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ABSTRACT 

 

Osteoclasts are terminally differentiated, multinucleated cells of the monocyte-

macrophage lineage, exclusively responsible for the physiological and pathological 

destruction of mineralised bone. During bone resorption, osteoclasts adopt a polarised 

conformation characterised by the development of three distinct membrane domains: 1) 

the sealing zone; 2) the basolateral functional secretory domain and perhaps most 

characteristic, 3) the bone-apposed ruffled border membrane, which functions as the 

osteoclasts’ bone resorbing organelle. 

 

To achieve this, the osteoclast possesses a specialised cytoskeleton that is unique 

amongst all eukaryotic cells. Unlike other cell types, the osteoclast cytoskeleton must be 

highly dynamic in order to fulfill cyclical requirements for motility and the generation 

of a polarised phenotype. Along with sustaining structural integrity, the osteoclast 

cytoskeleton also plays an important role in facilitating trafficking and motility of 

membrane-delimited intracellular carrier vesicles to specific destinations, a process that 

is fundamental to its bone-resorbing activity.  

 

In other mammalian systems, bidirectional transport of intracellular organelles is 

mediated largely by mechanochemical motor proteins (e.g. kinesins, dyneins and 

myosins), which couple vesicle membranes with the underlying cytoskeleton and utilise 

ATP to power motility along microtubules and/or actin filaments. Despite the obvious 

importance of the “membrane-cytoskeleton interface” in the establishment of 

osteoclastic polarisation and function, the precise regulation of the cytoskeleton and the 

functional significance of its motor protein repertoire remain largely obscure. To 

address this knowledge gap, the major goal of this thesis was therefore, to define the 

nature and function of the molecular motor repository that exists within osteoclasts. 

 

By transcriptional profiling, expression profile(s) of the entire mammalian motor 

protein repertoire in bone marrow monocyte (BMM)-derived osteoclasts during 

RANKL-driven differentiation was systematically screened. Approximately 80 

candidates were yielded, clustered into specific groups and classified according to: 1) 

their cytoskeletal affiliation (i.e. microtubule versus actin); 2) directionality (i.e. plus- or 

minus-end movement) and, 3) their response to RANKL (i.e. up or downregulated). 



Among the most promising targets identified, myosin 1b (Myo1b), a member of the 

Class I family of small actin-based mechano-sensitive motors, was uncovered as a 

prominent RANKL-responsive gene. Upregulation of Myo1b expression was confirmed 

at both mRNA and protein level by quantitative RT-PCR and immunoblotting 

respectively.  By comparison, majority of the members from the plus-end microtubule 

kinesin superfamily proteins (KIFs), and minus-end dynein-dynactin complex were 

found to be constitutively expressed during osteoclastogenesis, with the exception of the 

dynein heavy chain 1 (DHC1) and dynein intermediate chain 2 (DIC2), which exhibited 

modest downregulation. Closer examination of candidate dynein regulators including 

LIS1, its affiliated binding partners NudE and NudEL, and the novel interacting partner 

Plekhm1, revealed that majority of these regulatory components were upregulated, and 

thus may be functionally required as part of the core bone resorptive machinery of 

mature osteoclasts. 

 

To investigate the potential functional contribution of cytoskeletal motors in osteoclast 

formation and function, comprehensive analysis of the subcellular distribution and 

function of two structurally diverse yet complementary microtubule- and actin-based 

motor protein families were carried out, namely: 1) dynein-dynactin and 2) Class I 

myosins, whose function(s) in osteoclasts were hitherto unknown.  

 

Using a combination of biochemical assays and immunofluorescence confocal 

microscopy, it was demonstrated that the full complement of dynein-dynactin subunits 

existed as an endogenous complex in mature osteoclasts and were intimately coupled to 

the microtubule network.  Interestingly, following the onset of osteoclast polarisation, 

dynein-dynactin underwent drastic reorganisation in line with re-orientation of the 

microtubule poles (i.e. plus- and minus-ends). In osteoclasts actively resorbing bone, 

p150
Glued

, a major subunit of dynactin co-factor complex and plus-end cap of 

microtubules, exhibited distinct polarisation at the osteoclastic resorptive front, thus 

orientating the ruffled border as the microtubule plus-end domain.  

 

Next, to assess the importance of the dynein-dynactin motor complex in osteoclast 

formation and function, global dynein motor activity was disrupted via retroviral-

mediated overexpression of p50/dynamitin, which disrupts endogenous dynein-dynactin 

integrity in vivo. Unexpectedly, loss of dynein-dynactin function correlated with 



significant delays in osteoclastogenesis in vitro. Subsequent investigation revealed that 

this impairment in osteoclast differentiation was due to a corresponding increase in the 

mitotic stasis of osteoclast precursor cells upon dynein-dynactin disruption. In addition, 

disruption of the dynein-dynactin motor complex resulted in marked morphological 

aberrations and redistribution of several key intracellular organelles including the Golgi 

and lysosomes, as evidenced by confocal and live-cell microscopy. Finally, dynein-

dynactin function was found to be an integral component of osteoclast bone resorption 

activity, namely by facilitating the delivery and/or coupling of cathepsin K (CTSK) 

bearing secretory lysosomes to the ruffled border membrane.  Collectively, these are the 

first studies to document a role for a microtubule-based motor protein in osteoclasts of 

any kind. 

 

Unlike other microtubule- and actin-based motor proteins, members of the Class I 

family of myosins are unique in that they are small, single-headed and non-processive. 

Since Myo1b was found to be among the most prominent RANKL-responsive isoform 

identified among all motor protein families, its potential importance in osteoclast 

differentiation and function was further examined.  First, its precise subcellular 

localisation in mouse BMM-derived osteoclasts and primary human osteoclasts was 

mapped out using immunofluorescence confocal microsopy. Consistent with Myo1b’s 

predicted involvement in supporting membrane tension and cell deformation, Myo1b 

predominantly localised to sites of dynamic actin remodelling and membrane ruffling 

during osteoclast motility and bone resorption.  In particular, Myo1b was highly 

enriched in membrane protrusions including filopodia and microspikes that emanated 

from lamellapodia and uropods of motile osteoclasts, respectively.  

 

In addition, Myo1b was detected within regions of membrane stress or ingress, where it 

concentrated on structures reminiscent of actin contractile vacuoles as observed during 

cell fission. Based on a recent report regarding osteoclast fission, as well as independent 

observations of this phenomenon using live-cell imaging during the course of this study, 

it is hypothesised that Myo1b may participate at potential sites of osteoclast fission, 

although further investigation is warranted. 

 

To further understand how Myo1b couples phospholipid membranes to the actin-

cytoskeleton, confocal microscopy was employed to assess the localisation of Myo1b 



with respect to one of its preferential lipid binding partners i.e. phosphatidylinositol 4,5-

bisphosphate (PIP2). Interestingly, the studies indicated that PIP2 expression and 

localisation coincided with Myo1b on large membrane ‘super protrusions’.  These 

membrane protrusions typically consisted of a distinct F-actin rich filament core, 

flanked by high concentrations of Myo1b, presumably recruited to the site in response 

to PIP2 enrichment at the plasma membrane. This suggests that Myo1b may directly 

anchor PIP2-membranes to actin filaments, where it might serve as a tension sensor. 

 

Osteoclastic polarisation and activation is initiated upon matrix recognition by the v 3 

integrin. Therefore, Myo1b was further examined with regards to 3-integrin using 

confocal microscopy. The results indicated that 3-integrin and Myo1b shared a close 

affiliation. However, this association appeared to differ during distinct phases of the 

osteoclast polarisation/bone resorptive cycle. Interestingly, the association between 

Myo1b and 3-integrin was largely confined to the basolateral domain of highly 

polarised and resorbing osteoclasts.  This may suggest that during osteoclast activation, 

3-integrin signalling possibly stimulates the recruitment of Myo1b to the basolateral 

domain of the osteoclast, where Myo1b may facilitate the maintenance of membrane 

tension required to sustain the osteoclasts’ unique structural and functional polarisation.  

 

In addition to its conventional role in maintaining actin-rich membrane protrusions, 

Myo1b has also been implicated in endocytosis and exocytosis. Therefore, the 

subcellular itinerary of Myo1b was explored with respect to a panel of endosomal 

markers, namely early endosomal antigen-1 (EEA-1), vacuolar protein sorting-

associated protein 35 (VPS35) and transferrin. Surprisingly, only a small percentage of 

Myo1b colocalised with early and/or recycling endosomes in osteoclasts. This 

unanticipated finding may reflect differences in selective recruitment of Myo1b to 

endosomal subpopulations and distinctions in endocytic trafficking requirements in 

osteoclasts compared to other cell systems. 

 

In addition, Myo1b’s involvement in micropinocytosis was further examined using 

confocal microscopy. The results revealed enrichment of Myo1b on micropinocytic 

vacuoles containing dextran, possibly due to tethering and/or promoting fusion of 

endocytic cargo. Since actin nucleation and polymerisation is required at sites of 

dynamic actin activity, we also examined Myo1b distribution with respect to Arp2/3, a 



key regulator of actin nucleation and elongation. Interestingly, Arp2/3 and Myo1b were 

found to be intimately associated at the sealing zone and retracting ends of the 

osteoclast.  

 

To gauge the potential functional contribution of Class I myosins and Myo1b in 

osteoclast formation function, the natural compound pentachloropseudilin (PClP), a 

specific and allosteric inhibitor of myosin 1 ATPase activity, was employed. Blockade 

of myosin 1 motor function dose-dependently attenuated osteoclast formation and bone 

resorptive capacity in vitro, an effect that correlated with morphological disturbances in 

F-actin ring organisation and membrane integrity. In addition, myosin 1 inhibition 

resulted in lysosomal aberrations and impaired CTSK delivery/secretion during bone 

resorption, indicating that myosin 1/1b function is necessary for bone resorption 

efficiency.  

 

Finally, in order to delineate the specific contribution(s) of Myo1b in osteoclast 

formation and function, an RNA interference approach was adopted.  Using three 

independent siRNAs specifically targeted to Myo1b, the assays showed that Myo1b 

suppression significantly impaired osteoclast formation and resorption capacity.  These 

data are in good accord with studies using the broad-spectrum myosin 1 inhibitor PClP.  

Moreover, these findings strengthen the notion that Myo1b plays an important role in 

regulating the membrane-actin interface during osteoclast formation and function, and 

posit Myo1b as a novel and versatile regulator of osteoclast formation and function. 

 

In summary, the data presented in this thesis document, for the first time, the 

expression, subcellular localisation and functions of several key mechanochemical 

motor proteins in the osteoclastic system, as well as their intimate collaboration with the 

cytoskeletal network.  Specifically, this thesis: 1) profiled the RANKL-responsiveness 

of the entire gamut of cytoskeletal motors during osteoclastogenesis; 2) examined the 

spatial relationship between candidate motor proteins and the microtubule and/or actin 

network; 3) characterised the intracellular localisation of these candidate molecular 

motor proteins during osteoclast differentiation and bone resorption, and 4) explored 

their potential functional significance during osteoclast formation, polarisation and bone 

resorption. Taken together, these findings provide previously unexplored insights into 

the molecular anatomy of osteoclasts, and highlight cytoskeletal motor proteins as 



potential new therapeutic targets for the treatment and alleviation of metabolic bone 

diseases like osteoporosis.
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1.1 INTRODUCTION 

 

Bone is a specialised connective tissue composed of both mineral and organic phases, 

and is exquisitely designed for its role as the load-bearing structure of the body (Hill, 

1998). Approximately 80% of the bone matrix is calcium hydroxyapatite, which serves 

as the principle reservoir of calcium within the body (Li et al., 2006a).  

 

Three principle cell types exist within bone: the osteoclast, the osteoblast and the 

osteocyte. Together, the osteoblast, the osteocyte and the osteoclast are responsible for 

the turnover of bone matrix. Osteoblasts are derived from undifferentiated mesenchymal 

stem cells present in the bone marrow (Yamaguchi et al., 2000). They are responsible 

for laying down new bone, which is accomplished by the synthesis and directional 

secretion of type 1 collagen. While osteoblasts dominate as bone-lining cells, their 

lifespan is remarkably short-lived, with approximately 60-80% of the osteoblasts 

estimated to undergo apoptosis (Manolagas, 2000; Boyce et al., 2002). The remaining 

osteoblasts are thought to either become lining cells that cover quiescent surfaces or 

become entombed individually in the lacunae of mineralised matrix where they mature 

into osteocytes (Franz-Odendaal et al., 2006; Dallas and Bonewald, 2010; Crockett et 

al., 2011).  

 

During entombment, osteocytes undergo dramatic morphological transformations, 

developing an average of 50 slender cytoplasmic processes that radiate from the cell 

body. These processes run along narrow canaliculi and are linked with the processes of 

neighbouring osteocytes and other cells present on the bone surface via gap junctions 

(Manolagas and Parfitt, 2010). Osteocytes are by far the most abundant cells in bone, 

accounting for approximately 90% of bone cells (Mullender et al., 1996; Bonewald, 

2011). Osteocytes function as mechanosensory cells capable of sensing effete bone and 

consequently relay homing signals to osteoclasts and osteoblasts, directing the cells to 

sites that require bone remodelling (Aarden et al., 1994; Bonewald, 2006; Adachi et al., 

2009).  

 

Often a forgotten cell type, it is now becoming increasingly clear that osteocytes play a 

central role in the regulation of bone remodelling and homeostasis. It has recently been 

unveiled that osteocytes produce bone-modality factors such as sclerostin to inhibit 
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osteoblast and osteoclast generation (Rochefort et al., 2010). In addition, osteocytes are 

now recognised as a major source of receptor activator of nuclear factor B ligand 

(RANKL), with apoptotic osteocytes releasing RANKL in order to recruit osteoclasts to 

sites of skeletal microdamage (Manolagas and Parfitt, 2010; Nakashima et al., 2011).  

 

By comparison, osteoclasts are large multinucleated cells derived from haemopoietic 

cells of the monocyte-macrophage lineage and are central to the investigation of this 

thesis. Osteoclastic progenitor cells proliferate and differentiate into mononuclear pre-

osteoclasts and then fuse together to form multinucleated osteoclasts (Suda and 

Takahashi, 2008). The lifespan of the osteoclast is considerably short (a few weeks), 

with ongoing signalling through colony stimulating factor-1 receptor (c-Fms) and 

receptor activator of nuclear factor B (RANK) required for survival. The principal 

function of the osteoclast is to resorb bone, which is a multi-step process involving cell 

polarisation, formation of the ruffled border and the sealing zone, delivery of bone 

degrading enzymes to the resorption surface and ultimately, the removal of degraded 

products. This complex process requires extensive reorganisation of the cytoskeleton 

and the utilisation of sophisticated vesicular trafficking pathways, which will be 

discussed in greater detail in later chapters (Refer to Chapter 1.7 Osteoclastic bone 

resorption and Chapter 1.8 Vesicle trafficking in osteoclasts). 

 

Despite its static appearance, bone is a dynamic tissue that is constantly undergoing 

remodelling, a process that involves the resorption of bone by the osteoclasts, followed 

by a phase of bone formation by the osteoblasts (Figure 1.1). Bone remodelling occurs 

in small defined packets of cells called basic multicellular units (BMUs), which allows 

for bone turnover to occur simultaneously at multiple bone surfaces (Frost, 1991). At 

any given time, several millions of BMUs carry out bone turnover at discrete sites of the 

skeleton. In normal adults, a balance exists between the amount of bone resorbed by the 

osteoclasts and the amount of bone being formed by the osteoblast (Frost, 1964).  

 

The activation of the sequence of cellular events responsible for bone remodelling is 

stringently controlled but because of the complex and continuous nature of the bone 

remodelling process, abnormalities are fairly common, manifesting themselves as 

diseases such as osteoporosis, arthritis and tumour-induced osteolysis (Rodan and 

Martin, 2000). 
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1.2 THE ORIGINS OF THE OSTEOCLAST 

 

Aforementioned, the osteoclast is a tissue-specific macrophage polykaryon of 

haematopoietic origin. It is formed via multiple fusions of the monocyte-macrophage 

precursor cells at or near the bone surface (Boyle et al., 2003). The conclusion that the 

osteoclast arises from haematopoietic cells was reached based on results achieved in in 

vivo experiments during the mid 1970s. These results included those observed in 

pioneering parabiosis experiments (Göthlin and Ericsson, 1976), chick-quail chimera 

experiments (Kahn and Simmons, 1975) and the restoration of bone resorption in 

osteopetrosis by transplanting normal marrow cells or spleen cells (Walker, 1975). 

 

The pluripotent haematopoietc stem cells can give rise to a myeloid stem cell, which 

can go on to differentiate into megakaryocytes, granulocytes, monocyte-macrophages 

and the osteoclast (Roodman, 2006). The earliest identifiable haematopoietic precursor 

that can form an osteoclast is the granulocyte-macrophage colony-forming cell (CFU-

GM) (Menaa et al., 2000a).  In vitro studies carried out using foetal bone rudiments and 

bone marrow-derived cells suggested that osteoclasts can also be derived from 

macrophage precursors of colony-forming unit macrophage (CFU-M) (Burger et al., 

1982), albeit at a lower rate of efficiency (Roodman, 2006) (Figure 1.2). As such, 

osteoclasts share a similar haematopoietic origin with dendritic cells and tissue 

macrophages such as alveolar macrophages and Kupfer cells present in the liver 

(Takahashi, 2000).  

 

Through an as yet undefined signal, osteoclast precursor cells are chemotactically 

attracted to bone resorption sites. This migration is followed by deposition of the 

precursor cells in the mesenchyme surrounding the bone. They then proliferate and 

differentiate into osteoclasts, a process that is critically regulated by defined signal 

transduction cascades typically involving the two principal pro-osteoclast cytokines, 

namely, macrophage colony-stimulating factor (M-CSF) and RANKL (Li et al., 2006a), 

which are further discussed in detail herein.  

 

 

 



Figure 1.2 Osteoclast lineage and differentiation. Osteoclasts arise from 

haematopoietic stem cells (HSCs), which commit to the monocyte/macrophage 

lineage. These cells differentiate to form mononuclear precursors and subsequently 

undergo fusion to form multinucleated, quiescent osteoclasts. Upon activation, these 

osteoclasts begin bone resorbing activities. Bone resorbing agents such as 1α-25-

dihydroxyvitamin D3 (1α,25(OH)2D3) and parathyroid hormone (PTH) act on 

osteoblastic stromal cells, together with cytokines like interleukin-6 (IL-6) and 

interleukin-11 (IL-11). Most of these resorption activators appear to increase the 

production of receptor activation of nuclear factor κB ligand (RANKL), which is the 

binding partner of RANK on cells derived from the osteoclast lineage. RANKL 

stimulation of the osteoclastic cells results in differentiation and activation of these 

cells. Osteoprotegerin (OPG), which acts as a decoy for RANK, competes with 

RANKL and inhibits osteoclastic differentiation and resorption. Soluble cytokine 

macrophage colony-stimulating factor (M-CSF) also stimulates osteoclast progenitors 

through the c-FMS receptor. Estrogen (E) also acts on osteoblastic cells to increase the 

release of transforming growth factor beta (TGF-β), which induces osteoclast 

apoptosis and also inhibits other bone resorbing cytokines such as interleukin-1 (IL-1) 

and tumour necrosis factor (TNF-1). Image taken and modified from Goltzman, 2002.
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1.3 OSTEOCLAST MORPHOLOGY AND LOCALISATION 

 

The osteoclast is characteristically defined as a large, multinucleated cell, ranging from 

50 to 100μm in diameter. It typically contains between two to a hundred nuclei 

(Roodman, 1991; Roodman, 1996). However, small, even mononuclear osteoclasts also 

exist and have been shown to be fully functional (Mellis et al., 2011). Exposure to 

varying cytokines commits the pluripotent precursor cell to pathways that can result in 

the formation of osteoclasts, macrophages or dendritic cells. Specifically, cytokines 

such as RANKL and M-CSF are required by the precursor cells to differentiate and 

form mature osteoclasts (Teitelbaum, 2007).  

 

Osteoclasts can exist in two different functional states, the motile and the resorptive 

phases. During each phase, they exhibit distinct morphological features. In the motile 

phase, osteoclasts are not polarised and are identified by the presence of lamellipodia. 

The extension and retraction of the cell membrane at opposing ends pushes the 

osteoclast in a forward direction (Saltel et al., 2004). Once the osteoclast reaches the 

resorptive site, they become polarised.  

 

The osteoclast possesses a unique cytoskeleton that enables it to become polarised 

(Teitelbaum, 2007). The most characteristic features of the polarised osteoclast are its 

ruffled border and sealing zone, which are formed when the cell comes into contact with 

bone (Suda et al., 1992; Teitelbaum, 2007; Nakayama et al., 2011). The ruffled border 

is thought to be formed by the rapid fusion of intracellular acidic vesicles with the 

plasma membrane and appears as a series of finger-like cytoplasmic projections of the 

plasma membrane adjacent to the bone (Roodman, 1996). Large osteoclasts that have 

multiple contact points with the bone surface can generate several sealing zones and 

resorptive microenvironments (Teitelbaum and Zou, 2011). 

 

The capacity of an osteoclast to initiate and continue the bone-resorbing process is 

dependent on its ability to produce and assemble a series of electrolytes and degradative 

enzymes. In order to achieve this, the osteoclast creates an isolated microenvironment 

between itself and the bone surface, into which it secretes protons via a proton-ATPase 

(H
+
ATPase) pump (Blair et al., 1989; Xu et al., 2007; Qin et al., 2012). In keeping with 

this, the ruffled border has been shown to contain a high concentration of vacuolar H
+
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adenosine triphosphatase (v-ATPase), which supports hydrochloric acid (HCl) transport 

(Bartkiewicz et al., 1995). 

 

Another identifying feature of a resorbing osteoclast is the presence of a filamentous 

sealing zone. The sealing zone forms just prior to the initiation of bone resorption and is 

continuously present during the resorptive process (Li et al., 2006a). This organelle-free 

region is rich in actin filaments, which help to form a tight attachment between the 

osteoclast and the bone surface, effectively isolating the specific microenvironment in 

the resorption lacuna from the general extracellular space (Faccio et al., 2003; 

Luxenberg et al., 2007). Cell-matrix attachment molecules, particularly integrins, 

mediate these tight attachments. In particular the v 3 integrin is critical to this process, 

as its absence globally or conditionally in osteoclasts, leads to osteoclast dysfunction, 

resulting in altered bone resorption and osteosclerosis. These effects are a manifestation 

of v 3 integrin’s involvement in the cytoskeletal organisation of the osteoclast. v 3 

deficient osteoclasts often present abnormal ruffled borders and fail to undergo cell 

spreading, both contributing factors to sub-optimal bone resorption (McHugh et al., 

2000).  

 

In vivo, osteoclasts are located on endosteal surfaces within the Haversian system and 

on the periosteal surface beneath the periosteum (Roodman, 1996). Ultrastructurally, 

osteoclasts contain large numbers of lysosomes, an abundance of mitochondria and an 

extensive Golgi network. Their numerous nuclei vary in number, size and shape, with 

each individual nuclei lacking distinctive features although a single nucleolus is often 

prominent (Göthlin and Ericsson, 1976; Holtrop and King, 1977). 

 

Figure 1.3 illustrates the prototypical fusion of monocytes, under the influence of 

RANKL, forming osteoclasts capable of bone resorption. 

 

 



Figure 1.3 Formation of an active resorbing osteoclast from monocytes. When 
stimulated with RANKL, monocytes (A) fuse together to form multinucleated 
osteoclasts that stain positive for TRAP (B, red asterisks). Once exposed to the bone 
surface, the osteoclast matures and forms characteristic F-actin rings that surround the 
area of resorption (C, yellow asterisks), Bar=30μm. Active resorption occurs in the 
area sealed off by the F-actin rings and the osteoclast leaves behind a trail of 
resorption pits on the bone surface (D). SEM image courtesy of Assoc. Prof. Nathan 
Pavlos.  
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1.4 PHENOTYPIC MARKERS 

 

1.4.1 Tartrate-resistant acid phosphatase (TRAP) 

 

In addition to morphological differences that exist between osteoclasts and other 

multinucleated giant cells, the osteoclast possesses several unique phenotypic features. 

Histochemical studies have shown that osteoclasts contain abundant tartrate-resistant 

acid phosphatase (TRAP) activity, which is sequestered to lysosomes, Golgi complexes, 

extracellular channels of the ruffled border and the space between cells and bones 

(Lucht, 1971). However, TRAP activity is not exclusive to osteoclasts as it can be 

detected in other cells of the macrophage/dendritic family (Tsuboi et al., 2003; Walsh et 

al., 2003), as well as cell cultures derived from the lung, spleen and peritoneal cells 

(Minkin, 1982; Modderman et al., 1991), and most recently in osteocytes (Qing et al., 

2012). Nevertheless, as histochemical TRAP staining is easy to perform and results in a 

colour precipitate that can be easily detected using light microscopy (Filgueira, 2004), it 

is widely used to identify the presence of osteoclasts both in vivo and in vitro (Suda et 

al., 1997). 

 

 

1.4.2 Calcitonin receptor (CTR) 

 

Calcitonin is a peptide hormone secreted by the parafollicular cells of the thyroid gland 

(Halleen et al., 1999). It is a potent inhibitor of osteoclast activity (Friedman and Raisz, 

1965) and acts by directly reducing their numbers and level of activity (Krane et al., 

1973).  Osteoclast precursors and mature osteoclasts exhibit a marked change when 

exposed to calcitonin due to the high expression of calcitonin receptors (CTR). The 

presence of CTR is considered as one of the specific markers for mature osteoclasts and 

distinguishes them from macrophage polykaryons (Nicholson et al., 1986). However, 

there is recent but controversial evidence to suggest that CTR expression also extends to 

chondrocytes (Lin et al., 2008a; Segovia-Silvestre et al., 2011). 

 

When exposed to calcitonin, the osteoclast precursor cells and mature osteoclasts 

downregulate their expression of CTR by decreasing CTR messenger RNA (mRNA) 

expression. Hence, osteoclasts that are repeatedly exposed to calcitonin adapt their 
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surface receptors to escape the effects of the hormone. This remarkable adaptation has 

been described as the calcitonin “escape phenomenon” (Takahashi et al., 1995). 

Calcitonin also stimulates adenylcyclase activity and cyclic adenosine monophosphate 

(cAMP) accumulation in osteoclasts, which results in immobilisation of the osteoclast 

and contraction away from the bone surface (Nicholson et al., 1986; Gorn et al., 1995).  

 

 

1.4.3 Cytosolic carbonic anhydrase II (CAII) 

 

Bone resorption requires intense acidification of the resorption site between the ruffled 

border and the bone surface. Acidification is facilitated by cytosolic carbonic anhydrase 

II (CAII), an enzyme which produces protons intracellularly. Upon synthesis, protons 

are transported into the resorption lacuna via v-ATPases (Riihonen et al., 2007). CAII 

can be used as another useful osteoclast differentiation marker and appears to play a key 

role in osteoclast differentiation and the bone resorption process (Kenny, 1985; 

Lehenkari et al., 1998). CAII deficiency, which is a rare genetic condition in humans, 

results in a net reduction in bone resorption and thus leading to osteopetrosis (i.e. high 

bone mass). Blockade of CAII in osteoclasts in vitro similarly impairs bone resorption 

capacity, further exemplifying the crucial role that CAII plays in resorption pit 

acidification (Sly et al., 1983). Using histochemical techniques, CAII has been localised 

to multiple sites in the osteoclast including the cytosol, the Golgi, in intracellular 

vesicles, on the plasma membrane, the ruffled border as well as the bone surface 

beneath resorbing osteoclasts (Gay and Mueller, 1974). However, CAII is not a specific 

marker for osteoclasts as it is also expressed in multinucleated foreign body giant cells 

(FBGCs) (Liu et al., 2003).  

 

 

1.4.4 Cathepsin K (CTSK) 

 

First discovered in 1995, cathepsin K (CTSK) is a member of the papain family of 

cysteine proteases. CTSK exhibits high proteolytic activity (Goto et al., 2003) and its 

expression in osteoclasts is upregulated in response to RANKL, the primary activator of 

osteoclastogenesis. The inactive zymogenic form of CTSK predominates in quiescent 

osteoclasts that are distant from the sites of active bone resorption. Mature CTSK 
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molecules are commonly found closer to the bone surface, demonstrated by high levels 

of enzymatic activity polarised to the ruffled border of the cell (Rieman et al., 2001). As 

the conversion of CTSK from its 37kDA procathepsin K molecule to its active 27kDa 

enzyme requires low pH condition (Bossard et al., 1996), this activation step is thought 

to take place intracellularly in the lysosomal compartments before its final secretion into 

the resorption lacuna (Costa et al., 2011), where the low pH environment favours 

CTSK’s collagenolytic activity (Hou et al., 2005).  

 

CTSK is essential for maintaining physiological bone organisation and function. This is 

perhaps best evident in mice lacking CTSK, which suffer from mild osteopetrosis but 

elevated osteoclast numbers and regions of disorganised bone microstructure. Hence, 

even with increased bone density, these knockout mice suffer from bone fragility (Li et 

al., 2006b). Similarly, CTSK also plays an important role in human skeletal 

homeostasis as mutations in the CTSK gene results in a condition known as 

pycnodysostosis, a rare form of skeletal dysplasia arising from autosomal recessive 

inheritance (OMIM 265800) (Gelb et al., 1995; Polymeropoulos et al., 1995; Gelb et 

al., 1996). Pycnodysostosis, derived from the Greek pycnos (dense), dys (defective) and 

ostosis (bone) is characterised by osteosclerosis, bone fragility, high fracture risks and 

other bone malformations in patients. However, CTSK is not osteoclast specific as it 

can be found in macrophages, aortic smooth muscles, thyroid epithelial cell, lung 

epithelial cells (Bühling et al., 2001) and more recently in osteocytes (Qing et al., 

2012).  

 

 

1.5 OSTEOCLASTOGENESIS 

 

Over the past few decades, remarkable insights into the molecular mechanisms and 

signalling cascades that drive osteoclastogenesis have been uncovered.  Initial insights 

were gleamed from murine systems using co-cultures of bone marrow or spleen cells 

which yielded osteoclasts (Takahashi et al., 1988). These studies highlighted the likely 

existence of an osteoblast-derived, pro-osteoclastogenic factor/signal to prompt 

differentiation and fusion of mononuclear cells. Since these early studies, it has been 

formally established that two key haematopoietic factors (i.e. M-CSF and RANKL) are 
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both essential and adequate for osteoclastogenesis (Lacey et al., 1998; Yasuda et al., 

1998a). 

 

Early osteoclast progenitors are proliferative cells. They increase in numbers in 

response to haematopoietic growth factors such as Interleukin-3 (IL-3), granulocyte-

monocyte colony stimulating factor (GM-CSF) and M-CSF (Lorenzo et al., 1987). 

Following proliferation and expansion, the early osteoclast progenitors differentiate and 

fuse to form a post-mitotic committed osteoclast precursor. These later cells then 

differentiate and fuse to form immature multinucleated osteoclasts (pre-osteoclasts) 

under the influence of RANKL and/or 1 -25-dihydroxyvitamin D3 (1 ,25(OH)2D3) 

(Roodman, 2006). The final maturation phase, which involves activating these 

immature osteoclasts to form bone-resorbing cells, is driven largely by RANKL and 

Interleukin-1 (IL-1) (Armstrong et al., 2002; Udagawa, 2002).  

 

 

1.5.1 Macrophage colony-stimulating factor (M-CSF) 

 

M-CSF is a growth factor responsible for proliferation, differentiation and survival of 

haematopoietic cells of the monocyte-macrophage lineage (Stanley et al., 1978). M-

CSF binds to its receptor c-Fms, which dimerises and autophosphorylates several 

tyrosine residues. This process provides the signals required for survival and 

proliferation of early osteoclast progenitors (Hamilton, 1997). Treatment of co-cultures 

containing primary osteoblastic cells and spleen cells with anti M-CSF antibody dose-

dependently inhibited formation of osteoclast-like multinucleated cells. Therefore, M-

CSF is required for promoting proliferation of osteoclast progenitors (Tanaka et al., 

1993). M-CSF deficiency in op/op mice, which results in absence of osteoclasts, leads 

to an osteopetrotic phenotype (Felix et al., 1990; Wiktor-Jedrzejczak et al., 1990). 

However, with administration of recombinant M-CSF, these op/op mice recovered from 

their osteopetrotic phenotype, confirming the essential role of M-CSF in osteoclast 

differentiation (Felix et al., 1990; Kodama et al., 1991).  

 

Although M-CSF is required for osteoclast differentation, it is not sufficient to induce 

osteoclast differentiation from haematopoietic cells alone. Since direct interaction 

between osteoblasts and haematopoietic cells was required for osteoclast differentiation, 
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it was suggested that osteoblasts produced a membrane bound molecule(s) essential for 

osteoclast differentiation. This molecule was termed “osteoclast differentiation factor” 

(ODF) (Suda et al., 1992). Unexpectedly, ODF turned out to be identical to RANKL 

(Yasuda et al., 1998a). 

 

Initial experiments carried out indicated that the generation of osteoclasts in culture 

required physical contact between osteoclast precursor cells and specific mesenchymal 

cells such as the osteoblast or marrow stromal cells (Udagawa et al., 1990). This 

subsequently led to the discovery of a key osteoclastogenic cytokine, RANKL (Lacey et 

al., 1998; Yasuda et al., 1998a). RANKL belongs to the tumour necrosis factor (TNF) 

superfamily and was originally identified as a T-cell product named tumour necrosis 

factor related activation-induced cytokine (TRANCE), where it plays a role in 

regulating dendritic cell function and survival (Wong et al., 1997). In addition, 

TRANCE/RANKL is a membrane-residing protein found on osteoblasts and their 

precursor cells (Figure 1.4). RANKL directly acts on osteoclast precursor cells via the 

receptor RANK to induce differentiation of these precursor cells into multinucleated 

bone resorbing osteoclasts (Nakagawa et al., 1998; Hsu et al., 1999).  
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1.5.2 Receptor activator of nuclear factor B ligand (RANKL) 

 

RANKL functions by activating the c-Jun terminal kinase and sending a signal to 

nuclear factor kappa B (NF B) via its receptor RANK (Halleen et al., 1999; Blair and 

Athanasou, 2004). Various TNF-receptor (TNFR) associated factor (TRAF) proteins 

associate with the cytoplasmic domain of RANK and help relay RANK stimulation to 

NF B. In particular, TRAF6 is recruited, leading to the activation of downstream 

molecules such as NF B, c-Jun and c-Fos. (Grigoriadis et al., 1994; Lomaga et al., 

1999; Naito et al., 1999; Takayanagi, 2007). Binding of RANKL to its receptor RANK 

provides a crucial signal to drive osteoclast development from precursor haematopoietic 

cells as well as activating mature osteoclasts (Wada et al., 2006). 

 

Stimulation of RANK results in the induction of a variety of genes via AP-1 and NF B 

transcription factors. Nuclear factor of activated T cells, calcineurin-dependent 1 

(NFATc1) is one of the downstream targets of RANK. Expression of NFATc1 is 

significantly upregulated in the presence of RANKL and leads to the terminal 

differentiation of osteoclasts. Together with c-Fos, NFATc1 promotes the expression of 

osteoclast specific genes such as TRAP and calcitonin receptors. As NFATc1 deficient 

cells display defective osteoclastogenesis, NFATc1 is thus an essential effector 

molecule that couples RANK signalling to osteoclast differentiation (Takayanagi et al., 

2002; Asagiri et al., 2005).  

 

RANKL-RANK signalling can be inhibited with either anti-RANKL blocking 

antibodies or osteoprotegerin (OPG). As a result, this pathway is often exploited for 

drug discoveries related to bone-related therapies (Campagnuolo et al., 2002; Schwarz 

and Ritchlin, 2007; Bai et al., 2008). While the use of NFATc1 inhibitors may also 

block excessive bone resorption, NFATs are also important to osteoblasts and bone 

formation (Koga et al., 2005), and have other effects on lymphocyte activation (Peng et 

al., 2001; Serfling et al., 2007) and heart valve development (Luis de la Pompa et al., 

1998; Ranger et al., 1998), making it a less attractive target when compared to anti-

RANKL blocking antibodies or OPG. 
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1.5.3 Osteoprotegerin (OPG) 

 

Osteoprotegerin (OPG) is a member of the TNFR family but is unique as it is a secreted 

protein with no transmembrane domain. It contains four homologous domains for 

binding to its target, RANKL (Kearns et al., 2008). OPG acts as a decoy receptor for 

RANKL and negatively regulates RANKL binding to RANK (Simonet et al., 1997; 

Yasuda et al., 1998b). Disrupting either RANK or RANKL, coupled with the 

overexpression of OPG, induces osteopetrosis in mice due to the inhibition of osteoclast 

differentiation (Wittrant et al., 2004). On the other hand, overexpression of RANKL 

leads to a marked reduction in bone mass, parallel to the conditions seen in osteoporosis 

(Tanaka, 2007). 

 

Exploiting the mechanism of OPG inhibition of RANK-RANKL signalling is the basis 

for some recent anti-resorptive therapies for the treatment of bone-lytic disorders 

including osteoporosis. Drugs such as Denosumab and strontium ranelate, function 

through direct RANKL inhibition or alteration of the RANKL/OPG pathway 

respectively (Bonnelye et al., 2008; Geusens, 2009). 

 

 

1.5.4 Pro-inflammatory cytokines 

 

A plethora of other pro-inflammatory cytokines such as tumour necrosis factor-alpha 

(TNF- ) and interleukin-1  (IL-1 ) are also known to directly induce 

osteoclastogenesis in vitro and in vivo (Kobayashi et al., 2000; Nakashima et al., 2000; 

Fuller et al., 2002; Kudo et al., 2002). These findings have been summarised and 

published in many key reviews (Katagiri and Takahashi, 2002; Romas et al., 2002; 

Boyce et al., 2005). 

 

 

1.6 OSTEOCLAST FUSION 

 

In vertebrates, a limited number of cell types fuse to form multinucleated cells. The 

adaption of multinucleation evolved due to the need of enhanced functions and/or 

increased efficiency. For example, myoblast fusion produces multinucleated myotubes, 
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where increased myofibre size and diameter are correlated with contractile strength of 

the resultant skeletal muscles (Abmayr and Pavlath, 2012). In addition, macrophages 

also undergo fusion to form large, multinucleated cells as part of their defensive role in 

the immune system, presumably to aid in foreign body engulfment (Oursler, 2010).  

 

Within the skeletal system, fusion of mononuclear osteoclast precursor cells on bone 

surface results in the production of multinucleated osteoclasts. Reorganisation of the 

cytoskeleton occurs and the osteoclasts adopt a polarised conformation in preparation 

for bone resorption. Multinucleation is a critical factor for bone resorption because it 

enhances the resorbing efficiency of osteoclasts both in vivo and in vitro (Yagi et al., 

2006).  

 

To date, although several molecules have been identified as fusion-related in 

osteoclasts, the exact mechanism(s) that regulate osteoclast cellular fusion remains 

unclear. Thus far, v-ATPase subunit d2 (Atp6v0d2), dendritic cell-specific 

transmembrane protein (DC-STAMP) and osteoclast stimulatory transmembrane protein 

(OC-STAMP) have been identified as critical players in the fusigenic process.  

 

 

1.6.1  v-ATPase subunit d2  (Atp6v0d2) 

 

v-ATPases are multi-subunit proton pumps that function in the acidification of diverse 

intracellular compartments in eukaryotic cells, including vacuoles, synaptic vesicles, 

endosomes and lysosomes (Nishi and Forgac, 2002). v-ATPases are also abundantly 

expressed in specialised cells, which require high levels of acidification such as the 

osteoclast, where they play a critical role in the bone-resorbing process (Chatterjee et 

al., 1992). 

 

Multiple isoforms for various v-ATPase subunits have been identified and certain 

isoforms are unique to the different cell types or tissues they are expressed in. As such, 

it is hypothesised that cell/tissue-specific variations account for the diverse 

physiological properties of the ubiquitous v-ATPases amongst the different cell types 

(Stevens and Forgac, 1997).  
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Two isoforms of the v-ATPase V0 subunit d, d1 and d2, have been identified in mice 

and humans. Although Atp6v0d2 was found to be structurally homologous to 

Atp6v0d1, its functional role in osteoclasts, until recently, remained unclear (Rho et al., 

2002; Smith et al., 2002; Sun-Wada et al., 2002; Nishi et al., 2003). Interestingly, 

global knockdown of Atp6v0d2 in mice resulted in defective osteoclasts and increased 

bone formation. Whilst the increased in bone mass was attributed to a marked increase 

in osteoblast numbers and bone formation rate, the reduction in mature giant osteoclasts 

in the absence of Atp6v0d2 was a result of impaired cell-cell fusion (Lee et al., 2006).  

This conclusion was reached based on the successful restoration of osteoclast fusion and 

maturation following transgenic rescue with either Adam8 or Adam12 in Atp6v0d2
-/-

 

pre-osteoclasts. Since Adam8/12 have been established as contributors to osteoclast 

fusion and formation, it was suggested that they were potential downstream factors of 

d2 (Abe et al., 1999; Choi et al., 2001; Lee et al., 2006).  

 

Consistent with these studies, short-hairpin RNA (shRNA)-mediated depletion of d2 

during the early differentiation stage of mouse osteoclasts in vitro impaired the number 

of TRAP positive multinucleated cells and reduced the overall proportion of 

multinucleated cells in the population. In contrast, d2 depletion at late stages of 

osteoclast differentiation yielded no significant changes, indicating that d2 is essential 

for cell-cell fusion during early stages of osteoclastogenesis (Wu et al., 2009). 

 

 

1.6.2 Dendritic cell-specific transmembrane protein (DC-STAMP) 

 

DC-STAMP is a seven-transmembrane protein that was first identified in gene 

expression screens of dendritic cells or interleukin-4 (IL-4) activated macrophages 

(Hartgers et al., 2000). DC-STAMP expression is strongly upregulated following 

RANKL stimulation and is highly expressed in multinucleated osteoclasts but not in 

mononuclear macrophages. Targeted inhibition of DC-STAMP by small interfering 

RNAs (siRNAs) or DC-STAMP specific antibody suppressed the formation of 

multinucleated osteoclast-like cells (Kukita et al., 2004).  

 

In DC-STAMP knockout mice, multinucleated osteoclasts are replaced with large 

numbers of mononuclear, TRAP positive osteoclasts that are still able to resorb bone, 
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albeit inefficiently. As such, the DC-STAMP mice suffer from moderate osteopetrosis 

(Yagi et al., 2005). Interestingly, although DC-STAMP negative cells fail to initiate 

cell-cell fusion, these same cells when placed together with DC-STAMP expressing 

cells, undergo fusion normally. This indicates that the expression of DC-STAMP is not 

required for every fusing cell, but rather that DC-STAMP must be expressed by the 

initiating fusing cell (Vignery, 2005). In contrast, overexpression of DC-STAMP in 

transgenic mice results in accelerated cell-cell fusion during osteoclast differentiation 

and subsequently enhanced bone resorption (Iwasaki et al., 2008).  

 

NFATc1, a critical transcription factor of RANKL-induced osteoclast differentiation, 

was found to bind directly to promoter regions of DC-STAMP. In addition, NFATc1 

inactivation by Cyclosporin A (CsA) attenuated DC-STAMP expression and affected 

subsequent cell fusion (Kim et al., 2008).  As such, NFATc1 likely initiates RANKL-

induced osteoclast fusion via direct upregulation of key fusion mediating molecules 

such as DC-STAMP.  

 

Although the regulation of DC-STAMP expression is now known, the downstream 

targets or the exact mechanism whereby DC-STAMP mediates its subsequent effects on 

cell-cell fusion remains unclear. Based on DC-STAMP’s structure similarity to other 

chemokine receptors, which also have seven-transmembrane spanning proteins, there is 

speculation that DC-STAMP may function through similar chemokine-ligand binding 

(e.g. monocyte chemoattractant protein 1 or CCL2) to initiate cell-cell fusion in the 

osteoclast system (Kyriakides et al., 2004; Kim et al., 2005; Vignery, 2005).

 

 

1.6.3 Osteoclast stimulatory transmembrane protein (OC-STAMP) 

 

Osteoclast stimulatory transmembrane protein (OC-STAMP) was first identified from 

microarray studies of pre- and post-fusion RAW 264.7 cells, where its expression was 

found to be upregulated during cell-cell fusion. Structurally, OC-STAMP is similiar to 

DC-STAMP, with a large part of its carboxy-terminal region conserved with other 

members of the DC-STAMP protein family (Yang et al., 2008).   
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OC-STAMP is also essential for cell-cell fusion, as depletion of OC-STAMP by 

siRNAs or blocking antibodies significantly suppressed the formation of TRAP positive 

multinucleated cells. In addition, the presence of osteoclasts or FBGCs was completely 

abrogated in OC-STAMP deficient mice. Overexpression of OC-STAMP promotes 

osteoclast differentiation in vitro (Yang et al., 2008) and also rescued inhibited cell-cell 

fusion in OC-STAMP
-/-

 mice (Miyamoto et al., 2012).  

 

Interestingly, Miyamoto and colleagues also found two putative binding sites for 

NFATc1 in the mouse OC-STAMP promoter based on sequence analysis, suggesting 

that OC-STAMP expression may also be induced directly by NFATc1. However, like 

DC-STAMP, the downstream targets of OC-STAMP are presently unclear.  

 

 

1.7 OSTEOCLASTIC BONE RESORPTION 

 

Bone resorption is a multi-step process leading to the degradation of the organic and 

inorganic phases of bone. Bone consists largely of type 1 collagen and non-collagenous 

proteins containing a mineral phase of substituted hydroxyapatite (Teitelbaum, 2000). 

Osteoclasts are the only cells known to have the ability to dissolve hydroxyapatite and 

degrade organic matrix of bone (Väänänen et al., 1996). 

 

The process of bone resorption can be categorised into four different stages: 1) 

osteoclast activation and attachment to the bone matrix; 2) polarisation of the osteoclast; 

3) degradation of the bone matrix and 4) removal of the degraded products from the 

resorptive lacuna. Tight regulation of these stages is critical as over-resorption can lead 

to osteoporosis, whereas failure of the osteoclast to resorb bone can lead to 

osteopetrosis (Fattore et al., 2008). This may result from various defects in the 

osteoclast during any step of the bone resorption process. 
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1.7.1 Osteoclast activation and attachment to bone matrix 

 

In order to initiate bone resorption, osteoclasts must first be able to recognise the bone 

matrix. Bone matrix components are essential for the induction of osteoclastic 

polarisation, which precedes the process of resorption (Takahashi et al., 2007). 

 

Local factors in bone are thought to be responsible for the activation of osteoclasts. 

Insulin-like growth factor-1 (IGF-1) for example, has been found to possess dual roles 

in the bone remodelling process. IGF-1 is a potent stimulant of bone formation and is 

produced by osteoblasts to stimulate their replication and synthesis of bone matrix 

protein in an autocrine manner (Hock et al., 1988; McCarthy et al., 1989; Pfeilschifter 

et al., 1990). However IGF-1 is also involved in stimulating osteoclastic bone 

resorption either directly or indirectly by supporting the generation and activation of 

osteoclasts (Mochizuki et al., 1992).  

 

Other soluble factors that enhance osteoclast activity include IL-1, which is produced by 

monocyte-macrophages, marrow stromal cells and osteoclasts (Halleen et al., 1999).  

IL-1 has been found to induce bone resorption and osteoclast-like cell formation in 

murine and human marrow cultures (Gowen et al., 1983; Pfeilschifter et al., 1989).  

 

Upon activation, the osteoclast attaches tightly to the bone surface in order to initiate 

resorption. To achieve this, the osteoclast develops integrins-mediated adhesion 

structures called podosomes that are reorganised into a densely packed actin ring known 

as the sealing zone (Destaing et al., 2003; Saltel et al., 2004; Jurdic et al., 2006; 

Luxenberg et al., 2007). This tight attachment to the extracellular matrix effectively 

seals off the compartment beneath the cells during the resorption process (Luxenberg et 

al., 2007). The sealing zone is crucial for the attachment of the osteoclast to the bone 

surface as well as isolation of the resorption area (also known as “Howship’s lacuna) 

(Takahashi et al., 2007). As a result of polarised trafficking, the membrane enclosed by 

the sealing zone becomes a highly convoluted region, commonly termed as the ruffled 

border. At the ruffled border, protons and proteases are secreted to dimineralise and 

degrade the bone matrix.  
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Interaction between osteoclasts and bone matrix is mediated by members of the integrin 

family of cell-surface adhesion receptors. Integrins are transmembrane, heterodimeric 

glycoproteins that mediate cell-cell and cell-matrix interactions. Ligand binding to 

integrins activates the signal transduction pathways involved in cytoskeletal 

rearrangements associated with cell adhesion and cell motility (Hynes, 1992). Integrins 

have been suggested to play a key role in the capacity of osteoclast to degrade bone 

(Carron et al., 2000; Feng et al., 2001) by inducing signalling pathways necessary to 

initiate bone resorption (Mellis et al., 2011).  While osteoclasts express 2 1 and v 1 

integrins, the predominantly expressed integrin is the vitronectin receptor (i.e. v 3) 

(Davies et al., 1989; Nesbitt et al., 1993; Nakamura et al., 1999). The vital importance 

of v 3 is exemplified in studies of human and mice with integrin deficiency correlating 

with aberrations in osteoclast spreading, cytoskeletal organisation and osteoclast 

dysfunction, resulting in bone resorption deficiency, osteosclerosis and Glanzmann’s 

mutation (McHugh et al., 2000; Feng et al., 2001), (Refer to Chapter 1.3 Osteoclast 

morphology and localisation).  

 

More recently, it has been shown that the regulation of the entire integrin repertoire is 

tightly linked to a central regulator known as kindlin-3 (Schmidt et al., 2011). In 

general, kindlins are a family of evolutionary, conserved FERM domain-containing 

proteins that are recruited to integrin adhesion sites (Moser et al., 2009). While kindlin-

1 and kindlin-2 are widely expressed, expression of kindlin-3 is specific to 

haematopoietic cells (Weinstein et al., 2003; Ussar et al., 2006). Kindlin-3 deficient 

mice develop severe osteopetrosis, owing to profound adhesion and spreading defects in 

bone resorbing osteoclasts (Schmidt et al., 2011).  

 

 

1.7.2 Establishing osteoclastic polarisation: coordination between membrane 

trafficking and cytoskeletal reorganisation  

 

Integrin v 3, like all members of the v family, recognises the amino acid motif Arg-

Gly-Asp (RGD) motif, which is present in a range of bone-residing proteins such as 

osteopontin and bone sialoprotein. Attachment of osteoclasts to proteins that express 

RGD through integrin v 3 is the first step to inducing polarisation of the osteoclast. 

Integrin v 3 is essential for the structural polarisation of osteoclasts as treatment with 
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the GRGDS (Gly-Arg-Gly-Asp-Ser) peptide dose-dependently inhibited the formation 

of the filamentous-actin (F-actin) ring (Nakamura et al., 1996). Physical properties of 

the bone, such as its hardness or roughness, are also required for inducing osteoclast 

polarity (Fuller et al., 2010).  

 

Drastic reorganisation of the osteoclast’s cytoskeleton occurs during this process. 

Changes to both the microfilaments and microtubules in osteoclasts help to prepare the 

cells for bone resorption. In migrating osteoclasts, microtubule arrangement is 

distributed evenly over the entire cell.  These microtubules are arranged in a radial 

fashion, with ends directed from the cell centre towards the cell membrane (Lakkakorpi 

and Väänänen, 1991). However, in actively resorbing osteoclasts, the microtubules are 

arranged in a more concentric manner, with a dense network of microtubules reaching 

deep down into the resorption pit (Lakkakorpi and Väänänen, 1995; Mulari et al., 

2003a). The exact polarity of these microtubule-ends i.e. plus or minus is, however, 

presently unclear.  

 

Acidified vesicles are transported, probably via microtubules, to the bone-apposed 

plasma membrane (Abu-Amer et al., 1997), where they fuse together in a manner 

regulated by small Rab GTPases including Rab3D (Pavlos et al., 2005) and Rab 7 

(Zhao et al., 2001; Zhao et al., 2002; Sun et al., 2005). Insertion of these vesicles into 

the plasmalemma results in the formation of a villious structure, known as the ruffled 

border. The ruffled border contains the H
+
-transporting machinery, which is used to 

create the acidified microenvironment in the resorption lacuna. CTSK is also 

exocytosed into the resorption lacuna via the ruffled border (Yamaza et al., 2001).  

 

In addition to the formation of the ruffled border, contact with the bone matrix also 

prompts the osteoclast to polarise F-actin into a circular structure, known as the F-actin 

ring or the sealing zone. The sealing zone surrounds and isolates the acidified resorptive 

environment in the actively resorbing osteoclast (Ross and Teitelbaum, 2005). 

 

In addition to cytoskeletal rearrangement, the plasmalemma of the osteoclast is 

reorganised and segregated into at least four distinct functional domains (Figure 1.5). 

These include the basolateral domain, ruffled border, the sealing zone and the secretory 

domain, which are maintained by distinct membrane trafficking pathways. 



Figure 1.5 Schematic representation of osteoclast morphology during the three 

phases of bone resorption. (A) A resting osteoclast, preparing for bone resorption. A 

large number of acidic vesicles (blue) are observed inside the cell. There is no plasma 

membrane polarity observed. (B) The actively resorbing osteoclast displays four 

distinct membrane domains: the ruffled border (RB), the sealing zone (SZ), the 

functional secretory domain (FSD) and the basolateral domain (BLD).  (C) At the end 

of the resorption cycle, the osteoclast undergoes apoptosis. Image taken and modified 

from Väänänen et al., 1996.
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1.7.3 Degradation of the bone matrix within the resorption lacuna 

 

Bone resorption is a two-step process, where the dissolution of crystalline 

hydroxyapatite precedes the removal of the underlying collagen-rich, organic matrix. 

The organic matrix however, can only be made available for degradation by a mixture 

of proteases after the inorganic hydroxyapatite have been dissolved by acid (Väänänen 

et al., 2000).  

 

To achieve this, v-ATPase and lysosomal acidic vacuoles are transported and fused at 

the osteoclast ruffled border membrane (Väänänen et al., 2000). These delivery 

products are required for the maintenance of low pH within the resorption lacuna, 

dissolution of the mineral component, as well as establishing an optimal environment 

for lysosomal protease-mediated degradation of the demineralised bone proteins (Blair 

et al., 1989) (Figure 1.6).  

