (Rel. %) � S.E. from three independent experi-
ments. *, p � 0.05 relative to RANKL-treated (20 ng/ml) vehicle control using
ANOVA/Dunnett’s post hoc test.
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Hsf1 expression in itself is insufficient to increase RANKL-in-
duced osteoclast formation but requires activation.

In addition to 17-AAG, we have found other benzoquinone
ansamycins, such as herbimycin (20) and 17-DMAG, to also
significantly increase RANKL-induced osteoclast formation.
However, this action was not limited to this class of compounds
because other structurally distinct HSP90 inhibitors, such as
radicicol, NVP-AUY922, and CCT018159, also increased oste-

oclast formation (20, 22). Because these compounds all interact
with the N-terminal ATPase site of HSP90, causing inhibition,
it could be argued that ATPase site binding may be required for
their common actions, and although they greatly stimulate the
HSR, it may actually be the inhibition of HSP90 that is mecha-
nistically important for enhanced osteoclast formation (28, 57).
However, the HSP90 inhibitor novobiocin and its derivative
coumermycin A1, known to inhibit HSP90 by binding the
C-terminal of HSP90 and inhibiting its autophosphorylation
(thus altering both its chaperone activity and client protein
interactions), did not enhance RANKL-induced osteoclast for-
mation (58 – 60). Moreover, we have found no clear correlation
between the potency of the HSP90 inhibitors and their ability to
induce osteoclast formation. It should also be noted that these
compounds had a minimal effect on the induction of HSR, con-
sistent with previous observations that novobiocin causes a
dose-dependent decrease in Hsf1 DNA-binding and transcrip-
tional activities (61). Combined, these results suggest that
HSP90 inhibition per se may not enhance osteoclast formation
and is consistent with a role for the involvement of Hsf1 down-
stream target involvement.

Although Hsf1 itself has not been suggested previously to
play a role in osteoclast formation, several types of Hsf1-depen-
dent cellular stressors have been implicated in pathological
bone loss. These include chemotherapeutic agents, such as
doxorubicin and methotrexate, that have been shown to cause a
decrease in trabecular bone volume in a rat model (13, 62).
Similarly, ethanol has been associated with the induction of
cellular stress and enhances bone loss in vivo through the
increase of osteoclast numbers (5). These observations provide
circumstantial evidence that Hsf1-dependent cell stress
induced by stimuli other than HSP90 inhibitors might indeed
enhance osteoclastogenesis, although there is no reason to
expect their actions to depend on a single mechanism. How-
ever, we confirmed here that ethanol, doxorubicin, and meth-
otrexate cause both enhanced osteoclast formation and a cellu-
lar stress response that could be ablated by Hsf1 inhibition by
KNK437. Thus, our results demonstrate, for the first time, that
compounds capable of activating Hsf1-dependent stress path-
ways can enhance osteoclastogenesis in a manner similar to
that of HSP90 inhibitors. It is important to note, however, that
compounds that are simply very toxic to cells or that inhibit
signaling essential to RANKL responses may not necessarily
drive increased osteoclast formation.

Our findings that MITF levels may be involved in the actions
of 17-AAG are particularly interesting. MITF is a transcription
factor that is critical for osteoclast formation, as evidenced by
the mi/mi strain of mice that lack MITF and are devoid of oste-
oclasts (63). In osteoclast progenitors, MITF levels are also
enhanced by RANKL, which triggers a signaling cascade by its
interaction with RANK, involving rapid induction of NF�B,
p38, AP-1 and NFATc1 activity, and leading to increased MITF
levels, typically after 24 – 48 h. The mechanism linking the ele-
vation of MITF levels to the induction by RANKL treatment
is currently controversial, but MITF is essential for many
(but not all) gene expression that is required by mature oste-
oclasts, including TRAP (acp5), cathepsin K (ctsk), and H�

ion pump components (40, 64). This requires cooperation

FIGURE 6. The pro-osteoclastic effects of 17-AAG are impaired in bone
marrow cells derived from Hsf1 null mice. A, BMM derived from Hsf1�/�,
Hsf1�/�, and Hsf1�/� mice were treated with the indicated concentrations of
17-AAG for 24 h. Immunoblot analysis showed a complete and partial reduc-
tion of Hsf1 protein in Hsf1�/� and Hsf1�/� cells, respectively. Consistent with
this, no induction of Hsp70 was observed in Hsf1�/� cells, whereas in Hsf1�/�

cells, there was a substantial reduction. Ctl, control. B, primary bone marrow
cells derived from Hsf1�/�, Hsf1�/�, and Hsf1�/� mice were cultured in 20
ng/ml RANKL, M-CSF, and the indicated concentrations of 17-AAG for 6 days,
fixed, and stained histochemically, and then TRAP-positive MNCs were
counted. Hsf1�/� cells showed a lack of response to 17-AAG, whereas Hsf1�/�

cells demonstrated a marked diminished response to 17-AAG treatment in
terms of increased osteoclast formation. C, photomicrographs of TRAP-posi-
tive (red) osteoclast formation in Hsf1�/�, Hsf1�/�, and Hsf1�/� bone marrow
cultures. Veh. Ctl., vehicle control. Scale bars � 200 �m. Error bars represent
the mean � S.E. of three independent experiments. *, p � 0.05; **, p � 0.01;
***, p � 0.001 relative to RANKL-treated (20 ng/ml) Hsf1�/� control using
ANOVA/Dunnett’s post hoc test.
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between MITF and the transcription factor PU.1 (the latter is
not RANKL-dependent but binds MITF directly) together
with AP-1, NF�B, and NFATc1. MITF is a relatively late-
activated factor in osteoclast commitment, and it is possible
that its induction by 17-AAG results in an increased pool of
MITF that may be otherwise rate-limiting. Consistent with

the latter, overexpression of MITF or the MITF-E isoform
(the latter isoform is a particular target of RANKL) enhances
osteoclast formation and action (65, 66). It should be noted
that because MITF ablation abolishes osteoclast formation,
its inhibition is not informative in addressing MITF media-
tion of 17-AAG effects.