 

 

1.7.3.1 Inorganic bone matrix 

 

Bone matrix is composed predominantly of hydroxyapatite and the only biological 

process known to dissolve mineral with high efficiency is acidification. Bone 

demineralisation requires the acidification of the isolated extracellular 

microenvironment, a process that is mediated by v-ATPases that are enriched within the 

ruffled membrane region (Teitelbaum, 2000). The v-ATPase is a macromolecular, 

multi-subunit proton pump that acidifies the resorption lacuna by delivering proton 

across the ruffled border of osteoclasts (Qin et al., 2012). Mutation or deletion of the 

various subunits of the v-ATPase complex results in osteoclast deficiencies, severely 

impairing osteoclastic bone resorption and ultimately leading to osteporosis in both 

murine models and human patients (Li et al., 1999; Hu et al., 2005; Wu et al., 2009).  

 

 

1.7.3.2 Organic bone matrix 

 

Following solubilisation of the mineral phase, a mixture of proteolytic enzymes 

degrades the organic matrix. The enzymes required for bone resorption can be stored in 



Figure 1.6 Osteoclast physiology during bone resorption. (1) Attachment 

of the osteoclast to the bone surface is facilitated by podosomes containing F-

actin and the αvβ3 integrin. (2) In order to acidify the resorption lacuna to 

begin the process of bone demineralisation, carbonic anhydrase II (CAII) 

generates a proton and bicarbonate from carbon dioxide and water. This 

proton is actively transported across the ruffled border membrane via the 

vacuolar-type H+-ATPase proton pump. (3) A chloride channel, which is 

coupled to the proton pump, ensures that the ionic charge across the 

membrane is maintained. Excess bicarbonate is removed through the 

basolateral membrane through the passive exchange with chloride. (4) CTSK, 

which is the enzyme responsible for the removal of organic bone matrix is 

also secreted into the resorption lacuna. Image taken and modified from Costa 

et al., 2011 and Tolar et al., 2004. 
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either the extracellular matrix or secreted by the osteoclast during the bone resorption 

process (Väänänen et al., 1996).  

 

Secretion of metalloproteinases and cathepsins, in particular high levels of matrix 

metalloproteinase-9 (MMP-9) (Tezuka et al., 1994) and CTSK (Drake et al., 1996) into 

the resorption lacuna suggests that these enzymes have a central role in the organic 

matrix degradation process. In addition, levels of CTSK secreted far exceed other 

collagenases, thus confirming its prominent role in bone degradation (Drake et al., 

1996).  Localisation of CTSK in the intracellular vesicles along with collagen fibrils 

indicates that further degradation of the collagen products occurs intracellularly 

(Yamaza et al., 1998). It is also suggested that the initiation of organic bone matrix 

resorption is carried out by MMP-9 and the subsequent degradation is completed by 

CTSK (Parikka et al., 2001).  

 

To transport these proteolytic enzymes to the ruffled border, they are packaged into 

secretory vesicles that originate from the lysosome or a lysosome-related organelle. Rab 

7 is thought to target these secretory vesicles to the bone apposed membrane surface, 

whilst the C2A-domain containing synaptotagmin VII (Syt VII), which associates with 

these vesicles, is responsible for regulating their calcium-triggered exocytosis into the 

resorption space (Zhao and Ross, 2007).  

 

 

1.7.4 Removal of degraded products from the resorptive lacuna  

 

Dissolution of bone matrix proteins gives rise to a cocktail of by-products including 

collagen fragments, proteoglycans and growth factors. All of these degradation products 

accumulate in the resorption lacuna. While some of the degradation products may be 

released from the resorption lacuna passively, it is unlikely that this route is a major 

contributor to their removal as the sealing zone is impermeable to molecules larger than 

10kDa (Stenbeck and Horton, 2000). Instead, the degradation products are actively 

transported through the osteoclasts via a transcytotic vesicular pathway from the ruffled 

border to the functional secretory domain (FSD). Upon reaching the FSD, the degraded 

products are liberated into the exracellular space (Nesbitt et al., 1993; Salo et al., 1997).  
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TRAP has been found in the transcytotic vesicles of resorbing osteoclasts. It has the 

ability to generate highly destructive reactive oxygen species, which help to break down 

collagen (Halleen et al., 1999). This suggests that TRAP may facilitate in the further 

breakdown of matrix-degradation products in transcytotic vesicles. This finding is 

further validated by the mild osteopetrotic phenotype that is present in TRAP knockout 

mice (Hayman et al., 1996).  

 

In a way, the transcytotic pathway is similar to the antigen-processing pathway in 

antigen-presenting cells like macrophages. Since osteoclasts and macrophages have a 

common differentiation route, the transcytotic pathway in osteoclasts may indeed be 

comparable to the more understood antigen-presentation pathway (Väänänen et al., 

2000). However, the characteristics of transcytotic vesicles remain to be verified, as 

with the signalling events involved during the transcytosis process. 

 

 

1.8  VESICLE TRAFFICKING IN OSTEOCLASTS 

 

Active bone-resorbing osteoclasts are highly dependent on vesicular trafficking 

pathways. The polarised transport of acidified vesicles of the endocytic/lysosomal 

pathway is required for the formation of the ruffled border, the resorptive organelle of 

the osteoclast.  

 

The ruffled border covers an enormous surface area, indicative of the extensive 

vesicular trafficking and fusion processes that occur in that region. The ruffled border is 

formed from the trafficking of vesicles in the endosomal pathway and therefore has the 

characteristics of a late endosomal membrane (Coxon and Taylor, 2008; Zhao, 2012).  

These late endosomes and lysosomes are acidified with the help of the v-ATPase proton 

pump (Toyomura et al., 2003). During resorption, the end products are transported 

through the osteoclast by transcytosis, where they are excreted out via the FSD. 

Maintenance of these various membrane domains is dependent on the tight regulation of 

vesicular transport process (Coxon and Taylor, 2008; Zhao, 2012). 

 

The high membrane turnover rate within the osteoclast is kept in balance via the 

continuous process of exocytosis of vesicles and the parallel endocytosis of digested 
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bone materials (Stenbeck and Horton, 2003). Evidence for this dynamic equilibrium is 

supported by the observation of transferrin (which was endocytosed earlier via the 

basolateral membrane) being localised in the ruffled border region of the same 

osteoclast after 30 minutes of chase (Palokangas et al., 1997).   

 

The regulation of these critical vesicular trafficking pathways in the osteoclasts is 

mediated by Rab proteins, which comprise the largest family of small Ras-related 

GTPases. Rab GTPases were initially identified in the late 1980s and over the years 

have emerged as master regulators of all stages of intracellular trafficking processes 

(Pfeffer, 1994). Like other Ras-related proteins, Rab GTPases function as molecular 

switches that cycle between a GDP-bound inactive state and a GTP-bound membrane-

associative active state (Stenmark, 2009). Conversion between the GDP-bound inactive 

form to the GTP-bound active form involves major conformational changes in two 

variable regions, termed switches I and switch II (Pfeffer, 2005). Exchange of GDP for 

GTP is catalysed by guanine nucleotide exchange factors (GEFs), which recognise 

specific residues present in the switch regions and facilitate GDP release (Delprato et 

al., 2004).  

 

In their active state, Rab GTPases are distributed to the cytosolic face of specific 

membranous compartments where they recruit and interact with numerous downstream 

effector proteins (Horgan and McCaffrey, 2011). These Rab-effector complexes then 

execute precise intracellular trafficking steps, including vesicle budding, vesicle fusion 

and vesicle motility (Novick and Zerial, 1997; Seabra and Coudrier, 2004). Identified 

Rab effectors include coat proteins, tethering factors, SNAREs (Cai et al., 2007; Angers 

and Merz, 2011) and actin-based motor proteins (Seabra and Coudrier, 2004). 

Prominent Rab-effectors also include microtubule-based motor proteins such as kinesin 

and cytoplasmic dynein, which will be further discussed in Chapter 2.4 Microtubule 

motor proteins. 

 

 

1.8.1 Prenylation of Rab GTPases 

 

Rab GTPases are intrinsically soluble proteins and their activity is dependent on the 

association with the cytoplasmic leaflet of cellular membranes. This process of 
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association is known as prenylation and is a lipid modification of the C-terminus. 

Prenylation is commonly used for membrane association of cytoplasmic proteins and 

basically involves the transfer of either a farnesyl (C15) or geranyl-geranyl (C20) 

moiety to the C-terminal cysteine(s) of the target protein, also known as the 

“prenylation motif” (Casey and Seabra, 1996; Pereira-Leal et al., 2001; Leung et al., 

2006). Thus far, three protein prenyl transferases that catalyse the process of protein 

prenylation are known: farnesyl transferase (PFT), geranylgeranyl transferase-type 1 

(PGGT1 or CAAX-GGT) and Rab geranylgeranyl transferase (RGGT or PGGTII) 

(Casey and Seabra, 1996) 

 

RGGT was originally identified as the enzyme that modifies Rab proteins but the 

prenylation motif in Rab proteins itself is insufficient for substrate recognition by 

RGGT. This is because the C-terminus of Rab GTPases is variable and does not consist 

of a consensus sequence such as the CAAX box, which the RGGT can recognise (Baron 

and Seabra, 2008). Biochemical evidence suggests that unprenylated Rabs need to bind 

to a 95kDa protein known as the Rab escort protein (REP) over a more conserved 

region of the Rab protein in order to be recognised as a substrate for RGGT (Anant et 

al., 1998). Once Rab GTPases are prenylated, the lipid anchor(s) ensure that the Rab 

proteins are no longer soluble. As such, REP has an important role in binding and 

solubilising the geranylgeranyl groups that deliver the Rab GTPase to the relevant cell 

membrane (Andres et al., 1993; Alory and Balch, 2001).  

 

Activity of Rab GTPases is dependent on successful post-translational prenylation. 

Many pharmacological interventions in diseases have capitalised on this required 

modification to generate drugs that prevent post-translational prenylation. The most 

widely-used anti-resorptive drug, bisphosphonate, works by inhibition of the 

mevalonate pathway enzyme farnesyl diphosphate synthase (Dunford et al., 2001; 

Kavanagh et al., 2006). This prevents the synthesis of isprenoids farnesyl diphosphate 

(FPP) and geranylgeranyl diphosphate (GGFP), which consequently inhibits the post-

translational prenylation of Rab GTPases essential for osteoclast function (Coxon et al., 

2006; Rogers et al., 2011).  

 

There exist another class of bisphosphonates, which is made up of 

phosphonocarboxylate analogues. These analogues do not inhibit farnesyl diphosphate 
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synthase (FPPS). Rather, they are inhibitors of RGGT, which is directly responsible for 

the prenylation of cysteine residues in the prenylation motifs of Rab GTPases (Coxon et 

al., 2001; Coxon et al., 2005). Levels of Rab GTPase prenylation is essential for 

osteoclast function as the gunmetal (gm/gm) mouse, which bears a mutation in the 

catalytic subunit of RGGT, had substantial reduction in osteoclast resorptive activity. 

However it does not exhibit typical osteosclerosis symptoms due to hypoprenylation of 

Rabs being evident across a variety of cell types including the osteoblasts (Taylor et al., 

2011).  

 

 

1.8.2 Function of Rab GTPases in the osteoclast 

  

The majority of Rab proteins are ubiquitous and thought to play similar roles in all cell 

types. However, certain Rab GTPases are only expressed in specialised tissues and cell 

types. Mice lacking the expression of Rab27a, which is highly expressed in melanocytes 

(Hume et al., 2001), were found to exhibit a dysfunction limited to this cell type. 

Defective melanosome transportation in these cells results in a coat colour dilution of 

these particular mice (Wilson et al., 2000a; Hume et al., 2001). 

 

Given that the osteoclast is a specialised cell type that exhibits polarity and complex 

vesicular trafficking pathways, it is likely that some Rab proteins, which have 

established roles in other cell types, may perform slightly different roles in this cell 

system. In addition, osteoclast-specific Rab proteins may also be present. Expression 

profiling of Rabs present in osteoclasts have revealed that Rab1B, Rab4B, Rab5C, 

Rab7, Rab9, Rab11B and Rab35 are highly expressed in osteoclasts at the mRNA level 

(Zhao et al., 2002). 

 

 

1.8.2.1 Role of Rab7 in the osteoclast 

 

Rab7 is a critical regulatory component that directs traffic in the endosomal pathway to 

the lysosome (Chavrier et al., 1990; Bucci et al., 2000). As the ruffled border of the 

osteoclast possesses characteristics of the lysosomal compartment in other cell types, 

Rab7, which is a late endosomal/lysosomal Rab in other cells types, was found to be 



Chapter One: Osteoclast biology 
 

highly expressed and predominantly localised to the ruffled border in resorbing 

osteoclasts (Palokangas et al., 1997).  

 

It was observed that reduction of Rab7 expression via antisense oligonucleotides 

affected the polarisation of osteoclasts and disrupted targeting of vesicles to the ruffled 

border. Consequently, bone resorption in vitro was significantly inhibited as a result of 

aberrant late endocytic pathway trafficking (Zhao et al., 2001). 

  

 

1.8.2.2 Role of Rab3D in the osteoclast 

 

The Rab3 GTPases play important roles in regulated exocytosis and are specifically 

found in cell types that have high secretory requirements such as the neurons and 

neuronendocrine cells (Darchen et al., 1990; Fischer von Mollard et al., 1990). Thus far, 

expression of all four Rab3 isoforms (Rab3A-D) has been found in the osteoclast, 

although Rab3D is the only isoform that can be detected easily in the osteoclast at the 

protein level. The loss of Rab3D function results in the osteoscelerotic phenotype, a 

direct result from defective osteoclasts that have abnormal ruffled borders due to 

defective vesicular trafficking (Pavlos et al., 2005). 

 

 

1.8.3 Defective vesicular trafficking in osteoclasts 

 

Because efficient vesicular trafficking is pertinent for osteoclast function, it is therefore 

not surprising that some of the metabolic bone diseases are often associated with 

defective vesicular transport in osteoclasts. As a result of impaired bone resorption, 

these patients usually present with osteopetrotic conditions.  

 

Osteopetrosis is characterised by sclerosis of bone resulting from defective bone 

resorption. Bone fragility is increased in these patients, as there is a reduction in bone 

turnover rate and persistence of mineralised cartilage. Many of these cases are due to 

mutations in genes, such as PLEKHM1, which are essential for the acidification of the 

resorption lacunae (Del Fattore et al., 2008). Furthermore, the osteoclasts also exhibit 

abnormal sealing zone formation, an intrinsic defect in the ruffled border (Van 
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Wesenbeeck et al., 2007) and an accumulation of intracellular lysosomal enzymes 

(Reinholt et al., 1999). 

 

Plekhm1 is a large, cytosolic protein that is also present on endosomal or lysosomal 

vesicles, where it colocalises with Rab7. Correct localisation of Plekhm1 to the 

endosomal or lysosomal vesicles is dependent on both the GTP status and 

geranylgeranylation of Rab7 (Tabata et al., 2010). The mutated form of Plekhm1 fails 

to localise to endosomes/lysosomes and results in a lack of ruffled border formation. 

This is likely due to defective Plekhm1 binding to Rab7-dependent 

endosomal/lysosomal transport to the osteoclastic ruffled border (Van Wesenbeeck et 

al., 2007).  

 

 

1.9 OSTEOCLAST IMPLICATIONS IN HUMAN DISEASES 

 

Musculoskeletal diseases are extremely common and are becoming major causes of 

disability globally. The burden of diseases has important consequences on both 

individuals and society. More importantly, with the increasing longevity of populations, 

the burden is likely to become even more significant in the near future (Brooks, 2006).  

 

Osteoclasts are the only cells responsible for bone resorption. Hence their activity is 

essential for the process of bone remodelling. Bone remodelling is a continuous cycle 

resulting from the sequential combination of osteoclast, osteoblast and osteocyte 

activity. After degradation, the resorptive area is replaced by osteoblasts, which 

synthesise new, replacement bone. All forms of acquired osteoporosis reflect the 

increase in osteoclast function relative to that of the osteoblast (Teitelbaum, 2007). 

Elevated osteoclast numbers and/or activity are also pathological hallmarks in other 

osteoclast-mediated bone diseases including Paget’s disease and osteoporosis. 

 

 

1.9.1 Paget’s disease of the bone 

 

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

affecting the older western population, exceeded only by osteoporosis. PDB is 
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characterised by increased numbers of osteoclasts and osteoclast activity. In multiple 

sites, there is increased osteoclastic bone resorption and a compensatory increase in 

bone formation. This results in the formation of woven bone, which is bulky, weak and 

predisposes sufferers to bone pain, deformity, bone fracture and increased risk of 

osteosarcoma (Rodan and Martin, 2000; Wuyts et al., 2001; Hansen et al., 2006). PDB 

is thought to occur primarily due to abnormality in osteoclast formation and activity but 

the cause of this remains unknown (Nakagawa et al., 1998; Daroszewska and Ralston, 

2005). Furthermore, bone marrow cells from PDB patients have been found to 

overexpress RANKL. In addition, their osteoclasts have increased responsiveness to 

RANKL and other osteoclastogenic factors such as 1 ,25(OH)2D3 (Menaa et al., 2000b; 

Menaa et al., 2000c). The abnormal RANKL/RANK/OPG pathways are also linked to 

several other genetic disorders such as familial expansile osteolysis (FEO), a rare bone 

disorder that shows great similarity to PDB. Mutation in the RANK gene was identified 

in FEO, resulting in RANK protein remaining sequestered intracellularly and 

consequently constitutive activation of RANK signalling and NF B activation (Hughes 

et al., 2000; Sparks et al., 2001). However, this mutation was not identified in the 

RANK-coding region of PDB patients, suggesting that RANK may not be directly 

involved in PDB (Wuyts et al., 2001). 

 

Alternatively, recent studies have mapped a gene that leads to the predisposition of PDB 

to chromosome locus 5q35. This gene encodes for ubiquitin-binding protein 

sequestosome 1 (SQSTM1 or p62). p62 is a candidate gene for PDB due to its 

association with NF B (Laurin et al., 2002). Specifically, the mutations in p62 are all 

clustered within or adjacent to the highly conserved ubiquitin-associated (UBA) domain 

(Layfield and Hocking, 2004). Using a p62 UBA domain deletion mutant, 

overexpression of the mutant produced a significant increase in osteoclastogenesis in 

vitro. In addition, these mutants resulted in the formation of abnormally large, 

multinucleated osteoclasts and a bone resorption pattern similar to PDB (Yip et al., 

2006). In view of these results, the NF B mediator molecule, p62, may possibly have a 

critical role in the pathogenesis of PDB and could potentially become the molecule 

targeted for therapeutic development. 
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1.9.2 Osteoporosis 

 

Osteoporosis is defined as a systemic skeletal disease, characterised by low bone mass 

and a microarchitectural degradation of bone tissue. This results in an increase in bone 

fragility and susceptibility to bone fracture. It is a major cause of morbidity, mortality 

and medical expenses worldwide (Consensus Development Conference, 1993). In 

Australia, an estimated 692,000 Australians (3.4% of the total population) have doctor-

diagnosed osteoporosis (Australian Institute of Health and Welfare, 2011), but it is 

suspected that osteoporosis may be under-diagnosed and undertreated (Chiang et al., 

2006). This is largely due to the nature of the disease condition itself, as osteoporosis 

does not present with overt physical symptoms. Diagnosis of osteoporosis tends to 

occur after an untoward event, such as sustaining fracture(s) with minimum trauma 

(Australian Institute of Health and Welfare, 2008). Yet even after experiencing minimal 

trauma fracture(s), some osteoporosis cases remain undiagnosed and/or untreated 

(Eisman et al., 2004).  

 

Bone mass is accumulated in the first two decades of life. After the completion of 

skeletal growth, the coupled process of bone resorption and formation maintains bone 

health. In the young, there is a balance between these two processes. Skeletal renewal 

occurs without significant changes to bone mass. However, an abnormal metabolism or 

exposure to various drugs or diseases may adversely affect bone health, contributing to 

osteoporosis (Goodman et al., 2007; Weng and Lane, 2007; Unnanuntana et al., 2011). 

In the elderly, deficiency in estrogen or androgen in females or males respectively leads 

to an unbalanced increase in bone turnover (Khosla et al., 2001; Vanderschueren et al., 

2004; Krum and Brown, 2008; Imai et al., 2010). Here, bone resorption rate exceeds 

that of bone formation, resulting in relatively rapid bone loss as well as loss of bone 

microarchitecture. 

 

The primary objective in the treatment of osteoporosis is to reduce the likelihood of 

fractures. For this, effective therapies exist. Elderly patients prescribed with vitamin D, 

calcium supplements and hip-protectors have a reduced risk of fractures (Wilkins and 

Birge, 2005; Ip et al., 2010; Leytin and Beaudoin, 2011). Since the 

RANK/RANKL/OPG axis is involved in initiating a new remodelling cycle, it may also 

be involved in the pathogenesis of osteoporosis (Collin-Osdoby et al., 2001). Indeed, 
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several clinical investigations have since found a possible role of RANK/RANKL/OPG 

system in the pathogenesis of postmenopausal osteoporosis. Elevated levels of RANKL 

on bone marrow stromal cells and lymphocytes were observed in postmenopausal 

women not on estrogen therapy (Eghbali-Fatourechi et al., 2003; Clowes et al., 2009). 

However, debate exists over this finding as some studies failed to observe any changes 

in the expression of OPG and RANKL at menopause (Seck et al., 2001; Liu et al., 

2005). 

 

More recent therapeutic developments are focused on modulating specific parts of the 

bone remodelling process, such as reducing bone resorption while increasing bone 

formation. One such example is Denosumab, a recombinant fully human monoclonal 

RANKL specific antibody. Clinical trials have found that Denosumab can 

simultaneously suppress bone resorption, decrease bone turnover and increase bone 

mineral density (Bekker et al., 2004; McClung et al., 2006; Bone et al., 2008), making 

it a very promising new treatment for osteoporosis.  

 



 

CHAPTER TWO 

 

Molecular motor proteins and  
their roles in intracellular trafficking 



 
Chapter Two: Molecular motor proteins and their roles in intracellular trafficking 

 2.1 INTRODUCTION 

 

Cell polarity and shape are defined by the cytoskeleton, which also provides the 

intracellular scaffolding required for trafficking of organelles, vesicles and molecules. 

Two cytoskeletal filament systems (microtubule and microfilaments) exist within 

eukaryotic cells and play distinct roles in the establishment and maintenance of 

polarised growth in diverse cell types (Roderiguez et al., 2003; Li and Gundersen, 

2008). Mammalian cells, such as neurons or melanocytes, utilise both cytoskeletal 

systems for the targeting of factors to polarised regions (Nascimento et al., 2003; 

Gunawardena and Goldstein, 2004; Ross et al., 2008). Long-range delivery of cellular 

cargoes is mediated by microtubules while actin filaments mediate shorter-range 

transport processes (Brown, 1999; Ross et al., 2008). Motor proteins are responsible for 

the transport of specific cellular cargoes along the cytoskeleton and depending on the 

cytoskeletal system with which they interact with, two broad categories of molecular 

motor proteins generally exist (Figure 2.1). 

 

Actin-based (microfilament) motility is derived from the myosin superfamily whereas 

tubulin-based (microtubules) is carried out by the opposing yet complementary 

activities of two motor protein superfamilies; kinesin and dynein. Although the motor 

protein superfamilies differ in structures and size, molecular motors are unified by their 

intrinsic use of adenosine triphosphate (ATP) hydrolysis to generate force, which gives 

rise to corresponding centripetal movement along microfilaments or microtubules 

(Sweeney, 1996).  

 

Myosin 2 was among the first motor protein to be described. The mammalian class II 

myosin family consists of distinct isoforms that are expressed in skeletal, smooth and 

cardiac muscle, as well as three non-muscle forms designated 2A, 2B and 2C (Saez et 

al., 1990; Simons et al., 1991; Golomb et al., 2004). Muscle-derived myosin 2 has been 

extensively investigated, largely because it is easy to isolate and study due to its high 

concentration and specialised organisation in muscle cells. However, others are less 

extensively defined, including the non-muscle form, myosin 2A, which has recently 

been associated with adhesion structures in osteoclasts and regulated proteolysis of 

myosin 2A is required for osteoclastic fusion to occur during osteoclastogenesis 

(McMichael et al., 2009).  



Figure 2.1 Motor protein mediated vesicular cargo transport within the cell. 

Myosin motors such as myosin 5a (purple) and myosin 6 (dark blue) transverse along 

actin filaments (red) at the cell periphery. Myosin 5a moves towards F-actin plus-ends 

(i.e. towards membrane) while myosin 6 moves towards the minus-end of F-actin (i.e. 

towards cell interior). On the other hand, microtubule-based motor proteins consist of  

kinesin (orange) and dynein (light blue). Kinesin moves towards the plus-ends of 

microtubules (i.e. located near the cell periphery in unpolarised cells), while dynein 

moves towards microtubule minus-ends (i.e. the microtubule organising centre 

(MTOC, green)). The two cytoskeletal networks can function both independently and 

interdependently. F-actin filaments cross each other (red arrows, upper left), but can 

also cross microtubules (green arrows, lower right) to facilitate vesicular cargo 

transportation. For example, cargo from the cell periphery can bind to myosin 6 and 

then switch to dynein to facilitate transport towards the cell interior (A). In the same 

token, vesicles can bind to kinesin and then switch to myosin 5a for transportation to 

the cell periphery (B). Often, vesicles travelling on microtubules experience a “tug-of-

war” between kinesin and dynein when bound to both molecular motors 

simultaneously (C). Image taken and modified from Ross et al., 2008.  

A B 
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Ultrastructural analysis of the ciliary apparatus, which is a microtubular structure 

specialised for movement, led to the discovery of the first microtubule-associated motor 

protein, dynein (Gibbons, 1963). All dynein forms are made up of multiple subunits 

including the heavy chain  (>500kDa), intermediate chain (74kDa), intermediate light 

chain (53-59kDa) and the light chain (10-14kDa). Although the role of dynein is 

relatively well established during cell functions such as cell mitosis (Vaisberg et al., 

1993; Echeverri et al., 1996; Yang et al., 2007) and organelle positioning, its large 

molecular size, coupled with its added complexity of multiple dynein subunits 

(including distinct isoforms), has long hampered its precise characterisation. As a result, 

this class of mechanochemical motors remains the least understood out of all three 

superfamilies. 

 

Kinesin, the last motor protein to be discovered, was first isolated as the anterograde 

motor of axonal transport (Vale et al., 1985). Kinesin superfamily proteins, also known 

as KIFs, are made up of 15 kinesin families. Thus far, 45 mammalian KIF genes have 

been identified but it is likely that twice as many KIF proteins exist since multiple 

isoforms can be generated by alternative mRNA splicing (Miki et al., 2001). Studies 

show that KIFS are key players in the intracellular transport system and play similar 

roles to the dynein motor protein in chromosomal and spindle movements during 

mitosis and meiosis (Hirokawa et al., 1998a; Sharp et al., 2000), as well as transport of 

organelles, protein complexes and mRNAs to specific destinations along microtubules 

(Hirokawa, 1996; Hirokawa, 1998b).   

 

Although these three motor protein superfamilies belong to two separate cytoskeletal 

systems with distinct functions, growing observations have shown that the two filament 

systems actually cooperate functionally during a range of cellular processes (Gavin, 

1997).  

 

 

2.2 MICROTUBULES 

 

Microtubules are principal components of the cytoskeleton and comprise of rigid, 

hollow cylindrical rods approximately 25nm in diameter (Gittes et al., 1993). These 

structures are composed of a single type of globular protein, tubulin. Tubulin is a dimer 



 
Chapter Two: Molecular motor proteins and their roles in intracellular trafficking 

consisting of two closely related polypeptides, -tubulin and -tubulin (Nogales et al., 

1998; Nogales et al., 1999). A third type of tubulin, -tubulin, is specifically localised to 

the centrosome, where it plays a critical role in initiating microtubule assembly (Oakley 

and Oakley, 1989; Oakley et al., 1990).  

 

Microtubule growth is asymmetric, with polymerisation typically occurring at different 

rates on each distinct end: fast growing plus-end and a slow growing minus-end 

(Mofrad, 2009). The fast growing plus-ends are composed of GTP-coupled tubulin, 

which helps in stabilising the microtubules. As GTP-hydrolysis occurs at a constant rate, 

plus-ends of microtubules must grow continually to maintain their “GTP-cap” (Nogales, 

2000). Microtubules that fail to keep up with the growth rate rapidly lose their GTP-

tubulin cap and become susceptible to collapse. These cycles of microtubule growth and 

collapse result in “dynamic instability” (Siegrist and Doe, 2007) and it is this feature 

that allows for the rapid rearrangement required during cellular process such as 

interphase-mitosis and cell motility (Gelfand and Bershadsky, 1991).  

 

In typical non-polarised eukaryotic cells such as fibroblasts, the microtubules are 

arranged such that the minus-ends are oriented towards the microtubule organising 

centre (MTOC), which juxtaposes the nucleus. On the other hand, the plus-ends of the 

microtubules radiate towards the cellular periphery (Welte, 2004). However, there are 

also many exceptions to this microtubule organisation. In particular, microtubule 

architecture and organisation in polarised cells exhibit a non–classical or “reversed” 

orientation, with the minus-ends extending towards the cell surface instead (Bacallao et 

al., 1989). Figure 2.2 depicts a comparison of the microtubule arrangements in both 

non-polarised and polarised cells.  

 

Microtubules function to determine cell shape and also participate in cellular movement, 

including cell locomotion, intracellular transport of organelles and the separation of 

chromosomes during the mitosis.  Microtubules are also found in highly organised 

axonemal structures found in cilia and flagella (Valiron et al., 2001).   

 

While microtubules may be responsible for inducing and sustaining cellular polarity in a 

variety of cells, they also serve another important function – acting as guiding tracks for 

the movement of a number of microtubule-associated proteins. Among these, kinesins 
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Figure 2.2 Schematic diagrams of microtubule organisations in a 

non-polarised cell and a polarised cell. Notice that the polarity of 

the microtubules are reversed in these two types of cells. Image taken 

and modified from Goldstein and Yang, 2000. 
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and dyneins are considered to be the most abundant motors, whose complementary but 

opposing activities help to power the bidirectional transport of membranous vesicles 

within a cell.  

 

 

2.2.1 Microtubule network in osteoclasts 

 

Resorption and migration phases alternate in the life cycle of an osteoclast. Hence, 

different microtubule network arrangements are observed in each phase. In migrating 

osteoclasts, microtubules are spread evenly across the entire cell in a radial fashion. 

However, in resorbing osteoclasts, microtubules are arranged in a concentric manner 

and appear to be concentrated over the resorption lacunae. This particular orientation of 

microtubules in resorbing osteoclasts is suggestive of the active secretory function that 

the osteoclasts undertake during the resorption process (Lakkakorpi and Väänänen, 

1991). In addition, a dense network of microtubules reaching deep into the resorption 

pit also strongly suggests that they play an active role in the membrane traffic to the 

ruffled border (Lakkakorpi and Väänänen, 1995). 

 

Although osteoclasts are responsible for similar bone resorbing roles in different animal 

species, surprising distinctions in the microtubule network in avian and mammalian 

osteoclast have been reported. In non-resorbing avian osteoclasts, the microtubules 

radiate from multiple centrosomal MTOCs. The number of MTOCs in these cells is 

equivalent to the number of nuclei present. However, when the osteoclast becomes 

involved in bone resorption, the centrosomal MTOCs disappear and the Golgi 

membranes are distributed around the nuclei. In comparison, mammalian osteoclasts 

appear to possess little or no centrosomal MTOCs (Mulari et al., 2003a). 

 

In migrating osteoclasts, adherence to substrates occurs via discrete dot-like structures 

known as podosomes (Zallone et al., 1983). The podosomes are closely associated with 

the microtubule network at the cell periphery. Microtubules are required for podosome 

formation (Linder et al., 1999)  and when depolymerised with nocodazole, resulted in 

destabilisation and a disrupted podosome distribution (Babb et al., 1997; Destaing et al., 

2003). Thus, microtubules are intimately involved in podosome formation and 

patterning in osteoclasts and hence essential to osteoclast function.  
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2.3 MICROTUBULE-ASSOCIATED PROTEINS 

  

Microtubules exhibit dynamic instability due to constant phases of assembly and 

disassembly. As such, microtubules are often disassembled within the cell (Mitchison 

and Kirschner, 1984). This dynamic behaviour can be modified when microtubules 

interact with different proteins (Nogales, 1999). Some proteins help in the disassembly 

of microtubules, either by severing microtubules or increasing the rate of tubulin 

depolymerisation from microtubule ends (McNally and Vale, 1993; Belmont and 

Mitchison, 1996). Other proteins such as the microtubule-associated proteins (MAPs), 

bind to microtubules and increase their stability by reducing the frequency and duration 

of microtubule shortening events. Such interactions enable stability of the microtubule 

network in certain regions of the cell and are important factors that determine cell shape 

and cellular polarity (Siegrist and Doe, 2007). The process of phosphorylation is one of 

the most important post-translational modifications in MAPs. In vivo studies have 

shown that the phosphorylation states of MAPs affect their ability to bind and stabilise 

microtubules (Brugg and Matus, 1991; Berling et al., 1994). In addition, the 

phosphorylation of MAPs, which is controlled by several protein kinases and 

phosphatases, appear to be both spatially and temporally regulated. As such, MAPs 

could potentially serve as primary targets for the regulation of microtubules by 

signalling pathways that control both cell polarity and plasticity (Mandell and Banker, 

1996; Drewes et al., 1998; Tokuda and Hatase, 1998; Sánchez et al., 2000). 

 

A large number of MAPs have been identified thus far but their distribution varies 

depending on the cell type. Currently, perhaps the best-characterised MAPs include 

MAP-1, MAP-2 and tau, which were isolated from neuronal cells (Bloom et al., 1984; 

De Camilli et al., 1984; Dehmelt and Halpain, 2005). MAP-4, is present in all non-

neuronal vertebrate cell types (Bulinski and Borisy, 1980; Parysek et al., 1984) whereas 

tau, which has been extensively studied, is the main component of inclusions seen in 

Alzheimer’s disease and other related neurodegenerative tauopathies (Poorkaj et al., 

1998; Spillantini et al., 1998; Lee et al., 2001).   
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2.4 MICROTUBULE MOTOR PROTEINS  

 

Macromolecular motor protein complexes function to drive the transport of vesicles and 

organelles, and are crucial for maintaining proper spatial distribution of organelles and 

vesicles within the cell (Caviston and Holzbaur, 2006; Gross et al., 2007). In addition, 

they also regulate signalling interactions by transporting various receptors (Guillaud et 

al., 2003; Hoepfner et al., 2005). 

 

Motor proteins can be classified into three unique families. The first group, known as 

myosins, move along actin (Refer to Chapter 2.8 Microfilaments, Chapter 2.9 Actin-

based transport and Chapter 2.11 Myosins). The other two groups, kinesin and dynein, 

move along microtubules. These motor proteins are reviewed in detail in Chapter 2.5 

Dynein, Chapter 2.6 Regulation of the dynein complex and Chapter 2.7 Kinesin 

respectively.  

 

Many microtubule-based motor proteins interact with their cargo through indirect 

associations with one or more adaptor or scaffolding proteins. For example, the kinesin-

2 family motor KIF1 interacts with its vesicle bound cargo, the NR2B subunit of the N-

methyl-D-aspartic acid (NMDA) receptor via associations with three adaptor proteins, 

m-Lin-10, m-Lin-2 and m-Lin-7 (Hirokawa and Takemura, 2005). By the same token, 

interaction between the scaffold protein gephyrin and the glycine receptor mediates 

binding to cytoplasmic dynein (Maas et al., 2006). Microtubule motor proteins can also 

associate directly or indirectly with membrane lipids. Dynein, for example, is proposed 

to associate indirectly with membrane lipids through its cofactor dynactin and the 

cytoskeletal protein spectrin (Muresan et al., 2001).  

 

Recruitment of microtubule motor proteins to membrane-cargo is regulated by Rab 

proteins (Refer to Chapter 1.8 Vesicle trafficking in osteoclasts). Specific examples of 

Rab protein interactions with the microtubule motor proteins will be further elaborated 

in the chapters reviewing dynein-mediated transport (Chapter 2.6 Regulation of the 

dynein complex) and kinesin-mediated transport (Chapter 2.7.2 Regulation of kinesin-

driven cargo complexes), respectively.  
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2.5 DYNEIN 

 

Dyneins are well-established microtubule motor proteins that function to direct 

movement of cellular cargoes towards the minus-ends of the microtubule. Similar to the 

other motor proteins, dynein utilise energy derived from ATP hydrolysis to power a 

variety of cellular functions (Höök and Vallee, 2006).  

 

All dynein forms are made up from multiple protein subunits. The largest subunit is the 

heavy chain polypeptide (>500kDa) and is responsible for ATPase and motor activities 

(Vallee et al., 2004). Accessory subunits such as the intermediate chain (74kDa), 

intermediate light chain (53-59kDa) and the light chain (10-14kDa) combine to 

complete the dynein motor complex (Pfister et al., 2005; Caviston and Holzbaur, 2006). 

 

Dynein can be further categorised into axonemal and cytoplasmic dynein, based on their 

functions and structures (Höök and Vallee, 2006). Axonemal dyneins are found in cilia 

and flagella structures and are responsible for cilia and flagella beating. On the other 

hand, cytoplasmic dynein is involved in intracellular transport, mitosis, cell polarisation, 

directed cell movement (Höök and Vallee, 2006) and this group of dyneins will be the 

primary focus of this thesis.  

 

 

2.5.1 Cytoplasmic dynein 

 

Aforementioned, cytoplasmic dynein is principally responsible for directing movement 

towards the minus-ends of microtubules. It is involved in many crucial cellular 

processes and can be further divided into two groups: cytoplasmic dynein 1 and 

cytoplasmic dynein 2. 

 

Cytoplasmic dynein 1 is the most abundant cytoplasmic dynein complex (Pfister et al., 

2006). The core of the cytoplasmic dynein 1 complex is a homodimer of two heavy 

chain polypeptides associated with various accessory subunits such as the intermediate 

chain, intermediate light chain and light chain. 
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The large globular heads of the heavy chain subunits are each made up of seven 

domains (1-6 and the last domain named C, representing the C-terminus of the heavy 

chain). These seven domains surround a central cavity. Dynein requires ATP to 

function; hence the site of ATP hydrolysis is located in domain 1. The entire dynein 

motor complex binds to the microtubule via the microtubule-binding site, located 

between domains 4 and 5 (Figure 2.3) (Pfister et al., 2006). 

 

A pair of intermediate chains and two light intermediate chains bind to the N-termini of 

the heavy chains. In return, light chains bind to the intermediate chains. The light chain 

component consists of three distinct families: Tctex, Roadblock and light chain 8 (LC8) 

(Pfister et al., 2005). However, light chains are not unique to cytoplasmic dynein as 

there is increasing evidence to show that they are shared with several axonemal dyneins 

(King et al., 1996). These accessory subunits may have a role in specifying the cargo 

that dynein interacts with and/or regulate the function of the dynein heavy chain (King 

and Schroer, 2000). 

 

While axonemal dynein is responsible for powering ciliary and flagella motility by 

driving the sliding of adjacent microtubule doublets, cytoplasmic dynein is implicated 

in several other processes (Gill et al., 1991). Cytoplasmic dynein alone is sufficient to 

drive microtubule gliding independently in in vitro studies. 

 

However, within the cell, a second protein complex known as dynactin is required for 

most of cytoplasmic dynein’s motile function. The largest subunit of dynactin, p150
Glued

 

interacts directly with both cytoplasmic dynein (specifically with intermediate chains 

(Vaughan and Vallee, 1995)) and microtubules (Levy and Holzbaur, 2006). Knockouts 

of these essential proteins in either the fly or the mice are lethal in early embryogenesis 

(Swaroop et al., 1986; Gepner et al., 1996; Harada et al., 1998).  

 

Regulating retrograde transport suggests that the dynein-dynactin complex does not 

have a key role in supplying new material to distal regions in cell types such as neurons. 

However, dynein plays an essential role in facilitating traffic from the endoplasmic 

reticulum to the Golgi apparatus. Hence, any disruption of dynein/dynactin function 

may perturb the synthesis of new membrane-associated or secreted material over time 
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Figure 2.3 The dynein motor complex is made up of variable chains. The heavy 

chain subunits consist of two large globular heads. Each of this subunit contains 7 

different domains (1-6 and C representing the C-terminus of the heavy chain). The 

ATP hydrolysis site is located in domain 1. The microtubule (MT) binding site is 

located between domains 4 and 5. The intermediate chains and intermediate light 

chains bind to the N-termini of the heavy chain. Variable light chains bind to the 

intermediate chains. Image taken and modified from Pfister et al., 2006. 
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(Levy and Holzbaur, 2006). In addition, dynein also has duties in other areas such as 

neuronal migration, protein recycling and degradation (Goldstein and Yang, 2000).  

 

At present, the potential functional role of dynein in osteoclasts has not been examined. 

Nonetheless, by analogy with studies on dynein in neurons, it is likely that dynein plays 

similar roles during protein transport, recycling and bone matrix degradation in 

osteoclasts.  

 

 

2.5.2 Dynactin 

 

The name “dynactin” is derived from dynein activator and hence dynactin is implicated 

in the activation of dynein-mediated, minus-end directed vesicle transport. Like dynein, 

dynactin is a multi-protein complex with specific microtubule- and cargo-binding 

domains. It is an integral part of the cytoplasmic dynein motor and is required in most 

types of cytoplasmic dynein activity (Vaughan and Vallee, 1995; Levy and Holzbaur, 

2006). Dynactin binds to the dynein motor directly (Figure 2.4) and allows for the 

motor to traverse over long distances on the microtubule (Schroer, 2004). It also assists 

dynein-based motility by acting as an adaptor protein that allows dynein to bind to 

various cargoes and increasing dynein processivity (Melkonian et al., 2007).  

 

Although conventionally viewed as a minus-end-directed motor, dynein is often 

observed at microtubule plus-ends where it is thought to assemble and initiate transport 

(Valetti et al., 1999; Lansbergen et al., 2004). The association of dynein with the 

microtubule plus-ends is modulated by dynactin and several other factors. The 

localisation of the cytoskeleton-associated protein glycine (CAP-Gly) rich domain 

linker protein (CLIP-170) and dynactin to the microtubule plus-ends usually depends on 

End Binding 1 (EB1), although all three factors can interact with tubulin directly 

(Hayashi et al., 2005; Honnappa et al., 2006; Hayashi et al., 2007). Lissencephaly 1 

(LIS1) is probably recruited to the microtubule plus-ends by interacting with CLIP-170. 

LIS1-nuclear distribution protein E (NudE) or LIS1-NudE-like (NudEL) and dynactin 

then target dynein to the plus-ends although dynein itself may contribute to its 

association with the microtubule plus-ends (Lansbergen et al., 2004; Kardon and Vale, 

2009).  



Figure 2.4 Schematic representation of the cytoplasmic dynein complex and its 

interaction with dynactin. Dynactin is made up of various subunits, including 

p150Glued, Arp1 and p50/dynamitin. p150Glued is the largest subunit in dynactin, and 

interacts with the dynein intermediate chains and microtubules directly. Four 

dynamitin monomers are involved in mediating the attachment of p150Glued to the 

Arp1 filament. Hence, the overexpression of dynamitin leads to the dissociation of 

p150Glued from Arp1, resulting in the dissociation of the entire dynactin complex. 

Image taken and modified from Hirokawa, 1998b. 
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Following recruitment to microtubule plus-end, dynein probes the cytoplasm for 

cellular cargoes such as an organelle or the cell cortex. However, in some cases dynein 

can be recruited to cargo directly in the cytosol. Once the dynein motor complex is 

loaded with cargo, LIS1-NudE or LIS1-NudEL and dynactin promotes its release from 

the microtubule plus-end and initiate motility through an as yet unknown mechanism 

(Kardon and Vale, 2009).  

 

Cargo binding is achieved by the interaction of dynein with specific receptors, directly 

or through dynactin and the cargo linker Bicaudal D (Hoogenraad et al., 2001; Matanis 

et al., 2002), and by the interaction of dynactin with spectrin, a filamentous protein that 

coats the cytoplasmic face of the Golgi or other cell membranes (Allan, 1994). 

 

The dynactin protein complex is composed of eleven distinct protein subunits and 

contains two morphologically distinct structural domains (Schroer, 2004). The rod 

shaped domain mediates binding with the cargo and the extended projection interacts 

with cytoplasmic dynein and microtubules. The two largest components of dynactin are 

p150
Glued

 and actin-related 1 protein (Arp1), which are best characterised out of all the 

subunits (Schafer et al., 1994; Eckley et al., 1999). These two units are bridged by a 

50kDa subunit, p50 dynamitin.  These dynactin protein subunits will be discussed in 

further detail in 2.5.3 The p150Glued subunit, 2.5.4 Actin-related protein 1 (Arp1) and 

2.5.5 The p50 subunit of dynactin – Dynamitin respectively. 

 

 

2.5.3 The p150Glued subunit 

 

The p150
Glued

 subunit constitutes the largest subunit in the dynactin complex. It interacts 

with the other subunits through its C-terminus and other motor proteins through its 

coiled-coil domains (Schroer, 2004). p150
Glued

 contains binding sites to both 

microtubules and the intermediate chains of the dynein motor complex (Dell, 2003). 

Although p150
Glued

 acts as a platform for motor binding, it has the ability to interact 

with microtubules independently of cytoplasmic dynein (Kim et al., 2007). The 

microtubule binding site is localised on the extreme N terminus and consists of a CAP-

Gly domain and a basic region, both which are positioned within the first two hundred 

amino acid residues (Vaughan et al., 2002; Culver-Hanlon et al., 2006).  
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The p150
Glued

 primary transcript is thought to yield a number of alternatively spliced 

mRNAs (Tokito and Holzbaur, 1998) and neuronal tissues have been found to produce 

a second isoform of p150
Glued. This alternatively spliced 135kDa isoform lacks the 

microtubule-binding domain and may suggest that this domain could be dispensable for 

at least some of the dynactin functions in non-dividing cells (Tokito et al., 1996; Kim et 

al., 2007). This hypothesis is evidenced by the use of truncated p150
Glued

 protein lacking 

the microtubule-binding domain. In these assays, only organisation of radial 

microtubule arrays was affected but not microtubule-dependent transport (Kim et al., 

2007).  

 

Another function of the microtubule-binding domain of p150
Glued

 is to localise the 

dynactin complex to the plus-ends of dynamically growing microtubules (Vaughan et 

al., 2002). p150
Glued

 belongs to a family of microtubule plus-end binding proteins and 

colocalises with other proteins such as CLIP-170 and EB1 to the plus-ends of growing 

microtubules (Vaughan et al., 1999; Ligon et al., 2003; Lansbergen et al., 2004). 

 

The binding affinity of p150
Glued

 to the microtubule is regulated by phosphorylation 

(Vaughan et al., 2002) and the accumulation of p150
Glued

 at the plus-ends of 

microtubules may facilitate the loading of retrograde cargo onto microtubules (Vaughan, 

2005).  

 

 

2.5.4 Actin-related protein 1 (Arp1) 

 

Arp1 is a 45kDa actin-related protein (Karki and Holzbaur, 1999) and was first 

identified as a component of dynactin.  It works in tandem with the microtubule-based 

motor cytoplasmic dynein to drive various types of intracellular motility (Schroer et al., 

1996). Dynactin is known to contain eight or nine Arp1 monomers in a 37nm filament 

(Schafer et al., 1994), hence Arp1 comprises nearly one-third of the mass of the 

dynactin complex and contributes to the latter’s major structural domain. Within the 

dynactin complex, the Arp1 filament is bounded by an actin-capping protein at one end 

and heterotetrameric protein complex containing the p62 subunit (Eckley et al., 1999). 
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Of all the ubiquitously expressed members of the Arp superfamily, Arp1 is the most 

similar to conventional actin (Lees-Miller et al., 1992; Schroer et al., 1994). However, 

despite the significant sequence homology between Arp1 and conventional actin, they 

behave quite differently. Arp1 disassembles into stable dimers (Mockrin and Korn, 

1983), which can bind and hydrolyse ATP to both adenosine diphosphate (ADP) and 

adenosine monophosphate (AMP) (Bingham and Schroer, 1999).  

 

In addition, Bingham and Schroer (1999) also observed that Arp1 polymerises at 

extremely low concentrations. However, even when the concentrations were increased 

significantly, Arp1 filaments remained shorter than conventional filaments, with 

polymerisation appearing to be self-limiting. The self-regulating feature of Arp1 

polymerisation is likely to be an important feature for Arp1 assembly in the dynactin 

complex in vivo. It is also likely that other subunits within the dynactin complex 

influences Arp1 polymerisation to ensure the formation of the highly uniformed 

filaments found in dynactin (Schafer et al., 1994).  

 

 

2.5.5 The p50 subunit of dynactin – Dynamitin 

 

Dynactin contains two distinct structure domains: a cargo-binding structure and a 

projecting arm that binds to microtubules. These two structures are linked via a 

triangular shoulder, which is a tetramer of dynamitin (Schafer et al., 1994; Eckley et al., 

1999; Schroer, 2004; Imai et al., 2006). Also known as the p50 subunit of the dynactin 

complex, dynamitin has emerged as an especially important element of dynactin 

structure (Schroer, 2004). Based on dynactin ultrastructural studies, dynamitin was 

postulated to be responsible for attaching p150
Glued

 to the Arp1 filament, a hypothesis 

which was later verified biochemically (Schafer et al., 1994).  

 

The affinity of p150
Glued

 for the Arp1 filament is dependent on the expression levels of 

dynamitin. At normal levels of expression, there are only four dynamitin subunits per 

dynactin complex. At high levels of dynamitin expression, the excess dynamitin acts 

competitively to dissociate p150
Glued

 from the Arp1 filament, disrupting the integrity of 

the dynactin complex. This effectively inhibits dynein-dynactin function within the cell 
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and hence dynamitin is commonly used as an inhibitor of cytoplasmic dynein-based 

motility in living cells (Echeverri et al., 1996; Levy and Holzbaur, 2006). 

 

 

 2.5.6 Overexpression of dynamitin as a molecular tool for disrupting dynein-

dynactin function 

 

The precise biochemical details of dynamitin-mediated disruption of the dynactin 

complex were recently resolved by Melkonian and colleagues (2007). In their study 

they found that dynamitin monomers self-associated readily during sedimentation 

equilibrium studies. The presence of excess, free dynamitin subunits resulted in the 

release of two p150
Glued

 subunits and one p24 subunit from the Arp1 minifilament. 

During this process, the exchange of two dynamitin exogenous monomers for two 

endogenous monomers occurred simultaneously (Figure 2.5). In addition, dynamitin 

mediated disruption of dynactin was shown to be concentration-dependent.  

 

Inhibition of dynein function via overexpression of dynamitin has been widely 

employed in the past as a tool for examining dynein-related functions in a variety of cell 

types. For example, dynamitin-mediated dynein disruption has been shown to impair 

nuclear accumulation of nuclear factor κB (NFκB) in neurons, resulting in reduced 

NFκB-dependent transcriptional activity (Mikenberg et al., 2007). Nuclear targeting 

involves recognition of the nuclear localisation sequence (NLS), which is present in the 

p50 and p65 subunits of NFκB. NLS interacts with the cytoplasmic receptor known as 

importin (Fagerlund et al., 2005). Importins are required for translocation across the 

nuclear envelope through interactions with the nuclear pore complex (NPC). In addition, 

importins are also responsible for retrograde transport (Hanz and Fainzilber, 2004). In 

several studies, it has been shown that NLS-containing proteins associated with 

importins were delivered to the area of the nuclear membrane along microtubules via 

dynein (Campbell and Hope, 2003; Howe, 2005). 

 

Similarly, the pathway involved in osteoclastogenesis requires RANKL (Suda et al., 

1999), which ensures the formation and survival of osteoclasts by RANKL-induced 

activation of NFκB. Treatments with berberine, a major isoquinoline alkaloid present in 

numerous clinically important medicinal plants or conjugated linoleic acid (CLA) have 



Figure 2.5 Mechanism of dynamitin-mediated dynactin disruption. Two views are 

provided: a top/side view (left) and a cross-sectional view (right). p150Glued is white, 

endogenous dynamitin is red, exogenous dynamitin is blue and the Arp1 filament is 

light blue. In the top and middle figures, free dynamitin monomers bind to the dynactin 

molecule. The presence of additional dynamitin monomers alter the subunit-subunit 

interactions within the dynactin shoulder/sidearm complex and the assembly becomes 

unstable. In the bottom figure, endogenous dynactin subunits (two p150Glued, two 

dynamitin) are released. This results in a new Arp1 assembly, consisting of two 

exogenous dynamitins and two endogenous dynamitins. This new assembly is stable. It 

appears that the complexes produced by the disruption reaction are dead-end reaction 

products, because the subunits that are released do not rebind to the Arp1 filament. 

Image taken and modified from Melkonian et al., 2007. 
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inhibited osteoclast formation, differentiation and survival by suppression of NF B 

activation and its pathways (Rahman et al., 2006; Hu et al., 2008) Hence, it is tempting 

to speculate that the overexpression of dynamitin in osteoclasts may result in similar 

impaired nuclear accumulation of NF B and reduced NF B-dependent transcriptional 

activity. 

 

 

2.6 REGULATION OF THE DYNEIN COMPLEX 

 

Cytoplasmic dynein is responsible for a wide range of cellular roles but the 

mechanism(s) by which a single motor protein has the ability to perform so many 

functions remains unclear. Current data on the motor domain organisation and 

regulation of cytoplasmic dynein suggests that there is a highly complex degree of 

allosteric communication within and between motor domains (Höök et al., 2005). 

Combined with numerous recruitment proteins that add to the plethora of dynein 

targeting mechanisms, these factors may account for why dynein is able to perform a 

diversity of cellular functions (Vallee et al., 2012). Rab GTPases, together with two 

other dynein regulators, dynactin and a complex of the dynein-interacting protein LIS1 

and NudE (or its paralogue NudEL) have been found to not only recruit dynein to sites 

of action (refer to Chapter 2.5.2 Dynactin) but also regulate cytoplasmic dynein motor 

activity (Ross et al., 2006; Kardon et al., 2009).  

 

Rab GTPases perform central roles in motor protein regulation and play a key role in 

determining how cells attach their membranous cargo to motor proteins and the 

microtubule network (Horgan and McCaffrey, 2011). For example, Rab11A has been 

recently found to control trafficking processes from sorting endosomes to the 

endosomal recycling compartment by linking cytoplasmic dynein 1 light intermediate 

chain components via the Rab11 effector protein, Family Interacting Protein 3 (FIP3) 

(Horgan et al., 2010a; Horgan et al., 2010b). In addition, this interaction is important in 

ensuring the integrity of the Golgi complex as overexpression of Rab11-FIP3 results in 

Golgi fragmentation (Horgan et al., 2010a). 

 

Of all the Rab family members, Rab6 members have the most distinct molecular links 

with cytoplasmic dynein 1 complexes (Short et al., 2002; Fuchs et al., 2005). Rab6A, 
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Rab6A’ and Rab6B all bind directly to the cytoplasmic dynein-1 Roadblock LC-1 

subunit. This ensemble is proposed to stabilise further binding of other interacting 

proteins such as p150
Glued 

and bicaudal-D1, forming a multiprotein assembly that has 

specific functions in retrograde transport in cells (Wanschers et al., 2008). 

 

Dynactin, an activator of dynein motility (Gill et al., 1991), regulates dynein 

processivity by tethering dynein to microtubules. This prevents dynein from diffusing 

away from the microtubules after attachment (Waterman-Storer et al., 1995). 

 

Previous studies have found that the interaction between LIS1 and the dynein motor 

domain occurred only during the pre-power-stroke stage and strengthened the dynein-

microtubule association, which was normally weak at this stage (Torisawa et al., 2011; 

Huang et al., 2012). Furthermore, LIS1 interactions with cytoplasmic dynein 

significantly increased the capacity of the dynein molecules. In turn, dynein molecules 

were now able to transport higher loads than normal, an observation which was touted 

to be a novel form of dynein regulation by LIS1 (McKenney et al., 2010). Interestingly, 

McKenney and co-workers also found that NudE’s interactions with cytoplasmic dynein 

was the exact opposite as NudE inhibited dynein motor activity under the exact same 

conditions. However, this tripartite complex of LIS1, NudE and dynein transformed 

dynein to adopt a persistent force-producing state and enhanced multiple motor 

transport under loading, a behaviour that may be essential when the dynein motor is 

required to produce force against large opposing loads, such as during nuclear migration 

(Tsai et al., 2007). 

 

 

2.7 KINESIN 

 

Like dynein, kinesin superfamily proteins (KIFs) are involved in the transport of 

vesicles, organelles, protein complexes and mRNA to specific destinations via the 

microtubule network while hydrolysing ATP for energy (Hirokawa, 1996; Hirokawa, 

1998b; Hirokawa and Takemura, 2005).  An approximate 360 residue globular domain 

is the hallmark of KIFs. This particular domain is well conserved across all members 

and contains the site for ATP hydrolysis and microtubule binding (Aizawa et al., 1992). 
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From initial observations made using electron microscopy, five major kinesin families 

were discovered in the mouse brain (Hirokawa, 1982; Aizawa et al., 1992) Currently, 

there are a total of 45 mammalian KIF genes but the number of KIF proteins could be 

more than doubled due to the multiple isoforms that can be generated from alternative 

mRNA splicing (Miki et al., 2001). 

 

In all, the kinesin superfamily is composed by 15 families, which are termed kinesin-1 

to kinesin-14B (Figure 2.6) (Lawrence et al., 2004). The family members can be 

categorised into three groups based on the position of the motor domain in the 

molecule: 1) N-kinesin, 2) M-kinesin and 3) C-kinesin. The N-, M- and C-kinesins have 

a motor domain in the amino-terminal region, middle region and the carboxy-terminal 

region respectively (Hirokawa et al., 2009). In general, N-kinesins drive microtubule 

plus-end directed motility that is anterograde towards the cell periphery.  On the other 

hand, C-kinesins, together with cytoplasmic dynein, drive microtubule minus-end 

directed motility that is retrograde towards the cell centre. Thus far, M-kinesins have 

been observed to play a role in the depolymerisation of microtubules (Hirokawa, 1998b; 

Dagenbach and Endow, 2004).  

 

Among all its vast family members, kinesin-1 is the most abundant. It comprises of two 

heavy chains and two light chains. The former is a multidomain protein that contains the 

catalytic motor domain, the microtubule-binding site and a short neck (Miki et al., 

2005). The short neck domain is essential for processive movement and directional 

control (Henry et al., 2006). Kinesin-1 family members are reported to function as 

organelle transporters (Brady et al., 1990) and are also involved in nuclear movement 

(Holzinger and Lütz-Meindl, 2002). 

 

Heterotrimeric-kinesin (also known as kinesin-2) is the second most abundant kinesin 

member of eukaryotic cells (Berezuk and Schroer, 2004). It is composed of two 

different motor subunits and a non-motor accessory protein (Henry et al., 2006). 

Kinesin-2 is ubiquitously expressed but enriched in the nervous system, where it is 

involved in the axonal transport of vesicle and neurite extension (Takeda et al., 2000) 

 

 



Figure 2.6 Structural differences amongst the kinesin superfamily members 

determine their directional motility, isoform specific regulation, and confer 

specialised functional properties. All family members of the kinesin superfamily 

(KIF) proteins contain a motor domain (orange) and can be categorised into three 

different groups based on the position of the motor domain. In addition, the position 

of the motor domain also determines the directional motility of the protein. For 

example, kinesins with the amino-terminal motor domain undergo motility to the 

plus-end of microtubules, while kinesins with the carboxy-terminal motor undergo 

minus-end directed motility. The kinesin members that have a central motor domain 

(e.g. kinesin-13) do not undergo motility. Instead, these motors destabilise 

microtubules. Some kinesin motors (kinesin-8 and -14) can perform both functions, 

while other members (kinesin-5 and -14) can cross-link and slide adjacent 

microtubules. Kinesin-6 motors contain a unique loop in their motor domains. Many 

kinesin members contain coiled-coil segments (green) for oligomerisation. Of all, 

kinesin-1 is the most abundantly expressed and is composed of two heavy chains 

(KHC) and two light chains (KLC). Kinesins also contain unique non-motor domains 

(blue), which confer isoform specific regulation and/or functional properties that help 

to distinguish the different kinesin families. Image taken and modified from Verhey 

and Hammond, 2009. 
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2.7.1 Kinesin-mediated cellular transport 

 

Kinesin transport is well established in both neuronal and non-neuronal cell types. In 

the neurons, kinesin is implicated in the transport of synaptic proteins (Hall and 

Hedgecock, 1991; Okada et al., 1995), distribution of mitochondria along the full length 

of the axon (Nangaku et al., 1994; Tanaka et al., 1998), elongation of neurites 

(Yamazaki et al., 1995)  and the polarisation of neurons (Nakata and Hirokawa, 2003; 

Witte et al., 2008). Kinesins also play similar roles in non-neuronal cell types but 

various kinesins specifically transport cellular cargo from the Golgi to the endoplasmic 

reticulum (Wo niak and Allan, 2006) and from the trans-Golgi network to the plasma 

membrane (Nakagawa et al., 2000), as well as transport organelles such as the lysosome 

and the endosome in conventional cell types (Nakata and Hirokawa, 1995; Brown et al., 

2005). In addition, kinesins also regulate transport in cells that possess specialised 

processes such as the cilia and flagella (Ou et al., 2005; Jenkins et al., 2006).  

 

 

2.7.2 Regulation of kinesin-driven cargo complexes 

 

Loading and unloading of cellular cargos from the various kinesin motor proteins at 

specific cellular locations are controlled by various regulatory mechanisms. As kinesins 

are phospho-proteins, their phosphorylation states can regulate their cellular function 

(Sato-Yoshitake et al., 1992; Hollenbeck, 1993). It is predicted that the phosphorylation 

of kinesin may control loading and unloading of cellular cargo, as well as modulate the 

binding of kinesin motor proteins to the microtubule network (Hollenbeck, 1993; 

Matthies et al., 1993). In particular, the phosphorylation state of kinesin has been 

closely linked to its role in organelle binding, as well as determining the resultant 

magnitude of organelle transport within the cell (Lee and Hollenbeck, 1995). 

 

In addition, Rab GTPases may also have a role in regulating the association and 

dissociation between the kinesin motor protein and organelles. A direct and GTP-

dependent interaction between Rab6A and KIF20A was amongst one of the first 

identified Rab-mediated membrane association with kinesin motors (Echard et al., 

1998). Subsequent studies found that interaction between Rab6A and KIF20A was also 
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required for successful cleavage furrow formation and cytokinesis during cellular 

division (Hill et al., 2000).  

 

 

2.7.3 Importance of kinesin-mediated cellular transport in physiological conditions 

 

Results observed after knockout and conditional knockout of KIF genes in murine 

models have demonstrated that kinesin-mediated cellular transport plays an essential 

role in physiology. For example, KIF3 knockout mice embryos exhibited severe 

developmental abnormalities including neural tube degeneration, mesodermal and 

caudal dysgenesis and failed to survive past the midgestational period (Takeda et al., 

1999). Interestingly, these knockout mice also exhibited randomisation of left-right 

body determination. It is hypothesised that KIF3 is involved through intraciliary 

transportation of materials when it generates cilia in the ventral node, a region essential 

for the process of left-right body determination (Marszalek et al., 1998; Nonaka et al., 

1998). 

 

Furthermore, loss of other KIF members such as KIF1A, KIF2A and KIF5A in murine 

models is often lethal during the perinatal phase. Heterozygous knockout models 

continue to exhibit varying degrees of brain abnormalities and neurodegenerative 

diseases (Yonekawa et al., 1998; Homma et al., 2003; Karle et al., 2012). On the 

contrary, overexpression of KIFs such as KIF17 enhanced higher brain function as this 

transgenic mouse strain exhibited significant improvement in working and spatial 

memories (Wong et al., 2002). 

 

Kinesin undoubtedly plays an essential role in the transport of cellular cargo to specific 

cellular locations. However, although many of the cargos ferried by kinesin have been 

identified thus far, the mechanism(s) by which these cargo recognise the individual 

kinesin isoforms and vice versa remains unclear.  
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2.8 MICROFILAMENTS  

 

The cytoskeleton comprises of three distinct filaments, each composed by chemically 

unique subunits. The major constituent of microfilaments is actin, which is a highly 

conserved and abundantly expressed protein found in eukaryotic cells. This 42kDa 

globular protein behaves akin to tubulin monomers in microtubules, where there is 

constant oscillation from states of polymerisation and disassembly between globular-

actin (G-actin) monomers and the more commonly observed F-actin form (Pollard and 

Borisy, 2003; Bugyi and Carlier, 2010). Like dynamically growing microtubules, the 

actin cytoskeleton is also constantly remodelled to cope with changes. However, the 

distinguishing property between actin and tubulin is the former’s ability to produce 

movement independent of motor proteins.  

 

Microfilament assembly at the cell membrane causes the membrane to protrude 

outwards, producing the ruffling membranes commonly observed in actively moving 

cells. In addition, microfilaments can also play a passive structural role, such as 

providing the internal stiffening rods in microvilli, where it helps to maintain cell shape 

and anchor cytoskeletal proteins (dos Remedios et al., 2003).  

 

Actin, together with the microtubule network, their respective associated motors and 

accessory proteins, provide the cell with necessary structure and organisation. Besides 

basic functions, the actin cytoskeleton also participates actively in a plethora of cellular 

events. These include cell adhesion, cell migration, cell polarisation, endocytic cellular 

traffic and control of cellular morphology (Engqvist-Goldstein and Drubin, 2003; 

Kaksonen et al., 2006; Parson et al., 2010).  

 

Like their microtubule counterparts, actin filaments form the fundamental network 

necessary for intracellular trafficking by myosin, the actin-based motor protein. 

However, whilst the orderly microtubule filaments provide long-distance transport from 

the cell periphery to the nucleus or vice versa (Gross et al., 2002), actin filaments 

provide local transport from the microtubule filaments to the remainder of the cell 

(Rodionov et al., 2003). 
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Actin binds to a substantial number of proteins collectively known as actin binding 

proteins (ABPs). These ABPs are widely distributed in nature and some of their more 

recognised members include actin-depolymerising factor (ADF)/cofilin, profilin, 

gelsolin and actin-related protein 2/3 (Arp2/3) (dos Remedios et al., 2003). The main 

role of these ABPs is to regulate actin driven assembly, a movement independent of 

motor proteins. In addition, they are also involved in activities such as: 1) maintaining 

populations of unassembled but assembly ready actin monomers (e.g. profilin) (Winder 

and Ayscough, 2005); 2) binding and blocking growing ends of actin (e.g. gelsolin) 

(Selden et al., 1998); 3) nucleating actin assembly (e.g. ADF/cofilin) (Winder and 

Ayscough, 2005) and 4) binding to sides of actin filaments and cross-linking actin 

filaments (e.g. Arp2/3) (Mullins et al., 1998). 

 

 

2.8.1 F-actin expression and localisation in osteoclasts 

 

Podosomes are the most prominent part of the actin cytoskeleton in monocyte-derived 

cells such as macrophages, dendritic cells and osteoclasts (Akisaka et al., 2008). They 

are specialised adhesion structures and are commonly referred to as modified focal 

adhesions (Marchisio et al., 1984; Teti et al., 1991). This is because actin filaments in 

podosomes converge and terminate at the plasma membrane. Interactions between the 

membrane and the cytoskeleton are concentrated at podosomes, which contain various 

actin-regulating proteins (Jurdic et al., 2006). 

 

Similar to microtubule arrangement in osteoclasts, microfilament arrangement in 

osteoclasts also varies during different phases of the bone resorption cycle (Figure 2.7). 

For instance, in migrating osteoclasts, microfilaments form podosome structures 

containing vinculin, talin and F-actin at the paramarginal area of the cell. F-actin 

staining of these podosomes with rhodamine-conjugated phalloidin shows strong, dot-

like appearance (Akisaka et al., 2001). This observation is similar to osteoclasts that are 

non-motile and not actively resorbing bone (i.e. osteoclasts that are cultured on glass or 

plastic). These stationary osteoclasts are formed when lamellipodium fades gradually, 

being replaced by increasing podosomes that coalesce to form a belt-like adhesion 

structure (Akisaka et al., 2008). When preparing for resorption, F-actin forms a ring-

like attachment area around the resorption lacunae (Lakkakorpi and Väänänen, 1991). 



Figure 2.7 Different F-actin structures are observed during osteoclast 

differentiation and activation. The podosome unit is composed of an F-actin core, 
known as the podosome core (A). It contains activators of actin polymerisation (e.g. 
gelsolin), surrounded by an actin cloud containing actin regulatory proteins (e.g. 
paxilin, Pyk2 etc.) (B). In the early stage of osteoclast differentiation, podosomes are 
organised in clusters, which will evolve into dynamic rings. Once stabilised, these 
rings will coalesce to form a podosome belt through the action of acetylated 
microtubules. When the osteoclasts become activated on bone surfaces, F-actin 
condenses to form a thick sealing zone, which isolates the area from the surroundings 
in preparation for bone resorption. Bar=10μm. (C and D). Images taken and modified 
from Jurdic et al., 2006 and Saltel et al., 2004.  

A B 

C 

D 
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The area demarcated by the ring is then resorbed. The typical dot-like podosomes are 

never present in actively resorbing osteoclasts (Akisaka et al., 2001). 

 

Treating actin filaments with inhibitors often disrupts osteoclast F-actin ring formation, 

and subsequently impacts bone resorptive activity. For example, compactin, which 

simultaneously inhibits the biosynthesis of cholesterol and formation of F-actin rings, 

prevented the fusion of immature osteoclasts and inhibited bone resorption (Woo et al., 

2000). Similarly, administration of cytochalasin D, a potent inhibitor of F-actin 

polymerisation and elongation, also resulted in a 70% reduction of the ruffled border 

and clear zone. (Sasaki et al., 1993). Taken together, current literature suggests that the 

presence and integrity of actin filaments in osteoclasts is necessary for their function.  

  

 

2.9 ACTIN-BASED TRANSPORT 

 

In actin filaments, myosin motors are responsible for the movement of cellular cargoes. 

However, due to the nature of short actin filaments, actin-based transport is generally 

much slower (Huang et al., 1999). In contrast to microtubules’ support of long distance 

organelle movement, myosins are responsible for cellular transportation within local 

areas (Atkinson et al., 1992; Langford, 1995; Kelleher and Titus, 1996). 

 

At least 18 classes of myosins are known to exist, including the well-characterised class 

II myosin in muscle and non-muscle cells. Actin filaments and myosin motors are 

required for vesicle transport and retention of organelles at specific cellular locations 

(DePina and Langford, 1999). For example, actin filament’s involvement in 

endoplasmic reticulum transport has been established in both plant cells (Liebe and 

Menzel, 1995; Boevink et al., 1998) and animal cells (Stürmer et al., 1995). However, 

the most conclusive evidence for the role of actin filaments in endoplasmic reticulum 

transport comes from observations carried out in axonal transportin nerve cells isolated 

from the giant squid (Langford, 1999). Langford and colleagues showed that 

endoplasmic reticulum vesicles in the giant squid are transported on both microtubules 

and actin filaments in vitro (Kuznetsov et al., 1994), and that the actin-based motor 

responsible was myosin 5 (Tabb et al., 1998).  Mutation in this particular actin motor 
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protein produces similar neurological defects to those present in Griscelli disease 

(Takagishi and Murata, 2006).  

 

In addition to endoplasmic reticulum transport, actin filaments are also implicated in the 

organisation of Golgi stacks (Boevink et al., 1998) as well as transportation of Golgi-

derived vesicles to the plasma membrane. When treated with the actin depolymerising 

drug cytochalasin, Golgi stacks either collapsed or formed aggregates, indicating that 

their localisation and movement were highly dependent on intact actin filaments (Satiat-

Jeunemaitre et al., 1996; Boevink et al., 1998). Furthermore, Golgi-derived vesicles 

isolated from Madin-Darby canine kidney (MDCK) epithelial cells were found to co-

sediment with actin filaments and also tested positive for the presence of actin-based 

molecular motor, myosin 1. It is believed that myosin 1 may play a role in the transport 

of Golgi-derived vesicles to and from the apical membranes in this cell population 

(Montes de Oca et al., 1997).  

 

In other cell types such as human carcinoma cells lines, myosin 6 has been identified as 

the mediator of Golgi transport. Myosin 6 is highly concentrated at the leading ruffling 

edge of these cells as well as juxtanuclear regions. Co-staining with Golgi markers have 

also revealed strong colocalisation of myosin 6 with the Golgi stacks present in 

juxtanuclear regions, indicative of myosin 6’s role in the transportation of Golgi-derived 

vesicles to the leading edges in carcinoma cells (Buss et al., 1998; Sahlender et al., 

2005).  

 

While there are still many instances of actin-mediated transport in the current literature, 

it is clear that organelle localisation and vesicle transport requires actin-based transport. 

However, there is mounting evidence to suggest that although the microtubule network 

and the actin network are distinct entities, they often cooperate to facilitate a wide array 

of cellular functions (Goode et al., 2000; Wehrle-Halle and Imhof, 2003; Schaefer et al., 

2008; Schoumacher et al., 2010).  The choice between microtubule-based and actin-

based transport is largely determined by distance. Often, microtubule-based transport 

are used for long distance movement while actin filaments are utilised in local 

movement (i.e. short distances such as from the Golgi to the endoplasmic reticulum or 

leading edge) and organelle positioning (Langford and Molyneaux, 1998).  
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Another topic that generates intense interest in actin-based transport involves 

identifying the myosin motors responsible for the movement and positioning of 

individual organelles and vesicles. Thus far, 18 myosin members have been identified 

and it is clear that many function as vesicle motors, although there probably exist 

overlaps in functions and redundancy amongst the various myosin members. 

 

 

2.10 TROPOMYOSIN 

 

Tropomyosins are key regulators of myosin-actin interactions and dynamics in both 

muscle and non-muscle cells (Gunning et al., 2005). In muscles, tropomyosin regulates 

the interaction between actin-containing thin filaments with myosin-containing thick 

filaments to allow for contraction. Cytoskeletal tropomoysins on the other hand, are 

expressed in most tissues and cell types, where they have defining effects on cell 

morphology, intracellular motility and cell migration (Ostap, 2008). Specifically, they 

play a role in actin translocation by regulating employment and activity of molecular 

motors such as myosins that move along actin filaments (Bryce et al., 2003).  

 

Tropomyosins bind to the major groove of F-actin and regulate access of other actin-

binding proteins to the microfilament (Gunning et al., 2008).  Tropomyosins help to 

stabilise actin filaments by preventing access of actin severing and depolymerising 

agents such as gelsolin and ADF/cofilin (Bernstein and Bamburg, 1982; Ishikawa et al., 

1989; Ono and Ono, 2002). Alternative splicing of the existing 4 tropomyosin genes in 

humans results in the expression of more than 40 isoforms. Multiple isoforms are 

commonly expressed simultaneously within a single cell type and the expression is 

developmentally regulated (Gunning et al., 2005). However, differing isoforms have 

distinct subcellular localisation, which results in the creation of distinct microfilament 

compartments (Perry, 2001; Schezov et al., 2005). For example, isoforms in the neurons 

are differentially sorted resulting in distinct tropomyosin-actin filament populations in 

the axons and growth cones, each with its unique morphological and dynamic features 

(Had et al., 1994; Schezov et al., 1997).  

 

Presence of different microfilament compartments appears to play a role in the control 

of cell morphology, cell motility and polarisation of cellular components although how 
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these individual compartments regulate these actual events in non-muscle cells remains 

unknown (Lin et al., 1997; Gunning et al., 1998; Percival et al., 2000). Current 

literature postulates that the onset of such cellular events is dependent on the binding of 

tropomyosin to actin, resulting in the modulation of the kinetics involving actin 

polymerisation and depolymerisation, as well as regulating the association between 

actin and actin severing, capping, cross-linking and nucleating proteins (Gunning et al., 

2008; Lin et al., 2008b).  

 

 

2.11 MYOSIN 

 

The myosin superfamily of actin-based molecular motors consists of at least 18 family 

members with diverse properties suited for a variety of cellular activities, ranging from 

power contraction of muscles to supporting the translocation of single organelles (Sokac 

and Bement, 2000; Berg et al., 2001; Hartman and Spudich, 2012) As regulators of 

plasma membrane organisation, myosins also act as transporters, anchors or help to 

maintain membrane tension (Krendel and Mooseker, 2005). To achieve these functions, 

myosins utilise energy derived from ATP hydrolysis to interact and translocate along 

actin filaments (Foth et al., 2006).  

 

Myosins can occur as monomeric or dimeric forms but despite their different 

biochemical properties and functions, each myosin follows the same model of 

organisation, which comprises of three major domains (Figure 2.8) including: 1) N-

terminal motor domain, or the “head”, 2) the “neck” region and 3) C-terminal “tail” 

domain (TV Cope et al., 1996; Sweeney and Houdusse, 2010). 

 

The “head” region is a conserved ~80kDa globular region that comprises the ATP-

binding site as well as an ATP-dependent F-actin binding site, and together they 

constitute the “motor” domain. The “neck” region, which is also known as the “lever 

arm”, can amplify the conformational change driven by ATP hydrolysis to trigger the 

movement of the whole protein as well as its attached cargo (Coluccio, 1997; Loubéry 

and Coudrier, 2008). This region contains a variable number of repeats of a 23-amino 

acid sequence, known as IQ domain, which can bind to regulatory light chains such as 

calmodulin (Mercer et al., 1991; Cheney and Mooseker, 1992; Mooseker and Cheney, 



Figure 2.8 Structure of the various myosin family members. The myosin 

superfamily consists of at least 18 members. Despite their different biochemical 

properties and functions, the various myosins have similar model of organisation, 

which usually comprises of three major domains: 1) N-terminal motor domain or the 

“head”; 2) the “neck” region and 3) the C-terminal “tail” domain.  The motor region is 

conserved and comprises the ATP-binding site. The “neck” region is also known as 

the “lever arm” and can amplify the conformational change resulting for ATP 

hydrolysis. It consists of varying number of repeats of a 23-amino acid sequence, 

known as the IQ domain. The tail domain provides for specificity during cargo 

binding and function. Myosin 1 is a group of single-headed myosin molecules, which 

is a unique feature amongst the double-headed myosin molecules. Following the 

model of organisation, myosin 1 has a motor region, several IQ domain and a tail-

homology (TH1) domain that is rich in basic residues. Myosin 1 members can be 

further divided into short tail or long tail forms, with the latter having an addition 

proline rich tail-homology 2 (TH2) and Src homology 3 (SH3) domains. Image taken 

and modified from Maravillas-Montero and Santos-Argumedo, 2011. 
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1995). Finally, the “tail” domain mediates interaction with cargo molecules and in some 

cases, is know to regulate myosin motor activity. 

 

Amino acid alignment of all classes of myosins revealed that whereas the myosin head 

domain exhibits strong conservation across all myosin families, tremendous variability 

exists among their tail domains (TV Cope et al., 1996; Krendel and Mooseker, 2005).  

These structural distinctions are thought to account for the vast number of diverse 

cargos that different myosins interact with and thus determine cargo specificity 

(Mermall et al., 1998).  

 

Amongst all the known myosin family members, skeletal muscle myosin is perhaps the 

best described due to its abundance in muscle fibres. Following the discovery of 

additional myosin related genes in simple eukaryotes, a new class of myosin motors 

evolved. These myosins collectively termed “unconventional myosins” form Class I 

myosins (Pollard et al., 1991) and are central to the investigations in this thesis. 

 

 

2.12 MYOSIN 1 

 

Class I myosins is a group of non-filamentous, single-headed myosin molecules. This 

unique feature distinguishes them from double-headed myosin molecules such as 

myosin 2. Similar to other myosin families, class I myosins comprise of a “head” region, 

several IQ domains and a tail-homology 1 (TH1) domain that is rich in basic residues 

(Figure 2.9). Class I myosins can be further divided into short forms or long forms, with 

the latter having additional proline-rich tail-homology 2 (TH2) and Src homology 3 

(SH3) domains (Coluccio, 1997; Barylko et al., 2000). The presence of these additional 

C-terminal structures in these long form myosins (e.g. Myo1e and Myo1f) are thought 

to play a role in mediating protein-protein interactions (McConnell and Tyska, 2010). 

 

In vertebrates, there are eight distinct class I myosin genes. Some of these myosin genes 

are expressed only in specific tissues (Myo1a in the intestine, Myo1f and Myo1g in 

haematopoetic cells) whereas some are expressed in nearly all cell types (Myo1b-

Myo1e) (Bikle et al., 1991; Berg et al., 2001; Kim et al., 2006; McConnell and Tyska, 

2010). Regardless of their expression profile, class I myosins are defined by their ability 



Figure 2.9 Structural arrangement of vertebrate class I myosins. All myosin 1 

isoforms share a similar structural arrangement, with a globular N-terminal motor 

domain (blue), which is connected to a membrane-binding tail (red) by an α-helical 

neck region (yellow) that binds 1-6 calmodulin light chains. The most variable domain 

is the neck region, which can comprise of variable numbers of IQ motifs. Additional 

IQ motifs bind to additional calmodulin light chains and also increase the length of the 

neck region, which may increase the size of the working stroke. Out of the eight 

isoforms, Myo1e and Myo1f are the two long-tailed vertebrate class I myosins. They 

are frequently referred to as “amoeboid” myosins because of their identical extended 

C-terminal tail structure first observed in the Acanthamoeba myosin 1 sequences. 

These additional domains may mediate ATP-dependent interactions with actin or bind 

directly to other proteins such as SH3. Regardless of their structural profiles, all 

myosin 1 isoforms are defined by their ability to mediate membrane interactions via 

the C-terminal tail homology 1(TH1) domain, which contains a putative pleckstrin 

homology (PH) lipid-binding motif. Image taken and modified from McConnell and 

Tyska, 2010. 
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to interact directly with the cell membrane. These interactions with the cell membrane 

are mediated by the TH1 domain, which contains a putative pleckstrin homology (PH) 

lipid-binding motif (Hokanson et al., 2006). Interactions with the cellular membrane 

include regulation of membrane tension (Nambiar et al., 2009), release of extracellular 

vesicles from the plasma membrane (McConnell and Tyska, 2007; McConnell et al., 

2009), mechanical coupling of ion channels to the underlying actin cytoskeleton (Assad 

et al., 1991; Hudspeth and Gillespie, 1994; Stauffer et al., 2005), endocytosis (Krendel 

et al., 2007) and exocytosis (Schietroma et al., 2007). As myosin 1 molecular motors 

are very versatile and partake in a myriad of cellular activities, a general overview of 

each of the myosin 1 isoforms will be given in the following sections (Refer to Chapter 

2.12.1-2.12.8, Myo1a-Myo1h respectively). 

 

 

2.12.1 Myosin 1a (Myo1a) 

 

Myo1a is abundantly found in the enterocyte microvillus and is known to interact with 

the apical membrane through its highly basic C-terminal tail domain (Hayden et al., 

1990). The intestinal brush border is made up of thousands of slender, finger-like 

protrusions of apical membrane known as microvilli. These microvilli are supported by 

parallel bundles of F-actin, making the intestinal epithelial cell brush border one of the 

richest, most highly organised F-actin regions in biological specimens (Brown and 

McKnight, 2010). As such, this actin rich region employs a wide array of actin binding 

proteins and actin motor proteins, many which help to regulate the dynamics of actin 

assembly and disassembly (Mooseker, 1978; Hirokawa et al., 1982).  

 

Myo1a knockout mice do not exhibit any overt changes in their physical appearance but 

display significant defects at the cellular level, especially in their microvillar 

morphology. Loss of Myo1a results in distinct perturbations to the brush border 

organisation in these mice, coupled with the loss of numerous cytoskeletal and 

membrane components from the brush border (Tyska et al., 2005). As such, functional 

Myo1a is required for the maintenance of normal composition and retention of the 

highly order structure found in the intestinal brush border (Tyska et al., 2005; 

McConnell and Tyska, 2007). It has become apparent that the maintenance of the brush 
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border integrity is due to Myo1a’s contribution to membrane-cytoskeleton adhesion, 

which enables the apical membrane to resist deformation (Nambiar et al., 2009).  

 

 

2.12.2 Myosin 1b (Myo1b) 

 

Vertebrate Myo1b is expressed in a wide array of tissues including the brain, heart, lung, 

kidney and liver (Ruppert et al., 1993). It is a kinetically slow myosin 1 isoform and the 

interaction between actin-Myo1b and ATP is biphasic, consisting of an initial fast pace 

followed by a slow pace (Komaba and Coluccio, 2010).  

 

In fractionation studies using rat liver as starting material, Myo1b has been found to 

associate predominantly with the plasma membrane and endoplasmic reticulum (Balish 

et al., 1999). In normal rat kidney cells however, Myo1b is found to primarily localise 

in actin-enriched protrusions of the membrane such as ruffles and lamellipodia (Ruppert 

et al., 1995). It appears that the tail domain of Myo1b is the region that determines its 

cellular localisation as expression of only the tail domain of Myo1b is sufficient for 

localisation to the plasma membrane (Komaba and Coluccio, 2010). 

 

Myo1b has also been implicated in the cytoplasmic distribution of endosomes and 

lysosomes, as well as the delivery of internalised molecules to lysosomes in mammalian 

cells (Raposo et al., 1999; Cordonnier et al., 2001). Overexpression studies involving 

Myo1b have that localisation and positioning of endosomes and lysosomes is perturbed 

(Raposo et al., 1999; Salas-Cortes et al., 2005).  

 

Being a highly versatile molecular motor, Myo1b also plays multiple roles, such as 

regulating the actin dependent post-Golgi traffic of cargo and generating force 

necessary for the assembly of F-actin foci (Coudrier and Almeida, 2011). Together with 

the cytoskeleton, Myo1b also promotes the formation of tubules at the trans-Golgi 

network (TGN). There is also evidence that actin, together with Myo1b, regulate 

organelle shape. Most recently, Myo1b has been implicated in the initiation of post-

Golgi carrier formation, which is achieved by regulating actin assembly and 

remodelling TGN membranes (Almeida et al., 2011). 
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2.12.3 Myosin 1c (Myo1c) 

 

Myo1c was the first mammalian, single-headed myosin to be purified, cloned and 

sequenced. Similar to Myo1b, it is a short-tailed myosin 1 family member and has been 

implicated in the translocation of plasma membrane channels and transporters (Barylko 

et al., 2005). Currently, Myo1c has been implicated in stabilising the mitotic spindle 

during cell division (Rump et al., 2011), glucose transport (Holman and Sakamoto, 

2008), hair cell adaptation (Gillespie and Cyr, 2004) and neuronal growth cone 

extension (Diefenbach et al., 2002; Wang et al., 2003a). 

 

Myo1c’s role in hair cell adaptation has perhaps, been its most defined role to date (Cyr 

et al., 2002; Batters et al., 2004). Hair cells, which are the sensory cells of the auditory 

and vestibular systems, rely on actin-rich structures for mechanoelectrical and 

electromechanical transduction (Gillespie et al., 1996). The importance of these actin 

rich structures within the hair cells suggests that motor proteins such as myosin, which 

generate force along actin, will be essential for proper function. In hair cells, Myo1c is 

located near stereociliary tips, where it is in prime position for regulating transduction 

and adaption (Dumont et al., 2002).  Although other myosin isoforms are also present in 

hair cells, Myo1c is present in these hair bundles in sufficient quantity such that it has 

been identified as the best-supported adaption motor candidate (Gillespie and Corey, 

1997).  

 

Varying missense mutations in the MYO1C gene have been associated with mild to 

severe hearing loss in patients, suggesting that proteins such as Myo1c, which are part 

of the sensory transduction apparatus, have a key role in sensorineural forms of hearing 

loss (Zadro et al., 2009).  

 

 

2.12.4 Myosin 1d (Myo1d) 

 

Myo1d is expressed in many cell lines and rat tissues, with the highest level of 

expression in adult rat brain tissues. Expression of Myo1d is regulated during rat brain 

ontogeny, rising 2-3 weeks postnatally with maximal expression in adult brain (Benesh 

et al., 2012). Myo1d was also found to localise in a subpopulations of neurons, with 
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prominent immunofluorescence staining in puncta structures located in cell bodies and 

apical dendrites (Bahler et al., 1994).  High expression of Myo1d are also found to be 

abundantly expressed in spinal cord motor neurons of Sprague-Dawley rats (Lund et al., 

2005).  

 

 

2.12.5 Myosin 1e (Myo1e) 

 

Myo1e is one of the two long-tailed type 1 myosins in vertebrates and previous studies 

have demonstrated the localisation of Myo1e to podocytes within the kidney (Bement et 

al., 1994; Krendel et al., 2009). Myo1e is essential for normal kidney podocyte function 

and the consequent integrity of the glomerular filtration barrier.  Myo1e knockout mice 

exhibited proteinuria, signs of chronic renal injury and kidney inflammation. Renal 

tissues from these mice also displayed distinctive changes characteristic of glomerular 

disease, which included a thickened and disorganised glomerular basement membrane 

and flattened foot podocyte processes (Krendel et al., 2009; Chase et al., 2012). In 

humans, a missense mutation in Myo1e results in autosomal recessive focal segmented 

glomeruloscelerosis, a disease of the podocytes, which are major components of the 

glomerular filtration barrier. Patients homozygous for the mutations do not respond to 

glucocorticoid therapy and display similar thickening and disorganisation of the 

glomerular basement membrane (Mele et al., 2011).  

 

 

2.12.6 Myosin 1f (Myo1f) 

 

Myo1f is the second long-tailed myosin 1 isoform but unlike Myo1e, the former is 

selectively expressed in the spleen, mesenteric lymph nodes, thymus and lung (Kim et 

al., 2006). When the cells originating from Myo1f knockout mice were examined, Kim 

and colleagues (2006) found that the cells exhibited abnormally increased adhesion and 

reduced motility, possibly a result of augmented exocytosis of 2-integrin-containing 

granules. In addition, they also found that cortical actin, which usually colocalises with 

Myo1f, was also reduced in Myo1f deficient cells. Because these Myo1f deficient mice 

displayed increased susceptibility to infection by Listeria monocytogenes and impaired 



 
Chapter Two: Molecular motor proteins and their roles in intracellular trafficking 

neutrophil response, it was concluded that Myo1f likely plays a role in directing 

immune cell motility and innate host defence against infections (Kim et al., 2006).  

 

 

2.12.7 Myosin 1g (Myo1g) 

 

Myo1g is a plasma membrane associated class I myosin that is abundantly expressed in 

lymphocytes as well as several other haempoietic cells, including T-lymphocytes, B 

lymphocytes, mast cell (Patino-Lopez et al., 2010) and neutrophils (Nebl et al., 2002). 

In Jurkat cells, depletion of Myo1g resulted in a loss of cell elasticity. This is despite 

simultaneous expression of other myosin 1 isoforms (e.g. Myo1b, Myo1c and Myo1e) 

which also contribute to cell elasticity, but appear to be insufficient for compensating 

the loss of Myo1g (Olety et al., 2010).  

 

 

2.12.8 Myosin 1h (Myo1h) 

 

Thus far, little is known on the biological role of Myo1h specifically. Unlike the rest of 

the family members, Myo1h has not been established as a primary regulator of actin 

dynamics in any cell type. However, it was found that there was an association between 

Myo1h and patients who exhibit the mandibular prognathism phenotype. The authors 

observed that the most common allele of a marker flanking MYO1H (rs10850110) was 

overrepresented in mandibular prognathism subjects (Tassopoulou-Fishell et al., 2012).  

 

 

2.13 MYOSINS IN THE OSTEOCLAST 

 

The osteoclast has a highly dynamic cytoskeleton, which is necessary to fulfill cyclical 

requirements for motility and the generation of a polarised phenotype (Teitelbaum, 

2000). Because the dynamic nature of the osteoclast actin cytoskeleton is intimately 

linked to its cellular function, the study of these microfilament structures and their 

interacting proteins (e.g. myosins) is key to understanding basic osteoclast biology and 

function. 
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With regards to myosins in osteoclasts, at present at least seven different tropomyosin 

isoforms have been shown to be expressed in the osteoclast, each displaying distinct 

subcellular distributions. Of these, products of the alpha gene such as tropomyosin-2 

(Tm-2), tropomyosin-3 (Tm-3) and tropomyosin-5a/5b (Tm-5a/5b) were found to be 

upregulated during osteoclastogenesis (McMichael et al., 2006).  Other isoforms such 

as tropomyosin-4 (Tm-4) are specifically enriched within and around osteoclast 

attachment structures, the sealing zone and in podosomes (McMichael et al., 2006). 

Interestingly, inhibition of Tm-4 resulted in the thinning of the F-actin ring, altered 

resorption pit shape and consequently compromised bone resorption. As such, 

tropomyosins such as Tm-4 are believed to play a role in stabilising microfilaments in 

the podosome and sealing zone.(McMichael and Lee, 2008).  

 

Similarly, myosin molecular motors have also been implicated in osteoclast formation 

and function, but while the myosin motor superfamily consists of numerous family 

members, only myosin 2A and myosin 10 have been specifically examined in 

osteoclasts and are discussed in detail in Chapter 2.13.1 Non-muscle myosin 2 and 

Chapter 2.13.2 Myosin 10, respectively. 

 

 

2.13.1 Non-muscle myosin 2 

 

The mammalian class II myosin family consists of a group of distinct, well-studied 

isoforms that are expressed in skeletal, smooth and cardiac muscles and another group 

of three isoforms that are non-muscle related, designated 2A, 2B and 2C (Saez et al., 

1990; Simons et al., 1991; Golomb et al., 2004). Thus far, myosins 2A and 2B have 

been found to localise to distinct subcellular regions within the osteoclasts, with myosin 

2A strongly segregating to both podosomes and the actin ring of the sealing zone (Krits 

et al., 2002). In a later study, it was found that temporary increment in the rate of 

myosin 2A heavy chain degradation by cathepsin B was a stimulus for the onset of cell 

fusion during osteoclastogenesis. Furthermore, ongoing suppression of myosin 2A via 

RNA interference resulted in the formation of large osteoclasts with increased nuclei 

numbers independent of RANKL (McMichael et al., 2009).  
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2.13.2 Myosin 10 

 

Myosin 10 was first discovered during a polymerase chain reaction (PCR) screen to 

identify myosins expressed in the inner ear (Solc et al., 1994).  In addition, Myosin 10 

is also expressed at low levels in vertebrate tissues (Berg et al., 2000) and functions to 

bind actin (Tokuo and Ikebe, 2004), microtubules (Weber et al., 2004) and integrins 

(Zhang et al., 2004).  

 

One of the intriguing features of myosin 10 is its localisation to the tips of filopodia 

(Divito and Cheney, 2008; Kerber et al., 2009). Filopodia are slender cellular 

extensions that contain a core bundle of actin filaments and are mainly used as a sensor 

to explore and interact with the cell’s surroundings (Mattila and Lappalainen, 2008). 

Myosin 10 appears to have a role in determining the formation of these filopodia as the 

overexpression of myosin 10 results in the increase in the number of filopodia formed 

(Berg and Cheney, 2002). 

 

Binding of phosphatidylinositol-3,4,5-triphosphate (PtdIns(3,4,5)P3 or PIP3) to the PH 

domain of Myosin 10 is required for the translocation of Myosin 10 to filopodia tips in 

cells (Umeki et al., 2011). In addition, current data also suggests that myosin 10 may 

act as a link between integrins bound to the extracellular matrix and actin filaments 

undergoing retrograde flow (Sousa and Cheney, 2005).   

 

In osteoclasts, myosin 10 has been found to localise to the outer edges of immature 

podosome rings and sealing zones, suggestive of their potential role in podosome and 

sealing zone positioning (McMichael et al., 2010). This is further evidenced by siRNA-

mediated suppression of Myosin 10, which resulted in decreased cell and sealing zone 

perimeter in osteoclasts. Conversely, overexpression of Myosin 10 increased formation 

of podosome belts along with larger sealing zones, and enhanced bone resorption 

(McMichael et al., 2010). 

 

In summary, although recent inroads have been made with regards to the role(s) of 

myosin motors in the osteoclast system, this group of molecular motor proteins belong 

to one of the largest, most divergent protein families in nature, which have been 

implicated in a myriad of cellular tasks (e.g. organelle trafficking, maintenance of cell 
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shape and membrane tension, regulation of the cytoskeleton and cell motility). 

Considering the versatility of these myosin motors and the intimate connection between 

the actin cytoskeleton and osteoclast function, it is therefore reasonable to posit that 

additional as yet uncharacterised myosin members may also play pivotal roles during 

osteoclast formation and bone resorption. 

 



 

CHAPTER THREE 

 

Rationale, hypothesis and aims 
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3.1 SIGNIFICANCE AND RATIONALE 

 

It is now widely accepted that osteoclasts are exclusively responsible for the 

physiological and pathological destruction of mineralised bone. Imbalances in 

osteoclast differentiation and/or activity leading to excessive bone resorption are the 

principal hallmarks underlying many lytic bone disorders. These encompass diseases 

such as osteoporosis, osteoarthritis, Paget’s disease and tumour-mediated osteolysis.  

 

Of these, osteoporosis is a global public health problem, affecting one in every three 

women and one in every five men over the age of 50 (Harvey et al., 2010). Bone loss 

associated with osteoporosis occurs progressively over many years without apparent 

symptoms. Often the first sign of osteoporosis in patients is fracture, with 

approximately 25% of those patients who sustain a hip fracture dying within 12 months 

(Johnell and Kanis, 2004).  In Australia alone, it is estimated that the direct cost of 

treating osteoporotic fractures is currently over $1.9 billion (Australian Institute of 

Health and Welfare, 2011).  As such, understanding the cellular and molecular basis of 

osteoclast formation and activation is a major drive of bone research, offering the 

exciting promise of identifying new targets for future development of novel and highly 

selective anti-resorptive therapies.

 

Aforementioned in Chapter 1, osteoclast differentiation occurs under the aegis of two 

principal cytokines, RANKL and M-CSF. These crucial cytokines synergistically 

promote cytoskeletal remodelling in mature osteoclasts and enhance the capacity of 

these polykaryons to resorb bone (Lacey et al., 1998; Zou et al., 2008).  

 

Unlike other eukaryotic cells, the osteoclast cytoskeleton is unique, requiring drastic 

reorganisation to enable the cell to degrade bone. During bone resorption, osteoclasts 

establish a structurally and functionally polarised conformation, which is characterised 

by the development of three distinct membrane domains: 1) the ruffled border; 2) the 

sealing zone and 3) a functional secretory domain (Väänänen et al., 2000).  

 

Adaption of a polarised conformation enables the osteoclast to orientate its ruffled 

border membrane (which serves as the cell’s “resorptive organelle”) towards the bone-

cell interface. The surrounding sealing zone further facilitates the creation of an isolated 
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resorptive microenvironment (Salo et al., 1996) by forming a tight F-actin ring/seal with 

the underlying bone surface. Extensive reorganisation of the cytoskeleton, both 

microtubules and microfilaments, is therefore an essential requirement for osteoclastic 

polarisation (Väänänen et al., 2000). Disrupting any of these components (e.g. treating 

with actin or microtubule depolymerising drugs such as cytochalasin D or nocodazole) 

during the polarisation process compromises cytoskeletal integrity and organisation, 

resulting in inevitable attenuation of bone resorption (Sasaki et al., 1993; Destaing et 

al., 2003). 

 

In addition to conferring structural support, the osteoclastic cytoskeleton offers another 

layer of complexity, serving as a road map to facilitate the trafficking and motility of 

intracellular vesicles to specific destinations (Coxon and Taylor, 2008). For instance, 

the ruffled border is thought to be formed from the delivery and fusion of acidified 

vesicles to the bone-apposed plasma membrane (Teitelbaum and Zou, 2011). The 

delivery of these acidified intracellular carriers is likely mediated by mechanochemical 

motor proteins (e.g. dynein, kinesins and myosins), which utilise ATP to power 

unilateral motility along microtubule and/or actin filaments, respectively. However, the 

precise functional contribution of cytoskeletal motor proteins in osteoclast formation 

and function remains poorly defined.  

 

In other specialised cell types, the vital importance of cytoskeletal motor proteins in the 

establishment of cell polarity, vesicle transport and spatial positioning of intracellular 

organelles is well documented, with deviations in their normal functions often resulting 

in devastating consequences in vivo. For example, mutations in the cytoplasmic tail of 

dynein has been linked to neurodegenerative diseases in mice. In particular, mutant 

mouse strain “Legs at Odd Angles” (Loa) exhibit impaired retrograde axonal transport 

due to these mutations (Hafezparast et al., 2003). In addition, alterations in dynein 

motor processivity result in pronounced defects in in vivo vesicle transport, correlating 

with neuronal death and disease (Ori-McKenney et al., 2010).  

 

Despite the fact that establishing cellular polarity is fundamental for biological activity 

in the osteoclast, it is surprising that much of the molecular machinery governing 

osteoclast polarisation remains largely unclear. Given the striking similarities that exist 

between apical and basolateral membranes of multinucleated osteoclasts and other 
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polarised cell types (e.g. epithelial cells), it is reasonable to suggest that molecular 

motor proteins (dyneins, kinesins and myosins, inclusive) may constitute a core, yet 

previously uncharacterised component of the osteoclastic polarisation/resorption 

machinery.  

 

While their roles in the osteoclast system remains undefined, it is conceivable that these 

molecular motor proteins may serve to facilitate intracellular vesicle trafficking and 

membrane segregation during polarisation. To date however, the expression and 

functional involvement of actin- (myosins) and microtubule- (kinesins and dyneins) 

based motors in osteoclasts remains largely unexplored and therefore is central to the 

investigation for this thesis. 

 

 

3.2 HYPOTHESIS 

 

Given that osteoclast polarity is intrinsically linked to its fundamental bone resorptive 

function, understanding the molecular mechanisms which underlie osteoclastic 

polarisation will shed important new light on the complexity of this specialised 

polykaryon and potentially identify a novel class of molecular targets for anti-resorptive 

therapy. As such, it is hypothesised that: 

 

 

“Mechanochemical motor proteins, together with the cytoskeletal 

network, play a crucial role during osteoclastogenesis, and are required 

for the establishment of osteoclast polarity during bone resorption”. 
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3.3 AIMS 
 

The major objective of this thesis is to comprehensively characterise the expression, 

localisation and functional contribution of cytoskeletal motor proteins during osteoclast 

formation, polarisation and bone resorption. 

 

Specifically, the aims of this project are to: 

 

1) Survey expression profiles of the full complement of cytoskeletal motor proteins 

and their affiliated adaptors/regulators during RANKL-induced 

osteoclastogenesis. 

 

2) Characterise the intracellular localisation of candidate cytoskeletal motor 

components potentially involved in the establishment of cellular polarity in 

bone-resorbing osteoclasts. 

 

3) Establish the precise orientation and polarity of microtubules in bone-resorbing 

osteoclasts with respect to a panel of established polarisation markers. 

 

4) Explore the relationship between the microtubule and/or actin cytoskeletal 

network with the spatial localisation and dynamics of motor protein complexes 

in osteoclasts. 

 

5) Elucidate the potential functional involvement of cytoplasmic dynein and Class I 

myosins during osteoclast formation, polarisation and bone resorption. 
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4.1 MATERIALS 

 

4.1.1 Tissue culture reagents 

REAGENT MANUFACTURER/SUPPLIER 

Cell dissociation solution (1x) non enzymatic Sigma-Aldrich, USA 

Dimethylsulfoxide (DMSO) MERCK, Germany 

DMEM+ GlutaMax™-1 (DMEM low glucose) Gibco Life Technologies, USA 

FBS (Fetal Bovine Serum), qualified Invitrogen, Australia 

L-Glutamine 200mM 100X Gibco Life Technologies, USA 

MEM alpha (1X) minimum essential medium Gibco Life Technologies, USA 

Opti-MEM® I reduced serum medium 1X 

[-] Phenol red 

Gibco Life Technologies, USA 

Pen-Strep (Penicillin-streptomycin) Gibco Life Technologies, USA 

TrypLE™ Express [-] Phenol red  Gibco Life Technologies, USA 

Trypsin-EDTA (pH7.0)  Gibco Life Technologies, USA 

 

 

4.1.2. Chemical reagents 

REAGENT MANUFACTURER/SUPPLIER 

-mercaptoethanol 14.3M    Sigma-Aldrich, USA 

2% osmium tetraoxide Kindly provided by PathWest 

Electron Microscopy Department, 

Western Australia 

25% solution glutaraldehyde EM Grade  TAAB Laboratories, UK 

30% acrylamide/bis solution    Bio-Rad Laboratories, USA 

Acetone      MERCK, Germany  

Agarose LE, analytical grade    Promega Corporation, USA 

Ammonium persulfate (APS)    Bio-Rad Laboratories, USA 

Baxter water      Baxter Healthcare Pty. Ltd., 

Australia 

Bio-Rad protein assay dye-reagent concentrate Bio-Rad Laboratories, Inc., USA 

Bovine serum albumin    Sigma-Aldrich, USA 

Bromophenol blue     Sigma-Aldrich, USA 
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Chlorofoam  MERCK, Australia 

Complete, EDTA free protease inhibitor 

cocktail tablets 

Roche Diagnostics, Germany 

Cyclosporin A (CSA) Sigma-Aldrich, USA 

Cytochalasin D (Cyto. D) Sigma-Aldrich, USA 

Dimethylsulfoxide (DMSO) MERCK, Germany 

DNase I  Roche Diagnostics, Germany 

Ethanol Hurst Scientific Pty. Ltd., Australia 

Ethylene diamine tetra-acetic acid (EDTA) 

sodium  

Boehringer Mannheim Corporation, 

USA 

Ethylene glycol monomethyl ether (EGME) Sigma-Aldrich, USA 

Fast red violet LB salt Sigma-Aldrich, USA 

Formaldehyde Sigma-Aldrich, USA 

Glacial acetic acid BDH Laboratory Supplies, England 

Glycerol analytical grade Biolabs (Aust) Pty. Ltd., Australia 

Glycine  Sigma-Aldrich, USA 

Goat serum  Sigma-Aldrich, USA   

HEPES Sigma-Aldrich, USA   

Hydrochloric acid (HCl) BDH Laboratory Supplies, England 

Hydroquinone   Sigma-Aldrich, France  

Isopropanol (Propan-2-ol) BDH Laboratory Supplies, England 

L (+) tartaric acid  Sigma-Aldrich, USA   

Methanol MERCK Pty. Limited, Australia 

Napthal AS-MX phosphate   Sigma-Aldrich, USA 

Nonidet
®

 P40 substitute (NP-40) Sigma-Aldrich, Switzerland  

Paraformaldehyde (PFA) MERCK, Germany  

Pentachloropseudilin (PClP) Kind gift from Professor HJ. 

Knölker, Department of Chemistry, 

TU Dresden, Germany 

Phenylmethylsulfonyl fluoride (PMSF)  Roche Diagnostics, Germany 

Piperazine-N, N’-bis (2-ethane-sulfonic acid) 

(PIPES)  

ICN Biomedicals Inc., USA  

  

Potassium chloride (KCl)  Ajax Chemicals, Australia 
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Ringer’s solution for irrigation  Baxter Healthcare Pty. Ltd., 

Australia   

Saline for SEM use Kindly provided by PathWest 

Electron Microscopy Department, 

Western Australia 

Saponin from Quillaja bark Sigma-Aldrich, USA 

Skim milk powder  Diploma, Australia 

Silver nitrate Sigma-Aldrich, USA 

Sodium acetate trihydrate    Sigma-Aldrich, USA 

Sodium chloride (NaCl)    BDH Laboratory Supplies, England 

Sodium deoxycholate  Sigma-Aldrich, New Zealand 

Sodium dodecyl sulphate (SDS)  BDH Laboratory Supplies, England 

Sodium hydroxide (NaOH)   BDH Laboratory Supplies, England 

Sodium nitrite      By-Products and Chemicals Pty. 