FIGURE 7. The induction of MITF by 17-AAG osteoclast progenitor cells is dependent upon Hsf1. A–D, protein expression was assessed by immunoblotting
of the indicated cell lysates. A, Hsf1 inhibition by KNK437 ablated 17-AAG-induced MITF and Hsp70 protein levels after 24 h in RAW264.7 cells. B, RAW264.7 cells
stably transduced with a lentiviral construct expressing Hsf1 shRNAmir showed a decrease in 17-AAG-induced MITF protein expression after 24 h. NS;
nonsilencing. C, BMM derived from Hsf1�/� and Hsf1�/� mice were treated with M-CSF and the indicated concentrations of 17-AAG for 24 h. Hsf1�/� BMM
showed lower MITF protein expression both with and without 17-AAG. D, RAW264.7 stably transduced with a retroviral construct expressing Hsf1WT showed
an increase in MITF protein expression after 24 h of 17-AAG treatment.

FIGURE 8. Chemotherapeutic agents and ethanol induce a heat shock response and enhance RANKL-dependent osteoclastogenesis. Hsp70 protein
levels were induced in RAW264.7 cells by EtOH (A), doxorubicin (B), and methotrexate (C) over 24 h, as demonstrated by immunoblot analyses. D, RAW264.7
cells treated with RANKL showed a significant increase in osteoclast numbers after 6 days incubation with the indicated concentrations of ethanol. This was also
observed when cultures were treated with doxorubicin (E) and methotrexate (F). G, KNK437 treatment inhibited the action of ethanol as well as that of
doxorubicin (Dox., H) and methotrexate (MTX, I) on osteoclast formation in RANKL-treated RAW264.7 cells. Error bars represent the mean � S.E. of three
independent experiments. *, p � 0.05; **, p � 0.01; ***, p � 0.001 relative to untreated control using ANOVA/Dunnett’s post hoc test.
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On the basis of our findings that 17-AAG increases MITF
levels and osteoclast formation in a manner sensitive to Hsf1
inhibition, we propose that 17-AAG-induced Hsf1 enhances
MITF protein levels and, thereby, amplifies the osteoclasto-
genic actions of RANKL. This proposed mechanism is summa-
rized in Fig. 9 and incorporates our earlier finding that tran-
scription factors activated early in the RANKL-dependent
signaling cascade are not induced by 17-AAG, including NF�B,
c-fos (the regulated subunit of AP-1), and NFATc1 (22). The
latter findings suggested to us the possibility that a late-acting
factor such as MITF would be a more obvious candidate for
mediating 17-AAG actions. There is some evidence that MITF
can be induced by heat shock elicited by Hsf1 via a direct action
on the MITF promoter (67). However, for stress-stimulated
osteoclast formation, it still has to be determined whether Hsf1
acts directly via MITF promoter interaction, by an indirect
mechanism such as increased HSP expression that may
increase MITF protein stability, or by a combination of both
direct and indirect mechanisms. Nevertheless, our findings
raise the possibility that any type of cell stress might enhance
the levels of this transcription factor, contingent upon other
effects the stressor exerts on cells. For example, some recently
developed HSP90 inhibitors, such as SNX-2112 and PF-
04928473, do not increase osteoclast formation at therapeuti-
cally relevant concentrations (49, 68) because, probably, these
agents are more potent than 17-AAG at causing degradation of
a number of HSP90 clients, such as NF�B, c-fos, NFATc1, and
PU.1, which are critical for osteoclast differentiation.

In summary, we have identified a new role for Hsf1 and cell
stress in the enhanced formation of osteoclasts that may be
highly significant in bone physiology and pathophysiology
beyond our focus here on the HSP90 inhibitor 17-AAG. This
may result from enhancement of MITF levels, potentially
through a direct action of Hsf1 on the MITF promoter. 17-AAG
actions on osteoclasts may not be solely due to stress or Hsf1
induction, but, nevertheless, inhibition of Hsf1 seems to be a
potentially useful approach to reducing osteoclast formation
and osteolysis that may be induced by stressor compounds. If
stress responses do directly increase the formation of oste-
oclasts by increasing the responsiveness of osteoclast progeni-
tors to RANKL, we would speculate that other pathological
osteolytic stimuli might act, at least in part, by increasing stress
via Hsf1 activation and, thus, MITF levels, rather than increas-
ing local net RANKL levels. This raises the possibility that
blocking cell stress might reduce excessive pathological osteol-
ysis without necessarily abolishing the bone resorption
required for normal bone repair and remodeling.
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