Ltd., Australia 

Sodium orthovanadate  Sigma-Aldrich, USA 

Sodium phosphate monobasic (NaH2PO4)  Sigma-Aldrich, Germany 

Sodium phosphate dibasic (Na2HPO4) Sigma-Aldrich, Germany  

Super dry ethanol Kindly provided by PathWest 

Electron Microscopy Department, 

Western Australia 

TEMED  

(N, N N’, N’-tetra-methylethylenediamine)  

Bio-Rad Laboratories, USA  

Triton X-100   BDH Chemicals, Australia  

Trizma®
 
base, Tris   Sigma-Aldrich, USA   

TRIzol® reagent Invitrogen, USA 

Toluidine blue     Sigma-Aldrich, USA 

Tween® 20  MP Biomedical, Inc., USA 
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4.1.3 Molecular products 

PRODUCT MANUFACTURER/SUPPLIER 

1kb DNA ladder     Promega Corporation, USA 

6x blue/orange loading dye    Promega Corporation, USA 

100bp DNA ladder     Promega Corporation, USA 

dNTPs (5mM)      Promega Corporation, USA 

Go Taq® Green Master Mix 2x   Promega Corporation, USA 

M-MLV RT RNase (H-)    Promega Corporation, USA 

Oligo dT (100mM)    
 

 Promega Corporation, USA 

Precision Plus Protein™ standards  

(dual colour) 

Bio-Rad Laboratories, USA 

RNaseOUT ribonuclease inhibitor 

(Recombinant) 

Promega Corporation, USA 

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

SYBR® safe DNA gel stain  Invitrogen, USA 

 

 

4.1.4. Oligonucleotide primers 

 

All oligonucleotide primers used in PCR amplifications were purchased from Sigma-

GenoSys (USA) and GeneWorks Pty. Ltd. (Australia). The primers were shipped 

lyophilised and upon receipt, were reconstituted in Baxter water to a concentration of 

100μM. The primers were stored at -20°C until required.  

 

PRIMER SEQUENCE (5’-3’) AMPLICON SIZE 

(BASE PAIRS) 

18S rRNA Forward ACCATAAACGATGCCGACT 120 

18S rRNA Reverse TGTCAATCCTGTCCGTGTC 120 

36B4 Forward TCATTGTGGGAGCAGACA 835 

36B4 Reverse TCCTCCGACTCTTCCTTT 835 

Calcitonin Forward TGGTTGAGGTTGTGCCCA 503 

Calcitonin Reverse CTCGTGGGTTTGCCTCATC 503 
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Cathepsin K Forward  GGGAGAAAAACCTGAAGC 350 

Cathepsin K Reverse  ATTCTGGGGACTCAGAGC 350 

DC-STAMP Forward  CTTGCAACCTAAGGGCA 246 

DC-STAMP Reverse  TCAACAGCTCTGTCGTGACC 246 

Myo1a Forward CTACAGCAGGTGTTCATAG 435 

Myo1a Reverse  TGGAAACAAGGACTTCAGG 435 

Myo1b Forward CAAGAGGTGAAAGAAACTTCC 402 

Myo1b Reverse TCTTCGCTTCAACTGTTCGG 402 

Myo1c Forward AGTCTCTGTCAATCCCTACC 413 

Myo1c Reverse GGAGGTAACTGAGAATGTGG 413 

Myo1d Forward GCAGAAGTCACTCTCATCC 374 

Myo1d Reverse  CTTGGCAAAAGGCGTCTCTG 374 

Myo1e Forward CAAGAAGCCTAAAGACTGGG 425 

Myo1e Reverse  TCCTCCTCTCCTTCTTGTTC 425 

Myo1f Forward  CTACATACCATCCCTCACC 421 

Myo1f Reverse TCCCCCACCAGACACCTTG 421 

Myo1g Forward  ACTAAAGGCACTTCGGGAG 417 

Myo1g Reverse  GGCTCCACAGAAATGAGGC 417 

Myo1h Forward  AGTTCGTAGTGCTTGTGAGG 425 

Myo1h Reverse GTATGCTGACCTCTGTGTG 425 

TRAP Forward AGTGGCCATCTTTATGCT 462 

TRAP Reverse GTCATTTCTTTGGGGCTT 462 

 

 

4.1.5 RNA interfering primers 

 

All RNA interfering primers used in siRNA assays were purchased from Invitrogen™ 

Life Technologies™ (USA). The primers obtained were functionally Validated Stealth 

RNAi™ siRNAs designed using BLOCK-iT™ RNAi Designer. The negative controls 

were selected based on their matches to the GC content in the experimental Stealth 

RNAi™ siRNAs.  
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PRIMER SEQUENCE (5’-3’) CONTROL 

Myo1bMSS206885 

Forward (MYB1 FOR) 

 

CAGGAUGAGCAAGUGUUCCCGCUUU 

52% GC 

High GC 

(HGC) 

Myo1bMSS206885 

Reverse (MYB1 REV) 

 

AAAGCGGGAACACUUGCUCAUCCUG 

52% GC 

High GC 

(HGC) 

Myo1bMSS206886 

Forward (MYB2 FOR) 

 

GGUCUGGCGUGGAGGUUCUGUUUAA 

52% GC 

High GC 

(HGC) 

Myo1bMSS206886 

Reverse (MYB2 REV) 

 

UUAAACAGAACCUCCACGCCAGACC 

52% GC 

High GC 

(HGC) 

Myo1bMSS206887 

Forward (MYB3 FOR) 

 

GAGCGUUCACUUUCCGAACAGUUGA 

48% GC 

Medium GC 

(MGC) 

Myo1bMSS206887 

Reverse (MYB3 REV) 

 

UCAACUGUUCGGAAACUGAACGCUC 

48% GC 

Medium GC 

(MGC) 

 

 

4.1.6 Antibodies 

  ANTIBODY MANUFACTURER/ 

SUPPLIER 

DILUTION 

Alexa Fluor® 488  

goat-anti-mouse IgG  

Invitrogen, USA 1:500 (IF 2°Ab) 

Alexa Fluor® 488  

goat-anti-rabbit IgG  

Invitrogen, USA 1:500 (IF 2°Ab) 

Alexa Fluor® 546  

goat-anti-mouse IgG  

Invitrogen, USA 1:500 (IF 2°Ab) 

Alexa Fluor® 546  

goat-anti-rabbit IgG  

Invitrogen, USA 1:500 (IF 2°Ab) 

Alexa Fluor® 647  

goat-anti-mouse IgG  

Invitrogen, USA 1:500 (IF 2°Ab) 
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Alexa Fluor® 647  

goat-anti-rabbit IgG  

Invitrogen, USA 1:500 (IF 2°Ab) 

Anti-mouse IgG (Fab 

specific)-peroxidase, 

antibody produced in goat 

Sigma-Aldrich, USA 1:5000 (WB 2°Ab) 

Anti-rabbit IgG (whole 

molecule)- peroxidase, 

antibody produced in goat 

Sigma-Aldrich, USA 1:5000 (WB 2°Ab) 

Anti-MYO1B polyclonal Sigma Prestige Antibodies, USA 1:100 (WB 1°Ab) 

Anti-myosin1b polyclonal

   

Kind gift from Dr. E. Coudrier, 

Institut of Curie, Paris, France 

1:300 (IF 1°Ab) 

Anti-VGLUT-1 polyclonal Kind gift from Dr. R. Jahn, Max-

Planck-Institute for Biophysical 

Chemistry, Germany 

1:1000 (WB 1°Ab) 

Arp3 monoclonal antibody Abcam, USA 1:100 (IF 1°Ab) 

Mouse anti-early 

endosomal antigen-1 (EEA-

1)  

BD Biosciences Pharmigen, USA 1:100 (IF 1°Ab) 

Monoclonal anti- -tubulin Sigma-Aldrich, USA 1:1000 (WB 1°Ab) 

Monoclonal anti-

tropomyosin   

Sigma-Aldrich, USA 1:100 (IF 1°Ab) 

Mouse anti-human 

cathepsin K monoclonal 

Millipore, USA 1:50 (IF 1°Ab) 

Mouse anti-human 

CD51/61 complex 

( 3-integrin) 

AbD SeroTec, USA 1:50 (IF 1°Ab) 

pERK (E-4) monoclonal 

IgG2a 

Santa Cruz Biotechnology, USA 1:1000 (WB 1°Ab) 

Purified anti-PI(4,5)P2 IgM Echelon Biosciences Inc., USA 1:100 (IF 1°Ab) 

Purified mouse  

anti-NFATc1 

BD Biosciences Pharmigen, USA 1:1000 (WB 1°Ab) 

VPS35 (B-5) mouse 

monoclonal IgG2b 

Santa Cruz Biotechnology, USA 1:100 (IF 1°Ab) 
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4.1.7 Fluorescent molecular probes 

 

 

4.1.8 Cytokines 

CYTOKINE SUPPLIER 

Macrophage-colony stimulating factor  

(M-CSF)  

Produced in the Centre for Orthopaedics 

Research, School of Surgery, University of 

Western Australia using conditioned media 

from CMG-14-12 cells. 

Recombinant GST-rat RANKL Produced in the Centre for Orthopaedics 

Research, School of Surgery, University of 

Western Australia. (Xu et al., 2000). 

 

 

4.1.9 Commercial kits 

KIT MANUFACTURER/SUPPLIER 

CellTiter 96®AQueous One Solution Cell 

Proliferation Assay 

Promega Corporation, USA  

Lipofectamine® RNAimax reagent  Invitrogen, USA 

QIAprep Spin Miniprep kit  QIAGEN, Australia  

QIAquick Gel Extraction kit  QIAGEN, Australia   

QIAGEN Plasmid Midi kit  QIAGEN, Australia   

RNeasy® minikit (250)  QIAGEN, Germany   

MOLECULAR PROBE MANUFACTURER/ 

SUPPLIER 

DILUTION 

Dextran, rhodamine B, 10,000 MW, neutral Molecular Probes, USA 1:1000 

Hoechst 33258 (bis-benzimide) Molecular Probes, USA 1:5000 

LysoTracker® Red DND-99  Molecular Probes, USA 1:1000 

Alexa Fluor® 546 phalloidin Molecular Probes, USA 1:300 

Alexa Fluor® 647 phalloidin   Invitrogen, USA 1:10  

Transferrin from human serum, Alexa 

Fluor® 546 conjugate 

Molecular Probes, USA 1:1000 



Chapter Four: Materials and methods 

Stealth™ RNAi negative control  

High GC duplex  

Invitrogen, USA   

Stealth™ RNAi negative control 

Medium GC duplex  

Invitrogen, USA 

Western Lightning® Ultra  PerkinElmer Inc., The Netherlands 

 

 

4.1.10 Other materials and equipment 

MATERIAL/EQUIPMENT MANUFACTURER/SUPPLIER 

Acrodisc® 25mm syringe filters with Supor® 

membrane: 0.2μm and 0.8μm  

Pall Corporation, USA 

AND EK-300i scientific weighing scale A&D Mercury Pty. Ltd., China 

Argon (Ar) Air Liquide W.A. Pty. Ltd., 

Australia 

BD BioCoat™ Osteologic™  bone cell culture 

system   

BD Biosciences, USA 

BioCoat® Collagen 1 cell ware 6-well plate Becton Dickinson, UK 

Biological safety cabinet class II  Gelman Sciences, USA 

Bio-Photometer Plus spectrophotometer Eppendorf, Germany 

Bio-Rad E5400 sputter coater Bio-Rad Laboratories, USA 

Bovine bone Weir’s Butcher, Australia 

Cell scraper (25cm)  Sarstedt, USA  

Centrifuge 5810R   Eppendorf, Germany 

CentriStar™ Cap centrifuge tubes: 15ml and 

50ml 

Corning Incorporated, Mexico

   

Clemco fume cupboard Oliphant Pty. Ltd., Australia 

Costar® cell culture plates: 6-, 12-, 24- and 96-

wells 

Corning Incorporated, USA 

  

Dissecting set ProSciTech, Australia 

Double sided carbon tape, SEM adhesive,  

12mm wide 

ProSciTech, Australia 

DXC-390P 3CCD colour video camera Sony Corporation, Japan 

Easypet® pipette dispenser  Eppendorf, Germany 
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Eppendorf Reference® pipettes: P2, P10, P100, 

P200, P1000 and multi-channel 

Eppendorf, Germany 

Falcon cell strainer 100μM nylon BD Biosciences, USA 

Filter paper Whatmans International, England 

FoodFresh carbon dioxide (compressed) BOC Limited, Australia 

Forma Series II water jacket CO2 incubator  Thermo Scientifc, Australia 

Glass bottom culture dish (35mm petri dish, 

10mm microwell, no.15 coverglass)  

MatTek Corporation, USA 

Grant W-14 water bath   Grant Instruments, UK 

Homo-polymer, boil-proof microtubes: 0.6ml, 

1.5ml and 2.0ml   

Axygen® Scientific, USA 

Hot plate model 209-1  IEC Australia Industrial Equipment 

& Control Pty. Ltd., Australia 

IsoMet® low speed saw   Beuhler, USA 

IsoMet® wafering blade 15HC (127mm x 4mm) Biolabs (Aust) Pty. Ltd., Australia 

KaterMaster catering foil  Bunzl Limited, Australia  

Laborlux S microscope  Leitz, Germany   

LabServ™ incubator Biolabs (Aust) Pty. Ltd., Australia 

LAS-3000 mini imager Fujifilm Medical Systems USA 

Inc., USA 

Liquid nitrogen (N2) Air Liquide W.A. Pty. Ltd., 

Australia 

Mastercycler personal    Eppendorf, Germany 

Micro One TOMY centrifuge  Tomy Kyogo CO Ltd., Japan 

Microtube cryovials 2ml    Sarstedt, Germany 

Milli-Q® Reagent water system Millipore Corporation, USA 

Mini PROTEAN® II Cell Bio-Rad Laboratories, USA 

Mini PROTEAN® Combs: 10wells and 15 wells Bio-Rad Laboratories, USA 

Mini PROTEAN® 3 System glass plate  Bio-Rad Laboratories, USA 

Minispin table centrifuge  Eppendorf, Germany 

Model 680 microplate reader  Bio-Rad Laboratories, USA 

Nikon A1Si spectral detector confocal system Nikon Corporation, Japan 

Nikon Coolpix S4 camera Nikon Corporation, Japan 
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Nikon digital sight DS-5Mc  Nikon Corporation, Japan 

Nikon Eclipse E200 reflective microscope Nikon Corporation, Japan  

Nikon Eclipse TS2000-S inverted fluorescent 

microscope 

Nikon Corporation, Japan 

   

Nikon Ti-E inverted motorised microscope Nikon Corporation, Japan 

Olympus CKX41 inverted microscope Olympus Corporation, Japan  

Olympus IX-81 inverted fluorescence 

microscope 

Olympus Corporation, Japan  

Osteo Assay plates: 24- and 96-wells Corning Incorporated, USA  

Osteo Assay Stripwell plate  Corning Incorporated, USA  

Parafilm “M”® laboratory film Parafilm, USA 

PCR-tubes 0.5ml, thin wall  Eppendorf, Germany   

pH211 microprocessor pH meter Hanna Instruments, Australia  

Philips XL30 ESEM (scanning electron 

microscope) 

FEI Cooperation, USA 

Pin type SEM mounts 12.6mm diameter ProSciTech, Australia   

Pointed tweezers, curved, 117mm ProSciTech, Australia 

PowerPac™ Basic  Bio-Rad Laboratories, Singapore 

PowerPac HC™  Bio-Rad Laboratories, Singapore 

ProLong® Gold antifade reagent Molecular Probes, USA 

Protran® pure nitrocellulose transfer and 

immobilisation membrane 

PerkinElmer Inc., USA 

   

Rapfast Handywrap cling wrap  Apeno Group, Australia  

Ratek hybridisation oven Rowe Scientific Pty. Ltd., Australia 

Ratek orbital mixer incubator  Rowe Scientific Pty. Ltd., Australia 

Ratek platform mixer   Rowe Scientific Pty. Ltd., Australia 

Ratek vortex mixer    Rowe Scientific Pty. Ltd., Australia 

Revco Elite Plus -80°C freezer   Thermo-Fisher Scientific, USA 

Round coverglass #0: 5mm and 13mm diameter ProSciTech, Australia 

Safe Imager™ 2.0  Invitrogen, Australia   

Serological pipettes: 2, 5, 10 and 25ml Sarstedt, France 

SmartSpec™ 3000 Bio-Rad Laboratories, USA  

SmartSpec™ 3000 cuvette quartz Bio-Rad Laboratories, USA  
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Starfrost® microscope slides  Knittel-Glaser, Germany  

Stericup® & Steritop™ vacuum-driven filtration 

system  

Millipore Corporation, USA 

  

Thermomixer Comfort  Eppendorf, Germany   

Tissue culture dish (100x20mm)  Sarstedt, USA 

Tissue culture flasks: 25cm
2
 and 75cm

2
 Corning Incorporated, USA 

Terumo® needle 23Gx1
1/4

” (0.6x32mm) Terumo Corporation, Japan 

Terumo® syringe 3ml  Terumo Corporation,  

The Philippines 

Tokai Hit stage top incubator (INUG2E-TIZ) 
 

  Tokai Hit Co. Ltd., Japan 

Tousimis Autosamdri® 815 critical point dryer Tousimis, USA 

Transferpipette 3.5ml  Sarstedt, Germany 

UV transparent gel trays: 10x15cm and 7x10cm Bio-Rad Laboratories, USA 

Veriti 96-well thermal cycler    Applied Biosystems™, Singapore 

Wide Mini-Sub® Cell GT Cell   Bio-Rad Laboratories, USA 

 

 

4.1.11 Software 

SOFTWARE MANUFACTURER/SUPPLIER 

Fiji image processing package Schindelin et al., 2012 

GeneSpring GX 11.0    Agilent Technologies, USA 

GraphPad Prism 5     GraphPad Software Inc., USA 

Illumina® BeadStudio 3 Illumina, USA 

ImageJ      National Institutes of Health, USA 

Image Reader LAS-3000  Fujifilm Corporation, USA 

Microplate Manager 5.2   Bio-Rad Laboratories, USA 

NIS-C Elements Nikon Instruments Inc., USA 

NIS-Elements BR 3.2 64bit   Nikon Instruments Inc, USA 

OsteoMeasure XP v1.2.0.3   OsteoMetrics Inc., USA 

Scion Image Beta 4.0.2 Scion Corporation, USA 

Scion Image software Scion Corporation, USA 
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4.1.12 General solutions 

 

All general solutions and buffers were prepared using MilliQ double distilled water 

(MilliQ H2O). Solutions and buffers were sterilised by autoclaving (121°C for 20 

minutes) when necessary and stored at room temperature, unless otherwise indicated. 

All chemicals were weighed using the AND EK-300i scientific weighing scale. 

Measurement of pH was made using a pH211 microprocessor pH meter calibrated with 

appropriate pH standards (i.e pH 4.0, pH 7.0 or pH 10.0). When required, solutions and 

buffers were adjusted using HCl (concentrated or diluted) and/or 1.0M NaOH. 

 

SOLUTION COMPOSITION AND PREPARATION 

Ammonium persulfate 

(APS) 

10% stock prepared in MilliQ H2O. Stored at 4°C. 

BSA-PBS  0.2% BSA-PBS:  

0.4g of bovine serum albumin dissolved in 200ml of 1x 

PBS. Solution filtered through a 0.2μm Acrodisc® 

syringe filter before use. Stored at 4°C. 

3% BSA-PBS:  

1.5g of bovine serum albumin dissolved in 50ml of 1x 

PBS. Solution filtered through a 0.2μm Acrodisc® 

syringe filter before use. Stored at 4°C. 

Buffer A  Buffer A (pH 6.8): 

20mM PIPES, 137mM NaCl and 2.7mM KCl dissolved 

in MilliQ H2O and adjusted to pH 6.8 

Buffer A containing 5% normal goat serum (NGS), 

50mM NH4Cl and 0.5% saponin: 

2.5ml NGS, 0.134g NH4Cl and 0.25g saponin dissolved 

in 50ml of Buffer A (pH 6.8). 

Buffer A containing 5% NGS and 0.1% saponin: 

0.5ml NGS and 10mg saponin dissolved in 10ml Buffer 

A (pH 6.8). 

EDTA  0.5M EDTA:  

18.61g EDTA, 2g of NaOH dissolved and adjusted to 

100ml. pH adjusted to 8.0 and autoclaved prior to usage. 
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Formaldehyde/PBS 2% formaldehyde in 1x PBS: 

0.5ml of 40% formaldehyde added to 9.5ml of 1x PBS. 

Stored at 4°C. 

Formaldehyde and 

glutaraldehyde/PBS 

8% formaldehyde and 0.4% glutaraldehyde in 1x PBS: 

2ml of 40% formaldehyde and 40μl of glutaraldehyde in 

8ml of 1x PBS. Used in a 1:1 ratio with cell media to 

achieve final fixative concentration of 4% formaldehyde 

and 0.2% glutaraldehyde. Stored at 4°C. 

Glutaraldehyde/Phosphate 

buffer 

2.5% glutaraldehyde in 0.1M phosphate buffer:  

250μl of glutaraldehyde in 10ml of 0.1M phosphate 

buffer. Store at 4°C. 

Membrane stripping buffer 62.5mM of Tris-HCl (pH 6.7), 2% SDS and 100mM  

-mercapthoethanol 14.3M dissolved in MilliQ H2O. 

Solution stored at room temperature and warmed up to 

50°C before use. 

Osmium tetroxide 1% osmium tetroxide: 

1 in 2 dilution of 2% stock osmium tetroxide in MilliQ 

H2O. 

Paraformaldehyde  4% paraformaldehyde (4% PFA):   

40g of PFA dissolved in prewarmed (~60°C) 0.75L 

MilliQ H2O with stirring. Removed from heat and added 

100ml 10x PBS. Adjusted pH to 7.4 and final volume to 

1L. Solution filtered through a 0.45μm membrane filter 

before aliquoting and storing at -20°C. 

PBS 10x PBS stock solution: 

30mM NaH2PO4, 70mM Na2HPO4, 1.3M NaCl 

dissolved in MilliQ H2O. 

1x PBS pH 7.4: 

Dilution of 10x PBS with MilliQ H2O and adjusted to 

pH 7.4 

Phenylmethylsulfonyl 

fluoride (PMSF)  

Prepared as 17.6mg/ml stock in isopropanol. Aliquoted 

and stored at -20°C. 
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Phosphate buffer (0.1M) Solution A: 

0.2M Na2HPO4 in MilliQ H2O. 

Solution B: 

0.2M NaH2PO4 in MilliQ H2O. 

Combine 36ml of solution A and 14ml of solution B 

with additional 50ml of MilliQ H2O and adjust to pH 

7.2. 

Ripa Lysis buffer (pH 7.4)

  

50mM Tris-HCl, 150mM NaCl, 1% Nonidet P-40, 0.5% 

sodium deoxycholate and 0.1% SDS dissolved in MilliQ 

H2O and adjusted to pH 7.4. Stored at 4°C. 

Prior to cell lysis, 100μg/ml PMSF, 1x complete 

protease inhibitor, 1mM sodium orthovanadate and 

500μg/ml DNase I was added to the required amount of 

lysis buffer. 

SDS  10% SDS: 

10g of SDS dissolved in MilliQ H2O and adjusted to 

100ml. Autoclaved before use. 

SDS-PAGE loading buffer  5x stock solution:  

1.5g SDS, 3.75ml 1M Tris (pH 6.8), 15mg bromophenol 

blue, 7.5ml glycerol dissolved in 7.5ml of MilliQ H2O. 

-mercaptoethanol added to the loading buffer when 

required to a final volume of 2%. 

SDS-PAGE running buffer 10x stock solution: 

0.25M Trizma base, 1.92M glycine and 1% SDS in 

MilliQ H2O.  

1x solution: 

Dilution of 10x SDS-PAGE with MilliQ H2O. 

SDS-PAGE separating gel 

buffer  

1.5M Trizma base dissolved in MilliQ H2O. Adjusted to 

pH 8.8. 

SDS-PAGE stacking gel 

buffer  

1.0M Trizma base dissolved in MilliQ H2O. Adjusted to 

pH 6.8. 
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TAE  50x stock solution: 

2M Trizma base, 5.71% glacial acetic acid and 50mM 

EDTA (pH8.0) dissolved in MilliQ H2O. 

1x TAE: 

Dilution of 50x TAE with MilliQ H2O. 

TBS (Tris buffered saline) 10x TBS stock solution: 

0.5M Trizma base and 1.5M NaCl dissolved in MilliQ 

H2O. pH adjusted to 7.4. 

1x TBS: 

Dilution of 10x TBS stock solution with MilliQ H2O. 

TBS-Tween  Dilution of 10x TBS with MilliQ H2O. 0.1% of Tween-

20 added. 

TRAP stain buffer A 100mM sodium acetate trihydrate, 50mM sodium tartrate 

dehydrate and 0.22% glacial acetic acid dissolved in 

MilliQ H2O and adjusted to pH 5.0. 

TRAP stain solution 

(complete) 

Prepare AS-MX by dissolving in EGME first (5mg of 

AS-MX in 250μl of EGME). 

50mg AS-MX in EGME and 300mg fast red violet LB 

salt dissolved in 500ml of TRAP stain buffer A (pH 5.0). 

Triton X-100 in PBS 0.1% Triton X-100 added to 1x PBS.  

Western blot transfer 

buffer 

25mM Trizma base, 192mM glycine and 10% methanol 

dissolved in MilliQ H2O. 

 

 

4.2 CELL CULTURE PROCEDURES 

 

4.2.1 Isolation and culture of primary mouse bone marrow monocytes (BMMs) 

 

Primary mouse bone marrow monocytes (BMMs) were isolated as described previously 

(Takahashi et al., 1988). Briefly, total bone marrow was extracted from tibiae and 

femora of 6-8 week old C57BL/6 mice. All animal experiments were conducted in 

accord with approval from the University of Western Australia (UWA) Animal Ethics 

Committee. The marrow cavity was flushed with complete -MEM ( -MEM 

supplemented with 10% heat inactivated fetal bovine serum (FBS), 2mM L-glutamine, 
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100U/ml penicillin and 100μg/ml streptomycin) by injecting at one end of the bone 

using a sterile 23G needle. The bone marrow cells were resuspended and pooled, before 

being cultured in 75cm
2
 flasks containing 10ml of complete -MEM, supplemented 

with 25ng/ml M-CSF at 37°C and 5% CO2.  

 

After 72 hours, the adherent cells were harvested using TrypLE express and plated 

according to the experimental conditions required in complete -MEM supplemented 

with 25ng/ml M-CSF. To stimulate osteoclast formation, BMMs were stimulated with 

100ng/ml RANKL and 25ng/ml M-CSF every 48 hours over a course of 7 days.  

 

 

4.2.2 In vitro mouse BMM osteoclastogenesis assay 

 

Osteoclastogenesis assays were carried out using primary mouse BMMs harvested from 

the long bones of black C57/BL/6 mice. The BMMs were cultured in complete -MEM 

supplemented with 25ng/ml M-CSF in 6-well plates and 96-well plates at a density of 

5x10
4
 cells per well or 6x10

3
 cells per well respectively. 

 

In both instances, cells were stimulated with 100ng/ml RANKL at different time points 

(i.e. 0, 3, 5 and 7 days). At day 7 of culture, the cells were either extracted for RNA or 

protein lysates (e.g. 6-well plates) or fixed with 4% PFA (e.g. 96-well plate) for further 

analysis. 

 

 

4.2.3 Isolation and culture of primary human osteoclasts derived from giant cell   

tumour of bone (GCT) tissue 

 

Primary human osteoclasts derived from giant cell tumour of bone (GCT) tissue were 

harvested by mechanically disaggregating osteoclastoma tissue (Huang et al., 2000). All 

patients consented with approval obtained from the Sir Charles Gairdner Hospital 

(SCGH) Human Ethics Committee. The osteoclasts were then cultured directly on 

bovine bone discs, Osteologic discs or glass coverslips in complete -MEM 

supplemented with recombinant human M-CSF and 100ng/ml RANKL.  
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4.2.4 Cryopreservation of cells 

 

For long-term storage, cells were harvested, centrifuged and resuspended in fetal bovine 

serum containing 8% DMSO. The cell mixture was aliquoted into sterile 2ml cryogenic 

vials and stored at -80°C in an isopropanol equilibrated cryo-freezing container 

overnight. Thereafter, the cryovials were transferred to liquid nitrogen for long-term 

storage. 

 

 

4.3 RNA EXTRACTION 

 

4.3.1 Extraction of total RNA 

 

Cells were washed with ice-cold 1x PBS and lysed using 1ml of Trizol per 10cm
2
 of 

cell culture surface area. The cell lysate was homogenised by pipetting it several times 

before a 5 minute incubation at room temperature to allow for complete dissociation of 

nucleoprotein complexes.  

 

The lysate was collected in a microcentrifuge tube and centrifuged at maximum speed 

for 1 minute to remove cellular debris. The supernatant collected was transferred into a 

new microcentrifuge tube. To separate the RNA from contaminating DNA, proteins and 

lipids, chlorofoam was added in a 1:5 ratio to Trizol (i.e. 200μl chlorofoam used for 

every 1ml of Trizol). The mixture was shaken vigorously for 15 seconds and incubated 

at room temperature for 2-3 minutes. The samples were centrifuged at 12,000g for 15 

minutes at 4°C. Phase separation was clearly visible after the centrifugation step. Only 

the colourless aqueous phase was collected and transferred into a RNeasy spin column 

placed in a 2ml collection tube from the Qiagen RNeasy® Mini Kit.  The remaining 

procedure was followed as per manufacturer’s instructions. RNA was eluted in 30μl of 

RNase-free water and stored at -80°C until required.  
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4.3.2  RNA concentration reading 

 

The concentration and purity of each RNA sample was read using a Bio-Photometer 

Plus spectrophotometer (Eppendorf). RNase-free water from the Qiagen RNeasy® Mini 

Kit was used as a blank. Each sample was measured at 260nm and 280nm in duplicates, 

using 1μl of undiluted RNA sample per reading. The absorbance ratio (A260/A280) 

provides an estimation of the purity of the extracted RNA. The generally accepted ratio 

is between 1.8-2.0, where 2.0 represents “pure” RNA. All purified RNA samples used 

in the experiments had an A260/A280 ratio above 1.8. 

 

 

4.4 MICROARRAY HYBRIDISATION  

 

4.4.1 Preparation of samples for microarray analysis 

 

The Mouse WG-6 v2.0 Expression BeadChip (Illumina, USA) was used for the whole-

genome gene expression analysis of osteoclasts (Day 5) and their precursor cells (Day 

0). Hybridisation to each probe was assessed from an average of ~ 30 separate beads, 

each containing identical oligonucleotide sequences. The BeadChip consisted of a total 

of 45,281 50-mer oligonucleotide probes, where 34,526 probes were targeted to 

Reference Sequence (RefSeq) transcripts, 4,922 probes targeted at RIKEN transcripts 

and the remaining 5833 probes targeted at Meebo transcripts. 

 

Total RNA was extracted by Dr. Jasreen Kular (Centre for Orthopaedics Research, 

UWA, Australia) from mouse BMMs cultured in the absence (i.e Day 0) or presence 

(i.e. Day 5) of RANKL (100ng/ml) according to the protocol described in Chapter 4.3.1 

Extraction of total RNA. The quality and concentration of the RNA samples were 

measured as described in Chapter 4.3.2 RNA concentration reading.  

 

cRNA preparation and array hybridisation was performed by Dr. Jennie Hui from the 

department of Molecular Genetics at PathWest Laboratory of Medicine (Perth, 

Australia) using Illumina® BeadArray Technology.  
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Briefly, a total of 200ng of RNA was converted to biotinylated-cRNA using the 

Illumina® TotalPrep RNA Amplification Kit according to manufacturer’s instructions. 

This was followed by reverse transcription at 42°C for 2 hours to synthesise the first 

strand cDNA. The second strand cDNA was synthesised by the addition of DNA 

polymerase I and RNase H, and an incubation at 16°C for 2 hours. The cDNA obtained 

was purified using a cDNA filter cartridge before undergoing in vitro transcription with 

RNA polymerase at 37°C for 14 hours. In vitro transcription resulted in the generation 

of multiple copies of biotinylated antisense RNA molecules from mRNA in the 

samples. The cRNA was purified and the eluted biotin-cRNA was evaluated for both 

quantity and quality. After these factors were determined, the biotin-cRNA was loaded 

directly onto individual array spots on the Illumina® Mouse WG-6 v2.0 BeadChip and 

hybridised at 58°C for 19 hours. Following hybridisation, the BeadChip was washed, 

fluorescently labelled and scanned in the Illumina® BeadArray Reader using Illumina® 

BeadScan image software. 

 

 

4.4.2 Analysis of microarray data 

 

The data generated was initially analysed using Illumina® BeadStudio 3 software. Raw 

expression level of each gene was represented by intensity values, which were derived 

from the hybridisation results. To standardise gene expression intensities across 

different samples on the BeadChip array, the raw data was subjected to normalisation 

by using the “quantile normalisation” function in the software. To test for the 

occurrence of false positives, multiple testing corrections were done using the 

“Benjamin-Hochberg False Discovery Rate” function. A control summary report was 

generated to evaluate the performance of built-in controls of the BeadChip and it was 

found to be satisfactory. 

 

Subsequently, the normalised data was exported in sample probe profile format 

(GeneSpring compatible) into GeneSpring GX 11.0 software (Agilent Technologies) for 

further analysis. Using GeneSpring software, the baseline of all the samples was 

transformed to the median and the signal values were filtered based on detection p-

values. Detection p-value for the upper cut-off (or present calls) was set at 0.8 and the 

lower cut-off (or absent calls) was set at 0.6.  
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Target candidate genes were identified and clustered into their respective molecular 

motor protein families. The candidates were subjected to further fold change analysis. A 

heatmap for each of the three motor protein superfamilies was generated by colour 

coding relative gene expression levels of each of the candidate genes. 

 

 

4.5 REVERSE TRANSCRIPTION POLYMERASE CHAIN  

REACTION (RT-PCR)  

 

4.5.1 Reverse transcription of mRNA 

 

A total of 300ng of RNA from each sample was used to convert to equal amounts of 

cDNA using the following protocol: 

 

Template RNA   300ng 

OligodT    0.25μl 

dNTP (5mM)    2μl 

Baxter water    final volume of 15μl 

_______________________________________________ 

15μl 

 

The samples were then incubated at 75°C for 3 minutes. At the end of the incubation, 

the following reaction mixture was added: 

 

  5x MMLV RT-PCR Buffer   4μl 

  RNase OUT Ribonuclease inhibitor  0.5μl  

  MMLV RT RNase    0.5μl 

  _________________________________________ 

        5μl 

 

The samples were then incubated at 42°C for 60 minutes, followed by incubation at 

92°C for 10 minutes. The resulting cDNA was stored at -20°C until required.  
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4.5.2 Polymerase chain reaction (PCR) 

 

Each of the PCR reactions was prepared according to the following protocol: 

 

  2x Go Taq Green Master Mix  7.5μl 

  Primer Forward (20μM)  0.3μl 

  Primer Reverse (20μM)  0.3μl 

  Baxter water    6.6μl 

  Template cDNA   0.3μl 

  ––––––––––––––––––––––––––––––––––– 

       15μl 

 

All the PCR reactions were carried out using the specific oligonucleotide primers 

specified in 4.1.4 Oligonucleotide primers. Unless specified otherwise, the PCR 

conditions were carried out as per manufacturer’s instructions, each with 25-30 cycles. 

  

Primer annealing and cycling conditions are summarised in Table 4.1 

 

    Table 4.1 Primer annealing and cycling conditions 

PRIMER PCR ANNEALING CONDITIONS 

18S 58°C, 45 seconds, 30 cycles 

36B4 58°C, 45 seconds, 30 cycles 

Calcitonin (CTR) 62°C, 45 seconds, 30 cycles 

Cathepsin K (CTSK) 58°C, 45 seconds, 30 cycles 

DC-STAMP 55°C, 45 seconds, 30 cycles 

Myo1a-Myo1h 58°C, 45 seconds, 30 cycles 

TRAP 62°C, 45 seconds, 25 cycles 

 

 

4.5.3 DNA agarose gel electrophoresis 

 

1.0% agarose gels were used for agarose gel electrophoresis of the PCR products. The 

agarose gels were prepared using agarose powder dissolved in 1x TAE buffer and 

heated up using a microwave. Ten microlitres of SYBR® safe DNA gel stain 
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(Invitrogen) was added per 100ml of molten agarose, which was then poured into 

Perspex gel trays containing an 8-, 15- or 20-well comb. The gel was left to set at room 

temperature for approximately 20 minutes. 

 

1.0% (w/v) agarose gel 

 

    Large (15/20 well comb) Small (8 well comb) 

Agarose powder  1.0g    0.5g 

1 x TAE buffer  100ml    50ml 

SYBR®    10μl    5μl 

 

 

Once set, the agarose gel was fully submerged in 1x TAE buffer. Ten microlitres of 

each PCR product was loaded into their respective wells. Five microlitres of the DNA 

ladder (100bp or 1kb) was mixed with 1μl of 6x loading buffer before being loaded into 

the well. The gel was electrophoresed at 90V for 20-30 minutes depending on expected 

product size. The DNA bands were then visualised by Safe Imager™ 2.0 (Invitrogen) 

and photographed with a Nikon Coolpix S4 camera. 

 

 

4.5.4 Quantitation of PCR band density 

 

To quantitatively analyse the individual PCR bands, the bands were examined for their 

mean grey value using ImageJ. Triplicate readings were obtained for each PCR band 

and their values were averaged first before subtraction of the background readings. 

These values were then compared to that of a housekeeping gene (i.e. 18S or 36B4) and 

expressed as a fold change with respect to Day 0. 
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4.6 PROTEIN EXTRACTION AND WESTERN BLOTTING 

 

4.6.1 Protein extraction and quantification of protein concentration 

 

To extract protein from the cells, the following protein extraction cocktail was used: 

 

Protein extraction cocktail 

 

        Final concentration 

Ripa lysis buffer     as required 

 Complete protease inhibitor cocktail (25x)  1x 

 PMSF (17.6mg/ml)     100μg/ml  

 Sodium orthovanadate (100mM)   1mM 

 DNAse I (50mg/ml)     500μg/ml 

 

Cell media in each of the wells were removed and the cells were washed once with 1x 

PBS. After washing, the tissue culture plate was placed on ice and 200μl (per 10cm
2
) of 

protein extraction cocktail was added to each well and incubated for 20 minutes. After 

the incubation, the wells were scraped gently with a cell scraper and the cell lysates 

collected in separate, pre-labelled microcentrifuge tubes. All the samples were 

centrifuged at maximum speed for 30 minutes using a benchtop centrifuge at 4°C. The 

supernatant, which contains the protein sample was collected using a pipette and 

transferred to new microcentrifuge tubes and stored at -20°C until required. 

 

Prior to loading the proteins onto a SDS-PAGE gel, individual protein concentrations 

were determined using the Bio-Rad Protein Assay, which is based on the method of 

Bradford (Bradford, 1976). In this procedure, an acidic dye is added to the protein 

solutions and subsequently measured at 595nm with a microplate reader. A standard 

curve derived from known protein concentrations of bovine serum albumin (BSA) 

provided a relative comparison to unknown protein sample concentrations.  

 

To prepare the BSA standard curve, a total of 6 dilutions (i.e. 0.05mg/ml, 0.1mg/ml, 

0.2mg/ml, 0.3mg/ml, 0.4mg/ml and 0.5mg/ml) were prepared using a 10mg/ml BSA 

stock solution diluted in 1x PBS. The Bio-Rad protein reagent was diluted 1 in 5 using 
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MilliQ H2O and filtered through Whatman filter paper before use. In a 96-well 

microplate, 10μl of each protein standard and 10μl of protein samples (in triplicates) 

was added to individual wells containing 200μl of dye reagent. The samples were mixed 

gently by pipetting and incubated at room temperature for 5-10 minutes before 

obtaining an absorbance reading at 595nm using the Bio-Rad microplate reader. 

 

 

4.6.2 SDS-PAGE 

 

4.6.2.1 Polyacrylamide gel electrophoresis 

 

A 1.5mm thick glass sandwich was assembled for the polyacrylamide gel. The 

polyacrylamide gel consists of 2 gel layers: the separating gel layer and the stacking gel 

layer/ The separating gel layer was prepared according to the protocol below. 

 

Separating gel (2x 1.5mm)  [Final]   10%   12.5%  

 

30% acrylamide/bis solution  [10%]   5.00ml  6.25ml 

SDS-PAGE separating gel buffer [375mM]  3.75ml  3.75ml 

MilliQ H2O    -   5.94ml  4.69ml 

10% SDS    [0.1%]   150μl  150μl 

10% APS*    [0.1%]   150μl  150μl 

TEMED*    [0.06%]  12μl  12μl 

 

       15.00ml 15.00ml 

 

* 10% APS and TEMED were added last as they are responsible for initiating 

polymerisation immediately after addition. 

 

Aprproximately 3.5ml of the separating gel was pipetted into the glass plate sandwich, 

leaving a 0.5cm clearance above the stacking gel layer and the gel comb. The separating 

gel was immediately overlayed with 20% ethanol to remove any air bubbles and to 

ensure a level gel surface. The gel was left to polymerise at room temperature for 20 
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minutes. Once set, the 20% ethanol was removed and replaced with the stacking gel 

solution. 

 

Stacking gel component (2 x 1.5mm) [Final] 

 

30% acrylamide/bis solution   [5%]   1.00ml 

Stacking buffer    [125mM]  750μl 

MilliQ H2O     -   4.12ml 

10% SDS     [0.1%]   60μl 

10% APS*     [0.1%]   60μl 

TEMED     [0.06%]  6μl 

 

         6.00ml 

 

* 10% APS and TEMED were added last as they are responsible for initiating 

polymerisation immediately after addition. 

 

Once the stacking gel was added to the glass plate sandwich, the gel comb was 

immediately inserted. The gel was left to polymerise for another 20 minutes at room 

temperature. Once the polymerisation was completed, the gel comb was removed and 

the wells were rinsed with ddH2O. The electrophoresis system was assembled and filled 

with 1x SDS-PAGE buffer and the glass sandwich loaded into the holding frame. 

 

For the protein lysate, the required protein lysates derived from the Bradford assay was 

mixed with the required amount of 5x SDS-PAGE loading buffer (i.e. 10μl of protein 

lysate to 2μl 5x SDS-PAGE loading buffer). The mixture was boiled at 100°C for 5 

minutes in order to denature the proteins. Prior to usage, the denatured protein lysates 

were briefly vortexed and centrifuged.  

 

Ten microliters of Precision Plus Protein
TM

 Dual Colour Standards (Bio-Rad 

Laboratories) was loaded into the first well. The subsequent wells were each loaded 

with 10μl of the various protein samples. Once the setup was completed, the gel was 

electrophoresed at 160V for 1 hour. 
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4.6.2.2 Protein transfer 

 

Prior to removing the gel from the holding frame, the western blot sandwich was 

prepared by soaking 2 scotch pads, a nitrocellulose membrane (9cm x 6cm) and 6 

Whatman 3MM paper (10cm x 6.5cm) in western blot transfer solution.  

 

Once the western blot transfer solution had soaked through the materials, the protein 

transfer sandwich was assembled with the following from the positive (white) side to 

the negative (black) side of the gel holder cassette: 1 scotch pad, 3 Whatman 3MM 

paper, 1 nitrocellulose membrane, SDS-PAGE gel, 3 Whatman 3MM paper and 1 

scotch pad. Any air bubbles present were removed prior to securing the gel holder 

cassette. The protein sandwich was then placed in the transfer cell containing an ice 

pack and immersed in western blot transfer solution. The protein transfer process was 

carried out at a constant current of 0.03A overnight. 

 

 

4.6.2.3 Western blotting 

 

Once the transfer process had completed, the nitrocellulose membrane was retrieved 

and placed in 10ml of 5% skim milk dissolved in 1x TBS-Tween. The membrane was 

incubated in this solution at room temperature for an hour with gentle rocking. At the 

end of this blocking step, the 5% skim milk solution was discarded and the membrane 

was rinsed with 1x TBS-Tween buffer for 5 minutes. In the meantime, the primary 

antibody was diluted in a 1% skim milk solution. The primary antibody concentrations 

used are summarised in Chapter 4.1.6 Antibodies (WB 1°Ab). 

 

At the end of the wash, the primary antibody was added to the nitrocellulose membrane 

and incubated at room temperature for 2 hours or at 4°C overnight, with gentle rocking.  

 

Before the addition of the secondary antibody, the nitrocellulose membrane was washed 

with 1x TBS-Tween thrice, each with a 5 minute interval. The appropriate secondary 

antibody was also diluted in 1% skim milk solution to give a final concentration of 

1:2000. After the washes, the secondary antibody was added to the membrane and 

incubated at room temperature for 45 minutes. 
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The final washes involved rinsing the nitrocellulose membrane in 1x TBS-Tween twice, 

each with 5 minute intervals, followed by 1x TBS twice, each with 5 minutes intervals. 

 

To detect the protein bands, the Western Lightning Ultra chemiluminescence system 

(PerkinElmer) was used according to manufacturer’s instructions. Briefly, the 

chemiluminescence reagent (0.1ml of chemiluminescence reagent per cm
2
 of 

membrane) was prepared by mixing equal volumes of Enhanced Luminol Reagent and 

the Oxidising Reagent. The reagent was pipetted drop by drop onto the nitrocellulose 

membrane to ensure full coverage. The membrane was developed in the dark for 1 

minute at room temperature before exposure. 

 

After development, excess chemiluminescence reagent was removed and the membrane 

was transferred to the loading tray of the LAS-3000 mini imager (Fujifilm). The 

nitrocellulose membrane was then exposed accordingly and the images taken. 

 

 

4.6.2.4 Stripping and reprobing of western blot membrane 

 

A previously used western blot membrane can be reprobed with different antibodies by 

submerging the membrane in a stripping membrane buffer. To this end, the membrane 

stripping buffer was pre-warmed to 50°C before usage. Once ready, the membrane was 

completely covered with stripping buffer and incubated at 55°C for 20 minutes with 

regular agitation. At the end of the incubation, the membrane stripping buffer was 

completely removed and the membrane washed thrice with 1x TBS-Tween (5 minutes 

between each wash) before repeating the entire western blotting process (Refer to 

Chapter 4.6.2.3 Western blotting). 
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4.7 CELL BIOLOGY METHODS 

 

4.7.1 Cell fixation 

 

In general, fixation of cells was carried out using 4% paraformaldehyde (4% PFA). 

Cells were incubated in the fixative at room temperature for 15 minutes. After fixation, 

the cells were rinsed twice with 1x PBS and kept in 1x PBS at 4°C until required. 

 

 

4.7.2 TRAP staining in RANKL-induced osteoclasts derived from mouse BMMs 

 

Osteoclastic precursor cells were seeded into 96-well plate at a density of 6x10
3
 cells 

per well. After seeding, the cells were cultured in complete -MEM, supplemented with 

MCSF (25ng/ml), and stimulated with RANKL (100ng/ml) over a course of 5 days. At 

the end of the stimulations, the cells were washed once with 1x PBS prior to fixation 

with 4% PFA. Once fixed, the cells were incubated in prewarmed TRAP stain (100μl 

per well for 96-well plate) and incubated at 37°C for 15-20 minutes. Once the intense 

pink colouration was visible, the TRAP stain was removed and the cells were washed 

twice with 1x PBS. The TRAP stained osteoclasts were either quantitated using light 

microscopy at 10x magnification, subjected to absorbance reading at 490nm or imaged 

as required. 

 

 

4.7.3 Quantification of osteoclast numbers, nuclei number and cell size 

 

Mouse BMM-derived osteoclasts that had been stimulated with RANKL for  5 days 

were fixed with 4% PFA and stained for TRAP activity. The cell counter available in 

NIS-Elements BR software (Nikon) was used to quantify the number of osteoclasts 

present in individual 96-wells. Only cells that were positive for TRAP activity and 

contained  3 nuclei were counted as formed osteoclasts. Each treatment consisted of 

triplicate 96-wells. 

 

For osteoclast nuclei number, three random fields were imaged at 10x magnification per 

well. Ten random osteoclasts were chosen per image and the nuclei for each osteoclast 
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quantitated using ImageJ. For each treatment, a total of 90 osteoclasts were assessed (3 

random fields per well from a total of 3 wells per treatment).  

 

Finally, to measure approximate cell size, random fields were imaged at 10x 

magnification per well. Five random osteoclasts were chosen per image and their cell 

perimeter measured using ImageJ. For each treatment, a total of 45 osteoclasts were 

assessed (3 random fields per well from a total of 3 wells per treatment). 

 

The results were then used to construct graph plots and subjected to statistical analysis 

using GraphPad Prism 5. 

 

 

4.7.4 Immunofluorescence 

 

4.7.4.1 General handling 

 

Cells fixed for immunohistochemistry were permeabilised by treating with 0.1% Triton-

X for 5 minutes. To remove all traces of Triton-X, the cells were washed twice with 

0.2% BSA-PBS. Prior to primary antibody addition, the samples were incubated in 3% 

BSA-PBS for 30 minutes at room temperature. Following the initial blocking step, the 

selected primary antibodies were diluted in required volumes of 0.2% BSA-PBS and 

added to the individual wells as appropriate. The primary antibodies were incubated at 

room temperature for 2 hours (Refer to Chapter 4.1.6 Antibodies (IF 1°Ab) for antibody 

concentrations). 

 

At the end of the primary incubation, the cells were thoroughly washed (4 x 0.2% BSA-

PBS, 4 x 1x PBS and 4 x 0.2% BSA-PBS). The secondary antibodies, which were 

conjugated to Alexa Fluor fluorescent dyes, were diluted to a final concentration of 

1:500 in 1x PBS. The secondary antibodies were added to the respective wells and 

incubated in the dark for 45 minutes. The cells were thoroughly washed again (4 x 0.2% 

BSA-PBS, 4 x 1x PBS and 4 x 0.2% BSA-PBS) before nuclei staining. 

 

Cell nuclei were stained using Hoechst 33258 (Chapter 4.7.4.5 Hoechst staining) and 

the samples were mounted onto glass slides (Chapter 4.7.4.6 Mounting of glass 
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coverslips, Osteologic discs or bovine bone discs onto glass slides). All procedures 

were carried out at room temperature, unless specified otherwise. 

 

Table 4.2 Volumes used for the various solutions in immunohistochemistry. 

 

Tissue culture  

plate used 

24-well plate 

containing 

BioCoat™ 

Osteologic™ discs 

96-well plate 

containing 5mm round 

coverslips or bovine 

bone discs 

Volumes used for 0.1% Triton-X, 

primary antibody dilution, 

secondary antibody dilution and 

Hoechst 33258 dilution 

 

300μl 

 

100μl 

 

 

4.7.4.2 Plasma membrane staining  

 

Confocal processing of osteoclast plasma membrane components such as PIP2 was 

carried out as described in by Hammond and colleagues (2009), with some 

modifications. Briefly, cells were fixed using 4% formaldehyde and 0.2% 

glutaraldehyde in PBS solution in a 1:1 ratio with the existing cell media. Cells were 

treated with the aldehyde fixatives for 15 minutes at room temperature. The cells were 

washed three times using 50mM NH4Cl in PBS before proceeding to the permeabilising 

and blocking steps. All subsequent steps from herein were performed on ice and using 

pre-chilled solutions. The cells were incubated in a deep ice bath for 2 minutes before 

incubating with Buffer A containing 5% (v/v) normal goat serum, 50mM NH4Cl and 

0.5% saponin for 45 minutes. 

 

Following the incubation, the cells were washed twice with Buffer A. The primary 

antibodies were applied after in Buffer A containing 5% normal goat serum and 0.1% 

saponin and incubated on ice for 1 hour. The cells were then washed twice in Buffer A. 

This was followed by incubation of secondary antibodies applied in Buffer A containing 

5% normal goat serum and 0.1% saponin, for 45 minutes on ice. Excess secondary 

antibodies were removed by washing the cells with Buffer A for 4 times.  
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Finally, cells were post-fixed using 2% formaldehyde in PBS for 10 minutes on ice 

before warming up to room temperature for another 5 minutes. To remove the post-

fixatives, the cells were washed with 50mM NH4Cl in PBS for three times, followed by 

a final wash in distilled water.  

 

To stain for cell nuclei, Hoechst 33258 nuclei stain was added (Refer to Chapter 4.7.4.5 

Hoechst staining) and the cells were mounted onto glass slides (Refer to Chapter 

4.7.4.6 Mounting of glass coverslips, Osteologic discs or bovine bone discs onto glass 

slides). 

 

 

4.7.4.3 Fluorophore-labelled dextran and transferrin uptake assays 

 

Fluorophore-labelled dextran and transferrin were used to mark recycling and lyososmal 

trafficking pathways in resorbing osteoclasts. Briefly, primary mouse BMMs were 

cultured directly on Osteologic discs under osteoclastogenic conditions (100ng/ml 

RANKL and 25ng/ml M-CSF). After a period of 7 days, the state of resorptive activity 

was judged based on absence/presence of the thin layer of hydroxyapatite coating on the 

Osteologic discs. Once the cells were observed to be actively resorbing the coating, 

spent media was removed and replaced with media containing either fluorophore-

labelled dextran (1:1000) or transferrin (1:1000) and incubated at 37°C overnight. 

 

The following day, cell media containing the labelled flurophores were removed and the 

samples were washed twice with 1x PBS, prior to fixation with 4% PFA. After fixation 

and washing to remove any remaining fixative, the samples were stored in 1x PBS at 

4°C until mounted onto glass slides. 

 

 

4.7.4.4 LysoTracker® staining 

 

Prior to cell fixation, spent media was removed and replaced with fresh media 

containing LysoTracker® (1:1000). The cells were then incubated at 37°C for another 

30 minutes before the media was removed and the cells washed twice with 1x PBS. The 
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cells were immediately fixed with 4% PFA followed by another two washes in 1x PBS. 

The samples were stored in 1x PBS at 4°C until mounted onto glass slides. 

 

 

4.7.4.5 Hoechst staining 

 

To stain for cell nuclei, pre-diluted Hoechst 33258 (1:5000) was added to the cells and 

incubated in the dark at room temperature for 15 minutes. Following incubation, the 

cells were washed thrice with 1x PBS before being transferred onto glass slides. 

 

 

4.7.4.6 Mounting of glass coverslips, Osteologic discs or bovine bone discs onto glass 

slides 

 

Once Hoechst staining was completed, the samples were removed from their respective 

wells and mounted onto clean glass slides. The samples were adhered to glass slides 

using ProLong Gold Anti Fade mounting media (Invitrogen) and left to dry in the dark 

overnight before commencing confocal analysis.  

 

 

4.7.5 Pharmacological drug treatments 

 

Two different types of actin polymerisation inhibitors, cyclosporine A (CSA) and 

cytochalasin D (Cyto. D), were used to examine the effects on osteoclasts in comparison 

with the myosin 1 inhibitor pentachloropseudilin (PClP). Drugs were obtained in 

powdered form and were dissolved in DMSO prior to usage. In all assays, DMSO only 

samples were used as controls.  

 

 

4.7.5.1 Cyclosporin A (CSA) 

 

Cyclosporin A (CSA) was dissolved in DMSO to obtain a 1mg/ml stock solution. A 

final working concentration of 1μg/ml was achieved by diluting the appropriate volume 

of the drug stock in complete -MEM. 
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4.7.5.2 Cytochalasin D (Cyto. D) 

 

Cytochalasin D (Cyto. D) was dissolved in DMSO to obtain 2.0mM stock solution. A 

final working concentration of 1.0μM was achieved by diluting the appropriate volume 

of the drug stock in complete -MEM. 

 

 

4.7.5.3 Pentachloropseudilin (PClP) 

 

Pentachloropseudilin (PClP) was dissolved in DMSO to obtain 10.0mM and 1.0mM 

stock solutions. For assays using PClP concentration 2.0μM, the various 

concentrations (i.e. 2.0μM-20.0μM) were obtained by diluting appropriate volumes of 

the 10.0mM stock solution in complete -MEM. For assays using PClP concentration  

<2.0μM, the concentrations (i.e. 0.05μM-1.5μM) were obtained by diluting appropriate 

volumes of the 1.0mM stock in complete -MEM. 

 

 

4.7.6 MTS colourimetric assay 

 

As PClP has not been used in the osteoclastic system before, the potency of the drug in 

mouse BMMs was tested based on its effects on cell proliferation. To this end, primary 

mouse BMM cells were cultured using complete -MEM supplemented with MCSF 

(25ng/ml) in a 96-well plate, at a cell density of 6x10
3
 cells per well. The next day, 

PClP of varying concentrations (0μM-20.0μM) were added to the cells and left to 

incubate for another 48 hours. Cell proliferation was measured using a colourimetric 

MTS assay (Promega) thereafter. Briefly, 20μl of the substrate was added to each well 

and mixed gently by swirling. The cells were left to reduce the dye to a colour substrate 

in the dark at 37°C for 4 hours before an absorbance reading was performed at 490nm.  

 

 

4.7.7 Von Kossa staining of Osteo Assay plates 

 

Prior to Von Kossa staining, the cells were removed by using a 25% bleach solution in 

distilled water. The solution was removed and the wells were rinsed twice with distilled 
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water before addition of 100μl of 1.5% silver nitrate to each well. This was followed by 

an incubation at room temperature for 5 minutes in the dark. The silver nitrate was 

removed and the samples were rinsed with several changes of distilled water. An equal 

volume (100μl) of freshly prepared 0.5% hydroquinone was added to each well.  

 

Precipitation reaction between the silver ions and phosphate resulted in the remaining 

mineralised surface turning dark brown/black immediately upon addition of 

hydroquinone. After a 1 minute incubation, the hydroquinone solution was removed and 

the wells gently rinsed with distilled water. Areas that were not resorbed retained the 

original mineralised surface and were coloured, while resorption pits were identified by 

areas of clearing. 

 

 

4.7.7.1 Analysis of resorption parameters (i.e. area, perimeter and approximate path 

length) 

 

Resorptive activity of osteoclasts was assessed by looking at various resorption 

parameters: 1) area of resorption, 2) perimeter of resorption pit and 3) approximate 

resorption path length. After Von Kossa staining was performed on the Osteo Assay 

plates, 6 random fields of images (per well) were taken using light microscopy at 10x 

magnification. In all there were 18 images per treatment (triplicate wells per treatment). 

Areas of resorption were quantitated using ImageJ and expressed as a percentage. In the 

case of resorption pit perimeter and approximate path length, 5 random resorption pits 

were chosen and analysed using ImageJ. 

 

 

4.7.8 In vitro bone resorption 

 

4.7.8.1 Preparation of bovine bone discs 

 

Bovine bone purchased from the butcher was thoroughly cleaned to remove any excess 

tissue or bone marrow. Once cleaning was completed, the bone was sliced into 0.75mm 

thick sections using an IsoMet low speed saw (Beuhler) and diamond wafering blade 
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(Biolabs (Aust) Pty. Ltd.). 5mm wide discs were punched from these slices using a 

single hole paper punch and stored in 70% ethanol at 4°C until required.  

 

Before use, the bovine bone discs were washed three times with serum free -MEM 

under sterile conditions to ensure complete removal of ethanol. Prior to cell seeding, 

these bone slices were placed into the wells of a 96-well plate, submerged in 100μl of 

complete -MEM and incubated at 37°C for at least 30 minutes. After the incubation, 

the media was removed and replaced with mouse BMMs or primary human osteoclasts, 

which were cultured directly on the bovine bone discs. 

 

 

4.7.8.2 Osteoclast culture on bovine bone discs 

 

Primary mouse BMM cells were cultured directly on bone discs at a cell density of 

6x10
3
 cells per well and stimulated with 100ng/ml RANKL and 25ng/ml M-CSF every 

48 hours over a course of 7 days. Once mature osteoclasts were formed, the cells were 

further stimulated for another 48 hours to ensure that the cells were actively resorbing 

prior to fixation.  

 

 

4.7.8.3 Preparation of osteoclasts on bovine bone discs for scanning electron 

microscopy (SEM) 

 

Actively resorbing osteoclasts were fixed using 2.5% glutaraldehyde solution in 

phosphate buffer for 2 hours at room temperature. This was followed by two washes in 

phosphate buffer and post-fixation using 1% osmium tetroxide in distilled water at room 

temperature for 60 minutes. After post-fixation, the samples were rinsed three times 

with saline followed by a series of alcohol dehydration steps.  

 

Briefly, the samples were dehydrated in increasing concentrations of ethanol (i.e. 25% 

ethanol, 50% ethanol, 70% ethanol, 95% ethanol and 100% ethanol) for 30 minutes at 

room temperature for each step. The samples were further dehydrated using super dry 

ethanol for 30 minutes at room temperature. The samples were kept in super dry ethanol 

until critical point drying in CO2. Once the samples were dried at critical point, they 
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were mounted onto aluminum studs and coated with a 4nm layer of palladium. The 

samples were then imaged using a Philips XL30 scanning electron microscope. 

 

 

4.7.8.4 Preparation of osteoclasts on bovine bone discs for confocal microscopy 

 

Active, resorbing osteoclasts were fixed in 4% PFA for 15 minutes at room 

temperature, followed by a couple of washes in 1x PBS. To visualise the F-actin rings 

that were formed during resorptive activity, staining of the cells was carried out using 

rhodamine-conjugated phalloidin (1:300) as per described in Chapter 4.7.4.1 General 

handling. Once the mounting media had been dried overnight, the samples were 

examined with a confocal microscope using either a 20x lens (i.e. for general 

quantitation purposes) or a 60x, oil immersion lens (i.e. for detailed morphological 

analysis).  

 

 

4.7.9 Stealth siRNA transfection of mouse BMMs 

 

One day prior to transfection, mouse BMMs were seeded at a density of 6 x 10
3
 cells 

per well in a 96-well plate and incubated at 37°C overnight. For each well to be 

transfected, the RNAi duplex-Lipofectamine
TM

 RNAiMAX (Invitrogen) complexes 

were prepared as follows: 1.2pmol of RNAi duplex was diluted in 10μl of serum free 

Opti-MEM® media and mixed gently. In a separate microcentrifuge tube, 0.2μl of 

Lipofectamine
TM

 RNAiMAX was diluted in 10μl of serum free Opti-MEM® media and 

mixed gently. The two components were combined and incubated at room temperature 

for 20 minutes.  

 

At the end of the incubation, the RNAi duplex-Lipofectamine
TM

 RNAiMAX complexes 

were added to each well containing cells in complete -MEM supplemented with 

25ng/ml M-CSF. The transfection complexes were added to the cells drop by drop and 

completely mixed into the existing media by gentle swirling. The cells were incubated 

with the complexes at 37°C for the next 24-48 hours before the efficiency of gene 

knockdown was assessed. 
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To assess the efficiency of the three Myo1b siRNAs, RNA was extracted from the 

tranfected cells, subjected to RT-PCR, followed by PCR with Myo1b specific primers 

(Refer to Chapter 4.3 RNA extraction and Chapter 4.5 Reverse transcription 

polymerase chain reaction (RT-PCR)). Finally, the individual PCR bands were 

quantitated based on their mean grey values with respect to the housekeeping gene 18S. 

 

 

4.7.10 Osteoclastogenesis assay following siRNA transfection 

 

Primary mouse BMMs were cultured in a 96-well plate at a density of 6x10
3
 cells per 

well 24 hours prior to the first siRNA transfection. The following day, the cells were 

transfected as elaborated in Chapter 4.7.9 Stealth siRNA transfection of mouse BMMs. 

Each siRNA treatment was performed in triplicates. 

  

 During the course of transfection, the cells were simultaneously stimulated with 

25ng/ml of MCSF and 100ng/ml of RANKL and kept at 37°C for the next 48 hours. In 

order to ensure a sustained knock down effect on Myo1b, the transfection procedure 

was repeated again every 48 hours until mature osteoclasts formed in the control wells 

(i.e. Day 5). Following the third and last transfection on Day 5 of the osteoclastogenesis 

assay, the cells were left for a further 48 hours before fixation in 4% PFA at room 

temperature for 15 minutes. The cells were then stained for presence of TRAP and 

subjected to further analysis. 

 

 

4.7.11 In vitro bone resorption assay following siRNA transfection 

 

Primary mouse BMMs were cultured as described in Chapter 4.7.10 Osteoclastogenesis 

assay following siRNA transfection but on individual bovine bone discs. Transfection of 

the cells was carried out every 48 hours over a course of 7 days. To ensure that majority 

of the osteoclasts were undergoing resorptive activity, the cultures were maintained for 

another 48 hours prior to fixation with 4% PFA.  
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4.7.11.1 Resorption pit analysis using toluidine blue 

 

To visualise the osteoclasts, the bone slices were incubated with TRAP stain at 37°C for 

30 minutes. Once the intense pink colouration was visible, excess TRAP stain was 

removed and the cells were washed twice with 1x PBS. The osteoclasts were imaged 

using Laborlux S microscope (Leitz) and OsteoMeasure software. 

 

To analyse the differences in resorptive activity between control and Myo1b siRNA 

osteoclasts, the cells were mechanically removed (by gentle brushing using a wet cotton 

bud) to expose the underlying resorption pits. The bovine bone discs were thoroughly 

rinsed with 1x PBS and left to air-dry overnight. The following day, surface of the 

bovine bone discs were stained using 1% toluidine blue for 30 seconds. Excess toluidine 

blue solution was removed by blotting with tissue paper. Once the stain was completely 

dried, the bovine bone discs were imaged using a reflective microscope (Nikon) at 10x 

magnification. Images were captured in JPG format using Nikon digital sight DS-5Mc 

coupled to the NIS BR Elements 3.2 software. Qualitative analysis of the resorption 

areas was completed using ImageJ. 

 

 

4.8 MICROSCOPY METHODS 

 

4.8.1 Confocal microscopy 

 

Detection of immunofluorescence was carried out using a Nikon Ti-E inverted 

motorised microscopy with Nikon A1Si spectral detector confocal system running NIS-

C Elements software. For the detection of both primary human and mouse BMM-

derived osteoclast immunostainings, a 60x oil immersion objective lens (Nikon) was 

used. Individual osteoclasts were imaged throughout the entire cell using serial optical 

sections (0.5μm-1.0μm). The serial optical sections or z-stacks were then used to 

reconstruct three-dimensional images in ImageJ. 

 

In order to quantitate podosomal belt and sealing zone formation in non-resorbing and 

resorbing osteoclasts respectively, osteoclasts were imaged using a 20x oil, UV 
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immersion objective lens (Nikon). The number of cells exhibiting these F-actin 

structures was then quantitated using ImageJ. 

 

 

4.9 STATISTICS AND DATA PRESENTATION 

 

All data presented in this thesis is expressed as the mean ± standard error of the mean 

(SEM) and results are representative of at least three independent experiments.  In the 

case of direct comparison between control and variable (i.e. resorption area analysis 

between MOCK and MYB1 siRNA osteoclast (Figure 8.20C)), an unpaired Student’s t-

test was performed. For multiple comparisons (i.e. assays involving different PClP 

concentrations and assays involving all 3 siRNAs), ANOVA statistical analysis was 

carried out with a post-hoc Dunnett’s test to compare all groups against the selected 

control group (i.e. DMSO vehicle control or negative siRNA control). In all analyses, 

the threshold of statistical significance was set at p 0.05 and performed using GraphPad 

Prism 5 software. 
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Chapter Five: Expression and regulation of cytoskeletal motor proteins during  
RANKL-induced osteoclast differentiation 

5.1 INTRODUCTION 

  

The eukaryotic cytoskeleton serves three basic functions: 1) to spatially organise 

intracellular content(s); 2) to connect the cell physically and biochemically to its 

extracellular milieu and 3) to generate coordinated forces that enable cell motility and 

changes in cell shape (Fletcher and Mullins, 2010). In order to regulate such diverse 

functions, the cytoskeleton must therefore be highly dynamic and adaptive to constant 

flux.  

 

When broken down into its most fundamental elements, the cytoskeleton is essentially 

an interconnected network of filamentous polymers linked with regulatory adaptors and 

proteins. The prototypical cytoskeletal framework is composed of three types of 

filaments: 1) microfilaments of actin; 2) microtubules and 3) intermediate filaments 

(Penman, 1995). Together, these three filaments act coordinately to control the shape 

and mechanics of eukaryotic cells, providing a continuous and dynamic connection 

between the cellular structures and forming the main platform for proteins and other 

cytoplasmic components to dock and travel along (Hall, 1998; Elbaum et al., 1999; 

Hermann and Aebi, 2000). 

 

Both actin filaments and microtubules are composed of basic polymerised units. This 

property allows them to continuously build and extend their filaments and thus function 

as intracellular tracks for molecular motors that move preferentially from one end to the 

other (Fletcher and Mullins, 2010). These molecular motors can be broadly categorised 

based on the network they function in. For instance, myosin molecular motors mediate 

cargo transport via the actin network while kinesins and dyneins traverse the plus- and 

minus-ends of microtubule network respectively. Despite occupying different networks, 

the primary function of all of these molecular motors is to spatially organise 

cytoskeletal components.  

 

Microtubule motors, for example, are an integral part of the microtubule array assembly 

during mitotic spindle formation and cell mitosis (Echeverri et al., 1996; Purohit et al., 

1999; Gaetz and Kapoor, 2004). On the other hand, actin networks found in contractile 

arrays at the rear of a migratory cell, require myosin involvement for formation and 

function (Le Clainche and Carlier, 2008). In addition, myosin motors are also 
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implicated in the stabilisation of actin stress fibers, which allow cells to contract and 

sense their surrounding environment (Langanger et al., 1986). 

 

The osteoclast is heavily dependent on its cytoskeletal organisation and perhaps more so 

than most other eukaryotic cells. This stems from the fact that reorganisation of the 

osteoclastic cytoskeleton is intrinsically linked to the cell’s primary function i.e. bone 

resorption. Cytoskeletal reorganisation occurs constantly as the osteoclast progresses 

through the different stages of polarisation and activation. These profound cytoskeletal 

changes are highlighted by the unique microtubule arrangements and specific actin ring 

structures that are only present in actively resorbing osteoclasts (Lakkakorpi and 

Väänänen, 1995). Although these cytoskeletal structures are widely accepted as 

indicators of ongoing resorptive activity, the structural organisation and signalling 

events that induce these conformations prior to bone resorption remain poorly 

understood. 

 

As discussed in Chapter 1, bone resorption occurs primarily under the aegis of the 

osteoclastic ruffled border. This morphologically distinct organelle is composed of 

complex, finger-like projections of membranes juxtaposed to bone and only apparent in 

actively resorbing cells (Manolagas, 2000). It is thought that the ruffled border is 

formed by the polarised trafficking of intracellular vesicles of late 

endosomes/lysosomes origin to the bone-apposed plasma membrane (Teitelbaum and 

Zou, 2011). Upon reaching the plasma membrane, these carrier vesicles undergo fusion 

to form the resorbing organelle. Whilst an excellent contemporary model of ruffled 

border formation exists (Coxon and Taylor, 2008), many fine intracellular details, such 

as the potential contribution of molecular motor proteins to this process, remain 

unknown. 

 

The major aim of this study was, therefore, to identify and systematically profile new 

candidate cytoskeletal-membrane coupling components that may contribute to the 

structural and functional polarisation of the osteoclast. For this purpose, an Illumina 

BeadChip microarray was employed to screen for cytoskeletal-related genes that were 

differentially regulated in response to RANKL and M-CSF, the two primary cytokines 

responsible for promoting osteoclast differentiation and activation. In this chapter, gene 

families functionally related to/or belonging to the three conventional cytoskeletal 



Chapter Five: Expression and regulation of cytoskeletal motor proteins during  
RANKL-induced osteoclast differentiation 

molecular motor superfamilies (i.e. myosins, kinesins and dyneins) are addressed. 

Herein, this study documents the first comprehensive and accurate account of the 

expression and regulation profiles of molecular motor proteins during RANKL-driven 

osteoclast differentiation. 

 

 

5.2 RESULTS 

 

5.2.1 Transcriptional profiling of the actin-based myosin motor superfamily during 

RANKL-induced osteoclastogenesis 

 

Systems-based assays have become an ever popular avenue to rapidly elucidate the core 

molecular constituents of a particular cell. Such approaches include high-throughput 

DNA microarrays coupled with qualitative proteomic profiling and bioinformatics. As 

an initial effort to systematically and comprehensively profile molecular motor proteins 

in osteoclasts, an Illumina BeadChip system, which is capable of simultaneously 

measuring the relative abundance of vast numbers of mRNAs within the cell, was 

employed.   

 

To this end, the expression profiles of selected motor protein families (myosins, 

kinesins and dyneins) were compared between isolated M-CSF dependent mouse bone 

marrow macrophages (BMMs, Day 0) and M-CSF/RANKL-differentiated, TRAP-

positive, multi-nucleated (>3 nuclei) osteoclastic cells (Day 5). (Figure 5.1A) 

 

First, the robustness of the microarray approach was assessed by monitoring the 

expression levels of several well-established osteoclast marker genes including TRAP 

(14.3-fold), calcitonin receptor (CTR, 15.8-fold), cathepsin K (CTSK, 323-fold), matrix 

metallopeptidase-9 (MMP-9 (165-fold), osteoclast-associated receptor (Oscar, 34.5-

fold), Src (15.7-fold) and dendritic cell-specific transmembrane protein (DC-STAMP, 

56.7-fold), all of which were strongly upregulated during RANKL-driven osteoclast 

differentiation (Figure 5.1B). Having validated the Illumina BeadChip system, the gene 

expression profiles of select cytoskeletal motor proteins were functionally clustered and 

compared during osteoclastogenesis.  
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Given that a major goal of this study was to identify novel cytoskeleton-coupling 

molecules that may participate in osteoclast formation and function, the myosin 

superfamily of actin-based motors, which is largely unexplored in osteoclasts, was 

assessed initially.  As illustrated in Figure 5.1C, whereas majority of the conventional 

myosin motor superfamily members were constitutively expressed during 

osteoclastogenesis, a discrete handful of myosins displayed robust changes in mRNA 

expression following RANKL-stimulation.  Among these, members of the myosin 1 

family were the most robustly upregulated in response to RANKL stimulation. For 

instance, Myo1b (10.1-fold) and Myo1e (2.75-fold) displayed >2.5 fold upregulation 

whereas Myo1g was downregulated by >45% during RANKL-driven osteoclast 

differentiation. Outside of the myosin 1 family, several other interesting candidates 

included Myo6 (upregulated 4.31-fold) and Myo10 (upregulated 2.96-fold). Of these 

potential RANKL-responsive candidates, only Myo10 (or Myosin 10) has been 

previously characterised and implicated in osteoclast function (i.e. sealing zone 

patterning) (McMichael et al., 2010).  

 

Myo1b was by far the most upregulated isoform among the myosin superfamily during 

RANKL-driven osteoclastogenesis. In fact, the fold change in mRNA expression of 

Myo1b exceeded all other myosin members, and was >50% higher than the closest 

candidate (i.e. Myo6). Interestingly, the fold change in Myo1b expression was 

comparable to that of other established osteoclast markers including TRAP (14.3-fold) 

and CTR (15.8-fold), implying that Myo1b may play an important role during RANKL-

driven osteoclast differentiation and/or function.  

 

 

5.2.2 mRNA expression profiles of myosin 1 family members during RANKL- driven 

osteoclast differentiation 

 

Since Myo1b was the most RANKL-responsive myosin gene and because the 

expression profiles of Class 1 myosins have not been previously documented in 

osteoclasts, this subfamily was selected for more detailed investigation. First, to 

complement the microarray results, mRNA expression profiles of myosin 1 isoforms 

were assessed using semi-quantitative RT-PCR. For this, primary mouse BMMs were 

seeded onto 6-well plates and stimulated with M-CSF (25ng/ml) and RANKL 



Figure 5.1 Myo1b was the predominant upregulated myosin in response to 

RANKL stimulation. Total RNA was isolated from TRAP positive osteoclasts derived 

from mouse BMMs and compared to their mononuclear progenitor cells (A). 

Microarray analyses identified Myo1b as the most RANKL responsive myosin amongst 

all the myosin motor family members during osteoclastogenesis (upregulated 10.1 

folds). Other myosin motors including Myo1e, Myo6 and Myo10 were upregulated 

albeit modestly, with increments between 2.75 folds to 4.31 folds (B). Expression of 

conventional and unconventional myosin motors grouped according to specific myosin 

families (C). Data is expressed as fold change relative to Day 0 (i.e. unstimulated 

control). 

A 

B C 
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(100ng/ml) at different time points (Day 1, Day 3 and Day 5) over a time course of 5 

days during which multinucleated osteoclasts formed (Figure 5.2A).  

 

At Day 5, RNA lysates from each time point were simultaneously harvested and 

subjected to RT-PCR. Semi-quantitative RT-PCR analysis employing primer sets 

specific for myosin 1 isoforms revealed similar expression patterns to those observed in 

the microarray analysis (Figure 5.2B). While most myosin 1 isoforms were 

differentially expressed during osteoclastogenesis, Myo1a was weakly expressed, even 

after 5 days of RANKL stimulation. Similarly, the expression of Myo1h was almost 

negligible to weak; with detection only possible following extended PCR amplifications 

(>35 cycles) upon which transcripts appeared to be modestly upregulated in osteoclasts 

at Day5. 

 

On the other hand, Myo1b was strongly upregulated following RANKL treatment and 

paralleled the mRNA expression patterns of other known osteoclast markers such as 

CTR, which is only expressed in mature end-stage osteoclasts (Day 5). The 

housekeeping gene 36B4 served as a loading control in this instance (Figure 5.2B, last 

lane). Quantitative analysis of PCR band densities confirmed that expression of Myo1b 

was increased by almost 25-fold following RANKL induction during osteoclastogenesis 

(Figure 5.2C).  

 

 

5.2.3 Protein expression profile of Myo1b during RANKL-driven osteoclastogenesis 

in mouse BMMs 

 

Because not all mRNA transcripts are efficiently translated into proteins, the next step 

was to investigate whether the upregulation of Myo1b expression at the mRNA level 

was reflected at the protein level. To this end, primary mouse BMMs were seeded onto 

6-well plates and cultured under pro-osteoclastogenic conditions (M-CSF (25ng/ml) and 

RANKL (100ng/ml)) over a course of 5 days, after which protein lysates were harvested 

and subjected to SDS-PAGE and western blotting using antibodies specific to Myo1b 

(Figure 5.3A). 

 



Figure 5.2 Myo1b was the most responsive myosin 1 member during 

RANKL-driven osteoclast differentiation. Upon stimulation with M-

CSF (25ng/ml) and RANKL (100ng/ml), monocytic mouse BMMs fused 

together to form multinucleated osteoclastic cells (A). Total RNA 

harvested from the indicated time points (Day 0-5) of a M-CSF/RANKL 

differentiation time course were subjected to RT-PCR. The vast majority 

of myosin 1 members were constitutively expressed during 

osteoclastogenesis. Myo1a, however, was only weakly expressed, which 

may be indicative of cell-specific expressions of myosin 1 members, since 

Myo1a is highly expressed in the microvilli of intestinal epithelial cells. 

In contrast, Myo1h and in particular, Myo1b were strongly upregulated at 

Day 5 (B). When normalised to expression levels (36B4) at Day 0, 

Myo1b was found to be the most highly RANKL responsive family 

member, with an approximately 25-fold increased expression, following 

the expression pattern of CTR, which served as a positive control (C).   
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As shown in Figure 5.3, the protein expression levels of Myo1b increased markedly 

during the pre-osteoclast fusion period (Day 3) and peaked upon osteoclast maturation 

at Day5. Vesicular glutamate transporter-1 (VGLUT-1), which is also upregulated in 

response to RANKL (Morimoto et al., 2006), revealed a similar increase in protein 

levels during osteoclast formation, while -tubulin served as an internal loading control. 

Quantitation of the individual band densities by densitometry confirmed that protein 

expression levels of Myo1b increased by approximately 8-fold following RANKL 

treatment (Figure 5.3B). 

 

 

5.2.4 Transcriptional profiling of the kinesin superfamily during RANKL-induced 

osteoclast formation 

 

A similar gene profiling approach was used to identify other promising microtubule-

based motor protein candidates that were differentially regulated by RANKL during 

osteoclast differentiation. Members of the plus-end directed kinesin superfamily (KIFs) 

were initially assessed, most of which were constitutively expressed during osteoclast 

differentiation (Figure 5.4). Surprisingly, only modest changes in the entire KIF 

superfamily were noted upon RANKL stimulation, with the most responsive of KIFs 

reaching a maximum of 1.8-fold change. 

 

Specifically, KIF1B, which displayed the highest increment in fold change (1.8-fold) 

during osteoclastogenesis, belongs to the kinesin-3 family. Interestingly, past studies 

have shown that another member from the kinesin-3 family, KIF1C, together with 

microtubule plus-ends; help to regulate podosome formation in human macrophages 

(Kopp et al., 2006). However, within the osteoclast system, KIF1C mRNA expression 

does not appear to be significantly enhanced in response to RANKL. 

 

On the other hand, several KIFs were notably downregulated during osteoclastogenesis. 

These included KIF3A, KIF3C and KIF23, whose mRNA expression levels decreased 

by up to 30%.  

 

 



Figure 5.3 Myo1b protein expression levels increased significantly during 

RANKL-induced osteoclast differentiation. Protein lysates harvested from 

different time points of a RANKL-driven osteoclastogenesis time course were 

subjected to SDS-PAGE and western blotting using the antibodies indicated. Protein 

expression of Myo1b was notably upregulated on Day 3 and increased with further 

RANKL stimulation. Vesicular glutamate transporter-1 (VGLUT-1), which is 

specifically expressed in mature osteoclasts (Morimoto et al., 2006), was used as an 

osteoclast marker for this assay (A). Quantitation of the protein bands revealed that 

protein expression levels of Myo1b increased by approximately 8-fold during 

RANKL-driven osteoclast differentiation (B).  





Figure 5.4 Expression profiles of plus-end microtubule kinesin (KIFs) motors 

during RANKL-induced osteoclastogenesis. Microtubule-based kinesin motor 

proteins were widely expressed in the osteoclastic system based on the microarray 

results. However, most family members were constitutively expressed during 

RANKL-mediated differentiation. Interestingly, of the few upregulated KIFs, most 

were restricted to the kinesin-3 family. KIF1C has been previously implicated in 

macrophage podosome patterning (Kopp et al., 2006). However, there was no 

significant changes to KIF1C expression. By comparison other KIF1 isoforms (e.g. 

KIF1A and KIF1B) were weakly upregulated. The expression patterns of several 

kinesin motor proteins were also downregulated upon RANKL stimulation (e.g. 

KIF3A, KIF3B, KIF5C and KIF23). 
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5.2.5 Expression profiling of the dynein motor complex during RANKL-induced 

osteoclastogenesis 

 

Lastly, the transcriptional profiles of the entire dynein motor complex family, together 

with its adaptor complex dynactin, were assessed during RANKL-driven osteoclast 

differentiation.  Similar to that observed with kinesins, hierarchical cluster analyses 

revealed that majority of the subunits composing the microtubule minus-end directed 

dynein-dynactin motor complex were constitutively expressed during osteoclast 

differentiation.  Nonetheless, there were some notable changes, including dynein heavy 

chain 1 (DHC1) and dynein intermediate chain isoform 2 (DIC2), which were 

moderately downregulated during osteoclast formation (Figure 5.5). 

  

In addition, dynein regulators such as LIS1 and its binding partners NudE and NudEL, 

as well as its interacting partner, Plekhm1 were also surveyed. In this instance, the 

majority of these regulatory components were upregulated, and several (namely LIS1 

and Plekhm1) were selected for ensuing functional analyses (Refer to Appendix and 

supplementary figures – Ye et al., 2011).  

 

 

 

 



Figure 5.5 Expression profiles of the dynein-dynactin microtubule motor complex 

and its regulators during RANKL-induced osteoclastogenesis. The dynein-

dynactin motor complex, which powers retrograde movement of vesicles along the 

microtubule network, comprises of several subunits each containing different 

isoforms. Majority of the dynein-dynactin subunits did not exhibit obvious changes 

during osteoclastogenesis, with the exception of DHC1 and DIC2, both which were 

downregulated. Dynein regulatory protein LIS1, and its binding partners NudE and 

NudEL were also examined in this data set. Expression levels of these various 

regulators were slightly upregulated.  
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5.3 DISCUSSION 

 

The cytoskeleton consists of a maze of interconnected filamentous networks with each 

being structurally distinct and honed for a specific function. Prototypical cellular 

networks are composed of both microtubules and actin filaments and populated with 

molecular motor proteins, which generate force via ATP hydrolysis (Howard, 1997). It 

is now well accepted that these mechanochemical motors power the force behind cell 

polarity, cell shape as well as bidirectional transport of cellular cargoes between 

different organelle compartments (Hoyt et al., 1997).   

 

Precise cytoskeletal organisation is crucial to the proper functioning of many specialised 

cell types (Kapitein and Hoogenraad, 2011). For instance, polarised microtubule and 

actin filament orientations inside neurons exist to facilitate directed transport into axons 

and dendrites respectively. Disruptions in this fine cytoskeletal organisation results in 

drastic impairments in neuronal transmission (Craig and Banker, 1994; Horton and 

Ehlers, 2003).  A similar scenario exists with osteoclasts, whose unique bone resorptive 

function is intimately linked to the cell’s cytoskeletal organisation and polarisation 

status, signified by the formation of the F-actin ring and underlying ruffled border 

(Teitelbaum and Zou, 2011).  

  

Although enough evidence has accumulated over the past few decades to emphasise the 

overwhelming importance of the osteoclastic cytoskeleton in the bone resorptive 

process (Gil-Henn et al., 2007; Saltel et al., 2008; Zou et al., 2010), the precise 

regulation of the cytoskeleton and the functional relevance of its associated motor 

proteins remain unclear.  

 

The present study documents the first detailed expression analysis of all major motor 

protein superfamilies in osteoclasts during RANKL-driven differentiation. Using an 

Illumina BeadChip approach, the mRNA expression profiles and regulation of the entire 

myosin, kinesin and dynein motor superfamilies were monitored during the 

differentiation of mononuclear mouse BMM progenitor cells into functionally mature 

osteoclasts. Based on this approach, several interesting molecular motors whose 

expression patterns were upregulated in response to RANKL were identified.  
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Of the RANKL-responsive cytoskeletal motors identified, several members of the 

myosin 1 family were robustly upregulated by RANKL, namely Myo1b and Myo1e. 

The expression level of other myosin family members, including Myo6 and Myo10, 

were also found to be upregulated in response to RANKL stimulation, albeit to a lesser 

degree than the most prominent myosin member (i.e. Myo1b).  Of these myosin 

members, only Myo10 (or Myosin 10) has been characterised with respect to function in 

multiple cell systems, including osteoclasts.   

 

Studies using HeLa cells and neurons have previously demonstrated that Myosin 10 

plays an important role in regulating filopodia formation, a structure that is critical for 

axon function (Bohil et al., 2006; Sousa et al., 2006). In addition, PIP3 has been shown 

to recruit Myosin 10 to filopodia initiation sites via the PH domain present in all myosin 

members (Plantard et al., 2010; Yu et al., 2012). Furthermore, full length Myosin 10 is 

required for proper axon outgrowth as “headless” Myosin 10 resulted in inhibited axon 

outgrowth and antagonised filopodia-inducing activity (Raines et al., 2012).  

 

In osteoclasts, RNAi-mediated suppression of Myosin 10 resulted in decreased cell 

spreading and sealing zone perimeter, along with decreased motility and resorptive 

capacity (McMichael et al., 2010). Furthermore, siRNA-treated osteoclasts failed to 

position podosomes following microtubule disruption. In contrast, when Myosin 10 was 

overexpressed, podosomal belt formation increased in tandem, leading to larger sealing 

zones and enhanced bone resorptive activity. Collectively, these observations suggest 

that Myosin10 is involved in osteoclast attachment to resorptive surfaces, and 

responsible for podosome positioning by mediating interactions between the actin and 

microtubule network (McMichael et al., 2010).  

 

While Myosin 10 has clearly been implicated in osteoclast polarisation and function, it 

is interesting to note that it is only modestly upregulated in response to RANKL (2.96-

fold) from the microarray analysis. By comparison, Myo1b was highly upregulated 

(10.1-fold) during osteoclastogenesis. Importantly, the mRNA expression profile of 

Myo1b mirrored the expression patterns of other established mature osteoclast markers 

(e.g. CTSK, CTR and TRAP), implying that Myo1b may play an important role in 

osteoclast formation and/or maturation.  
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In keeping with this position, Myo1b upregulation was also observed at the protein level 

as evidenced by immunoblotting.  The upregulation in Myo1b was highly reproducible 

and contrasted markedly to the expression profiles of other class I myosin family 

members including Myo1a, whose expression levels were weakly detected in mature 

osteoclasts. This observation indicates that the expression patterns of myosin 1 isoforms 

are likely cell/tissue specific, in agreement with the findings that Myo1a is the 

predominant isoform expressed in the microvilli of intestinal epithelial cells (Tyska et 

al., 2005; Tyska and Nambiar, 2010).  

 

Along with profiling actin-based myosin motors, the expression profiles of microtubule-

based motor proteins, namely kinesins and dynein, were also explored.  In this instance, 

most KIFs were found to be constitutively expressed during osteoclastogenesis.  While 

it was anticipated that several KIFS may be selectively expressed in osteoclasts, it was 

not surprising that the expression levels of the majority of KIFs remained constant 

throughout osteoclast differentiation, probably reflecting their known “housekeeping” 

functions in all eukaryotic cells (Stewart and Goldstein, 1991). 

 

Of the few KIFS that demonstrated upregulation in response to RANKL (~1.8-fold), 

most were restricted to members of the kinesin-3 family (KIF1A/1B/1C). Among these, 

KIF1C has been previously implicated in podosome formation in human macrophages 

(Kopp et al., 2006). However, in osteoclasts, KIF1A and KIF1B appear to be the most 

prominent isoforms expressed.  These data suggest that while KIF1C may be the 

predominant KIF1 isoform expressed in monocytic macrophages, KIF1A/1B may 

potentially participate in the later stages of osteoclast differentiation or function, i.e. 

following the fusion of macrophages into multi-nucleated osteoclasts.  However, this 

remains to be functionally addressed. 

 

Like kinesins, subunits of the retrograde microtubule motor dynein, along with its 

dynactin co-factor, also exhibited few notable variations in mRNA expression levels 

during osteoclastogenesis with the exception of dynein heavy chain 1 (DHC1) and 

dynein intermediate chain isoform 2 (DIC2), both which were downregulated in the 

microarray analysis. While at this stage in time it remains unclear as to the reason for 

the downregulation of DHC1, which is the conventional heavy chain subunit in many 

eukaryotic systems, it is tempting to speculate that an alternative DHC isoform may 
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exist in osteoclasts that can substitute/compensate for the loss of DHC1 during 

osteoclast formation as reported in other eukaryotic cells (Höök and Vallee, 2006).  

 

Similar to DHC1, DIC also contains several isoforms. In fact, recent studies have shown 

that DIC is encoded by two genes, Dync1i1 (DIC1) and Dync1i2 (DIC2). These 

intermediate chain proteins share 69% protein identity and are expressed in multiple 

splice isoforms. Each of these isoforms is thought to determine the structural and 

functional configuration of dynein motor complexes in different cell types (Kuta et al., 

2010). As such, expression of DIC2 isoforms in the osteoclast may differ from other 

specialised cell types like neurons.  

 

By comparison, the mRNA expression levels of several known regulators of the dynein-

dynactin complex, including LIS1 and one of it binding partners NudE, together with 

the LIS1 interacting partner Plekm1 (Refer to Appendix and supplementary figures – Ye 

et al., 2011), were moderately upregulated during osteoclastogenesis. Whereas Plekm1 

has been recently shown to play an important role in osteoclast function (Van 

Wesenbeeck et al., 2007), the precise functional role of these regulators and their 

associated dynein-dynactin motor complex have until now, remained unexplored in 

osteoclasts. 

 

Taken together, the results of this study provide a comprehensive survey of the 

expression and regulation profiles of major motor protein superfamilies in osteoclasts 

during their RANKL-driven differentiation and enables the following conclusions to be 

drawn: 1) Actin- and microtubule-based motors are differentially expressed and 

regulated in response to RANKL and 2) Myo1b is by far the most robustly upregulated 

cytoskeletal motor protein in osteoclasts.  Based on these data, class I myosins (namely 

Myo1b) and the dynein-dynactin motor complex, together with its affiliated adaptors 

(i.e. Tctex-1, refer to Appendix and supplementary figures – Pavlos et al., 2011) and 

regulators (i.e. LIS1/Plekhm1, refer to Appendix and supplementary figures – Ye et al., 

2011) were selected as candidate actin- and microtubule-based motors, for more 

detailed subcellular and functional characterisation in osteoclasts. 
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6.1 INTRODUCTION 

 
 

The retrograde microtubule motor cytoplasmic dynein is a multimeric complex 

composed of several core protein subunits. The largest subunit, namely the dynein 

heavy chain polypeptide (>500kDa), is responsible for ATPase and motor activities 

(Vallee et al., 2004). Additionally, accessory subunits like the intermediate chain 

(74kDa), intermediate light chain (53-59kDa) and the various light chains (10-14kDa) 

constitute essential components of the conventional dynein motor complex (Pfister et al., 

2005; Caviston and Holzbaur, 2006).  

 

Along with these core subunits, a secondary multi-protein complex i.e. dynactin, 

functions in sync with dynein and is required for most types of cytoplasmic dynein 

activity (Vaughan and Vallee, 1995). Dynactin binds to the dynein motor directly where 

it assists motor processivity over long distances on the microtubule (Schroer, 2004). 

Like dynein, dynactin is composed of several subunits. Of these, p150
Glued

 interacts 

directly with both cytoplasmic dynein (specifically with the intermediate chains) and 

microtubules (Levy and Holzbaur, 2006). 

 

In contrast to the enormous spectrum of kinesins and myosins that have evolved in 

mammalian cells to cope with the increasing demands on intracellular transport, 

cytoplasmic dynein is unique in that only one motor complex exists.  Precisely how this 

sole motor is able to bind and direct such a wide range of cargo remains poorly 

understood. However, accumulating evidence indicates that spatial and temporal 

regulation of the dynein-dynactin complex is conferred by variable light chains (e.g. 

Tctex-1, LC8, Roadblock) and multifunctional adaptors such as p150
Glued

, LIS1, NudE 

and NudEL, with each playing a role in modulating dynein function and localisation 

(Kardon and Vale, 2009). 

 

The dynein-dynactin motor complex is undoubtedly essential to all eukaryotic cells, 

with critical roles played in vesicular transport and cell division (Levy and Holzbaur, 

2006).  The crucial importance of the dynein-dynactin complex in mammalian cells is 

perhaps best demonstrated in neurons (Pfister, 1999; Goldstein and Yang, 2000). To 

date, compromised or global loss of dynein function has been linked to neuronal 

deficiency (Ikenaka et al., 2012; Willemsen et al., 2012) and the onset of progressive 
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motor neuron degenerative disease, characterised by motor neuron degeneration and 

neuron loss (LaMonte et al., 2002; Ori-McKenney and Vallee, 2011).  

 

In osteoclasts, there is currently no information available regarding the potential 

functional contribution of cytoplasmic dynein. While the expression profiling conducted 

in Chapter 5 implied that conventional dynein subunits were highly conserved between 

osteoclasts and their mononuclear progenitor cells (Figure 5.5), based on analogies with 

other polarised cell systems, it is likely that the dynein motor complex plays additional 

specialised roles in osteoclasts (e.g. in the establishment of osteoclast polarity). 

Therefore, the aim of this chapter was to dissect the subcellular localisation and 

function of the dynein-dynactin motor complex, and its regulatory adaptors, during 

osteoclast formation and bone resorption.  

 

The first manuscript by Ng et al., 2013, entitled “Disruption of the dynein-dynactin 

complex unveils motor specific functions in osteoclast formation and bone 

resorption”, Journal of Bone and Mineral Research, 28(1):119-134 comprehensively 

characterised the subcellular localisation and function of the dynein-dynactin complex 

in osteoclasts.  Moreover, it demonstrated that the integrity of the dynein-dynactin 

motor complex was essential for both osteoclast formation and function. Specifically, a 

loss of dynein function (as mediated by p50/dynamitin overexpression) delayed 

osteoclast formation in vitro, owing to prolonged mitotic stasis of osteoclast progenitor 

cells. Furthermore, dynein-dynactin dysfunction was found to disrupt the spatial 

organisation of the Golgi and lysosomes in osteoclasts, an effect that coincided with 

impaired CTSK secretion and diminished bone resorptive function.  

 

In addition, work contribution from this thesis provides evidence that variable dynein 

light chains (e.g. Tctex-1) and dynein regulators (i.e. LIS1 and Plekhm1) are 

indispensable for osteoclastic bone resorptive function. 

 

The paper by Pavlos et al., 2011, “Tctex-1, a novel interaction partner of Rab3D, is 

required for osteoclastic bone resorption”, Molecular and Cellular Biology, 

31(7):1551-1564 investigated the role of the dynein light chain subunit Tctex-1 in 

microtuble-mediated intracellular vesicle transport in osteoclasts.  Specifically, Tctex-1 

was identified as a novel effector molecule of the small GTPase Rab3D (Pavlos et al., 
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2005).  Tctex-1 was found to bind Rab3D in a GTP-dependent manner and co-occupy 

Rab3D-bearing vesicles in bone resorbing osteoclasts. Consistently, targeted 

suppression of Tctex-1 by RNAi disrupted Rab3D-mediated secretory vesicle 

trafficking in osteoclasts and impaired bone resorption in vitro.  

 

Furthermore, the manuscript by Ye et al., 2011 entitled “LIS1 regulates osteoclast 

formation and function through its interactions with dynein/dynactin and Plekhm1 

PLoS One, 6(11):e27285 detailed the role of dynein regulator LIS1 together with its 

putative binding partner Plekhm1 in osteoclasts. Briefly, depletion of LIS1 via shRNA 

knockdown was found to attenuate osteoclast formation in vitro, an effect which 

correlated with altered pro-osteoclastogenic signalling cascades including the 

downregulation of NFATc1, the master transcription factor of osteoclast differentiation. 

In addition, bone resorption was drastically impaired due to diminished CTSK secretion 

at the ruffled border. In keeping with its role as a regulator of the dynein complex, 

suppression of LIS1 also resulted in altered microtubule morphology and aberrant 

dynein function in osteoclasts. These manuscripts can be found in the Appendix and 

supplementary figures section. 

 

Collectively, these papers provide the first documented evidence that the dynein motor 

complex, together with its regulatory adaptors, is a highly versatile and indispensable 

microtubule motor, required for both osteoclast formation and bone resorption.  
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ABSTRACT
Osteoclastic bone resorption requires strict interplay between acidified carrier vesicles, motor proteins, and the underlying cytoskeleton

in order to sustain the specialized structural and functional polarization of the ruffled border. Cytoplasmic dynein, a large processive

mechanochemical motor comprising heavy, intermediate, and light chains coupled to the dynactin cofactor complex, powers unilateral

motility of diverse cargos to microtubule minus-ends. We have recently shown that regulators of the dynein motor complex constitute

critical components of the osteoclastic bone resorptivemachinery. Here, by selectively modulating endogenous dynein activity, we show

that the integrity of the dynein-dynactin motor complex is an essential requirement for both osteoclast formation and function.

Systematic dissection of the osteoclast dynein-dynactin complex revealed that it is differentially localized throughout RANKL-induced

osteoclast formation and activation, undergoing microtubule-coupled reorganization upon the establishment of cellular polarization. In

osteoclasts actively resorbing bone, dynein-dynactin intimately co-localizes with the CAP-Gly domain-containing microtubule plus-end

protein CLIP-170 at the resorptive front, thus orientating the ruffled border as a microtubule plus-end domain. Unexpectedly, disruption

of the dynein-dynactin complex by exogenous p50/dynamitin expression retards osteoclast formation in vitro, owing largely to

prolonged mitotic stasis of osteoclast progenitor cells. More importantly, loss of osteoclastic dynein activity results in a drastic

redistribution of key intracellular organelles, including the Golgi and lysosomes, an effect that coincides with impaired cathepsin K

secretion and diminished bone resorptive function. Collectively, these data unveil a previously unrecognized role for the dynein-dynactin

motor complex in osteoclast formation and function, serving not only to regulate their timely maturation but also the delivery of

osteolytic cargo that is essential to the bone resorptive process. � 2013 American Society for Bone and Mineral Research.

KEY WORDS: OSTEOCLAST; DYNEIN; CATHEPSIN K; MICROTUBULE; BONE RESORPTION

Introduction

Osteoclasts (OCs) are terminally differentiated, multinucleat-

ed cells responsible for the physiological and pathological

destruction of bone.(1,2) Increased numbers and/or activation of

OCs underscore several debilitating osteolytic diseases, includ-

ing osteoporosis, osteoarthritis, Paget’s disease and tumor-

mediated bone loss. Formed by the fusion of mononuclear

myeloid-lineage cells under the aegis of RANKL and M-CSF, these

specialized polykaryons reside on bone surfaces and promote

skeletal remodeling and turnover throughout life. Upon contact

with bone, OCs rapidly reorganize their cytoskeleton and

membrane architecture to reflect their functionally polarized

status. This rearrangement is accompanied by the segregation of

the OC plasmalemma into several functionally distinct mem-

brane domains, of which the bone-apposed ruffled border (RB)

membrane is most characteristic and represents the ‘‘resorptive

apparatus’’ of the cell. The RB, circumscribed by a tight ring

of filamentous actin (ie, the sealing zone, SZ), serves as an

exocytotic release site for protons and osteolytic enzymes
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(largely cathepsin K) required to degrade both the mineral and

organic phases of bone.(3–5) In addition, the RB facilitates the

synchronous ingestion and removal of degraded bone matrix

from the underlying resorptive lacunae by endocytosis, whereby

it is expelled into the extracellular milieu at the basolateral

functional secretory domain.(6,7) To maintain its exquisite

structural and functional organization, the RB must therefore

be furnished with high levels of vesicular trafficking, with each

transport pathway being tightly coupled to the underlying

cytoskeleton to ensure a delicate balance in membrane flow and

directionality during the resorptive process.(8,9) Whereas recent

inroads have been made toward establishing the nature of these

vesiculotubular transport routes and their associated regulatory

machinery,(10–20) comparatively few molecular insights have

been provided to explain how these transport vesicles are

intimately linked to the osteoclastic cytoskeleton during bone

resorption.

In other polarized cell types (eg, epithelial cells), transport of

intracellular cargo along the microtubule and actin cytoskeleton

is powered by mechanochemical motor proteins of the AAAþ
(ATPases associated with diverse cellular activities) superfamily,

which utilize energy liberated from the hydrolysis of ATP. Local

actin-based movements (occurring in the cortical regions of

cells) are driven by myosin family members, whereas long-range

microtubule-mediated motility is regulated by the ‘‘tug-of-war’’

activities between kinesins (plus-end) and cytoplasmic dynein

(minus-end).(21,22) Recently, we have shown that two molecular

adaptors of the dynein motor complex, Tctex-1 and LIS1,

regulate vesicular trafficking during osteoclastic bone resorp-

tion.(13,14) Targeted suppression of Tctex-1 disrupts Rab3D-

mediated secretory vesicle trafficking in OCs and impairs bone

resorption in vitro.(13) Similarly, depletion of LIS1 coincides with a

loss of microtubule stability, reduced cathepsin K secretion, and

greatly diminished bone resorptive capacity.(13) Whereas these

studies imply an important role for cytoplasmic dynein in bone

resorptive function, the precise involvement of this macromo-

lecular motor complex in OC formation and function has yet to

be addressed. To further dissect the role of the dynein-dynactin

complex in OCs, we have systemically profiled the expression,

localization, and function of osteoclastic dynein-dynactin

complex during RANKL-driven OC formation and bone resorp-

tion. Herein, we show, for the first time, that the integrity of the

dynein-dynactin complex is not only critical to the timely

formation of OCs but also their functional activity, serving to

maintain the spatial and temporal control of key intracellular

organelles, including the Golgi and cathepsin K–containing

lysosomes, each essential to the bone resorptive process.

Materials and Methods

Antibodies and reagents

Rabbit polyclonal antibodies against Dynein HC (R-325), Kinesin

LC1, and Dynein LC (H-60) were purchased from Santa Cruz

Biotechnology (Santa Cruz, CA, USA). Mouse monoclonal

antibodies against GM130, p150Glued and dynactin p50 were

purchased from BD Biosciences (Erembodegem, Belgium).

Mouse and rabbit monoclonal antibodies against phospho-

histone H3 (Ser 10), IkBa, phospho-ERK1/2, phospho-p38, total

p38, phospho-p65, and total p65 were purchased from Cell

Signaling, Technology, Inc., Danvers, MA, USA. Other commercial

antibody sources include mouse monoclonal anti-dynein

intermediate chain (74.1) (Chemicon, Boronia, VIC, Australia),

mouse anti-chicken a-tubulin (Sigma, St. Louis, MO, USA), mouse

monoclonal anti–cathepsin K (Millipore, Billerica, MA, USA),

mouse monoclonal ERK1/2 (V114a) (Promega, Madison, WI, USA),

andmouse monoclonal b-actin (JLA20) (Calbiochem, La Jolla, CA,

USA). Mouse monoclonal anti-c-Src antibody was a gift from

Dr W Langdon (University of Western Australia, Australia), rabbit

polyclonal V-GLUT1 was kindly provided by Dr R Jahn (Max

Planck Institute for Biophysical Chemistry, Germany), and a rabbit

polyclonal antibody against CLIP-170(23) was kindly provided by

N. Galjart (Erasmus MC, The Netherlands).

Alexa Fluor 488-, 546-, 647- and horseradish peroxidase (HRP)-

conjugated goat anti-mouse immunoglobulin G (IgG), and goat

anti-rabbit IgG were all purchased from Invitrogen, Carlsbad, CA,

USA. Rhodamine- and Alexa Fluor 647-conjugated phalloidin

were obtained from Invitrogen. LysoTracker Red DND-99 and

Hoechst 33258 (bis-benzimide) were purchased from Molecular

Probes (Eugene, OR, USA). A cathepsin K Detection Kit was

purchased from Calbiochem. The complete cDNA encoding

human p50 (dynamitin)-EGFP construct was a kind gift from RB

Vallee (University of Massachusetts Graduate School of Biomedi-

cal Sciences, USA). GST-RANKL160–318 (rRANKL) recombinant

proteins were expressed and purified in our laboratory as

previously described.(24) Cell culture media was purchased from

Gibco (Carlsbad, CA, USA), whereas fetal bovine serum and

penicillin-streptomycin were purchased from Invitrogen.

Macrophage and OC culture

Bone marrow macrophages (BMMs) were isolated as previously

described.(14) Briefly, total bone marrow was extracted from

tibias and femora of 6 to 8-week-old C57BL/6 mice (purchased

from the Animal Resource Centre, Murdoch, WA, Australia) in

accordance to the UWA Institutional Animal Ethics Committee

Guidelines. Mouse monocytic RAW264.7 cells were grown as per

American Type Culture Collection guidelines (ATCC, Manassas,

VA, USA) in a-modified MEM (a-MEM) supplemented with 10%

fetal calf serum (FCS). All cell cultures were maintained in 5% CO2

at 378C. OCs were generated from either RAW264.7 or BMMs cells

differentiated with RANKL (100 ng/mL) alone or in combination

with M-CSF (25 ng/mL) in vitro as previously described.(20) Mature

primary human OCs were sourced from giant cell tumor of bone

(GCT) tissue according to previous protocols.(14) GCT was collected

fresh from patients postoperatively (Sir Charles Gairdner Hospital,

Nedlands, WA, Australia). All patients consented and experiments

were approved by a Human Ethics Committee at UWA. Cells

were harvested and processed for total RNA extraction, velocity

density gradient centrifugation, immunoblot analysis, or seeded

onto either glass coverslips, Osteologic Discs (BD Biosciences),

devitalized cortical bovine bone, or whale dentine surfaces before

being fixed and processed for immunofluorescence microscopy

and scanning electron microscopy. Only cells that stained positive

for TRAP activity and contained three or more nuclei were scored

as mature OCs.
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Reverse transcription (RT)-PCR

Total RNA was isolated from cultured cells using RNeasy Mini Kit

(QIAGEN, Dusseldorf, Germany) in accordance with the manu-

facturers’ protocol. For RT-PCR, cDNA was prepared from 2mg of

total RNA, using reverse transcriptase with an oligo-dT primer. All

PCR was carried out using 2ml of each cDNA, using cycling

parameters 948C, 45 seconds; 548C, 45 seconds; and 728C, 45
seconds for 30 cycles (except the calcitonin receptor (CTR) whose

annealing temperature was 608C), with primers designed

against the following mouse sequences: DHC (forward: 50-
GGTGGGAGTGCATTACGAGT-30; reverse: 50- TGTTGCTGAATGG-

CAGAGTC-30), DIC (forward: 50-CGGAGGAAGAAAAACAGCAG-30;
reverse: 50-CCCGATGCTTAGACCAATGT-30), DLIC (forward: 50-
TCTCACATCCGCAAGTTCTG-30; reverse: 50-CTGGCAACATTGGAT-
GACAC-30), DLC (forward: 50-ATGTGCGACCGGAAGG-3; reverse:
50- TTAACCAGATTTGAACAGAAGAATG-30, p150Glued (forward: 50-
AGATGGTGGAGATGCTGACC-30; reverse: 50-GAGCCTTGGTCT-
CAGCAAAC-30), p50 dynamitin (forward: 50-GGACGCAGACACT-
CAGAACA-30; reverse: 50-CTGCTGGGTGGTATCCAAGT-30), CTR

(forward: 50-TGGTTGAGGTTGTGCCCA-30; reverse: 50-CTCGTGGG-
TTTGCCTCATC-30), and acidic ribosomal phosphoprotein (36B4)

(forward: 50-TCATTGTGGGAGCAGACA-30; reverse: 50-TCCTCCG-
ACTCTTCCTTT-30), which served as an internal loading control.

PCR samples were analyzed by agarose gel electrophoresis

and quantified using ImageJ software (NIH). For the detection

of DIC splice variants, primers designed against the following

mouse sequences were used: Dyn 2 Ex1a (forward: 50-
GGCCGGTGTATCTGTTTCAAC-30; reverse: 50-GAGGGACCCAG-
TACTCAG-30) and Dyn2 Ex1b (forward: 50-CAGTTGGAGAGG-
GACGTTC-30; reverse: 50-CTCGAGGGGGAAAGTCAAC-30).

Immunoblotting

Cultured cells were washed with ice-cold PBS and lysed in 1�
RIPA buffer (50mM Tris pH 7.5, 150mM NaCl, 1% Nonidet P-40,

0.1% SDS, 1% sodium deoxycholate) supplemented with

protease inhibitors: 1mM phenylmethylsufonyl fluoride (PMSF)

and Complete Mini EDTA-free protease inhibitor cocktail (Roche,

Indianapolis, IN, USA). After incubation on ice (30 minutes), cell

lysates were cleared by centrifugation at 15,000 rpm for

15 minutes at 48C. For immunoblotting, 10 to 20mg of protein

were resolved by SDS-PAGE (10% to 15% polyacrylamide gels)

and then transferred overnight onto nitrocellulose membranes

(Hybond ECL; Amersham Life Science, Arlington Heights, IL, USA).

Membranes were blocked with 5% skim milk in Tris-buffered

saline–Tween 20 (TBS-T) for 60 minutes, and then probed with

primary antibodies diluted in 1% (w/v) skimmilk powder in TBS-T

overnight at 48C. Membranes were washed and then incubated

with HRP-conjugated secondary antibodies and developed using

the Western Lightening Ultra Detection Kit (Perkin Elmer,

Melbourne, VIC, Australia), in combination with the FujiFilm

LAS-3000 Gel Documentation System (FujiFilm, GE Healthcare,

Rydalmere, NSW, Australia).

Velocity density gradient centrifugation

Velocity density gradient centrifugation was performed as

previously described.(14) Briefly, �107 osteoclastic cells were

washed with ice-cold PBS, and scraped with 500ml of lysis buffer

(50mM HEPES-KOH, pH 7.2, 150mM NaCl, and 1mM MgCl2)

supplemented with protease inhibitors: 1mM phenylmethylsu-

fonyl fluoride (PMSF), 1mg/mL aprotinin, 1mg/mL leupeptin,

and 0.7mg/mL pepstatin (all from Sigma), and then homoge-

nized by passing cells through a 25-gauge syringe (at least

10 strokes). Proteins were then cleared by centrifugation at

3000 rpm for 15 minutes at 48C. Five hundred microliters of the

clarified supernatant was layered on top of 12mL of 5% to 20%

linear sucrose density gradient prepared in the lysis buffer. After

centrifugation at 150,000 g for 18 h in a SW40 rotor (Beckman

Coulter, Gladesville, NSW, Australia), 1mL fractions were

collected and equal volumes analyzed by immunoblotting using

antibodies to DHC, p150Glued, IC74, DLC, KLC1, a-tubulin,

p50, and CLIP-170. Immuno-intensities were quantified by

densitometry using ImageJ (National Institutes of Health,

Bethesda, MD, USA).

Retrovirus mediated transduction of BMMs

Retroviral vectors, pMX-EGFP and pMX-p50-EGFP were con-

structed by subcloning EGFP or p50-EGFP cDNAs into pMX-puro

vector (kindly provided by Dr. Kitamura, University of Tokyo,

Tokyo, Japan). Retrovirus packaging was performed by transfec-

tion of the pMX vectors into the packaging cell line Platinum-E

(Plat-E).(25) Preparation of viral stocks and viral transduction was

performed according to methods previously described.(26) After

transduction and puromycin selection, BMMswere differentiated

into OCs in the presence of RANKL (100 ng/mL) and M-CSF

(25 ng/mL).

Immunofluorescence confocal microscopy

Immunofluorescence was performed as previous described.(14) In

brief, cells grown on glass coverslips, or devitalized bovine bone

discs were fixed with either 4% paraformaldehyde (PFA) in PBS

for 15 minutes at room temperature (RT) and permeabilized for

5 minutes with 0.1% Triton X-100 in PBS or with methanol

(�208C) for 10 minutes. In some instances cells were

preincubated with microtubule stabilizing buffer (MTSB)

(80mM PIPES pH 6.8, 1mM MgCl2, 4mM EGTA) supplemented

with 0.5% Triton X-100 for 30 seconds at RT before methanol

fixation to release free cytosolic dynein. Nonspecific binding of

antibodies was blocked by 3% FCS in PBS for 30 minutes, after

which cells were incubated with primary antibody diluted in

0.2% BSA-PBS for 2 h at RT. After extensive washing, bound

primary antibodies were visualized with Alexa Fluor secondary

antibody-conjugates (Invitrogen, Grand Island, NY, USA). F-actin

was stained with Rhodamine- or Alexa Fluor 488/647-conjugated

phalloidin and nuclei visualized by Hoechst 33258 dye

(Molecular Probes). Samples were mounted with ProLong Gold

anti-fade mounting medium (Invitrogen) and imaging per-

formed using a NIKON A1Si confocal microscope (Nikon, Melville,

NY, USA) equipped with 20� (dry) and 60� (oil) immersion

lenses. Images were collected using the systems NIS-C Elements

software (Nikon). Quantitation of co-localization correlation

coefficients (Pearson’s, Rr¼ 0–1) was performed using the

Intensity Correlation Analysis ImageJ macro (NIH). This plug-in

generates an image, scatterplot, and correlation coefficient of
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co-localized pixels between two 8-bit images (or stacks). The

plugin merges selected 8-bit channels (eg, red and green) to a

pseudocolored image which highlights the co-localized pixels.

Pixels are considered co-localized if their intensities are higher

than the threshold of their channels (set at 50 by default), and if

the ratio of their intensity is higher than the ratio setting value

(set at 50% by default). Positive correlation was considered when

Rr> 0.8. Quantitation was performed on at least 10 to 20 cells

from two independent experiments. Quantitation of p50-GFP

expression and cathepsin K immuno-intensity profiles were

performed using a custom-written Linescan Intensity Profiler

(MATLAB, The Mathworks, Inc., Natick, MA, USA) as previously

described.(27) p50-GFP expression levels in OCs were defined as

either low (ie, relative GFP intensity¼ 100 to 150 AU), moderate

(150 to 200 AU), or high (>200 AU), respectively. Golgi ribbon

integrity was assessed using Particle Analysis macros in ImageJ

(NIH). Cathepsin K (CTSK) secretion was quantified by measuring

the number of OCs containing CTSK within F-actin rings,

compared with the total number of active (F-actin ring positive)

OCs. At least 50 to 100 OCs were analyzed per bone slice in each

group (n¼ 6).

Time-lapse confocal microscopy

For the live cell imaging, OCs expressing either GFP or p50-GFP

were grown on glass-bottom culture dishes (35mm petri dish,

10mm microwell with no. 1.5 coverglass) (MatTek Corporation,

Ashland, MA, USA) and incubated with LysoTracker Red DND-99

(100 nm, Invitrogen) or cathepsin K fluorogenic substrate

(Calbiochem) according to manufacturers’ instructions to

visualize late endosomes and cathepsin K containing lysosomes,

respectively. Cells were imaged by time-lapse fluorescence

confocal microscopy using an inverted 40� (water) objective

lens under controlled atmospheric conditions (378C and 5%

CO2/Air) in a Tokai Hit Stage Top incubator (INUG2E-TIZ,

Fujinomiya-shi, Shizuoka-ken, Japan). Frames were captured

every 5 seconds for 5 minutes using NIS-C Elements software

(Nikon). Image stacks and cumulative vesicle trajectories were

analyzed using the ImageJ MTrackJ plug-in (NIH).

Cell proliferation assay

The Promega CellTiter 96 AQueous MTS cell proliferation assay

(cat # G5421) was used according to manufacturers’ protocol

(Promega). Briefly, 20ml of MTS-PMS reagent was added to cells

expressing p50-GFP or GFP alone (100ml of media) and

incubated for 4 h at 378C. Absorbance at 490 nm was quantified

by spectrophotometry.

Bone resorption assays and medium CTx measurement

BMM-derived OCs transduced with either GFP (control) or

p50-GFP were seeded directly onto devitalized dentine discs to

assess resorptive activity. After 48 h, cells were fixed with 4% PFA

and either stained with rhodamine-conjugated phalloidin to

visualize F-actin rings or stained for TRAP activity (387-A, Sigma).

The number of TRAPþ ve multinucleated OCs were scored

before assessment of resorptive activity. After the removal of OCs

using a soft brush, resorption pits were visualized by scanning

electron microscopy and reflective confocal microscopy. The

total resorbed area/dentine slice and depth of resorptive pits

were quantified using ImageJ (NIH) software. Medium crosslink

peptide sequence of collagen type 1 (CTx-1) levels were

determined using CrossLaps for Culture ELISA kit (Immunodiag-

nostic Systems, Scottsdale, AZ, USA) according to the manu-

facturer’s instruction.

Statistics and data presentation

Results were statistically analyzed using a two-tailed Student’s

t test using Microsoft Excel (Microsoft Corp., Redmond, WA, USA).

All data shown are representative of at least three independent

experiments and expressed as mean� SD.

Results

Expression and subcellular localization of the
dynein-dynactin complex during RANKL-induced
OC differentiation

Cytoplasmic dynein is a large multisubunit complex (�1.6MDa)

composed of two heavy chains (DHC, 530 kDa) that contain the

motor and ATP hydrolytic sites, several copies of an intermediate

chain (IC, 74 kDa), light intermediate chains (LICs, 50 to 60 kDa),

and several light chains (LCs, �22 kDa)(28) (Supplemental Fig. 1).

Attachment of the dynein motor to specific cargo is facilitated by

its multifunctional adaptor dynactin, a multimeric complex

consisting of a rod shaped domain (Arp-1 filament and actin

capping proteins) and a projecting arm (p150Glued), which are

linked by an association with the p50 subunit dynamitin.(29,30) To

investigate the role of this macromolecular machine in OCs, we

first examined the mRNA expression profiles of selected subunits

of the dynein-dynactin complex during M-CSF/RANKL-driven OC

differentiation. For this purpose, mouse BMMs were cultured

under pro-osteoclastogenic conditions (25 ng/mL M-CSF,

100 ng/mL RANKL) for up to 7 days, upon which multinucleated

cells formed and expressed the OC maturation marker calcitonin

receptor (CTR) by RT-PCR (Fig. 1A). RT-PCR analyses employing

primer sets specific for the indicated conventional mouse dynein

and dynactin subunits confirmed that all major dynein (DHC,

DLIC, and DLC) and dynactin (dynamitin, p150Glued) subunits

were expressed in OCs. Whereas in some instances we

observed variability in expression levels during distinct stages

of RANKL-mediated differentiation (eg, DHC), these differences

were not statistically significant when comparing mRNA

expression levels between unstimulated BMMs (day 0) and fully

mature OCs (day 7). To complement these analyses we also

screened for OC-specific isoforms of the dynein IC, which has

recently been shown to determine the structural and functional

organization of a dynein complex for a given cell type.(31) As

shown in Fig. 1B, whereas the IC2A is the primary splice variant of

the brain dynein complex (positive control), IC2C is the major, if

not sole, splice variant of the OC dynein complex (Fig. 1B),

indicating that the organization of the dynein-dynactin complex

in OCs is distinct from that in brain.

Next, to gain insights into the molecular associations that exist

between dynein and dynactin in OCs we compared the

co-sedimentation profiles of dynein-dynactin subunits with

microtubules (a-tubulin) and microtubule plus-end associated
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Fig. 1. Expression and localization of dynein-dynactin in OCs during RANKL-induced differentiation. (A) Mouse BMMs were cultured in the presence of

RANKL (100 ng/mL) and M-CSF (25 ng/mL) for up to 7 days, after which total RNA was harvested and subjected to RT-PCR using primer sets specific for the

indicated dynein/dynactin subunits and calcitonin receptor (CTR). Data are expressed relative to the loading control acidic ribosomal phosphoprotein

36B4. (B) Detection of DIC2 isoforms in OCs compared with mouse brain and kidney tissues using specific primer pairs flanking exon 1a and 1b: (1)

DIC2_Ex1a and DIC2_N4 Rev, (2) DIC2_Ex1b and DIC2_Rev. Note, OCs exclusively express the DIC2C isoform (453 bp). Minus (�) lanes correspond to ‘‘no

reverse transcriptase’’ PCR negative controls. (C) Comigration of dynein/dynactin subunits in subfractionated OCs. Equal volumes of individual fractions

were resolved by SDS-PAGE and immunoblotted with the indicated antibodies. Note that peak immunointensities of endogenous dynein/dynactin (F10 to

F12) cosediment upon centrifugation (D), consistent with their in vivo association. (E) Differential localization of dynein-dynactin during osteoclastogen-

esis. OC progenitor cells (RAW 264.7) were seeded onto glass coverslips and stimulated with RANKL (100 ng/mL). At various time points of OC formation,

cells were fixed and processed for immunofluorescence confocal microscopy using specific antibodies to dynein (DLC), dynactin (p150Glued) and a-tubulin.

Areas of co-localization are denoted by yellow color in overlay with specific points of enrichment demarcated by white arrows. Bar¼ 10mm. All data are

representative of one of at least three independent experiments.
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proteins, namely the light chain of the kinesin motor (kinesin

light chain, KLC), and the CAP-Gly domain-containing micro-

tubule plus-end associated protein (CLIP-170) by biochemical

subcellular fractionation assays (Fig. 1C–D). Immunoblot analysis

showed peak expression and co-migration of dynein (HC, IC, LC)

and dynactin (p50/dynamitin, p150Glued) subunits in sucrose

fraction(s) (FR) 10 to 12, which overlapped with a fraction of

microtubules (a-tubulin; FR 9to 12) implying that they all form a

common intracellular complex in OCs. In contrast, the peak

migration of kinesin (KLC) and CLIP-170, as well as the bulk of

a-tubulin, were detected in lower density fractions (ie, KLC FR6-8;

CLIP-170 FR4-6; a-tubulin FR4 to 8) consistent with their role as

plus-end microtubule proteins. Together, these data are

consistent with the position that the minus-end dynein-dynactin

motor exists as a distinct molecular complex from the plus-end

motor kinesin on microtubules in OCs.

OC formation requires proliferation and differentiation of

committed monocytes into OC-progenitor cells before the onset

of cell fusion.(1) To gauge the potential function of dynein-

dynactin in osteoclastogenesis, we next monitored the subcel-

lular distribution(s) of the dynein-dynactin complex during

distinct phases of RANKL-induced OC differentiation (Fig. 1E). In

this instance, we employed RANKL-stimulated RAW 264.7 cells as

an OC model to circumvent the need for M-CSF, which might

mask potential RANKL-specific changes in dynein-dynactin

localization during OC differentiation. As shown in Fig. 1E,

dynein (DLC, green) and dynactin (p150Glued, red) co-localized

(yellow) to a discrete perinuclear spot (likely the centromere,

arrow) in unstimulated OC progenitor cells (day 0), consistent

with its reported localization patterns in other cells types.(32) By

comparison, dynein relocalized to mitotic spindles and kine-

tochores (as revealed by costaining for a-tubulin, arrows) in

proliferating OC precursor cells (day-1 post-RANKL treatment),

hinting that this dynein might participate in mitosis during the

early phases of OC differentiation. The subcellular distribution of

dynein and dynactin also changed markedly during the onset of

cell fusion (day 3). In this instance, dynein and dynactin co-

localized on small vesicular-like punctae within nanotubules of

precursor cells that were in the process of fusing with larger

multinucleated pre-OCs (inset, arrows), probably reflecting

minus-end mediated delivery of cargo between fusing mono-

nuclear cells with larger syncytia. After the maturation phase

(day-5), dynein and dynactin accumulated within the perinuclear

region of OCs and lined filamentous structures reminiscent of

microtubules. Taken together, these data demonstrate that the

OC dynein-dynactin complex is recruited to discrete intracellular

sites during the proliferation, differentiation, and fusion of OC

progenitors into mature multinucleated cells, implying specific

functions for this motor complex at defined stages of OC

formation.

The RB is a plus-end microtubule domain on
which the dynein-dynactin complex coexists
during bone resorption

Next, we examined the interplay between dynein-dynactin and

the OC cytoskeleton during the onset of polarization and bone

resorption. For this, we used primary human osteoclastic cells

derived from giant cell tumor (GCT), as they offer unique

advantages over rodent cells when defining dynein localization

patterns on bone ie: (1) they rapidly and uniformly resorb bone;

(2) they exhibit greater affinity to dynein antibodies raised

against human peptides; (3) they are sufficiently large to enable

fine subcellular structures to be readily resolved by confocal

microscopy; and (5) they directly reflect bona fide human cells.(14)

Human OCs were cultured under both non-polarizing

(glass coverslips) and highly polarizing/bone-resorbing condi-

tions (bovine bone discs) for up to 48 h, after which the cells

were fixed and stained with specific antibodies to dynein (DLC)

or dynactin (p150Glued) in combination with either a-tubulin

or phalloidin to illuminate microtubules or actin-filaments,

respectively. Consistent with its conventional role as a microtu-

bule-based motor, dynein tightly co-localized with the OC

microtubule network on both glass and bone surfaces,

faithflly following the reorganization of the microtubule

architecture during polarization/bone resorption. In contrast,

minor overlap between dynein and actin filaments were

observed in OC, irrespective of their polarized status, with

partial co-association detected in proximity of the podosomal

belt and within the sealing zone/RB region. We also confirmed

co-localization between dynein and dynactin subunits in

highly polarized human OCs actively resorbing bone

(Fig. 2A–B). Cross-correlation analyses (Pearson’s, Rr¼ 0–1)

further supported these co-localizations, with dynein showing

strong correlation with both dynactin (p150Glued)

(Rr¼ 0.831� 0.05) and a-tubulin (Rr¼ 0.889� 0.06), but com-

paratively modest correlation with F-actin (Rr¼ 0.494� 0.09)

(Fig. 2C).

Because the exact polarity of microtubules (plus-ends vs

minus-ends) in OCs remain ill-defined, we also immunostained

OCs with CLIP-170, a marker of dynamically growingmicrotubule

plus-ends, to orientate OC microtubule plus-end pole(s). To this

end, OCs cultured on either glass or bone were stained with CLIP-

170 and its distribution compared with F-actin, microtubules,

and dynein-dynactin. As shown in Fig. 3, CLIP-170 (green)

typically stained the peripheral tiplike projections of micro-

tubules (red) that emanated away from the nuclear region

(magenta) of OCs cultured on both glass (Fig. 3A, panel iv) and

bone (Fig. 3B, panels v–viii). Interestingly, in bone-resorbing OCs,

we noted localized densities of CLIP-170 positive-ends that

projected into the RB/SZ region (Fig. 3B, panels i–iv, white

arrows) as defined by the actin-ring (blue), thereby orientating

that the RB membrane as a ‘‘plus-end’’ microtubule domain.

Furthermore, we also detected strong co-localization between

CLIP-170 and p150Glued, both on glass and (Fig. 3A, panels v–viii)

and at the RB level on bone (Fig. 3B, panels ix–xii). These co-

localization patterns were also observed when OCs where

cultured on bone-mimicking Osteologic discs (Supplemental

Fig. 2). Quantitative analysis of co-localization coefficients (Rr)

further confirmed this position, with strong association observed

between CLIP-170 and p150Glued (Rr¼ 0.956� 0.04); microtu-

bules (Rr¼ 0.841� 0.07); and F-actin (Rr¼ 0.830� 0.06), respec-

tively (Fig. 3B and Supplemental Fig. 3). Together, these data

position the RB as a plus-end microtubule domain and indicate

that a percentage of dynein-dynactin coexists with CLIP-170 in

OCs at plus-end microtubule poles.
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Disruption of the dynein-dynactin complex impairs
osteoclastogenesis

To investigate the function of the dynein-dynactin complex in

OCs, we utilized a retroviral-based transduction system (pMX) to

overexpress a GFP-fusion chimera of p50/dynamitin (Fig. 4A),

which has been shown to competitively inhibit endogenous

dynein activity.(33) Exogenous expression of dynamitin/p50

destabilizes dynein-dynactin interaction(s) by displacing its

endogenous p50 counterpart and thus is routinely employed

as a tool for monitoring dynein function.(34) The transduction

efficiency and expression levels of, either p50-GFP or GFP alone

(control) into mouse BMM-derived OCs was confirmed by

fluorescence microscopy and immunoblotting (Fig. 4B–C).

Having validated successful delivery and expression of

p50-GFP into OCs, we next examined the potential effect of

dynein-dynactin disruption on osteoclastogenesis. To this end,

BMMs were transduced with retroviruses encoding either

p50-GFP or GFP alone and then stimulated with M-CSF/RANKL

for up to 7 days. At specific time points, OCs were fixed and

Fig. 2. Dynein is tightly associated with dynactin and microtubules in OCs during polarization and bone resorption. (A) Primary human OCs grown on

glass coverslips (nonresorbing) or bovine bone discs (resorbing) were fixed and stained with specific antibodies to dynein in combination with a-tubulin,

p150Glued or rhodamine-conjugated phalloidin. White dashes and asterisks demarcate resorptive pits. White straight lines indicate position of

corresponding XZ image slice. Bar¼ 10mm. (B) Co-localization of overlapping fluorophores as revealed by the ImageJ Intensity Correlation Analysis

plug-in (Material and Methods). Pseudocolored images highlight co-localized pixels between red/green fluorophores with orange-white signal signifying

strong co-localization intensity. Bar¼ 10mm. (C) Cross-correlation analyses of individual fluorophores (Pearson’s coefficient, Rr), where Rr> 0.8 indicates

strong correlation and Rr> 0.5 indicating moderate correlation (n¼ 20).
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stained for TRACP and the morphology and number of TRACP-

positive multinucleated cells (>3 nuclei) between p50-GFP and

GFP control groups were compared. Whereas themajority of OCs

formed at day 7 by the p50-GFP group were indistinguishable

from those derived from the GFP control cells (Fig. 4D), with each

displaying typical microtubule organization and podosomal

belts (Supplemental Fig. 4), we did note aberrations in the

morphology and spreading of p50-GFP transduced OCs,

Fig. 3. Microtubule plus-end associated protein, CLIP-170 intimately associates with dynactin p150Glued and is enriched in the RB of polarized OCs.

(A) BMM-derived OCs cultured on glass cover-slips discs were stained with the indicated antibodies and imaged by confocal microscopy. Insets represent

magnifications of dashed white boxes. (B) Localization of CLIP-170, b3-integrin, F-actin, a-tubulin, and p150Glued in bone-resorbing OCs. Enrichment of

CLIP-170 positive microtubules is observed within the F-actin ring (white arrows) at the RB level, thus orientating the RB as the microtubule plus-end

domain. Dashed lines demarcate resorption pits. Bar¼ 10mm. Solid white lines denote position of XZ slices. Note that strong correlation between CLIP-170

and F-actin (Rr¼ 0.830� 0.06), a-tubulin (Rr¼ 8.41� 0.07) and p150Glued (Rr¼ 0.956� 0.04) was observed after quantitation of fluorescent overlap

between the respective fluorophores of at least 10 cells in two independent experiments (Material and Methods). (C) A simplified cartoon depicting

microtubule reorganization and the orientation of CLIP-170/p150Glued in nonresorbing (nonpolarized) vs actively resorbing (polarized) OCs.
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Fig. 4. Disruption of the dynein-dynactin motor complex retards OC formation and prolongs proliferation and mitosis of OC progenitor cells.

(A) Schematic overview of pMX-retrovirus constructs used to deliver GFP and p50-GFP into BMMs. Fluorescence microscopy (B) and Western blotting

using anti-p50/dynamitin antibodies (C) confirmed the successful retroviral-mediated transduction of GFP (control) and p50-GFP into OCs. Arrowheads

denote exogenous and endogenous expression levels of p50. (D) Dynein disruption attenuates multinucleated TRAP-positive (>3 nuclei) OC formation

from BMMs. (E) The number of TRAP-positive, multinucleated OCs per 96-well were quantified over 7 days of culture. (n¼ 6) �p< 0.05, ��p< 0.01.

(F) Dynein-dynactin dysfunction delays the expression of RANKL-induced OC marker proteins. Monocytes (m), OC progenitors (OCp), pre-OCs (pOC), and

mature OCs (OC) were lysed and the expression levels of cathepsin K (CTSK), c-Src, and the vesicular glutamate transporter (V-GLUT1) were detected by

Western blotting. a-tubulin served as a loading control. Disruption in dynein-dynactin function does not impair key RANKL-induced signaling cascades

including NFkB (IkBa, p65) and MAPKs (ERK and p38) after short (G; within 1 h) or prolonged (H; 1 to 5 days) RANKL-stimulation as determined by Western

blotting with anti-IkBa (IkBa), anti-phospho-p65 (p-p65), anti-phospho-ERK (p-ERK), and anti-phospho-p38 (p-p38) antibodies. Total ERK, total p65, total

p38, b-actin and a-tubulin served as loading controls. (I) Loss of dynein activity delays proliferation of OC precursors, as measured by MTS assay at OD

490 nm. ��p< 0.01 (n¼ 3). (J) p50-GFP overexpression prolongs OC precursor cell mitosis (1-day post-RANKL-stimulation) as shown by anti-PH3 Ser 18

antibody immunostaining. (K) Quantitative analysis shows that precursor cells from the p50-GFP population have a significantly higher mitotic index.
��p< 0.01 (n¼ 6). Bars¼ 20mm.
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however, only upon pronounced overexpression of the fusion

chimera (eg, in Fig. 5A). Moreover, quantitative analyses of OC

numbers yielded significant and reproducible differences in the

total numbers of OCs formed between p50-GFP and GFP control

groups that were most evident in the early phases of OC

formation (ie, days 3 to 5), indicating that disruption of the

dynein-dynactin complex delayed the onset of osteoclastogen-

esis (Fig. 4E). The delay in OC formation rates was further

reflected by reduced expression of RANKL-induced OC marker

proteins, including cathepsin K, c-Src and the vesicular glutamate

Fig. 5. Dynein is essential to the integrity of the Golgi apparatus in OCs. (A) OCs expressing either GFP (control) or p50-GFP were grown on coverslips and

then fixed and stained for the cis-Golgi marker GM130. Loss of dynein activity resulted in the instability and fragmentation of the Golgi ribbons (B) with the

severity of disruption correlating with the level of p50/dynamitin-GFP overexpression, ie, low (100 to 150 AU), moderate (150 to 200 AU), or high (>200 AU)

as defined by the intensity profiles of p50-GFP expression (see Materials and Methods) (C). Bar¼ 20mm. Magnified inserts (B) depicting typical Golgi

phenotypes observed as classified into four distinct categories: (1) normal ribbon, (2) broken ribbon, (3) collapsed ribbon, and (4) scattered ribbon. Nuclei

are depicted by asterisk, Bar¼ 10mm. (D) Quantitative assessment of Golgi phenotypes in OCs at increasing levels of p50/dynamitin-overexpression

(n¼ 200). All data are representative at least three independent experiments.
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transport V-GLUT1(35) in p50-GFP-expressing cells compared

with those expressing GFP alone (Fig. 4F).

To investigate the potential mechanisms underlying this

perturbation in OC differentiation, we first checked for

disturbances in key RANKL-signaling cascades, including nuclear

factor of kappa B (NF-kB) and mitogen-activated protein kinase

(MAPK). NF-kB activity was monitored by the degradation and

phosphorylation signatures of IkBa and p65 (p-p65). As

illustrated in Fig. 4G, the RANKL-induced degradation/phos-

phorylation profiles of IkBa and p65 (p-p65) were comparable

between p50-GFP- and GFP-expressing OC progenitor cells. Little

differences were also detected in the activation levels of MAPK

signaling pathways, including p-ERK and p-p38 when

examined within short (Fig. 4G; within 1 h) or prolonged periods

(Fig. 4F; 1 to 5 days) of RANKL-stimulation, indicating that

these signaling pathways alone were not sufficient to account

for the delays in OC formation rates upon dynein-dynactin

disruption.

Next, we checked for differences in the proliferative status of

the OC progenitor cells. Proliferation of OC progenitors

expressing GFP or p50-GFP was monitored using MTS assays

after exposure to M-CSF (50 ng/mL) for 12 h (Fig. 4I). Consistent

with previous reports,(32) we found that disruption of dynein

activity by p50 overexpression significantly delayed the

proliferation rates of OC progenitors. Because dynein (DLC)

was found to localize to mitotic kinetochores of OC progenitor

cells, 1-day post RANKL (Fig. 1E, white arrows), we reasoned that

the delay in cell proliferation might reflect disturbances in

mitotic division. To this end, we monitored the number of OC

progenitors exiting mitosis (1 day post-RANKL stimulation) by

fluorescence microscopy after staining with the mitosis-specific

anti-phospho-histone 3 marker.(36) In keeping with this position,

we found that progenitor cells overexpressing p50-GFP rapidly

accumulated in a prometaphase-like state (Fig. 4J, white arrows),

displaying >200% the mitotic index of GFP-expressing control

cells (Fig. 4K). Taken together, these data indicate that the

disruptions in osteoclastogenesis after dynein-dynactin uncou-

pling are attributable, at least in part, to mitotic delay of OC

progenitor cells.

Uncoupling of the dynein-dynactin complex disrupts
Golgi ribbon integrity and spatial organization of
acidified late endosomes/lysosomes in OCs

The dynein-dynactin motor complex is principally responsible for

the unilateral transport of a variety of intracellular cargo toward

microtubule minus-ends.(37,38) Therefore, we next assessed the

effects of p50-mediated dynein-dynactin disruption on the

spatiotemporal distribution and motility of key intracellular

organelles and cargo in OCs, namely the Golgi and acidified

lysosomal compartments, the latter of which is known to house

cathepsin K, an enzyme that is essential to the bone resorptive

process.(39) Golgi architecture and stability was first assessed by

immunofluorescence confocal microscopy using the specific

cis-Golgi marker GM130. As shown in Fig. 5A, whereas GFP-

expressing control OCs displayed characteristic Golgi ribbons

that tightly circumscribed their concurrent nuclei, OCs expres-

sing p50-GFP displayed drastic alternations in Golgi ribbon

morphology consistent with a disruption in dynein activity.

These ribbon phenotypes ranged from mildly fragmented

(broken ribbons), compacted (collapsed ribbons) to dispersed/

fragmented (scattered ribbons) (Fig. 5B), an effect that correlated

with the level of p50-GFP overexpression (as defined by GFP-

intensity profiles shown in Fig. 5C), with complete ribbon

dispersal most evident in OCs highly expressing exogenous

p50-GFP, as evidenced by quantitative analysis (Fig. 5D).

Similarly, we observed clear redistribution of acidified late-

endosomes (LysoTracker Red) and cathepsin K–containing

lysosomes (cathepsin K fluorogenic substrate) from a mainly

perinuclear location in GFP-expressing control OCs toward the

cell periphery upon the overexpression of p50-GFP as monitored

by live cell confocal microscopy (white arrows, Fig. 6A).

Interestingly, despite this dramatic redistribution, analysis of

vesicle trajectories revealed that late endosomes/lysosomes

were still capable of bidirectional movement in both centrifugal

and centripetal directions between the center (nuclei) and the

periphery (plasma membrane, PM) in OCs expressing p50-GFP

(Fig. 6B–C). In GFP-expressing control cells, most lysosomes were

typically concentrated in the perinuclear region displaying highly

motile properties, with many moving rapidly toward or away

from the cell center and occasionally reversing, characteristic of

dynein function (Supplemental Video 1). By comparison,

p50-GFP-expressing cells exhibited a more peripheral dispersion

of lysosomes (yellow arrows, Fig. 6A), some of which displayed

short-range and stationary movement, while others alternated

between this behavior with very rapid local-range plus-end

movement that appeared to fuse with the plasma membrane

(PM) (Supplemental Video 2). Whereas we did not observe a

complete loss of minus-end events in p50-GFP expressing OCs,

the peripheral dispersion of late endosomes/lysosomes together

with the increased number/length of plus-end (kinesin-driven)

movements observed are both consistent with a net reduction in

dynein function in vivo.

Dynein-dynactin dysfunction diminishes
osteoclastic bone resorption as a result of
impaired cathepsin K secretion

Finally, we examined the impact of dynein-dynactin disruption

on the OCs functional capacity to resorb bone. For this purpose,

BMM-derived OCs expressing either GFP or p50-GFP were

cultured on dentine discs for 48 h, after which cells were fixed

and either stained with rhodamine-conjugated phalloidin to

assess OC polarization (F-actin ring formation) or removed to

visualize the number and morphology of the underlying

resorptive pits by scanning electron microscopy (SEM). Assess-

ment of OC polarization showed little differences in the ability of

OCs to form F-actin rings (Fig. 7A). Quantitative analysis of OC

resorptive parameters revealed a slight, albeit modest change, in

the total resorbed area per dentine disc (Fig. 7B, D), however, this

difference failed to reach statistical significance. This may be due,

in part, to the heterogeneous expression levels of p50-GFP

observed in OCs and residual endogenous dynein activity that

was inherent in our approach. Nonetheless, closer inspection of

individual resorptive pits revealed clear distinctions in the pit

depth and morphology between GFP transduced and p50-GFP
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transduced cells, the latter of which was deemed morphologi-

cally shallow as confirmed by confocal microscopy and

quantitative analysis (Fig. 7C, E).

Considering the drastic redistribution of the Golgi and

lysosomes after dynein disruption, we reasoned that the

reduced pit depth may reflect disturbances in the OCs ability

to deliver and/or secrete cathepsin K (CTSK) at the RB. Consistent

with this position, we observed obvious impairments in the

ability of OCs to deliver CTSK to the RB during bone resorption

when p50-GFP was overexpressed, with considerably less CTSK

reaching the RB exit site, but instead accumulating within the

nuclear (n) region (Fig. 7F–G, arrows). This reduction in CTSK

delivery to the RB was verified by immuno-intensity profiles

(Fig. 7H) and quantitative analyses of CTSK secretion relative to

F-actin rings/SZs (Fig. 7I). Furthermore, the defect in cathepsin K

delivery was also confirmed biochemically by analysis of medium

CTx-1 concentration, which revealed a significant decrease in

CTx-1 release in OCs overexpressing p50-GFP compared with

GFP control cells (Fig. 7J). Together, these data indicate that the

structural and functional integrity of the dynein-dynein complex

is an important requirement for efficient bone resorption,

serving to regulate the delivery and/or release of cathepsin K

during the bone resorptive process.

Discussion

The dynein-dynactin motor complex is an elegant mechano-

chemical machine that orchestrates the coupling of intracellular

cargo to microtubules, thereby empowering their directionality

toward minus-ends. Despite the critical importance of dynein-

dynactin being well-established in a multitude of cell systems, its

involvement in bone-resorbing OCs has, up until now, remained

obscure. Here, by exploiting the ability of exogenous p50/

dynamitin to disrupt dynein activity in vivo, we show for the first

time that the dynein-dynactin motor complex: (1) regulates the

Fig. 6. Dynein-dynactin regulates the spatial positioning and motility of cathepsin K-containing late endosomes/lysosomes in OCs. (A) Transduced BMMs

grown on cell chambers were differentiated into OCs by RANKL (100 ng/mL) and M-CSF (25 ng/mL). After 5 days, OCs were incubated with fresh media

containing either cathepsin K fluorogenic substrate (CTSK) or the acidified marker probe LysoTracker and imaged by time-lapse confocal microscopy in a

temperature-controlled chamber (Tokai Hit). Images were obtained at 5-second intervals for 5 minutes. Note that dynein-dynactin disruption results in a

dispersion and aggregation of CTSK and Lysotracker-containing vesicles from the perinuclear region to the cellular periphery (plasma membrane, PM) in

live OCs (white arrows). Bar¼ 10mm. (B) ImageJ particle tracker software was used to monitor the plus-end and minus-end motility of representative

vesicles over a 5-minute interval for each group (n¼ 10). Colored lines depict individual vesicle paths, with corresponding spots denoting final vesicle

destinations. Nuclear region, plasma membrane (PM), and microtubule polarity of OCs are indicated. Bar¼ 20mm. (C) Cumulative trajectories of typical

lysosomes for GFP and p50-GFP expressing OCs. Note that a net reduction in minus-end movements was observed in the p50-GFP overexpressing OCs,

whereas long-range plus-end events remained prevalent indicative of a loss of dynein-kinesin motor equilibrium.
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proliferation and mitotic progression of OC progenitors during

RANKL-induced differentiation; (2) is essential to the integrity

and stability of key intracellular organelles (ie, the Golgi and

lysosomes) in OCs; and (3) is required for the efficient delivery

and/or secretion of osteolytic cargo (namely cathepsin K), and

thus constitutes an integral component of the osteoclastic bone

resorptive machinery. Collectively, this study represents the first

comprehensive analysis of a microtubule-based motor of any

Fig. 7. Dynein-dynactin disruption impairs bone resorption and cathepsin K secretion by OCs. BMM-derived OCs transduced with retroviral vectors

expressing a control GFP or p50-GFP fusion proteins were cultured on devitalized dentine discs for 48 h, after which cells were labeled with phalloidin to

visualize F-actin rings (A) (Bar¼ 20mm) or removed to expose underlying resorptive pits by SEM (B). Yellow dashed lines demarcate resorptive pits.

(C) Representative confocal images (XZ plane) of resorptive pits from GFP and p50-GFP overexpressing OCs. Red dashes demarcate resorptive pits, and

white dashes indicate the bone surface. Numbers denote position of resorptive pits. At least 20 pits were assessed per sample. The percentage of

resorption area/dentine slice (D) and depths of resorptive pits (E) as quantified by ImageJ. n¼ 6, ��p< 0.01. (F) Loss of dynein activity inhibits cathepsin K

secretion in bone-resorbing OCs. OCs cultured on bone discs were stained with phalloidin (green) and anti–cathepsin K antibodies (red) and imaged by

confocal microscopy. Arrows indicate the secretion of cathepsin K (CTSK) at the RB inside actin-rings in GFP control cells, which is diminished in p50-GFP

overexpressing OCs and restricted to the nuclear plane. Bar¼ 20mm. (G) 3D volumetric views of CTSK and actin-ring distribution in GFP and p50-GFP

expressing OCs. White dashed lines denote orientations of corresponding XZ planes (below). Note that the majority of CTSK is localized within the F-actin

ring/sealing zone (SZ) in GFP control OCs (white arrows), whereas it is largely restricted to the peri-nuclear region (n) in p50-GFP expressing OCs. (H)

Linescan intensity profiles (defined by bold yellow line in panel G) confirmed strong signal intensity for CTSK within the SZ/RB region in GFP-expressing

OCs, which is largely devoid in p50-GFP expressing OCs. (I) Quantitative analyses of the percentage of active (actin-ring positive) OCs with CTSK secretion.

Data are expressed as a percentage of CTSK secretion. (n¼ 6), ��p< 0.01. (J) Measurement of medium concentration of cross-link peptide sequence of

collagen type 1 (CTx-1) by ELISA (G), n¼ 6, ��p< 0.01.
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kind in OCs and unveils remarkable versatility for dynein-

dynactin in OC formation and function.

By combining RT-PCR with subcellular fractionation assays and

immunofluorescence microscopy we show that most, if not all, of

the conventional dynein-dynactin subunits are endogenously

expressed in OCs. Whereas the majority of these subunits appear

to be constitutively expressed throughout osteoclastogenesis

(DHC, DLIC, and p50/dynamitin), others exists as distinct subunits

and/or are differentially localized during RANKL-mediated

differentiation, indicating that they may be recruited for specific

phases of OC formation and activation. For instance, unlike the

brain dynein complex, which primarily houses the intermediate

chain subunit IC2A, the OC dynein complex contains a unique IC

splice variant, namely IC2C. Similarly, the dynein LC identified

here corresponds to LC8, which is modestly downregulated

during RANKL-driven OC differentiation, implying that

other variable light chains must exist in OCs to facilitate specific

motor-cargo interactions. Indeed, we have recently reported

the existence of another light chain protein, ie, Tctex-1 in OCs,

which functions as a molecular adaptor to link Rab3D-bearing

secretory vesicles to dynein and microtubules.(14) Additionally,

we have further shown that LIS1, a multifunctional regulator

of the dynein-dynactin complex, serves to couple cathepsin

K–containing lysosomes to the dynein-dynactin complex

during bone-resorption.(13) Thus, it is conceivable that dynein-

dynactin adopts unique structural configurations in OCs by

selectively substituting individual subunits, with each variant

conferring a specialized function during OC formation and bone

resorption.

Mutations in the cytoplasmic dynein complex and its

regulators underscore a plethora of neurological diseases that

are conserved from mice to humans.(40) Deletion of dynein-

dynactin subunits in flies and mice correspond with embryonic

lethality, thereby exemplifying the fundamental importance of

this motor complex during development.(38,41,42) Our findings

that a loss of dynein-dynactin integrity disrupts OC formation

and bone resorption, further extends the critical importance of

this motor complex to bone. Although uncoupling the dynein-

dynactin complex did not prevent the final progression and

fusion of mononuclear cells into mature OCs at day 7, it

significantly retarded the onset of osteoclastogenesis particularly

at the early phases of OC differentiation. This disruption in OC

formation was attributed, at least in part, to significant delays in

the proliferation and mitotic exit rates of precursor cells rather

than major impairments in prototypical RANKL-signaling

cascades including NF-kB and MAPK. These findings are in

keeping with previous studies in non-neuronal cells, which

indicate that whereas dynein activity is essential for mitotic

spindle pole organization and cell proliferation,(32,43) it is largely

dispensable for the activation of NF-kB and MAPK signaling

pathways.(44–46)

Perhaps themost strikingmorphological aberrations observed

after p50-overexpression was the collapse and dispersal of the

Golgi ribbons and loss of the spatial positioning of acidified late-

endosomes/lysosomes. These findings were not completely

unexpected and they reaffirm the wealth of data reported in

mononuclear cell types documenting the crucial role for dynein-

dynactin in maintaining the peri-nuclear positioning of the Golgi

and endosomes-lysosomes in fibroblastic cells.(33,38) Reflecting

this drastic redistribution of intracellular organelles, disruption of

dynein activity led to impaired osteoclastic bone resorption

function. Whereas dynein dysfunction neither altered OC

intracellular acidification (Supplemental Fig. 5), nor its capacity

to resorb the mineral phase of bone and/or hydroxyapitite

substrates (Supplemental Fig. 5)—implying that the bulk of the

acidification machinery (ie, V-ATPases) remained ‘‘in-check,’’—

removal of the organic component of bone was significantly

impaired as evidenced by the reduced pit depth and decreased

cathepsin K delivery/secretion at the RBmembrane, a phenotype

reminiscent of that observed in cathepsin K– and b3-integrin-

deficient mice.(39,47) Moreover, the magnitude of the reduced pit

depth and impaired cathepsin K secretion phenocopies that

were observed after the depletion of dynein-light chain

(eg, Tctex-1), and dynein regulatory molecules (eg, LIS1, Rab3D)

in OCs inferring that it may be a general phenomenon upon

disruption of dynein-mediated transport.(13,14,20)

Howmight dynein-dynactin regulate the delivery of cathepsin

K during bone resorption? In the absence of further experiments,

we can only speculate as to the precise role of dynein-dynactin in

the bone resorptive process. Nonetheless, an attractive model

posits dynein-dynactin as a molecular anchor, serving to tether

cathepsin k–containing secretory lysosomes to microtubules

plus-ends at the RB in preparation for their release and

membrane fusion during the resorptive process (Supplemental

Fig. 6). Indeed, despite its canonical role as a minus-end directed

motor, dynein often accumulates at the plus-ends of micro-

tubules, where it functions along with dynactin and CLIP-170 to

modulate the recruitment and attachment of diverse intracellu-

lar cargos.(30) The observed co-localization between the dynactin

subunit p150Glued and CLIP-170 at the RB level of bone-resorbing

OCs would be in keeping with this position. This scenario is

further strengthened by recent optical trapping and total

internal reflection microscopy (TIRF) experiments, which showed

that dynein functions to tether and stabilizes dynamic

microtubule plus-ends at the cell cortex via an intimate

association with dynactin.(48) An alternative but less favored

possibility is that dynein-dynactin may serve to ensure the

stability of the Golgi apparatus during the trafficking of cathepsin

K from the Golgi to secretory lysosomes, with the observed

reduction in cathepsin K secretion being simply a consequence

of compromised Golgi integrity after a net loss of dynein activity.

Irrespective of the exact mechanism, our data clearly highlight an

important role for dynein-dynactin in the transport of cathepsin

K, placing this motor complex among the growing list of

molecular participants known to regulate vesicular trafficking

during osteoclastic bone resorption.(8)

In summary, our findings unveil a previously unanticipated but

important role for the dynein-dynactin complex in OC formation

and function. Additionally, we establish for the first time, the RB

membrane as a plus-end microtubule domain upon which

dynein-dynactin intimately associates to facilitate the microtu-

bule-coupled delivery of acidified intracellular cargo (eg,

cathepsin k). Future studies will focus on the generation and

characterization of conditional knockout mice to OC-specific

dynein subunits like IC2C and/or its regulators (ie, Tctex-1 and

LIS1), which will undoubtedly shed important new light on the
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precise role of this enigmatic microtubule motor in bone

physiology.
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Supplemental Data 

Fig. S1. Schematic representation of the cytoplasmic dynein complex and its 

interaction with co-factor, dynactin. The dynein motor complex is composed of variable 

chains, including two heavy chain (DHC) subunits containing the ATP hydrolysis site. The 

intermediate chains (IC) and intermediate light chains (ILC) bind to the N-termini of the 

heavy chain. Variable light chains (LC; e.g. Tctex-1 and LC8) bind directly to the 

intermediate chains.  Dynein is intimately associated with its co-factor dynactin, which 

consists of multiple subunits, including p150Glued, Arp1 and dynamitin/p50.  p150Glued is the 

largest subunit and interacts with dynein via dynein intermediate chains. Under 

physiological conditions, four dynamitin monomers facilitate the attachment of p150Glued to 

the Arp1 filament. Exogenous expression of p50/dynamitin destabilizes this complex 

resulting in p150Glued uncoupling from Arp1 and thus dynein-dynactin dysfunction in vivo. 

Image modified from (40). 

Fig. S2. Microtubule plus-end associated protein, CLIP-170 intimately associates with 

dynactin p150
Glued 

and is enriched in the RB of OCs cultured on bone-mimicking 

substrates.  BMM-derived OCs cultured on bone-mimicking Osteologic discsTM were 

stained with the indicated antibodies and imaged by confocal microscopy. Note that 

enrichment of CLIP-170 and p150Glued positive microtubules (white arrows) were observed 

within the F-actin ring at the RB level. Black arrows denote areas of resorption on 

Osteologic discsTM. Bar=20 μm.  

Fig. S3.  Colocalization analysis of CLIP-170 with respect to F-actin, microtubules and 

dynein-dynactin in bone-resorbing OCs.  Cross-correlation analyses of the individual 

fluorophores (Pearson’s coefficient, Rr) (as presented in Fig.3.) was performed using the 



Image Intensity Analysis plugin in ImageJ (NIH).  Pseudocolored images and scatterplots 

highlighting co-localized pixels between CLIP-170 and either F-actin, α-tubulin or 

p150
Glued

 are presented. Positive correlation between overlapping signals was considered 

when Rr>0.8 (0-1). Bars=10 μm. 

Fig. S4.  p50 overexpression does not alter microtubule or F-actin organization in 

osteoclasts.  OCs derived from BMMs expressing either GFP or p50-GFP were cultured on 

glass coverslips in the presence of M-CSF (25 ng/ml) and RANKL (100 ng/ml).  After 5 

days, OCs were fixed with 4% PFA, and stained with α-tubulin (red) and Alexa Fluor 

488nm-conjugated Phalloidin (green) to visualize microtubules and F-actin/podosomal 

belts, respectively.  Note, little difference is observed in the organization of microtubules 

and podosomal belts between p50-GFP and GFP expressing OCs. Bars=10 μm 

Fig. S5. Disruption of dynein activity does not affect intracellular acidification or 

resorption of mineralized bone-mimicking substrates.  (A) BMM-derived OCs 

expressing either GFP or p50-GFP (green signal) were seeded onto hydroxyapatite-coated 

96-well plates (Corning, USA) for 48 hrs to initiate matrix resorption.  Acidotrophic dye 

(100 nM, Invitrogen) was added to the culture media for 30 min prior to fixation with 4% 

PFA and cells were assessed by epifluorescence microscopy (NIKON).  Intracellular 

acidification levels (red signal) in p50-GFP expressing OCs were indistinguishable from 

OCs expressing GFP alone. White arrows indicate GFP/p50-GFP expressing OCs.  (B) 

Representative images of Von Kossa staining of hydroxyapatite-coated wells to visualize 

areas of resorption following the removal of GFP and p50-GFP expressing OCs. 

Unresorbed hydroxyapatite stains black while resorption pits are distinguished by areas of 

clearing (white). Bars=20 μm. 



Fig. S6. Hypothetical model of dynein-dynactin function in bone-resorbing OCs. 

Dynein-dynactin serves to couple cathepsin k-containing secretory lysosomes to 

microtubules and sustains their spatial positioning and motility in and around the RB of 

resorbing OCs (A-B).  The RB represents the CLIP-170 positive microtubule plus-end 

domain and exists in close proximity with the dynein-dynactin complex. Depletion of 

dynein activity by p50/dynamitin overexpression causes a loss of organelle integrity and 

stability, resulting in the dispersion of cathepsin K-containing vesicles (C) and thus a net 

reduction of cathepsin K delivery/secretion at the RB during bone resorption.  

Supplemental Video 1: The video shows the motility and cumulative trajectories of 10 

typical acidified vesicles (LysoTracker +ve) from an osteoclast expressing GFP alone.  

Images were acquired at 5-second intervals for 5 min at 37°C on a temperature controlled 

stage.  Note that most vesicles are aggregated close to the nuclear region and move bi-

directionally in a plus- and minus-end fashion. Speed is 10 times actual. 

 

Supplemental Video 2: The video shows the motility and cumulative trajectories of 10 

typical acidified vesicles (Lysotracker
 

+ve) from an osteoclast expressing p50-GFP.  

Images were acquired at 5-second intervals for 5 min at 37°C on a temperature controlled 

stage.  Note that the majority of vesicles are dispersed from the nuclear region to peripheral 

belt near the plasma membrane.  We observed occasional minus-end movements however, 

frequent long-range plus end movements of vesicles were observed that appear to fuse with 

the plasma membrane as imaged within the resolution constraints of the microscope setup. 

Speed is 10 times actual. 
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7.1 INTRODUCTION 

 

In contrast to microtubule-based motors dynein and kinesin(s), myosins are an actin-

based motor superfamily that consists of at least 20 members, each possessing diverse 

properties suited for a wide range of cellular activities (Foth et al., 2006; Syamaladevi 

et al., 2012). While the best characterised role of myosin motors is to power the 

contraction of skeletal muscle through their ATP-driven ‘power stroke’, myosins are 

remarkably versatile and adaptive motors. They also function in a plethora of 

fundamental biological activities including plasma membrane organisation, vesicle 

tethering and the maintenance of membrane tension (Tuxworth and Titus, 2000; 

Nambiar et al., 2010).  

 

Among the different families of myosin motors that exist in mammalian cells, class I 

myosins are unique in that they are single-headed and non-processive (Mooseker and 

Cheney, 1995). To date, up to eight distinctive class I myosin genes have been 

identified in vertebrates, each defined by their ability to interact directly with the cell 

membrane (Adams and Pollard, 1989; Hayden et al., 1990). These interactions are 

mediated by the TH1 domains, which contain a putative PH lipid-binding motif 

(Barylko et al., 2000).  Direct interaction of class I myosins with the cellular membrane 

facilitates several diverse functions including the regulation of membrane tension, the 

release of extracellular vesicles from the plasma membrane, mechanical coupling of ion 

channels to the underlying actin cytoskeleton, endocytosis and exocytosis (Novack et al., 

1995; Geli and Riezman, 1996). 

 

Like their mononuclear monocytic/macrophage progenitors, osteoclasts are highly 

motile cells, which is reflected by their rapid membrane ruffling, extension and 

retraction of pseudopodia and formation of retraction fibers/microspikes (Warshafsky et 

al., 1985). In other cell types, these structures typically consist of a central actin core 

composed of filament bundles, which are connected to the overlying plasma membrane 

by ‘strut-like’ linking proteins such as class I myosins (Tyska and Mooseker, 2004). 

This is perhaps best illustrated in the brush border of intestinal cells where Myo1a 

functions to stabilise microvilli architecture (Nambiar et al., 2009).  In this instance, 

Myo1a directly regulates plasma membrane tension, thereby enabling the cell 

membrane to resist deformation (Nambiar et al., 2009).  In addition to stabilising actin-
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rich membrane protrusions, membrane tension is also essential for the regulation of the 

exo-endocytic cycle, where exocytic vesicle fusion with the plasma membrane leads to 

compensatory endocytosis to restore the pre-existing membrane tension (Thomas et al., 

1994). This is also of particular importance in osteoclasts during bone resorption, where 

the constant flux of exocytic vesicles towards the resorptive site must be 

counterbalanced by the rapid membrane recycling and endocytosis of degraded bone 

materials in order to maintain the structural integrity of the ruffled border and opposing 

basolateral domains. 

 

Despite the established involvement of myosins in the maintenance of membrane 

tension and deformation in multiple cell systems, very little has been documented with 

respect to their potential function in the establishment of osteoclast polarisation and/or 

bone resorption. Thus far, only two myosins have been characterised in osteoclasts, 

namely myosin 2 (Krits et al., 2002; McMichael et al., 2009) and  Myo10, with the 

latter recently proving indispensable for proper podosomal positioning, sealing zone 

formation and bone resorptive function (McMichael et al., 2010).   However, the 

contribution of other myosin family members in osteoclasts is presently unknown. 

 

In Chapter 5, using an Illumina BeadChip system, several myosin motors that were 

differentially upregulated during RANKL-induced osteoclast formation were identified. 

Of these, Myo1b was by far the most robustly upregulated (10.1-fold) in mature 

osteoclasts when compared to its BMM progenitor cells (Figure 5.1).  Although little is 

currently known about the precise function of Myo1b in other cell types, there is some 

evidence to suggest that Myo1b facilitates interactions between the membrane and 

cytoskeleton at sites of dynamic actin remodelling (Tang and Ostap, 2001; Coudrier and 

Almeida, 2011), thereby making it an excellent candidate for regulating the ‘actin-

membrane interface’ in osteoclasts. 

 

An important first step towards defining the function of Myo1b in osteoclasts is to 

precisely map its intracellular localisation. Therefore, the aim of this chapter is to 

comprehensively characterise the subcellular distribution of Myo1b in osteoclasts with 

respect to the actin cytoskeleton and plasma membrane by using a panel of well-

established actin, phospholipid and intracellular markers.  Collectively, these studies 

detail the endogenous localisation of Myo1b in osteoclasts and demonstrate that Myo1b 
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is enriched at sites of dynamic actin remodelling (predominantly lamellipodia, filopodia 

and uropodia), implying versatile roles for Myo1b at distinct stages of osteoclast 

formation, motility, and polarisation.   

 

 

7.2 RESULTS 

 

7.2.1 Myo1b localised to F-actin rich membrane protrusions in motile osteoclasts 

 

To investigate the role of Myo1b in osteoclasts, the subcellular localisation of this 

mechanochemical motor was first assessed in mouse BMM-derived osteoclasts cultured 

under non-polarising conditions (i.e. on glass). To this end, osteoclasts cultured on glass 

coverslips were fixed and immunostained with antibodies specific to Myo1b (Refer to 

Chapter 4.1.6 Antibodies), and core actin filaments (i.e. phalloidin and tropomyosin).   

 

Consistent with its established role as a leading edge motor and involvement in cellular 

translocation (Adams and Pollard, 1986; Fukui et al., 1989), high concentrations of 

Myo1b (green) were observed in areas undergoing rapid rearrangement of the actin 

cytoskeleton. This was particularly evident at the leading edge of motile osteoclasts, 

with Myo1b concentrated in actin-rich protrusions including the lamellipodia and 

filopodia that commonly project from these leading edges (Figure 7.1A, white box).  

 

When viewed at a higher magnification, Myo1b (green) and F-actin (magenta) were 

found to intimately colocalise (white) in both the lamellipodium and finer projecting 

filopodia. In contrast, tropomyosin (Tm, red), a modulator of actin filament assembly, 

was restricted to the lamellipodium. In addition, Myo1b was also localised to punctate 

structures within the cell cytoplasm, possibly reflecting an association with endosomes 

as previously reported in normal rat kidney epithelial cells (Raposo et al., 1999; Tang 

and Ostap, 2001). 

 

In order to power motility, cells possess the innate ability to pair membrane protrusions 

at the leading edge with complementary membrane retraction of the trailing tail (e.g. a 

uropod in the case of macrophages and osteoclasts). Interestingly, Myo1b was also 

enriched at the retracting uropods of migrating osteoclasts, particularly within 
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microspike-like structures emanating from the tail, which colocalised tightly with the F-

actin cytoskeleton (Figure 7.1B).  Taken together, these data indicate that Myo1b is 

associated, at least in part, with F-actin rich membrane protrusions during osteoclast 

motility. 

 

 

7.2.2. Myo1b localised to sites of actin-membrane remodelling reminiscent of 

actomyosin contractile vacuoles 

 

In addition to localising to membrane protrusions in motile osteoclasts, Myo1b was 

found to concentrate at sites of membrane stress or ingress in osteoclasts, where it 

localised to large vacuolar structures (Figure 7.2, boxed regions).  These ring-like 

structures, which varied in size (up to 5μm), were rich in F-actin and Myo1b but not 

tropomyosin (Figure 7.2, inset 1 and 2).  Interestingly, these structures were reminiscent 

of actin contractile vacuoles, which typically accompany cleavage furrow assembly 

during cell cytokinesis (Heng and Koh, 2010). 

 

Importantly, this phenomenon was neither an isolated incident, nor an artifact of 

fixation, as it was observed in multiple mature BMM-derived osteoclasts as evidenced 

in Figure 7.3.  In this instance, the osteoclast exhibited clear membrane ingression, with 

the furrow canals completely ingressed through the site of division (Figure 7.3A, white 

box and yellow arrows). Immunointensity profiling of the various fluorophores within 

this specific region of interest (Figure 7.3B, dotted line) further corroborated that 

Myo1b colocalised with F-actin rich (but not tropomyosin) vacuolar structures (Figure 

7.3C). These interesting yet unexpected observations suggest that Myo1b may 

participate at potential sites of osteoclast fission, a recently reported phenomenon of 

mature osteoclasts (Jansen et al., 2012, Appendix and supplementary figures – Pavlos 

and Ng, 2012 and Supplementary Figure 1). 

 

 

7.2.3 Myo1b coupled PIP2–enriched membrane protrusions to F-actin in osteoclasts 

 

Recent studies have shown that phosphoinositide binding to Myo1b is essential for 

regulating the formation of actin-enriched membrane protrusions in HeLa cells 



Figure 7.1 Myo1b localised to actin-rich membrane protrusions in osteoclasts. 

Mouse BMM-derived osteoclasts were cultured under non-polarising conditions (i.e. 
glass coverslips) for 5 days before being processed for confocal microscopy using 
antibodies to Myo1b, tropomyosin (Tm) and Alexa Fluor 647-phalloidin (F-actin) (A). 

Myo1b was concentrated in actin-enriched lamellipodia or filopodia protrusions 
projecting from the leading edge of motile osteoclasts (A, white box and insets). 
Myo1b was also present in microspike-like structures during membrane uropod 
retraction (B). Bar=20μm.  



Figure 7.2 Enrichment of Myo1b at sites of membrane tension and ingress in 

osteoclasts. Myo1b was frequently observed at actin-rich vacuoles, reminiscent of 
contractile vacuoles present at sites of plasma membrane ingress (white arrows).  
These vacuoles contained high concentrations of Myo1b and F-actin but not 
tropomyosin (Tm) (1 and 2). Surprisingly, these structures were reminiscent of the 
actin-rich contractile rings present during cleavage furrow assembly in response to 
cytokinesis. Bar=10μm.  



Figure 7.3 Myo1b was highly expressed in actin-rich vacuoles located at sites with 

high membrane tension. Another example of an osteoclast presenting with a cleavage 
furrow-like structure (A, yellow arrows). Myo1b was highly expressed in actin-rich 
vacuoles, reminiscent of contractile vacuoles, commonly found at sites of plasma 
membrane ingress (A, B). Immunoprofiles of the various antibodies at a specific 
location was obtained (B, dotted line). Myo1b consistently peaked in regions that 
consisted of actin-rich vacuoles (C). Bar=10μm. 
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(Komaba and Coluccio, 2010). As such, to explore the relationship between Myo1b and 

PIP2 in osteoclasts, primary BMMs were cultured on glass coverslips and stimulated 

with RANKL (100ng/ml) and M-CSF (25ng/ml) to form mature osteoclasts. Osteoclasts 

were then fixed and processed for PIP2 immunostaining essentially as described by 

Hammond and colleagues (2009) (Refer to Chapter 4.7.4.2 Plasma membrane staining).  

 

Confocal microscopic assessment indicated that PIP2 was sequestered into numerous 

distinct membrane ‘micro-domains’. These were uniformly distributed throughout the 

surface of osteoclasts and also colocalised with a subset of Myo1b (Figure 7.4A).  In 

some instances, PIP2 was enriched on large membrane projections, dubbed “super 

protrusions”, which emanated from the surface of osteoclasts (Figure 7.4A, boxed 

region). 

 

Closer inspection of these large PIP2 –positive protrusions revealed that they consisted 

of an F-actin core flanked by high concentrations of Myo1b, which appeared to stabilise 

or bridge the structure (Figure 7.4B, white arrows).  Linescan intensity profiles through 

this membrane projection further supported this membrane-myosin-actin association 

(Figure 7.4C) with a simplified model illustrated in Figure 7.4D. 

 

Taken together, these data suggest that Myo1b 1 functions to couple the actin-

membrane interface in osteoclasts, in keeping with the contemporary role(s) of class I 

myosins in other eukaryotic cells (Coudrier and Almeida, 2011).  

  

 

7.2.4 Interaction between Myo1b, F-actin and 3-integrin in human osteoclasts 

 

During bone resorption, the osteoclast cytoskeleton undergoes drastic reorganisation. 

Thus far, 3-integrin has been implicated in at least two fundamental processes of 

cytoskeletal organisation within the osteoclast: 1) cell migration and 2) the maintenance 

of a polarised cell structure during bone resorption (Nakamura et al., 1999). 

 

Therefore, to investigate the potential relationship between Myo1b and 3-integrin in 

osteoclasts, primary human osteoclasts derived from giant cell tumor of bone were 

cultured under non-polarising (glass) and polarising/bone resorbing (bovine bone disc) 



Figure 7.4 Myo1b localised to osteoclast protrusions enriched with PIP2 on the 

plasma membrane surface. A large membrane ‘super protrusion’ stemming from 

the basolateral domain of a mouse BMM-derived osteoclast was densely populated 

by Myo1b and enriched with PIP2 microdomains (A, white box). At higher 

magnification, the protrusion appeared to be composed by dense actin bundles 

flanked by Myo1b (B, domain-base). Enrichment of PIP2 was observed when 

moving away from the base of the protrusion to its tip (B, centre and axial views). 

Linescans revealed a similar configuration, with actin bundles projecting into the 

protrusions, forming the core of the structure (C). A simplified model depicting 

PIP2-Myo1b-actin interaction (D). 
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conditions for 48 hours, before being fixed and immunostained with Myo1b, 3-integrin 

and F-actin specific antibodies. 

 

Consistent with previous observations, Myo1b was typically enriched in fine filopodia 

emanating from the edges of the cell (Figure 7.5, orange box 1) in human osteoclasts.  

Similarly, F-actin and 3-integrin were found predominantly in these structures, 

implying that they may functionally intersect at these regions. In addition, high 

concentrations of Myo1b also colocalised with F-actin rich, punctate-like structures or 

foci located throughout the cytosol of osteoclasts (Figure 7.5, blue box 2). Interestingly, 

some of these clusters were also positive for 3-integrin (Figure 7.5 inset 2, white 

arrows), which may represent podosomal cores, possibly aiding in the formation of the 

podosomal belt.  

 

In osteoclasts actively resorbing bone, 3-integrin localised predominantly to the 

surrounding plasma membrane (Figure 7.6) and was largely orientated to the basolateral 

and/or functional secretory domain of the polarised osteoclast (Figure 7.6, XY plane). 

By comparison, Myo1b was widely distributed throughout the cell, colocalising in part, 

but not exclusively, with 3-integrin and the F-actin ring/sealing zone, which 

demarcates the underlying ruffled border in bone-resorbing osteoclasts. 

 

 

7.2.5  Actin-related protein 2/3 complex (Arp2/3) and Myo1b were co-enriched in

 the proximal regions of the sealing zone in bone-resorbing osteoclasts 

 

Actin-related protein 2/3 complex (Arp2/3) is a known regulator of actin nucleation and 

polymerisation (Mullins et al., 1998).  Like 3-integrin, the Arp2/3 complex plays 

important roles in F-actin-ring formation in the osteoclast as well as organising 

cytoskeletal structures such as filopodia and lamellipodia (Hurst et al., 2003). Therefore, 

the relationship between Myo1b and the actin cytoskeleton was further compared with 

respect to the Arp2/3 complex in bone-resorbing osteoclasts. 

 

As shown in Figure 7.7, majority of Arp2/3 was enriched in the sealing zone and 

colocalised closely with Myo1b in osteoclasts actively resorbing bone (Figure 7.7, 

insets). In addition, large clusters of Arp2/3 positive dot-like structures that partially 
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localised with Myo1b were also observed. These structures were predominantly present 

in the perinuclear region and the retracting ends of the osteoclast (Figure 7.7 middle 

panel, white arrows). Taken together, these data suggest that Myo1b intersects, in part, 

with the Arp2/3 F-actin nucleation machinery. 

 

 

7.2.6 Myo1b was associated with a subpopulation of endosomes in the osteoclasts 

 

Along with occupying sites of dynamic actin remodelling, a significant proportion of 

Myo1b was also observed on intracellular vesicles scattered throughout actively 

resorbing osteoclasts. Previously, Myo1b has been shown to function in the formation 

and distribution of multivesicular endosomes (Raposo et al., 1999; Salas-Cortes et al., 

2005), as well as contribute to morphological changes in the endocytic compartments 

(Neuhaus and Soldati, 2000). As such, to investigate the possible role of Myo1b in 

osteoclast endocytic trafficking, colocalisation studies between Myo1b and the 

prototypical endosome marker Early Endosome Antigen-1 (EEA-1) were performed.  

 

In keeping with its reported distribution in other cell types (Wilson et al., 2000b; Salas-

Cortes et al., 2005), punctate labelling of EEA-1 was observed throughout the 

cytoplasm of the osteoclast (Figure 7.8A, B), with modest enrichment of EEA-1-postive 

endosomes observed in close proximity to the sealing zone and the ruffled border 

(Figure 7.8Biii and Biv). Correspondingly, Myo1b also localised in numerous punctate 

structures scattered throughout the cytoplasm, with no striking polarisation of these 

compartments, although they were most often observed within the sealing zone/ruffled 

border region.  

 

Interestingly, despite their documented role in maintaining endosome morphology and 

tethering, only a minor fraction of Myo1b-positive vesicles colocalised with EEA-1-

labelled endosomes (Figure 7.8Biv).    

 

Closer inspection of individual structures (Figure 7.8C) and linescan immunoprofile 

analyses (Figure 7.8C bottom panel, yellow line) further confirmed that only a minor 

subpopulation of Myo1b-positive structures colocalised with early endosomes (Figure 

7.8D). 



Figure 7.5 Myo1b and β3-integrin colocalised on F-actin rich structures 

mediating motility and adhesion in the non-resorbing osteoclast. Osteoclasts 
derived from giant cell tumor of bone were cultured on glass coverslips for 48 hours 
prior to fixation and processing for immunohistochemistry. Myo1b localised to actin-
rich protrusions such as fine filopodia emanating from the cell edge (orange box, 1). 
These protrusions also had high concentrations of β3-integrin. Myo1b was also 
enriched on F-actin rich puncta-like structures located near the migrating edge (blue 
box, 2). A small population of these structures also contained β3-integrin (white 
arrows), possibly representing podosome cores. Bar=20μm. 



Figure 7.6 Spatial distribution of Myo1b in bone-resorbing human osteoclasts. 

Human osteoclasts derived from giant cell tumor of bone were cultured on bovine 
bone discs for 48 hours before immunostaining with antibodies against Myo1b, F-
actin and β3-integrin. β3-integrin localised predominantly to the basolateral domains 
of the polarised osteoclast whereas Myo1b was distributed throughout the cell.  A 
small population of both Myo1b and β3-integrin was observed at the resorbing front, 
as marked by the presence of the F-actin ring. Bar=20μm. 



Figure 7.7 Enrichment of Arp2/3 and Myo1b in close proximity to the sealing 

zone in resorbing osteoclasts. Human osteoclasts were cultured on bone for 48 
hours before being processed for immunofluorescence confocal microscopy with the 
indicated antibodies. Regulator of actin polymerisation, Arp2/3, localised to large 
clusters present in the perinuclear region, as well as the retracting ends of the 
osteoclast. In these specific areas, Myo1b was also present (white arrows) but not F-
actin. However, the majority of Arp2/3 was found at sites in close proximity to the 
sealing zone, together with Myo1b (white box, insets). Bar=10μm. 



Figure 7.8 Myo1b localised to a subset of early endosomes in bone-resorbing 

osteoclasts. Human osteoclasts cultured on bone were immunostained with Myo1b, 
early endosomal antigen-1 (EEA-1) and F-actin specific antibodies. Cross-sectional 
view of the osteoclast revealed that majority of EEA-1 labelled structures localised 
near the vicinity of the ruffled border (A). Images taken from different depths (A, i-iv) 
within the osteoclast indicated that Myo1b was highly expressed in the basolateral 
domain (B, i), while EEA-1 was expressed in the cytoplasm, adjacent to the sealing 
zone and ruffled border but not within these structures specifically (B, iii and iv). 
Closer to the bone surface, some clusters of Myo1b appeared to colocalise with 
EEA-1 positive structures (B, iv boxed region). This was confirmed at a higher 
magnification (C, yellow arrows). Despite widespread distribution of Myo1b, a 
linescan profile through the clusters (yellow line) indicated that only selective Myo1b 
positive structures were part of the early endosomal structures (D). Bar=10μm. 
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 7.2.7 Vacuolar protein sorting-associated protein 35 (VPS35) was not closely

 associated with Myo1b 

 

The endocytic pathway is highly compartmentalised and composed of multiple distinct 

trafficking routes and intermediates, including recycling intermediates. As such, the 

subcellular localisation of Myo1b was further explored in relation to other endosome 

markers including VPS35, a marker of the endosome-trans-Golgi network (TGN) 

retromer complex (Seaman et al., 1997; Arighi et al., 2004; Seaman, 2004). 

 

In this instance, the vast majority of the VPS35-positive endosomes localised towards 

the basolateral regions of bone-resorbing osteoclasts. By comparison, Myo1b was 

distributed both basolaterally and in the vicinity of the ruffled border region as denoted 

by the F-actin ring (Figure 7.9).  

 

Axial XZ planes further illustrated that VPS35 localised to the basolateral domain and 

distinctively away from the ruffled border (Figure 7.9, side profiles), with little 

colocalisation observed with Myo1b, suggesting that these two compartments were 

morphologically distinct.  

 

 

7.2.8 Localisation of Myo1b in actively resorbing osteoclasts cultured on Osteologic 

discs 

 

Fluorescence imaging of osteoclasts on bone and/or dentine is often complicated by the 

substrates intrinsic auto-fluorescence, which can obstruct the resolution of fine 

subcellular details and molecular intersections. Therefore, to overcome these issues, the 

subcellular distribution of Myo1b was also assessed on bone-mimicking substrates such 

as BD Biocoat Osteologic discs (BD Bioscience).  

 

Osteologic discs are identical to normal 12mm glass coverslips but are pre-coated with a 

single layer of hydroxyapatite substrate on one surface. This substrate also enables one 

to gain close proximity to the osteoclasts ruffled border membrane, which is exposed 

upon the removal of the thin layer of hydroxyapatite.  

 



Figure 7.9 Myo1b did not participate in endosome-TGN retromer transport. 

Human osteoclasts cultured on bone were immunostained with Myo1b and VPS35 ( a 
marker of the endosome-TGN retromer complex). VPS35 primarily localised to the 
basolateral domain of the osteoclast with little evidence of colocalisation with Myo1b. 
Bar=20μm. 



Chapter Seven: Expression and localisation of Myo1b during  
osteoclastic polarisation and bone resorption 

First, the suitability of Osteologic discs as a bone-mimicking substrate was assessed.  

To this end, mouse BMMs were cultured under pro-osteoclastogenic conditions 

(100ng/ml RANKL and 25mg/ml M-CSF), then fixed and processed for enzymatic 

TRAP activity and F-actin immunohistochemistry to visualise the capacity of the 

osteoclast to polarise/form F-actin rings.  

 

As shown in Figure 7.10A (left panel), osteoclasts cultured on these Osteologic discs 

were morphologically similar to those cultured on bovine bone discs, and were capable 

of producing and secreting TRAP (pink reaction product). These TRAP-positive 

multinucleated osteoclastic cells also possessed well-formed F-actin rings (Figure 

7.10A, middle panel) and were capable of resorbing the hydroxyapatite matrix as 

evidenced by zones of clearing around osteoclasts (Figure 7.10A, right panel). Thus, 

Osteologic discs were deemed a suitable substrate for ensuing immunofluorescent 

studies.  

 

Analysis of endogenous Myo1b distribution in osteoclasts cultured on Osteolgic discs 

confirmed previous observations that Myo1b colocalised with the F-actin ring/sealing 

zone (Figure 7.10B, white box). Interestingly, the colocalisation between Myo1b and 

the F-actin ring in resorbing osteoclasts was more apparent in osteoclasts cultured on 

Osteologic discs as compared to bone.  Furthermore, Myo1b was also highly enriched 

on discrete projections within the ruffled border region (Figure 7.10B, insets).  

 

 

7.2.9  Localisation of Myo1b and actin to macropinocytic structures formed during 

dextran internalisation by the osteoclast 

 

The process of macropinocytosis involves non-selective uptake of extracellular fluid via 

vesicles. These vesicles are generally large and require large-scale rearrangements of 

the plasma membrane and the underlying cytoskeleton (Lim and Gleeson, 2011). Thus 

far, actin and myosin have been implicated in this process and in particular, myosin 1 

isoforms have been identified at the cortex of phagocytic cups and ruffling membranes 

of these structures (Fukui et al., 1989; Ostap et al., 2003).  

 



Figure 7.10 Localisation of endogenous Myo1b in resorbing osteoclasts cultured 

on Osteologic discs. Mouse BMM-derived osteoclasts were cultured on bone-
mimicking Osteologic discs for 7 days before being fixed and processed for confocal 
microscopy. Osteoclasts formed on bone-mimicking substrates were indistinguishable 
from those cultured on bone, exhibiting TRAP positivity, (A, left panel) well-formed 
F-actin rings/sealing zones (A, middle panel) and were capable of resorbing the 
calcium phosphate matrix as indicated by the zones of clearing (A, right panel). When 
immunostained with Myo1b and F-actin specific antibodies (B), confocal microscopy 
revealed that Myo1b was widely distributed throughout the cell, with strong 
concentration in the sealing zones (B, white box). Increased magnification showed 
that Myo1b was intimately linked to the F-actin rich sealing zone (SZ) and highly 
expressed inside the ruffled border (RB) (insets). Bar=30μm. 



Chapter Seven: Expression and localisation of Myo1b during  
osteoclastic polarisation and bone resorption 

To explore a potential role for Myo1b in osteoclastic macropinocytosis, mouse BMM 

precursor cells were cultured on Osteologic discs under pro-osteoclastogenic conditions 

(100ng/ml RANKL and 25ng/ml M-CSF). Following maturation, actively resorbing 

osteoclasts were incubated overnight with fluid-phase endocytic tracer beta-rhodamine-

dextran, after which the cells were fixed and further immunostained with Myo1b and F-

actin specific antibodies.  

 

Confocal assessment of the osteoclasts revealed that dextran was commonly found near 

the ruffled border of the osteoclast (Figure 7.11). In particular, Myo1b and dextran were 

found to colocalise in a cluster of vesicle-like structures rich in actin filaments (Figure 

7.11, white box and insets), where Myo1b may function as a tethering and/or factor that 

promotes aggregation and fusion of endocytic cargo. 

 

 

7.2.10 Myo1b colocalised with a subset of transferrin-labelled recycling endosomes

 in osteoclasts 

 

Finally, to further explore the possible relationship between Myo1b and the endosomal 

pathway, the subcellular distribution of Myo1b was compared with transferrin, a 

commonly used recycling endosome marker (Sheff et al., 1999; Sheff et al., 2002), in 

osteoclasts cultured on Osteologic discs.  As illustrated in Figure 7.12, whereas some of 

the transferrin-labelled endosomes accumulated in and around the ruffled border 

vicinity, majority of the transferrin was restricted to the perinuclear region. Interestingly, 

Myo1b and transferrin-labelled vesicles colocalised strongly within this region (Figure 

7.12, white arrow), possibly reflective of an endosomal recycling compartment.   

 

In addition, Myo1b and transferrin colocalised to individual endosomes distributed 

toward the outer periphery of the osteoclast (Figure 7.12 inset, white arrowheads).  

Together, these data indicate that Myo1b may associate with a subset of recycling 

endosomes, possible serving to facilitate their tethering at sites of recycling.  



Figure 7.11 Dextran accumulated in Myo1b-enriched macropinocytic vacuoles in 

resorbing osteoclasts. Mouse BMM-derived osteoclasts cultured on Osteologic discs 
were incubated overnight with rhodamine-conjugated dextran (a marker of fluid phase 
endocytosis, 10,000 MW). The following day, the cells were fixed in 4% PFA and 
processed for immunofluorescence confocal microscopy using the indicated 
antibodies. Dextran, which was internalised by macropinocytosis, accumulated in 
Myo1b-F-actin enriched vacuoles/macropinosomes (white box, insets). Dextran was 
also found to accumulate in resorption pits (white asterisks). Bar=10μm. 



Figure 7.12 Myo1b colocalised with a subpopulation of transferrin-containing 

recycling endosomes in osteoclasts. Mouse BMM-derived osteoclasts cultured on 
Osteologic discs were incubated with Alexa Fluor 546-transferrin for 30 minutes at 
37°C before being fixed and processed for immunofluorescence confocal microscopy. 
Myo1b partially colocalised with a subset of transferrin-positive recycling endosomes 
in the cell periphery (insets, white arrowheads). Myo1b also co-occupied a large 
perinuclear structure, possibly representing the pericentriolar recycling compartment 
(white arrow). Bar=10μm. 
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7.3 DISCUSSION 
 

Class I myosins are a family of small actin-based motors that can simultaneously bind 

to actin filaments and cell membranes (Pollard et al., 1991). With the ability to generate 

mechanical force via ATP hydrolysis, myosin 1 members are well positioned to carry 

out a number of essential biological functions at the actin-membrane interface (Coluccio, 

1997).  

 

One of these functions includes regulating tension between the cellular membrane and 

the underlying actin cytoskeleton, where myosin 1 acts as the physical connection 

between the two entities (Nambiar et al., 2009). To achieve this, myosin 1 interacts with 

the cellular membrane via the C-terminal TH1 domain, which is highly basic and rich in 

lysine and arginine residues. There is also preferential binding to acidic lipids such as 

phosphatidylserine and PIP2 through myosin 1’s PH domain (Hokanson et al., 2006; 

McConnell and Tyska, 2010).  

 

As a regulator of membrane tension, Myo1b plays a pivotal role in several cellular 

processes including cell motility, exocytosis and endocytosis, all which require 

membrane deformation. Most of these functions have been unveiled by examining the 

intracellular distribution of Myo1b in a variety of specialised cell types (Salas-Cortes et 

al., 2005; Almeida et al., 2011; Gopaldass et al., 2012). As such, in an effort to gain 

insights into the potential functional contribution(s) of Myo1b in osteoclasts, the major 

goal of this chapter was to explore the endogenous subcellular localisation of Myo1b 

with respect to a panel of well-established plasma membrane and endocytic markers. 

 

Consistent with its postulated role in mediating membrane tension at active actin 

remodelling sites (Nambiar et al., 2009; Lewis et al., 2012), Myo1b was primarily 

observed at sites of membrane protrusion and ruffling in motile osteoclasts, namely 

lamellapodia, filopodia and retracting microspikes in uropods (Figure 7.1).  In addition, 

Myo1b was localised to points of high membrane tension and ingress, reminiscent of 

that observed in cells undergoing cytokinesis. Closer examination revealed that these 

sites were composed of peculiar ring-like structures, rich in both Myo1b and F-actin 

(Figures 7.2 and 7.3).  
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While the exact nature or function of these vacuolar structures in the osteoclasts remain 

unknown, their close morphological resemblance to contractile actin rings (as formed 

during cell fission) implies that, despite their terminally differentiated nature, 

osteoclasts may possess the ability to initiate membrane fission.  

 

Indeed, during the course of this investigation, studies by Jansen and co-workers (2012) 

reported that osteoclasts possessed the capacity to undergo fission. Using live-cell 

microscopy, they demonstrated that osteoclasts underwent membrane fission and that 

this process was facilitated by a small mononuclear cell present at the cytoplasmic 

bridge extension (Jansen et al., 2012). It is noteworthy to mention that this surprising 

phenomenon was also similarly observed from live-cell microscopy studies conducted 

during the course of this thesis. From these observations, osteoclast fission appeared to 

occur rapidly, often within the span of 1-2 hours. In addition, the incidence of 

osteoclastic fission events was increased after re-stimulation of mature osteoclasts with 

RANKL and M-CSF (Appendix and Supplementary Figures – Pavlos and Ng, 2012 and 

Supplementary Figure 1). 

 

At present, the precise physiological significance of osteoclast fission is unknown. 

However, it is hypothesised that this may be an adaptive response mechanism for 

osteoclasts to regulate their population and cell size, in order to expedite their motility 

following increased local cytokine levels. In addition, it was noted that fission events 

resulted in the generation of functional compartments as well as compartments that 

contain apoptotic nuclei (Jansen et al., 2012). As such, osteoclast fission may be an 

adaptation to remove expended or apoptotic nuclei to enhance osteoclast survival.  The 

precise involvement of Myo1b in this fission process (if any), remains to been seen, 

although a tempting scenario might involve coordination between the plasma membrane, 

Myo1b and F-actin to facilitate membrane deformation during scission.   

 

As mentioned previously, Myo1b preferentially binds to acidic lipids such as PIP2 

through its PH domain. Although not tested directly in the current assays, previous 

studies have shown that PIP2 is also highly concentrated in regions of membrane 

ruffling and cytoplasmic bridge extensions (Doughman et al., 2003; Logan and 

Mandato, 2006). Hence, it is plausible that PIP2 acts as a homing signal for Myo1b to 
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promote recruitment of linker proteins to sites requiring membrane-cytoskeletal 

remodelling or expansion.  

 

In support of this position, PIP2 has been shown to be essential for Myo1b targeting to 

actin-rich protrusions such as filopodia (Komaba and Coluccio, 2010). This PIP2-

Myo1b-actin intersection also appears to hold true in osteoclasts.  This is perhaps best 

highlighted in the ‘super membrane protrusions’ that were observed in a subset of 

osteoclasts (Figure 7.4), whereby a F-actin rich filament core was found to be flanked 

by high concentrations of Myo1b, likely recruited to the site in response to PIP2 

enrichment at the plasma membrane. 

 

The ability to form multiple tethers is directly linked to the density of molecular 

contacts between the membrane and the cytoskeleton. The large population of Myo1b 

located between the plasma membrane and the underlying cytoskeleton in osteoclasts 

suggests that Myo1b may be an important player in directing membrane tension and 

contributing to adhesion between the membrane and cytoskeleton. While a motor-

independent mechanism is primarily responsible for the recruitment of Myo1b to the 

plasma membrane, motor activity is fundamental for Myo1b to actively move into actin 

protrusions (Komaba and Coluccio, 2010). It has been suggested that Myo1b senses 

mechanical force and modifies its motor properties depending on its load requirements, 

thereby allowing Myo1b to coordinate actin-membrane dynamics in addition to 

anchoring actin filaments in the plasma membrane (Laakso et al., 2008). 

 

Perhaps the best-studied model to illustrate the intimate relationship between Myo1b 

and membrane adhesion is that of Myo1a and its role in the maintenance of adhesion in 

microvilli. Here, like its relative Myo1b, Myo1a forms lateral bridges that link apical 

membranes to underlying actin core bundles (Mooseker and Tilney, 1975). In Myo1a 

knockout mice, large herniations were observed in the enterocyte brush border, likely 

due to the “outward” hydrostatic pressure exerted by the cytosol in the absence of 

adhesion normally conferred by Myo1a (Tyska et al., 2005; Nambiar et al., 2009) 

(Figure 7.13). 

 

Aforementioned, osteoclast resorptive activity is intricately linked to its cytoskeleton. 

The morphology of the osteoclast cytoskeleton in a non-resorbing cell differs greatly to 



Figure 7.13 Contribution to plasma membrane adhesion by myosin 1 is essential 

to prevent membrane protrusion coalescing. In small, single protrusions, membrane 

tension functions to keep the plasma membrane in close association with the 

underlying actin filament core (A). However, in cases of large protrusions or multiple 

protrusions, the membrane tension will result in a tendency to coalesce into a single 

protrusion. The overlying plasma membrane resembles that of a membrane herniation 

instead (B). Presence of linker molecules (e.g. Myo1b) help to stabilise the structure of 

the protrusions and counter coalescence (C). Image taken and modified from Nambiar 

et al., 2010. 
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that of an active resorbing osteoclast. While the exact signals required to activate the 

cell are still poorly understood, 3-integrin, which is predominantly expressed in 

osteoclasts, has been suggested to play a key role in osteoclast motility and activation 

(Davies et al., 1989; Nesbitt et al., 1993).  Specifically, ligand binding to 3-integrin 

initiates signal transduction pathways involved in cytoskeletal rearrangements that are 

required for cell adhesion and motility (Zou and Teitelbaum, 2010).  

 

To investigate whether Myo1b coordinates its function via 3-integrin during osteoclast 

activation, the subcellular distribution of Myo1b and 3-integrin was compared in both 

non-resorbing (i.e. cultured on glass) and highly polarised osteoclasts (i.e. cultured on 

bovine bone slices). In non-resorbing cells, Myo1b and 3-integrin colocalised tightly 

in fine filopodia and puncta-like structures near the leading edge of migratory cells 

(Figure 7.5). On the other hand, Myo1b and 3-integrin association appeared to be 

confined to the basolateral plasma membrane in osteoclasts actively resorbing bone 

(Figure 7.6).  

 

Thus far, 3-integrin signalling has been tightly linked to osteoclast polarisation 

(McHugh et al., 2000; Faccio et al., 2003). When treated with echistatin, a disintegrin, 

3-integrin was mistargeted in resorptive cells and localised instead in intracellular 

vesicles. In addition, these osteoclasts also exhibited collapsed basolateral domains 

although their F-actin rings remain intact (Nakamura et al., 1999). 

 

Evidently, like 3-integrin, Myo1b may be involved in maintaining the osteoclast 

cytoskeleton during the establishment of polarisation. Interestingly however, the 

association between 3-integrin and Myo1b appeared to differ according to the 

activation/polarisation state of the osteoclast. On one hand, Myo1b and 3-integrin 

appeared to tightly intersect at sites of membrane strain/tension i.e. filopodia in non-

polarised/motile osteoclasts. On the other hand, during bone resorption, 3-integrin and 

Myo1b association was restricted to the basolateral domain of highly polarised 

osteoclasts.  Although the precise reason for this discrepancy is presently unclear, it is 

possible that upon contact with bone, 3-integrin induced cytoskeletal changes signals 

the recruitment of Myo1b to the basolateral domain, where it participates in conferring 

membrane tension, in order to sustain the polarised conformation of the cell. 
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In addition to its conventional role in maintaining tension in actin-rich membrane 

protrusions, class I myosins have also been linked to both endocytosis (Soldati, 2003) 

and exocytosis (Bose et al., 2002). Indeed, Myo1b has been shown to co-enrich in 

protein fractions containing vacuoles and vesicles (Voigt et al., 1999). Interestingly, 

despite being non-processive in nature, disruption of class I myosins resulted in altered 

distribution and motility of their associated membrane compartments (Doberstein et al., 

1993). More recently, myosin 1 has been shown to participate in endocytosis by 

promoting actin assembly on top of transport via actin filaments in budding yeast (Sun 

et al., 2006). This role is further supported by the observation that high concentrations 

of myosin 1 isoforms exist on phagocytic and macropinocytic cell structures (Ostap et 

al., 2003).  

 

To date, Myo1b has been primarily implicated in endosomal and lysosomal distribution 

(Raposo et al., 1999; Cordonnier et al., 2001), as well as membrane remodelling at the 

TGN (Almeida et al., 2011). Therefore, in order to precisely map the intracellular 

localisation of Myo1b in osteoclasts, its subcellular distribution was also examined with 

respect to a panel of established endocytic markers.  

 

Unexpectedly, when compared to several bona fide endosomal markers, including EEA-

1, VPS35, and transferrin, only a minor fraction of Myo1b was found to co-distribute 

with early and/or recycling endosomes in close proximity to the ruffled border of 

osteoclasts cultured under resorbing conditions (i.e. on bone or bone-mimicking 

Ostelogic discs) (Figures 7.8-7.12). While Myo1b was detected on a subpopulation of 

EEA-1 (Figure 7.8) and transferrin-labelled early/recycling endosomes (Figure 7.12), 

there was little to no obvious association between Myo1b and VPS35 (Figure 7.9), 

which mediates retrograde transport to the TGN from the endosomes. Whether the 

selectivity of Myo1b on discrete endosome populations in osteoclasts simply reflects 

differences in compartment specific membrane trafficking requirements is presently 

unclear but warrants more extensive marker protein analyses.    

 

In addition to occupying a subset of endosomes, Myo1b’s involvement in 

macropinocytosis in osteoclasts was also explored using the fluid-phase endocytic 

marker, dextran. Dextran uptake is mediated by vesicles, a process that entails 

reorganisation of the membrane and underlying cytoskeleton (Stenbeck and Horton, 
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2003). Consistently, large vesicular structures, rich in both Myo1b and F-actin, 

containing pools of dextran were observed close to the ruffled border (Figure 7.11).  

Thus far, several myosin 1 isoforms have been implicated in the formation of 

phagocytic cups and contractile vacuoles (Ostap et al., 2003). In particular, 

Acanthamoeba Myo1c has been found to concentrate around contractile vacuoles prior 

to their discharge, and on the cytoplasmic surface of the plasma membrane participating 

in macropinocytosis prior to closure (Kong and Pollard, 2002). While Myo1b may 

potentially play a similar role in mammalian cells, thus far Acanthamoeba Myo1c is the 

only isoform recognised to associate with contractile vacuoles (Baines et al., 1992).  

 

On the other hand, Myo1b may facilitate macropinocytosis by providing the force 

required for uptake, similar to phagocytosis studies derived from macrophage models 

(Allen and Aderem, 1995). Although the actual role of Myo1b is not yet fully 

understood, similar models in the Dictyostelium model indicate that Myo1b may 

regulate the presence of F-actin binding proteins on maturing phagosomes, as loss of 

Myo1b expression resulted in prolonged maturation process and delayed membrane-

recycling step (Gopaldass et al., 2012). Alternatively, Myo1b may also be involved in 

vesicle tethering and promoting fusion of endocytic cargo prior to the budding step 

(Coudrier and Almeida, 2011).  

 

Along with 3-integrin, the Arp2/3 complex is of particular interest in this study 

because of its close working and distribution pattern to that of Myo1b. Arp2/3 

stimulates actin polymerisation by creating a new actin nucleation core, an 

indispensable component of a new actin filament. This process occurs on pre-existing 

filaments, which act as platforms on which new filaments grow. Together, the blend of 

old and new filaments forms the functional cytoskeleton (Suetsugu et al., 2002; Goley 

and Welch, 2006). Like Myo1b, Arp2/3 is commonly found in regions characterised by 

dynamic actin filament activity, such as macropinocytic cups and leading edges of 

motile cells (Miki and Takenawa, 2003; DesMarais et al., 2004). In addition, Arp2/3 is 

also involved in regulating intracellular motility of endosomes and lysosomes (Taunton 

et al., 2000).  

 

The observed enrichment of Myo1b and Arp2/3 in the regions adjacent to the sealing 

zone and retracting ends of osteoclasts may be indicative of the close working 
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relationship between the two proteins (Figure 7.7). In this sense, it is tempting to 

speculate that actin filament assembly may involve clusters of membrane anchored 

Myo1b and other adaptors that link to the Arp2/3 complex. According to this model, 

Myo1b and Arp2/3 would simultaneously associate with the plasma membrane and the 

barbed ends of actin filaments, which commonly project towards the cell periphery 

(Soldati and Kistler, 2004). This may also explain why both Myo1b and Arp2/3 are 

targeted to sites of endocytic trafficking (Martin et al., 2006; Idrissi et al., 2008). The 

ability of Myo1b to mediate plasma membrane dynamics, coupled with Arp2/3 

involvement in actin nucleation and elongation, would provide an elegant yet simple 

means of providing a highly dynamic and branched interaction network, an essential 

pre-requisite for complex endocytic trafficking pathways. 

 

Viewed as a whole, the strikingly diverse subcellular distribution patterns of Myo1b in 

osteoclasts implies that this actin-based motor protein plays a highly versatile role 

during osteoclast motility and polarisation, and may be indispensable for each of these 

function(s). While further studies are clearly required to precisely characterise the 

nature of all the intracellular structures on which Myo1b localises, based on the findings 

in this chapter, the following conclusions can be drawn: 1) Myo1b is localised to sites 

undergoing dynamic actin remodelling, including leading and retracting edges of motile 

cells, as well as structures reminiscent of the cytokinesis bridge during cell fission; 2) 

targeting of Myo1b to actin-rich sites is likely mediated by the enrichment of PIP2 on 

the overlying membrane; 3) osteoclastic polarisation may require close association 

between 3-integrin and Myo1b to sustain membrane tension at the basolateral domain 

and 4) Myo1b localises to a subpopulation of endosomes and macropinosomes, possibly 

serving to promote tethering or fusion of during osteoclastic bone resorption. 
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8.1 INTRODUCTION 

 

Class I myosins are small, monomeric members of the actin-based myosin motor 

superfamily (Coluccio, 1997). In vertebrates, there are 8 distinct myosin 1 genes 

(Gillespie et al., 2001). While most class I myosins are ubiquitously expressed in 

mammalian cells (e.g. Myo1b-1e), others are often restricted to specific tissues and cell 

lineages (e.g. Myo1a in intestinal cells, Myo1f and 1g in haematopoietic cells) (Kim et 

al., 2006; Benesh et al., 2010; Patino-Lopez et al., 2010). 

 

Central to the investigation of this thesis is Myo1b, a widely expressed but kinetically 

slow member of the myosin 1 family that functions primarily in sustaining membrane 

tension (Coluccio and Geeves, 1999; Geeves et al., 2000). Interactions between the 

plasma membrane and Myo1b, as well as all other myosin 1 isoforms, are mediated by 

the TH1 domain, which contains a putative PH lipid-binding motif (McConnell and 

Tyska, 2010).  The PH domain specifically interacts with the cell membrane via 

preferential binding to acidic phospholipids such as phosphatidylserine and PIP2 

(Hokanson et al., 2006).  

 

PIP2 plays an important role in membrane signalling, which is required for initiating 

cytoskeletal polarisation in cells (Yin and Janmey, 2003). As such, PIP2 is abundantly 

expressed in the plasma membrane and also interacts permissively with a variety of 

cytoskeletal proteins in different spatial localisations (Sechi and Wehland, 2000). Thus 

far, PIP2 binding has been shown to be essential for Myo1b targeting to actin 

protrusions in HeLa cells (Komaba and Coluccio, 2010).  Similarly, PIP2 was shown to 

reside at high concentrations in membrane protrusions enriched with Myo1b in 

osteoclasts (Figure 7.4A). Moreover, Myo1b appeared to stabilise the adjacent core 

actin filaments, in order to sustain actin protrusions emanating from the membrane 

(Figure 7.4B-D).  In addition to membrane protrusions, Myo1b was found to localise in 

regions reminiscent of the cytokinesis bridge (normally also high in PIP2 expression) 

within large, multinucleated osteoclasts (Figure 7.2 and 7.3). Consistent with its role in 

mediating membrane tension, Myo1b was also found highly expressed in sites of active 

actin remodelling (Figure 7.1 and 7.7), as well as involved in tethering or fusion of 

intracellular vesicles along the endocytic trafficking pathway (Figure 7.8, 7.11 and 7.12), 

highlighting remarkable versatility for this motor protein. 
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While the role of Myo1b as a regulator of actin assembly and membrane remodelling 

during endocytic trafficking has been well-documented in other cell types (Raposo et al., 

1999; Salas-Cortes et al., 2005; Almeida et al., 2011; Coudrier and Almeida, 2011), 

currently little is known about Myo1b’s potential functional contribution in osteoclasts. 

Unlike most other class I myosins, Myo1b was robustly upregulated in response to 

RANKL, an indication that this particular isoform may play an important role during 

osteoclast formation and/or function.  

 

Based on our comprehensive subcellular localisation studies detailed in Chapter 7, 

Myo1b is predicted to help maintain membrane organisation and facilitate cell 

polarisation during osteoclast activation and bone resorptive activity (Figure 7.5 and 

7.6). In addition, given its known involvement in endocytic trafficking, Myo1b may 

further participate in the tethering of intracellular vesicles in and around the ruffled 

border during endocytic uptake of degraded bone matrix or exocytosis of bone 

degrading enzymes (largely CTSK).  

 

Therefore, the major aim of this chapter was to elucidate the potential functional role(s) 

of class I myosins in osteoclasts, with particular emphasis on Myo1b.  For this purpose 

a two-pronged strategy was devised.  The first approach took advantage of a recently 

identified small molecule inhibitor of class I myosins called pentachloropseudilin 

(PClP) (Chinthalapudi et al., 2011), a reversible and allosteric inhibitor of myosin 

ATPase and motor activity (Preller et al., 2011). PClP is a close chemical and structural 

analogue of pentabromopseudilin (PBP), a natural compound containing a 2-arylpyrrole 

moiety, and derived from the synthesis of halogenated pseudilins (Martin et al., 2009). 

Whereas PBP acts as a potent inhibitor of vertebrate myosin 5 motor activity (Fedorov 

et al., 2009), PClP exhibits high affinity and selectivity to class I myosins 

(Chinthalapudi et al., 2011). 

 

The second approach employed RNA interference (RNAi) to selectively suppress 

Myo1b expression levels in osteoclasts.  Using these combined approaches, the studies 

herein demonstrate that both global inhibition of myosin 1 activity and targeted RNAi 

knockdown of Myo1b suppressed osteoclast formation and function in vitro. Taken 

together, these data posit myosin 1/1b as novel regulator(s) of osteoclast formation and 

bone resorptive activity.  
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8.2 RESULTS 

 

8.2.1 Predicted docking site of PClP on Myo1b  

 

Small molecular modulators of proteins are rapid acting, specific and have a reversible 

mode of action, making them useful tools for biological research (Walsh and Chang, 

2006; Lehár et al., 2008).  Therefore, to begin dissecting the functional role of class I 

myosins/Myo1b in osteoclasts, a recently identified small molecular inhibitor of myosin 

1, PClP, was employed. Like many pharmacologically active natural products, PClP 

contains a 2-arylpyrrole moiety in the highly halogenated organic structure (Figure 

8.1A). 

 

Importantly, the inhibitory potency and selectivity of PClP on ATPase activity of class I 

myosins have been previously validated against several classes of myosin in the 

presence or absence of F-actin (Preller et al., 2011). Although PClP has the capacity to 

alter the rate of actin-activated ATP turnover in class I, II and V myosins at high 

concentrations, the potency of PClP for the inhibition of class II myosins (half maximal 

inhibitory concentration or IC50=126.0μM) and class V myosins (IC50=99.0μM) is 

considerably lower than that of class I (IC50=1.0μM-5.0μM) (Chinthalapudi et al., 

2011).  

 

Based on docking studies, the predicted binding site of PClP (green) with Myo1b 

(orange) is illustrated in Figure 8.1B, with a magnified view of the allosteric binding 

pocket containing PClP in Figure 8.1C. 

 

 

8.2.2 Establishment of the IC50 of PClP in osteoclast progenitor cells 

 

Since PClP has not been previously tested on osteoclasts, the initial step aimed to 

determine the IC50 of the compound in osteoclast progenitor cells. IC50 measures the 

efficacy of an inhibitor in inhibiting biological or biochemical function, and is obtained 

by examining the effects on the cells at different inhibitor concentrations, followed by a 

dose-response curve. This gives a quantitative indication of how much a particular 

inhibitor is needed to inhibit a given biological process by half (Sebaugh, 2011). To 



Figure 8.1 Organic structure and predicted binding site of Myo1b with myosin 

ATPase inhibitor, pentachloropseudilin (PClP). Like many other pharmacologically 

active natural products, the highly halogenated pentachloropseudilin (PClP) also 

contains a 2-arrylpyrrole moiety (A). PClP is a reversible and allosteric inhibitor of 

myosin 1 ATPase and the predicted binding of Myo1b and PClP (green) is show in 

stick representation (B). C is a magnified view of the allosteric binding pocket 

containing PClP (green). 

A 

B C 
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achieve this, a dose-response curve was constructed using the results obtained from a 

cell proliferation assay (MTS). 

 

The MTS assay is a colourimetric assay that measures the activity of enzymes that 

reduce dyes (MTS) to formazan dyes. This ability to reduce the enzyme is directly 

correlated to cell viability and proliferation, which are common standards used to 

determine cytotoxicity of potential drugs.  To this end, primary mouse BMMs were 

seeded onto a 96-well plate and cultured with varying doses of PClP (0μM-20.0μM) for 

48 hours. After 48 hours, MTS dyes were added to each well and incubated at 37°C for 

4 hours before a microplate absorbance readout was obtained at 490nm. As shown in 

Figure 8.2A, cell viability rapidly and significantly decreased at concentrations 3.0μM 

(Note in Figure 8.2A, raw data  4.0μM not shown). 

 

A dose-response curve was constructed based on the values obtained from the readouts 

using GraphPad Prism software. Based on the graph, the IC50 was approximated to be 

2.7μM (Figure 8.2B), in keeping with the range (i.e. 1.0μM-5.0μM) reported by 

Chinthalapudi and colleagues (2011).  

 

 

8.2.3 Inhibition of myosin 1 motor activity by PClP impaired osteoclast formation 

 

Having established the IC50 value for PClP in osteoclast BMM progenitor cells, the 

effect of PClP on osteoclast differentiation potential was assessed next. To this end, 

mouse BMMs were treated with PClP at varying doses (0μM-20.0μM), stimulated with 

M-CSF (25ng/ml) and RANKL (100ng/ml). After 7 days, cells were fixed and stained 

for TRAP (pink reaction product) (Figure 8.3).  TRAP is widely regarded as an 

important cytochemical marker of osteoclasts (Ballanti et al., 1997) with total TRAP 

activity being shown to correlate directly to the number of osteoclastic cells in vitro and 

in vivo (Suda et al., 1997).  

 

Therefore, to gain an initial overview of total osteoclast number following PClP 

treatment, TRAP intensity was assessed by colourimetric assays (absorbance at 405nm). 

As shown in Figure 8.4A, PClP treatment significantly reduced TRAP staining intensity 
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at concentrations 0.8μM, with a complete ablation of TRAP activity observed in PClP 

doses 1.5μM.   

 

Morphological assessment of osteoclasts formed in each treatment group confirmed a 

complete loss of TRAP-positive multinucleated cells at PClP concentrations of 2.0μM 

(Figure 8.3). In this instance, when TRAP intensity readings were plotted in a dose-

response curve, the calculated IC50 concentration for PClP in osteoclasts was ~1.152μM 

(Figure 8.4B). Interestingly, the IC50 of PClP for osteoclasts was considerably lower 

than that obtained from BMMs (i.e. 2.7μM) based on MTS assays (Figure 8.2B), 

indicating that osteoclasts were more sensitive to the effects of PClP when compared to 

their mononuclear progenitors.  

 

Therefore, to better refine the IC50 of PClP on osteoclast formation, an independent 

dose-response curve was established using PClP concentrations <2.0μM.  For this 

purpose, BMMs were seeded onto 96-well plates and treated with varying 

concentrations of PClP (0.1μM -1.5μM) or DMSO, which served as a vehicle control.  

Following 7 days stimulation with M-CSF (25ng/ml) and RANKL (100ng/ml), cells 

were fixed, stained for TRAP activity (Figure 8.5) and the number of TRAP-positive, 

multinucleated ( 3 nuclei) cells assessed. Quantitative analyses of TRAP-positive 

osteoclastic cells revealed a significant and dose-dependent reduction in the presence of 

PClP concentrations 0.2μM, (p 0.05), with a complete loss of TRAP positive cells 

observed at PClP concentrations 1.25μM (p 0.001) (Figure 8.6A). Whereas the 

viability of TRAP-negative BMMs did not appear to be altered at PClP concentration of 

1.25μM, considerable cytotoxicity was evident in PClP doses 1.5μM over the 7 day 

treatment course (Figure 8.5). 

  

Based on the data, IC50 for osteoclast formation calculated from the dose-response curve 

was revised to 0.81μM (Figure 8.6B).  Moreover, these results indicated that inhibition 

of myosin 1 motor activity by PClP potently attenuated osteoclast formation in vitro. 

 

 

 

 

 



Figure 8.2 Half maximal inhibitory concentration (IC50) for PClP in osteoclast 

progenitor cells by MTS cell proliferation assay. Mouse BMMs were treated with 
varying doses of PClP (0μM-20.0μM, data above 3.0μM not shown) for 48 hours. 
MTS dyes were added following PClP treatment and incubated at 37°C for 4 hours 
before an absorbance reading (490nm) was obtained. Note that cell viability was 
visibly decreased at ≥3.0μM (A). A dose-response curve estimated the IC50 for PClP at 
2.7μM (B). 
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Figure 8.3 Effect of PClP on osteoclast formation.  Mouse BMMs were cultured 
under osteoclastogenic conditions (100ng/ml RANKL and 25ng/ml M-CSF) and 
treated with varying concentrations of PClP (0μM-20.0μM) or vehicle (DMSO) for 7 
days. Following osteoclast maturation, the cells were fixed with 4% PFA and stained 
for TRAP activity. Presence of TRAP was indicated by the pink reaction colour. 
Strong cytotoxicity was observed at PClP concentrations ≥2.0μM.  Bar=100μm. 
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Figure 8.4 IC50 for PClP on osteoclast formation rates as determined by TRAP 

activity. Absorbance reading at 490nm to assess the changes to TRAP activity 
following PClP treatment (based on the plate presented in Figure 8.3). Significant 
reduction in TRAP activity was detected from 0.8μM (p value≤0.05) and completely 
ablated at 1.5μM (A). Dose-response curve for the effect of PClP on TRAP intensity 
(B). The IC50 for PClP in osteoclasts was determined to be 1.15μM. 



Figure 8.5 PClP potently attenuated osteoclast formation in vitro. Mouse BMMs 
seeded onto 96-well plates were treated with varying concentrations of PClP 
(0.1μM-2.0μM) or DMSO, which served as a vehicle control.  Following 7 days 
stimulation with M-CSF (25ng/ml) and RANKL (100ng/ml), cells were fixed, stained 
for TRAP activity and the number of TRAP-positive multinucleated (i.e. ≥3 nuclei) 
cells assessed. A reduction in osteoclast formation and TRAP activity was evident at 
PClP concentrations of ≥0.8μM. 
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Figure 8.6 IC50 for PClP on osteoclastogenesis. Osteoclast populations from Figure 
8.5 were assessed by quantifying TRAP-positive cells that contained ≥3 nuclei. 
Osteoclast numbers were significantly reduced even at 0.2μM PClP (p value≤0.05). 
Osteoclast populations were completely ablated at ≥1.25μM PClP (A). A dose-response 
curve revealed an IC50 for PClP of 0.81μM (B). 
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8.2.4 PClP treatment correlated with a reduction in mature osteoclast marker proteins 

 

Next, to complement the in vitro assays, effects of PClP on the expression of key 

osteoclast markers and signalling pathways were assessed.  To this end, total RNA was 

harvested from a PClP-treated osteoclastogenesis time course at specific time points (i.e. 

Day 0, Day 3 and Day 5) and subjected to RT-PCR using specific primer pairs against 

established osteoclast markers, including TRAP, DC-STAMP and CTR (Figure 8.7A).  

 

In keeping with the in vitro observations, PClP treatment led to a dose-dependent 

reduction in the mRNA expression of osteoclast markers upon maturation (i.e. Day 5 -

D5), namely TRAP and CTR (Figure 8.7A, Lanes 2 and 4).  By comparison, little 

detectable differences in expression levels were observed for the early fusigenic pre-

osteoclast marker DC-STAMP (Figure 8.7A, Lane 3).  Semi-quantitative analyses 

further confirmed the reduction in the expression of osteoclast markers following PClP 

addition (Figure 8.7B-D). However, only CTR levels reached statistical significance 

(p 0.05) (Figure 8.7D). Similar effects on osteoclast marker gene expressions were 

observed in the presence of cyclosporin A (CsA), a specific inhibitor of NFATc1, which 

served as a positive control. 

 

Inhibition of myosin 1 in osteoclasts by PClP treatment also affected the expression of 

osteoclast markers and signalling cascades at the protein level (Figure 8.8). In this 

instance, protein lysates were harvested at specific time points (i.e. Day 0, Day 1, Day 3 

and Day 5) during a PClP treated osteoclastogenesis time course. The protein lysates 

were subjected to SDS-PAGE followed by western blotting using VGLUT-1, NFATc1 

and phosphorylated ERK (pERK) specific antibodies, while -tubulin was used as a 

loading control.  

 

A shown in Figure 8.8, the protein expression of VGLUT-1, an established RANKL 

responsive gene, was markedly decreased at Day 3 and Day 5 following PClP treatment 

(Figure 8.8, Lane 1). NFATc1, a master regulator of NF B ligand-induced osteoclast 

differentiation, was modestly reduced (Figure 8.8, Lane 2).  On the other hand, pERK 

did not exhibit any obvious changes over the 5 day time course (Figure 8.8, Lane 3).  

 



Figure 8.7 mRNA expression profiles of osteoclastic markers following PClP 

treatment. Mouse BMMs were stimulated with 100ng/ml RANKL and 25ng/ml M-
CSF, combined with varying concentrations of PClP (0μM-1.25μM) or cyclosporin A 
(CsA, an NFATc1 inhibitor). RNA lysates were harvested at Day 3 (pre-fusion 
osteoclasts) or Day 5 (mature osteoclasts) and subjected to RT-PCR using specific 
primer pairs for osteoclast markers TRAP, DC-STAMP and CTR (A). Densometric 
analysis of reaction products indicated that TRAP mRNA expression was moderately 
downregulated at 1.25μM but did not reach statistical significance (B) while there was 
no observable changes in DC-STAMP mRNA expression (C). Only CTR was 
significantly reduced at 1.25μM (p value≤0.05) (D). 
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Figure 8.8 Effect of PClP treatment on NFATc1 and ERK signalling cascades 

during osteoclastogenesis. Protein lysates were harvested from RANKL-stimulated 
mouse BMMs treated with or without (vehicle only) PClP (1.0μM) at the indicated 
time points. 30μg of each protein lysate was resolved by 12.5% SDS-PAGE, 
transferred to nitrocellulose and subjected to immunoblotting using specific 
antibodies to NFATc1, pERK and vesicular glutamate transport-1 (VGLUT-1), which 
is strongly expressed upon osteoclast differentiation and served as a marker of 
osteoclast maturation.  Tubulin served as an internal loading control. VGLUT-1 and 
NFATc1 expression levels were reduced in PClP-treated groups at Day 5 whereas 
pERK levels remained constant. 
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While the results from this existing panel of osteoclast signalling markers have provided 

some clues into the mechanism(s) of PClP-mediated osteoclast reduction, a more 

detailed assessment of PClP treatment on osteoclast signalling pathways in shorter 

RANKL time courses (i.e. with 1 hour stimulation), is warranted in future studies.  

 

 

8.2.5 Disruption of myosin 1 motor activity by PClP impaired osteoclastic resorptive 

capacity  

 

Next, the effects of PClP on osteoclast resorptive function were assessed.   For this 

purpose, mouse BMMs were seeded onto bone-mimicking 96-well Osteo Assay plates 

(Corning).  Osteo Assay plates are coated with a thin layer of inorganic crystalline 

calcium phosphate, which is designed to mimic bone hydroxyapatite and can support 

osteoclast resorptive activity (Crasto et al., 2010). BMMs were stimulated with M-CSF 

(25ng/ml) and RANKL (100ng/ml) over a course of 5 days. Upon formation of mature 

osteoclasts, the cells were treated with varying concentrations of PClP (0μM-1.5μM), 

and incubated for a further 48 hours before the resorptive activities were assessed. 

 

To quantify resorptive activity, osteoclasts were first removed using a 25% bleach 

solution in water and the plates were stained with Von Kossa. Areas that remained 

unresorbed were coated black as a result of silver nitrate precipitation. Areas of clearing 

indicated resorptive pits formed by osteoclasts (Figure 8.9). 

 

Quantitative assessment of resorptive parameters revealed that the percentage of total 

area resorbed (Figure 8.10A), average resorptive pit perimeter (Figure 8.10B), as well 

as cumulative resorption path/track length (Figure 8.10C), were all significantly 

decreased in osteoclasts treated with PClP at concentrations 0.6μM (at 0.6μM, p 

value 0.01 and 0.8μM, p value 0.001).  Taken together, these data indicate that 

inhibition of myosin 1 motor activity impaired osteoclast resorptive function. 

 

 

 

 



Figure 8.9 PClP treatments decreased resorptive activity in mature osteoclasts. 

Equivalent numbers of mature, mouse BMM-derived osteoclasts were cultured on a 
96-well Osteo Assay Surface plate (Corning). Following attachment, the cells were 
treated with a single dose of PClP (0μM-1.5μM) for 48 hours before assessment. The 
osteoclasts were removed using a 25% bleach solution in water and Von Kossa 
staining was performed. Dark precipitation formed from the reaction between silver 
ions and the phosphate coating on the plate, while areas of resorption remained clear 
due to removal of phosphate coating by the osteoclasts.  Bar=200μm. 
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Figure 8.10 Disruption of myosin 1 activity significantly attenuated resorptive 

activity in mature osteoclasts. Osteoclast resorptive activity from Figure 8.9 was 
assessed using three different parameters. Inhibition of myosin 1 motor activity in 
mature osteoclasts significantly decreased the area of resorption (A), the perimeter of 
the resorption (B) and the resorption path length of the osteoclasts (C). On all 
accounts, PClP concentration ≥0.6μM was sufficient to yield an observable decrease 
in resorptive activity. 
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8.2.6 PClP-mediated inhibition of myosin 1 disrupted podosomal belt and F-actin 

ring formation in osteoclasts 

 

Next, to gain further insights into the role of class I myosins in osteoclasts, the effects of 

PClP on the organisation and integrity of the actin cytoskeleton were assessed. 

Considering that only a fraction of Myo1b was found to be associated with the 

podosome belt (Figure 7.5) and sealing zone structures (Figure 7.6), it is unlikely that 

myosin 1 members are direct components of mature osteoclast adhesion structures. 

Nonetheless, Myo1b closely associated with 3-integrin in potential podosomal cores 

(Figure 7.5), thus myosin 1 motors may play a role in aiding the formation and/or 

positioning of podosome structures. As such, loss of myosin 1 motor activity mediated 

by PClP treatment would likely affect podosomal belt formation in osteoclasts cultured 

on glass. 

 

Therefore, to assess the impact of myosin 1 disruption on the integrity of the podosomal 

belts, mature osteoclasts cultured on glass coverslips were treated with PClP (0μM-

1.25μM) 24 hours before being fixed and stained with rhodamine-conjugated phalloidin 

to visualise F-actin rich osteoclastic podosomal belts. 

 

In the presence of vehicle alone (i.e. DMSO), osteoclasts formed characteristic 

peripheral ring-like podosomes belts when cultured on glass (Figure 8.11A, panel 1, 

yellow asterisks).  By comparison, treatment with PClP correlated with a dose-

dependent reduction in the size and number of podsome belts, with complete loss of 

podosome formation noted at high concentrations of PClP (1.0μM-1.25μM) (Figure 

8.11A, panels 2-4 and Figure 8.11B).  

 

The characteristic F-actin ring that is formed during bone resorption is an indicator of 

osteoclastic polarisation and can be readily used to assess an osteoclast’s resorptive 

status (Lakkakorpi and Väänänen, 1995; Stenbeck and Horton, 2000). Therefore, to 

assess the integrity of the F-actin ring formed by actively resorbing osteoclasts treated 

with PClP, primary BMMs were seeded onto bovine bone discs and cultured under pro-

osteoclastogenic conditions (100ng/ml RANKL and 25ng/ml M-CSF). Seven days after 

the initial RANKL stimulation, mature osteoclasts attached to the bovine bone discs 

were treated with a single dose of PClP (0μM-1.25μM) together with RANKL 



Figure 8.11 Blockade of myosin 1 motor activity by PClP decreased podosomal 

belt formation in osteoclasts. Mouse BMMs seeded onto glass coverslips were 
stimulated with RANKL (100ng/ml) and M-CSF (25ng/ml). Following osteoclast 
maturation, the cells were treated with a single dose of PClP (0μM-1.25μM) for 24 
hours before fixation with 4% PFA and processed for immunostaining. The 
podosomal belts (yellow asterisks) were imaged using confocal microscopy (A). 
While the osteoclasts in the control group contained typical peripheral belt-like F-
actin podosomes (1), these structures were visibly reduced in osteoclasts treated with 
≥0.5μM PClP (2-4). The formation of podosomal belts was completely ablated at 
≥1.0μM PClP (B). Bar=200μm. 
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(100ng/ml), and incubated at 37°C overnight. The osteoclasts were then fixed in 4% 

PFA and processed for immunohistochemistry. F-actin rings were visualised by 

rhodamine-conjugated phalloidin staining and randomised fields were imaged using 

confocal microscopy at 20x magnification (Figure 8.12A). 

 

While the DMSO vehicle control group displayed intact F-actin rings in actively 

resorbing osteoclasts (Figure 8.12A, panel 1, red asterisks), groups that were treated 

with PClP, even at a low dose of 0.25μM, exhibited attenuated F-actin ring formation 

(Figure 8.12A panels 2-4). Moreover, both the size and number of the F-actin rings 

formed in PClP osteoclasts were markedly decreased following PClP-mediated myosin 

1 disruption (Figure 8.12B). Collectively, these results indicate that loss of myosin 1 

activity by PClP inhibited podosomal belt and sealing zone formation in osteoclasts.  

 

 

8.2.7 PClP disrupted filopodia formation, F-actin bundling and redistributed Myo1b 

in osteoclasts  

 

Aforementioned, the prototypical function of class I myosins is to sustain membrane 

tension.  The loss of podosome and/or sealing zone formation upon PClP treatment 

implied that the actin organisation in the outer cortex of osteoclasts might become less 

resistant to repelling physical forces from the extracellular environment as a 

consequence of myosin 1 activity loss.  Therefore to better address this position, the 

effects of PClP on F-actin filaments were further explored with respect to Myo1b.   

 

For this, mouse BMMs were cultured on glass coverslips under osteoclastogenic 

conditions (100ng/ml RANKL and 25ng/ml M-CSF). Upon maturation, osteoclasts 

were treated with a single dose of PClP (0μM-1.25μM) or cytochalasin D (Cyto. D), an 

established actin inhibitor, (1.0μM) for 2 hours before fixation with 4% PFA and 

immunostained for Myo1b and F-actin.  

 

Assessment by confocal microscopy revealed a characteristic podosomal belt in 

osteoclasts treated with vehicle (i.e. DMSO) alone (Figure 8.13, first panel, inset) as 

well as the presence of fine filopodia projecting from the outer cortex.  Similarly, at 

0.5μM of PClP, an intact podosomal belt was observed (Figure 8.13, second panel), 
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although higher magnification revealed some blunting of filopodia lining the cell 

membranes (second panel, inset). Aberrations in filopodia and podosomal belts were 

clear at higher concentrations of PClP (1.0μM-1.25μM) after 2 hour incubation.  In this 

instance, the cells often retracted, leading to a loss of podosome integrity, and a 

redistribution of Myo1b (Figure 8.13, third and fourth panel).  This also correlated with 

the appearance of brush-like projections consisting of loosely bundled actin filaments, 

probably due to loss of myosin 1 actin-membrane coupling within the filopodia (third 

and fourth panel, insets). 

 

In contrast, osteoclasts treated with cytochalasin D (Figure 8.13, last panel), a drug that 

attenuates actin polymerisation, exhibited a different morphology from those treated 

with PClP. Here, complete disruption of the podosomal belt was observed, and Myo1b-

postive actin structures aggregated in the cytoplasm of the cell (last panel, inset), 

confirming that PClP- and cytochalasin D-mediated actin disruption operate via distinct 

mechanisms. 

 

Taken together, the data further indicate that the blockade of myosin 1 disrupted 

podosomal belt formation. In addition, they indicate that a depletion of myosin 1 motor 

activity upon PClP treatment impaired filopodia formation, possibly due to the loss of 

myosin 1 mediated membrane tension, resulting in an uncoupling of F-actin bundles. 

 

 

8.2.8 Disruption of myosin 1 motor activity by PClP impaired filopodia formation in 

bone-resorbing osteoclasts 

 

Bone resorption is a dynamic process characterised by a resorptive phase and a motile 

phase (Novack and Faccio, 2011). During the motile phase, osteoclasts migrate from 

sites of resorption, a process facilitated by the formation of hair-like membrane 

projections (i.e. filopodia/lamellipodia), which can be readily observed at the 

leading/motile front of osteoclasts.  The formation and retraction of these filopodia, 

which help propel osteoclast migration, is thought to be co-ordinated by interactions 

between integrins (av 3) and myosin motor proteins at the membrane-cytoskeletal 

interface. The results from Figure 8.13 indicate that PClP impaired filopodia formation 

and F-actin bundling. Therefore, to further investigate the effect of PClP on filopodia 



Figure 8.12 F-actin ring formation was disrupted upon a loss of myosin 1 activity 

in resorbing osteoclasts. Mouse BMMs were cultured directly on bovine bone discs 
and stimulated to form osteoclasts (100ng/ml RANKL and 25ng/ml M-CSF) over a 
course of 7 days. The osteoclasts were treated with a single dose of PClP 
(0μM-1.25μM) and incubated for 24 hours. The cells were then fixed and 
immunostained using rhodamine-conjugated phalloidin. Multiple but random image 
fields were taken at 20x magnification (A). Actively resorbing osteoclasts in the 
control group displayed typical condensed F-actin sealing zones (1, red asterisks). 
Treatment of the osteoclasts with PClP, however, visibly decreased the size of the F-
actin rings (2-4), as well as the population of cells exhibiting these structures (B). 
Bar=200μm. 

1 2 

3 4 

A 
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Figure 8.13 Inhibition of myosin 1 function by PClP, disrupted podosomal 

organisation and F-actin bundling in osteoclasts. Mouse BMM-derived osteoclasts 
grown on glass coverslips were treated with varying doses of PClP or vehicle 
(DMSO) for 2 hours. Following that, cells were fixed, immunostained and the 
intersection between Myo1b and F-actin was explored by confocal microscopy. 
Increasing concentrations of PClP disrupted Myo1b-F-actin stability in filopodia 
projecting from the osteoclast, as well as the arrangement of characteristic podosomal 
belts in a dose-dependent fashion. Drastic loss of Myo1b-mediated F-actin bundling 
was observed at 1.25μM, where large bundles of loosely packed actin filaments were 
observed. This PClP-mediated actin disruption was distinct from a loss of actin 
polymerisation mediated by cytochalasin D (Cyto. D, 1.0μM). Bar=15μm. 
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formation, mature osteoclasts cultured on bovine bone discs were treated with a single 

dose of PClP (1.0μM) for 48 hours before being processed for scanning electron 

microscopy (SEM), and assessed for changes in osteoclast morphology. 

 

In the vehicle control group (i.e. DMSO), actively resorbing osteoclasts displayed 

characteristic hair-like filopodia emanating from the migrating front (Figure 8.14, left 

panel and inset). In comparison, the osteoclasts treated with PClP lacked filopodia and 

exhibited a rounded, polyp-like appearance at their edges (Figure 8.14, right panel and 

inset).  

 

These data are in good accord with the confocal microscopy studies presented in Figure 

8.13 and strengthen the notion that myosin 1/1b is required for sustaining filopodia 

formation during osteoclast motility and/or bone resorption.  

 

 

8.2.9 Effect of myosin 1 disruption on the distribution and morphology of lysosomes 

in osteoclasts 

 

Actin, in combination with Myo1b, has been previously implicated in the positioning 

and motility of lysosomes in living mouse hepatoma cells (BWTG3 cells) (Cordonnier 

et al., 2001). Overexpression of the non-functional domain of Myo1b has been shown to 

impair the intracellular distribution of lysosomes and the directionality of lysosomal 

long-range movements (Cordonnier et al., 2001). More recently, disruption of myosin 

1/1c by PClP treatment and siRNA depletion resulted in clustering and swelling of 

lysosomes in HeLa cells (Chinthalapudi et al., 2011). Therefore, as lysosomes also play 

a pivotal role during the process of bone resorption, the distribution and morphology of 

lysosomes were assessed in osteoclasts after PClP treatment. 

 

For this, osteoclasts were cultured on glass coverslips and then incubated with 

LysoTracker (Molecular Probes) for 30 minutes to label acidified late-

endosomes/lysosomes.  Cells were then fixed with 4% PFA and assessed by confocal 

microscopy.  

 



Figure 8.14 PClP impaired lamellipodia and filopodia formation in bone-

resorbing osteoclasts. Mouse BMMs were seeded onto bovine bone discs and 
stimulated with RANKL (100ng/ml) and M-CSF (25ng/ml) for 7 days. During the 
final stimulation, mature osteoclasts were treated with PClP (1.0μM) or DMSO, and 
left to incubate at 37°C for another 48 hours before fixation and preparation for 
scanning electron microscopy (SEM). Images taken by SEM revealed that actively 
resorbing osteoclasts often had finer hair-like structures located at membrane edges, 
coupled with a vacuolated surface. However, with the loss of myosin 1, these 
distinctive features were attenuated. PClP-treated osteoclasts displayed membrane 
edges that were rounded and tended to take on a polyp-like appearance. Furthermore, 
the vacuolated surface, which may be indicative of active endo/exocytosis processes 
taking place during bone resorption were also absent. Bar=10μm. 
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Consistent with the studies by Chinthalapudi et al., 2011, disruption of myosin 1 

activity by PClP led to a dose-dependent clustering of lysosomes within the perinuclear 

vicinity of osteoclasts (Figure 8.15A).  This was particularly evident at high 

concentrations of PClP treatment (i.e. 1.0μM) with an apparent reduction in 

LysoTracker-labelled structures at doses of 1.25μM (Figure 8.15A, bottom right panel).  

At higher magnifications, the morphological size of lysosomes were also markedly 

enlarged in osteoclasts cultured with PClP 1.0μM, possibly a reflection of lysosomal 

swelling (Figure 8.15B, green arrows).  Together, these data indicate that disruption of 

myosin 1 in osteoclasts altered lysosomal distribution and size. 

 

 

8.2.10 Blockade of myosin 1 impaired CTSK targeting to the ruffled border in actively 

resorbing osteoclasts 

 

CTSK, which is a cysteine protease expressed predominantly in mature osteoclasts, is 

required for the degradation of organic bone matrix (Gowen et al., 1999). Production of 

CTSK occurs in the lysosomes, and vesicles laden with CTSK are delivered to the 

ruffled border via intracellular trafficking and released into the resorptive area (Rodan 

and Duong, 2008). Disrupted CTSK targeting to the ruffled border is often a cause of 

decreased resorptive activity (Mulari et al., 2003b; Ye et al., 2011).  

 

Considering that PClP treatment disturbed both the distribution and size of lysosomes, it 

was anticipated that CTSK targeting in osteoclasts during bone resorption (which 

primarily resides in lysosomes) may similarly be affected.  To address this possibility, 

mouse BMMs were seeded onto bovine bone discs and cultured under pro-

osteoclastogenic conditions (100ng/ml RANKL and 25ng/ml M-CSF) for 7 days. Upon 

maturation, osteoclasts were cultured for an additional 48 hours to ensure that a 

sufficient population of osteoclasts were undergoing active resorption prior to fixation 

with 4% PFA. 

 

Osteoclasts were then stained with rhodamine-conjugated phalloidin (F-actin) and 

antibodies specific to CTSK (Figure 8.16). Under control settings (i.e. DMSO), CTSK 

(green) was clearly detected within F-actin rings/sealing zones (red) of bone resorbing 

osteoclasts, indicative of correct targeting/secretion of CTSK to the ruffled border  
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(Figure 8.16A, top panel, white arrows). In contrast, upon treatment with PClP, the 

targeting of CTSK to the ruffled border was markedly reduced. In this instance, CTSK 

was diffusely distributed throughout the cytoplasm with no visible aggregation near or 

within the disorganised F-actin rings, which presented at both 0.25μM and 0.5μM doses 

of PClP (Figure 8.16A, middle and last panel).  

 

Axial views of the osteoclasts from specific regions (Figure 8.16A, yellow dotted lines) 

further revealed that CTSK targeting to the ruffled border in osteoclasts treated with the 

myosin 1 inhibitor was reduced. In addition, the F-actin rings and polarisation of 

osteoclasts were clearly disrupted (Figure 8.16B). 

 

Taken together, these data indicate that disruption of lysosomal distribution and 

morphology of lysosomes by PClP treatment also impaired the delivery and secretion of 

lysosomal cargo, namely CTSK, at the ruffled border membrane during osteoclastic 

bone resorption. However, considering that class I myosins are non-processive motors 

(i.e. do not actively traverse along actin filaments), and are unlikely to participate in the 

actual delivery of CTSK vesicles to the ruffled border, it is anticipated that these actin-

based motors may instead play a role in tethering the vesicles in specific cell regions 

prior to delivery to their final destination in the resorptive lacuna. 

 

 

8.2.11 Initial screening of Myo1b siRNAs and control siRNAs in mouse BMMs 

 

As PClP is a broad-spectrum inhibitor of all class I myosins, in order to specifically 

address the functional role of Myo1b in the osteoclasts, an RNA interference (RNAi) 

approach was employed. For this purpose, three independent Myo1b siRNAs (denoted 

MYB1, MYB2 and MYB3) were first screened for their ability to efficiently suppress 

Myo1b mRNA expression in mouse BMM-derived osteoclastic cells.  In order to ensure 

sustained levels of Myo1b suppression during osteoclastogenesis, RANKL (100ng/ml) 

and M-CSF (25ng/ml) stimulated mouse BMMs were repeatedly transfected with either 

Myo1b specific or control siRNAs. Upon osteoclast maturation, the cells were harvested 

and assayed for Myo1b mRNA expression levels (Figure 8.17). 
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Both control siRNAs (i.e. MGC and HGC) did not alter mRNA expression levels of 

Myo1b. However, all three specifically targeted Myo1b siRNAs (MYB1-MYB3) 

displayed varying levels of Myo1b knockdown efficiency in osteoclastic cells (Figure 

8.17A). Out of the three independent Myo1b siRNAs, MYB2 proved the most potent, 

achieving Myo1b knockdown (>60%) at the mRNA level (Figure 8.17B). 

 

 

8.2.12 siRNA knockdown of Myo1b impaired osteoclast formation in vitro  

 

To explore whether Myo1b is a functional requirement during osteoclastogenesis, 

siRNA knockdown of Myo1b in mouse BMMs during a RANKL stimulation time 

course was employed. Cells were seeded in a 96-well plate in triplicates, and treated 

with RANKL (100ng/ml) every 48 hours over a course of 7 days. MYB1, MYB2 and 

MYB3 siRNAs were used in conjunction with two negative controls (MGC, HGC). In 

addition, a phosphate buffered saline (PBS) control was also used to exclude effects 

observed from using the transfection reagent (MOCK) (Figure 8.18).  

 

Upon osteoclast maturation, the cells were fixed with 4% PFA and stained for TRAP 

activity. When visualised by light microscopy, all three Myo1b-specific siRNAs 

appeared to attenuate osteoclast formation rates (Figure 8.18A). 

 

For quantitative analyses, multinucleated cells that stained positive for TRAP activity, 

and contained more than three nuclei were scored as osteoclasts. When the osteoclast 

numbers were compared for each of the siRNA groups, osteoclast formation was 

significantly reduced by at least two of the three independent Myo1b-specific siRNAs 

(i.e. MYB1, p 0.001 and MYB2, p 0.05). Interestingly, MYB1 was by far the most 

potent, decreasing osteoclast numbers by >3 folds (Figure 8.18B).  

 

Although the modest reduction in osteoclast numbers observed with Myo1b-specific 

siRNA MYB3 did not reach statistical significance, clear and significant differences in 

osteoclast size were noted. Osteoclasts generated in the MYB3 group were typically 

smaller and had significantly reduced nuclei number per osteoclasts (Figure 8.19A), as 

well as significantly reduced osteoclast perimeter (Figure 8.19B). 

 



Figure 8.15 Loss of myosin 1 function altered the distribution and morphology of 

lysosomes in osteoclasts. To examine the lysosome morphology of osteoclasts 
following PClP treatment, M-CSF dependent mouse BMMs were cultured on glass 
coverslips and stimulated with RANKL (100ng/ml). Upon formation, mature 
osteoclasts were treated with PClP (0μM-1.25μM) overnight. Thirty minutes prior to 
fixation (4% PFA), LysoTracker was added to the culture medium to specifically label 
acidified lysosomal compartments. Lysosomes tended to cluster in PClP-treated 
osteoclasts (particularly at high doses), and were morphologically enlarged (B, green 
arrows) as compared to DMSO control cells. Bar=10μm. 
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Figure 8.16 Loss of myosin 1 activity mediated by PClP impaired osteoclastic 

polarisation and the delivery/secretion of CTSK during bone resorption. Mouse 
BMM-derived osteoclasts were cultured on bone slices for 7 days in the presence of 
RANKL (100ng/ml) and M-CSF (25ng/ml). Cells were then fixed with 4% PFA and 
processed for confocal microscopy using antibodies against CTSK and rhodamine-
conjugated phalloidin. CTSK delivery (A, white arrows) at the ruffled border plane 
was reduced upon PClP treatment. Blue colour denotes nuclei (Hoechst stain). The 
ruffled border membrane is circumscribed by the F-actin ring/sealing zone. Yellow 
lines denote positioning of XZ axial planes (B). White dashed lines depict the bone 
surface. Bar=10μm. 



Figure 8.17 siRNA-mediated knockdown of Myo1b in mouse BMM-derived 

osteoclast cultures. Three independent Myo1b siRNAs (denoted MYB1 to MYB3) 

and two control siRNAs (MGC and HGC) were initially screened for their capacity to 

deplete Myo1b mRNA expression in mouse BMM osteoclast cultures. The mRNA 

levels were examined by semi-quantitative RT-PCR (A) and the level of Myo1b 

expression was normalised to that of 18S rRNA (internal control). The data is 

presented as percentage expression over that of the negative siRNA control (B, (all p 

values≤0.001). All three siRNAs exhibited promising potential knockdown effects in 

osteoclastic cells (>50%). However, MYB2 was the most potent, achieving >60% 

Myo1b knockdown at the mRNA level. Data represents 1 of 3 independent 

experiments. 



Figure 8.18 Knock-down of Myo1b impaired osteoclast formation. Mouse BMMs 
were seeded onto a 96-well plate in triplicates and treated with RANKL (100ng/ml) 
and M-CSF (25ng/ml) over a course of 7 days. Cells were transfected every 48 hours 
with three independent Myo1b specific siRNAs (MYB1, MYB2 and MYB3). 
Following osteoclast maturation, the cells were fixed in 4% PFA and stained for 
TRAP activity. All 3 siRNAs reduced formation of large, multinucleated osteoclasts 
(A). Cells that stained positive for TRAP and contained ≥3 nuclei were scored as 
osteoclasts. Osteoclast numbers were unaffected in the two negative siRNA controls 
(MGC and HGC) but were significantly decreased by MYB1 and MYB2 siRNAs (B, 
p value≤0.001 and p value≤0.05 respectively). Although the number of osteoclasts 
was not affected by MYB3, the size of the osteoclasts were distinctively smaller. 
Bar=100μm. 
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Figure 8.19 Myo1b depletion during osteoclast formation resulted in reduced 

osteoclast size. Although osteoclast numbers were only affected in cells transfected 

with MYB1 and MYB2, osteoclast size was significantly decreased in all instances of 

Myo1b knockdown. As expected, nuclei number was most affected in MYB1 

silenced cells, but MYB3 also significantly decreased osteoclast nuclei number even 

when osteoclast numbers remained unchanged (all p values≤0.001) (A). A similar 

trend was observed when the perimeter of individual osteoclasts was assessed (all p 

values≤0.001) (B). This indicated that Myo1b may play an important role in both 

osteoclastogenesis and osteoclast fusion.. 
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Collectively, these results imply that Myo1b plays a functional role in osteoclast 

formation, possibly regulating osteoclast fusion and/or spreading as indicated by the 

reduced nuclei number and osteoclast perimeter in Myo1b siRNA treated groups. 

 

 

8.2.13 siRNA-mediated knockdown of Myo1b decreased bone resorptive activity in 

osteoclasts 

 

Finally, to examine whether Myo1b is indeed a functional requirement of the 

osteoclastic bone resorptive machinery, primary mouse BMMs were cultured directly 

on bovine bone discs and stimulated to form osteoclasts (100ng/ml RANKL and 

25ng/ml M-CSF). To ensure that any changes observed in bone resorption was not due 

to attenuated osteoclast formation following Myo1b silencing, transfection of siRNAs 

only commenced after mature osteoclasts were formed (i.e. Day 5). Furthermore, in this 

instance, mature osteoclasts were transfected specifically with MYB1 since it was 

determined to have the greatest inhibitory potency on osteoclastogenesis (Figures 8.18 

and 8.19). 

 

TRAP staining of the cells on the individual bovine bone discs indicated that 

comparable osteoclast numbers remained on bone slices between control siRNA 

transfected osteoclasts as those treated with MYB1 siRNA (Figure 8.20A). The cells 

were then removed and 1% toluidine blue was used to stain for bone resorption pits 

(Figure 8.20B). Resorption areas were measured (Figure 8.20B, red dotted lines) from 

three random fields per bone disc for each treatment (total of 3 bone discs per treatment). 

It was observed that percentage of resorbed area was significantly decreased in siRNA-

mediated Myo1b knockdown osteoclasts (p value  0.05) (Figure 8.20C). 

 

Collectively, the data shows that Myo1b is not only involved in osteoclast formation 

(Figure 8.18 and Figure 8.19) but also plays a pivotal role during bone resorption by: 1) 

facilitating the formation of cellular structures that are involved in adhesion and/or 

migration (Figure 8.12, 8.13 and 8.14); 2) mediating lysosome distribution and 

morphology (Figure 8.15) and 3) regulating CTSK targeting to the ruffled border region 

(Figure 8.16). 



Figure 8.20 siRNA-mediated knockdown of Myo1b impaired bone resorption by 

osteoclasts. M-CSF dependent mouse BMMs were cultured on bovine bone discs and 

differentiated in the presence of RANKL (100ng/ml), M-CSF (25ng/ml) and Myo1b 

siRNA (MYB1). Following osteoclast maturation and commencement of resorption 

activity, the cells were stained for TRAP activity (A). Once the osteoclasts were 

removed, the bone discs were stained using toluidine blue. Resorptive pits were 

imaged using a reflective microscope as show in B (red dotted lines). When the 

percentage of area resorbed was compared, siRNA-mediated knockdown of Myo1b 

was found to significantly reduce bone resorption (C, * p value≤0.05). 
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8.3 DISCUSSION 

 

The collective observations detailed in this thesis thus far imply that Myo1b participates 

in multiple stages of the osteoclast life cycle. However, unlike myosin 10, an 

established regulator of osteoclast polarisation (McMichael et al., 2010), the precise 

functional contribution of myosin 1 isoforms (in particular Myo1b) in osteoclasts until 

now, remained unclear. Combined data from Chapters 5 and 7 demonstrate for the first 

time that: 1) Myo1b is robustly upregulated during osteoclastogenesis (10.1 folds) and 

strongly expressed in mature osteoclasts (Figure 5.1) and; 2) Myo1b localises to sites 

involved with active membrane remodelling, osteoclastic polarisation and endocytic 

trafficking (Chapter 7). The remarkable versatility of Myo1b implies that it may play an 

important role in osteoclast formation and/or function. In this chapter, to address the 

functional role of this uniquely non-processive myosin motor in osteoclasts, disruption 

of myosin 1/1b function was achieved by using a myosin 1 inhibitor, PClP in 

combination with siRNAs specific for Myo1b.  

 

Aforementioned, PClP is a newly synthesised halogenated compound, and has been 

verified as a specific myosin 1 inhibitor in HeLa cells. In HeLa cells, PClP was shown 

to have a working concentration range between 1.0μM-5.0μM (Chinthalapudi et al., 

2011). In the current study, using MTS cell proliferation assays the maximal inhibitory 

concentration (IC50) of the inhibitor in mouse BMM progenitor cells was determined to 

be approximately 2.7μM (Figure 8.2B), in keeping with the anticipated 1.0μM-5.0μM 

ranges.  

 

Unexpectedly, when PClP was administered to mouse BMMs under pro-

osteoclastogenic conditions (100ng/ml RANKL and 25ng/ml M-CSF) (Figures 8.3 and 

8.5), cell viability and the presence of TRAP positive osteoclasts were markedly 

decreased at PClP concentrations lower than the estimated IC50 of 2.7μM (i.e. <1.0μM). 

This elevated sensitivity to PClP treatment in osteoclastic cells was further supported by 

quantitative analyses of TRAP intensity and osteoclast numbers (Figures 8.4A and 

8.6A). Hence, the IC50 of PClP in osteoclasts was revised to approximately 0.81μM, 

which is significantly lower when compared to mouse BMM progenitor cells (Figure 

8.6B).  
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While it is interesting to note that mouse BMM progenitor cells exhibited higher 

tolerance towards PClP, this may be simply a reflection of changes to myosin 1/1b 

expression patterns during osteoclastogenesis. It is therefore tempting to speculate that 

the expression of myosin 1 isoforms, and in particular, the robust upregulation of 

Myo1b during osteoclastogenesis, may account for the increased sensitivity of 

osteoclasts to the myosin 1 ATPase inhibitor. In addition, the results from these assays 

highlight the potential therapeutic advantage of PClP as an anti-resorptive agent, given 

its high efficacy and specificity for disrupting myosin 1 ATPase activity in osteoclasts. 

 

Consistent with the reduction in osteoclast numbers upon PClP treatment, the mRNA 

expression of several established osteoclast markers including TRAP and CTR were 

dose-dependently reduced (Figure 8.7). Unexpectedly, only changes in CTR levels 

reached statistical significance (p 0.05), while there were only detectable (but not 

statistically significant) differences in TRAP mRNA expression and no changes in DC-

STAMP mRNA expression. The differences in the mRNA expression profiles of these 

key osteoclast markers may be due to variances in the onset of expression of each 

individual marker during osteoclastogenesis. For instance, TRAP and CTR markers are 

the epitome of distinct components of biomarkers secreted during osteoclastogenesis, 

with the former being expressed in early stages of osteoclast differentiation, before 

fusion and the latter, being expressed only in mature osteoclasts (Karsdal et al., 2003; 

Henriksen et al., 2004; Henriksen et al., 2007). Based on Figure 8.4A, it was observed 

that TRAP intensity is significantly affected only when PClP was 0.8μM, but in 

comparison, osteoclast numbers were already significantly reduced at PClP 0.2μM. As 

such, it is plausible that when PClP was used at concentrations 0.2μM PClP<0.8μM, 

the inhibitor was effective at impairing final osteoclast maturation (i.e. decreased CTR 

expression) but not at inhibiting the formation of TRAP-positive, pre-fusion osteoclast 

populations. 

 

In contrast, treatment of cells with PClP had little or no effect on the mRNA expression 

of DC-STAMP, which is critical for pre-osteoclast fusion and osteoclast 

multinucleation (Vignery, 2005; Yagi et al., 2005; Yagi et al., 2006). However, while 

existing DC-STAMP gene expression levels remain high, these expression levels may 

or may not be translated into endogenous DC-STAMP protein levels.  
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In addition, the existence of two different DC-STAMP subsets (DC-STAMP
lo

 and DC-

STAMP
hi

) may also account for the modest changes observed in Figure 8.7C. Presence 

of RANKL induces heterogeneous osteoclast precursors, which can be segregated into 

two populations based on their DC-STAMP expression profile. Each subset of 

osteoclast precursors is functionally distinct and possesses contrasting fusogenic 

profiles. While the DC-STAMP
lo

 population consists of master fusogens, which can 

fuse to form TRAP-positive multinucleated osteoclasts, cells that express DC-STAMP
hi

 

are merely mononuclear donors that are unable to form osteoclasts (Mensah et al., 

2010).  

 

Currently, the exact nuances that drive each osteoclast precursor into either DC-

STAMP
hi

 or DC-STAMP
lo

 expression remain unknown, and the DC-STAMP primer 

pair used in this particular assay is unable to distinguish between the two groups. 

Because PClP has been show to adversely affect osteoclast formation but not affect DC-

STAMP expression in osteoclast precursors, potentially the administration of PClP may 

preferentially encourage the expression of DC-STAMP
hi

 populations, rendering no 

detectable changes in DC-STAMP expression within the cell population despite having 

decreased osteoclast formation. This possibility will need to be addressed in future 

studies. 

 

In addition to a general reduction in osteoclast marker gene expression upon PClP 

treatment, ablation of myosin 1 activity similarly led to a decrease in the protein 

expression of VGLUT-1, a marker of mature osteoclasts. Furthermore, modest changes 

to NFATc1 signalling but not pERK signalling (Figure 8.8, second and third lanes 

respectively) were noted. NFATc1 is a master regulator of the RANKL-induced 

osteoclast differentiation and has been implicated in osteoclast fusion (Kim et al., 2008) 

and activation via the upregulation of various genes responsible for osteoclast adhesion, 

migration and degradation of bone matrix (Takayanagi et al., 2002; Takayanagi, 2007; 

Negishi-Koga and Takayanagi, 2009).  

 

Along with the observed effects on osteoclast differentiation, when osteoclast resorptive 

activity was assessed using Osteo Assays, PClP administration significantly decreased 

all resorption parameters including resorption area and pit perimeter. Furthermore, loss 

of myosin 1 activity by PClP treatment reduced cumulative resorption track lengths, 
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indicating that myosin 1/1b activity is required for cell motility during the resorptive 

cycle. This position is supported by previous studies which have shown that decreased 

osteoclast motility correlates with a reduction in bone resorptive activity (Soriano et al., 

1991; Lowell and Soriano, 1996).  These findings are also in keeping with Myo1b’s 

intimate association with lamellipodia, filopodia and microspikes of uropods, all which 

participate in cell motility (Figures 7.1 and 7.5). A role for myosin 1 in the formation 

and maintenance of lamellipodia and filopodia in osteoclasts is further strengthened by 

SEM studies, where PClP treatment impaired filopodia formation in osteoclasts (Figure 

8.14). Considering that cell locomotion can be defined by three stages of coordinated 

movements: (1) extension of the leading edge; (2) attachment of the leading to the 

surface and (3) retraction of the rear of the cell (Cooper, 2000), it is likely that Myo1b 

and or other myosin 1s function collectively at each stage of osteoclast locomotion. 

 

Consistent with the defects observed in osteoclast activity, examination of the effects of 

PClP on osteoclast actin organisation revealed that PClP treatment attenuated 

podosomal belt formation and disrupted F-actin ring formation, in non-polarised (glass) 

and polarised (bone-resorbing) osteoclasts, respectively (Figures 8.11 and 8.12). Upon 

closer inspection, myosin 1 inhibition was found to specifically disrupt podosome 

organisation and F-actin bundling in PClP treated samples (Figure 8.13). This 

phenomenon was also distinctively different from the loss of actin polymerisation as 

evidenced by different cell morphology in those treated with cytochalasin D (Figure 

8.13, last panel).  While the exact mechanism leading to formation of F-actin rich 

protrusions at the peripheral edges of the osteoclast is yet unknown, studies looking at 

the formation of similar F-actin rich protrusions at the surface of epithelial cysts 

following myosin 2 inhibition (Ivanov et al., 2008) may provide some insight into these 

morphological changes. Ivanov and colleagues (2008) observed that the outgrowth of 

these peripheral actin rich protrusions was driven by actin polymerisation following 

myosin 2 inhibition. Similarly, inhibition of myosin 1, which is a regulator of actin 

polymerisation (Idrissi et al., 2002), may therefore result in the formation of peripheral 

spikes in the osteoclasts.  

 

While the actin cytoskeleton and microtubule network are distinct entities, there is 

increasing evidence to show that interactions between the two networks are crucial for 

proper osteoclast function (Linder et al., 2000; Okumura et al., 2006; Gil-Henn et al., 
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2007; McMichael et al., 2010). In fact, Ivanov and colleagues (2008) further 

demonstrated that disruption of actin filaments following myosin 2 inhibition also 

dramatically affected the spatial distribution of microtubules, leading to their outgrowth 

and initiation of peripheral protrusions. While the effects of PClP on the microtubule 

network in osteoclast was not specifically examined, future assays incorporating 

microtubule analysis would be helpful in piecing together a more complete overview of 

the effects of Myo1b disruption on the osteoclast cytoskeleton.  

 

In addition to its conventional role in sustaining membrane-actin interface, Myo1b has 

also been implicated in lysosome positioning and organelle motility in mouse hepatoma 

cells (Cordonnier et al., 2001). Moreover, PClP mediated disruption of myosin 1/1c in 

HeLa cells was also found to impact lysosomes, causing the organelles to cluster and 

swell (Chinthalapudi et al., 2011). Because proper lysosomal functioning is intrinsically 

linked to osteoclast function and resorptive activity (i.e. via the secretion of lysosomal 

cysteine protease, CTSK), effects of PClP on lysosome morphology and distribution in 

osteoclasts were explored.   

 

Similar to the observations made by Chinthalapudi and colleagues (2011), the 

lysosomes in osteoclasts upon treatment with PClP exhibited altered distribution and 

morphology (Figure 8.15). This may be a result of Myo1b’s involvement in transiently 

retaining lysosomes during their movement along microtubules. Absence of myosin 1 

would therefore result in movement of lysosomes in random directions (Cordonnier et 

al., 2001). Although it appears that Myo1b plays a role in long-range movements of 

lysosomes via regulating actin polymerisation and organisation of the actin network 

organisation, the contribution of Myo1b is likely to be indirect. The lack of a second 

actin binding site together with its non-processive nature limit the role of myosin 1/1b 

to tethering lysosomes in a transient spatial position, achieved by maintaining the 

required tension between the cargo and actin filament (Cordonnier et al., 2001). 

 

An alternative but far reaching possibility is that myosin 1 isoforms may belong to a 

group of cytoskeleton regulating proteins necessary for cell survival and the inhibition 

of these motor proteins would therefore result in aberrant lysosome morphology. In a 

similar study of lysosomal changes resulting from Myo1g silencing in MCF7 breast 

cancer cells, Myo1g knockdown correlated with enlarged acidic, endo-lyososomal 
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compartments and increased lysosomal protease activity (Groth-Pedersen et al., 2012). 

As non-apoptotic cell death can occur via lysosomal damage (Guicciardi et al., 2004; 

Turk and Turk, 2009), Myo1g and/or myosin 1, which may help to regulate cell survival, 

would initiate cell death upon inhibition.  

 

The maintenance of lysosome morphology and targeting is crucial for the correct 

delivery of bone degrading proteases during resorption by osteoclasts. CTSK is the 

major protease present in osteoclastic secretory lysosomes and its enzymatic activity 

increases following the initiation of bone resorption. Prior to release, immature CTSK is 

processed before being secreted as a mature peptide, which digests type 1 collagen, into 

the resorption lacuna (Kokubo et al., 1998; Dodds et al., 2001; Wilson et al., 2009).  In 

the present study, addition of PClP to actively resorbing osteoclasts impaired the 

delivery and/or secretion of CTSK to the ruffled border (Figure 8.16A).  In this instance, 

no CTSK-laden lysosomes were observed within the F-actin rings (i.e. sealing zones) 

circumscribing the ruffled border. Instead, most of these CTSK-vesicles were diffusely 

distributed throughout the osteoclastic cytoplasm.   

 

Concomitant with impaired CTSK delivery, PClP also disrupted osteoclast polarisation, 

as evidence by the loss of the F-actin ring integrity (Figure 8.16B).  Whether the 

disruption in CTSK delivery was merely a consequence of F-actin disruption following 

myosin 1 inhbition by PClP is presently unclear. However considering that PClP also 

disrupted lysosomal distribution in non-polarised cells, it is possible that myosin 1s play 

a role in tethering CTSK vesicles at the ruffled border during bone resorption, although 

future experiments will be required to validate this position.  

 

Because PClP is a general myosin 1 inhibitor, to gain better insight into the precise role 

of Myo1b in osteoclasts, a siRNA-based approached was employed to selectively 

suppress Myo1b expression during osteoclast formation and function. Initial screening 

of three independent Myo1b specific siRNAs (MYB1, MYB2 and MYB3) in mouse 

BMM osteoclast cultures confirmed that all 3 siRNAs could specifically suppress 

(>50%) Myo1b mRNA expression (Figure 8.17). Moreover, depletion of Myo1b in 

mouse BMMs cultured under pro-osteoclastic conditions significantly impaired 

osteoclast formation as evidenced by a reduction in the number of TRAP positive 

multinucleated cells (i.e. 3 nuclei) (Figure 8.18). Importantly, osteoclast populations 
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remained unaffected in the two negative siRNA controls (i.e. MGC and HGC), but were 

significantly decreased in Myo1b specific siRNAs MYB1 and MYB2 treated groups 

(p 0.001 and p 0.05 respectively). On the other hand, cells treated with MYB3 

displayed no detectable change in osteoclast numbers. Rather, the cells had significantly 

smaller nuclei number (Figure 8.19A). In addition, the cell size of the osteoclast 

populations in all Myo1b siRNA treated groups was also significantly reduced, 

indicating that Myo1b may regulate osteoclast fusion and spreading (Figure 8.19B). 

 

These observations are consistent with the disruption in osteoclastogenesis when PClP 

was administered to mouse BMMs (Figures 8.3-8.6). Loss of myosin 1/1b consistently 

resulted in decreased osteoclast formation, as well as a net reduction in osteoclast size. 

Given that myosin 1/1b plays an important role in contributing to the adhesion between 

the overlying plasma membrane and the underlying cytoskeleton, the reduction in cell 

size may be potentially due to decreased ability to support and stabilise multiple 

membrane tethers. Limited access to myosin 1 motors restricts the density of molecular 

contacts between the plasma membrane and the cytoskeleton, which may explain why 

MYB3 osteoclasts exhibited significantly decreased cell size.  

 

Finally, to assess the role of Myo1b during bone resorption, mouse BMMs were 

cultured directly on bovine bone discs with the addition of RANKL (100ng/ml) and M-

CSF (25ng/ml). Of the 3 Myo1b siRNAs, only MYB1 was used in this assay, based on 

its inhibitory potency on osteoclast formation (Figures 8.18 and 8.19). Whereas a 

comparable number of resorbing osteoclasts were present in both MYB1 and control 

samples (Figure 8.20A), analysis of the resorption area revealed that there was a 

significant reduction in overall resorptive activity (p 0.05) upon Myo1b suppression 

(Figure 8.20C). While the exact mechanism(s) behind this reduction in resorptive 

activity awaits more extensive characterisation, it is predicted to mirror the effects (at 

least in part) observed following PClP treatment i.e. disruption of F-actin rings, 

lysosomal swelling, defective CTSK delivery and impaired osteoclastic polarisation. 

 

In summary, results from this chapter provide evidence to suggest that myosin 1/1b is a 

novel regulator of osteoclast formation and function. Myosin 1/1b appears to be 

implicated at multiple stages of osteoclast physiology i.e.: 1) formation; 2) cell motility; 

3) cell polarisation and 4) bone resorption, making it a surprisingly versatile motor 
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protein. However, further studies are clearly required to fully elucidate the precise 

molecular function of Myo1b in the osteoclasts. Specifically, further studies are 

required to determine whether 1) Myo1b has a role in determining osteoclast fusion 

(either by preferentially choosing the type of DC-STAMP expression or mediating 

membrane fusion) since many of the osteoclasts lacking myosin 1/1b exhibited 

decreased cellular size; 2) how calcium regulation affects Myo1b tension sensing and its 

subsequent effects on cell polarisation and motility and 3) whether Myo1b can similarly 

affect the spatial positioning of microtubules and how this can aid in determining the 

formation of new cellular protrusions. 

 

Nevertheless, based on the current results, it can be concluded that: 1) myosin 1/1b 

plays an important role in osteoclast formation as loss of myosin 1/1b results in 

attenuated osteoclast formation and TRAP activity; 2) loss of myosin 1/1b results in 

changes to later stage expressed osteoclast markers (i.e. CTR) and the NFATc1 

signalling pathway; 3) myosin 1/1b regulates actin polymerisation, which is required for 

the proper formation of podosomal belts and F-actin rings in non-resorbing and 

resorbing osteoclasts respectively and 4) resorptive activity of myosin 1/1b depleted 

osteoclasts is decreased due to a culmination of several knock-on events, including 

decreased cell motility, impaired polarisation, aberrant lysosomal morphology and 

defective CTSK delivery to the resorption lacunae.  
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9.1 GENERAL SUMMARY  

 

At first glance, the cytoskeleton appears rather unremarkable and having the 

connotation of “skeleton” does little to improve the general impression of its rigid and 

unchanging façade. As a result, the cytoskeleton is often relegated to a supportive role 

in many biological cellular functions. In reality, the cytoskeleton is a highly dynamic 

and adaptive structure, with its basic building blocks and interacting components 

existing in a state of constant flux. In addition to its role in maintaining cell structure 

and integrity, the cytoskeleton also serves to integrate the activities of a multitude of 

cytoplasmic proteins and intracellular organelles (Fletcher and Mullins, 2010). 

 

With the advent of high-resolution imaging and improved biochemical techniques, 

information regarding cytoskeletal assembly/disassembly and its multiple functional 

role(s) has increased exponentially in the past decade. The culmination of these studies 

has resulted in an integrated understanding of contemporary cytoskeleton mechanics 

and the role that these mechanics play in a myriad of biological processes. 

 

As with other mammalian cells, the osteoclastic cytoskeleton plays a primary role in 

preserving the integrity of the cell structure and providing a medium for intracellular 

interaction. However, the osteoclastic cytoskeleton is distinct from other polarised cell 

systems, which perhaps is reflective of specialised adaptations acquired during the 

formation of osteoclast-specific structures such as the ruffled border and sealing zone.  

 

While our understanding of the cytoskeleton and its involvement in various cellular 

processes has improved markedly for other cell types, fundamental gaps remain in our 

current understanding of the osteoclastic cytoskeleton. In particular, information is 

lacking with regards to the identity and nature of molecules that function collectively 

with the osteoclastic cytoskeleton during polarisation and bone resorption.  

 

To close this information gap, the major goal of this thesis was to comprehensively 

analyse the expression, localisation and function(s) of putative cytoskeletal interacting 

molecules, namely mechanochemical motor proteins (i.e. dynein, kinesins and myosins) 

in osteoclasts.  For this purpose, an Illumina BeadChip microarray was employed to 
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screen for candidate cytoskeletal-membrane-coupling genes that were differentially 

regulated following M-CSF/RANKL- mediated differentiation.  

 

Amongst the candidates yielded, Myo1b was, by far, the most prominent RANKL-

responsive gene amongst all molecular motor protein families identified. Indeed, 

Myo1b was highly expressed in mature osteoclasts, as confirmed by semi-quantitative 

RT-PCR and immunoblotting. Based on these findings, Myo1b was selected as a 

primary candidate for ensuing functional studies (Refer to Chapter 8). By comparison, 

although microtubule-based motor proteins kinesin and dynein were strongly expressed 

in osteoclasts, their expression patterns appeared largely unresponsive to RANKL, with 

mRNA levels of most subunits remaining constant throughout osteoclast differentiation. 

 

Closer inspection of dynein-dynactin expression levels and affiliated dynein regulators 

unveiled marked distinctions in the mRNA expression patterns with DHC1 and DIC2 

marginally downregulated, whereas dynein regulators LIS1 and Plekhm1 were 

moderately upregulated during osteoclast differentiation. While the exact reason(s) 

behind the differences in dynein subunit expression remain unclear, it is noteworthy to 

mention that several dynein subunit isoforms have been shown to be preferentially 

expressed in specialised cell types (Ha et al., 2008; Kuta et al., 2010), and therefore 

may reflect motor-specific requirements that are unique to the osteoclast.  

 

Isoform switching provides a selective biological advantage by exploiting the use of 

multiple isoforms to maintain molecular motor efficiency. This is especially relevant to 

the dynein-dynactin motor protein because of the inherent diversity of dynein-mediated 

functions and varied force requirements (i.e. fast and slow retrograde transport) in 

different biological processes (Asai, 1995; Asai, 1996). Previous studies have 

established the presence of multiple DHC isoforms in both ciliated and unciliated 

mammalian cells, where each of the isoforms appear to perform separate tasks (Criswell 

and Asai, 1998).  

 

DHC1, which was identified in the microarray used for this study, is known as 

conventional cytoplasmic dynein, but there are at least another two known isoforms – 

DHC2 and DHC3. Thus far, DHC2 has been implicated in the positioning of the Golgi 

apparatus while DHC3 is associated with the transport of intermediates between 
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intracellular compartments (Vaisberg et al., 1996). It remains unclear if cytoplasmic 

dyneins are specialised in their functions, which may enable the possibility of additional 

isoforms not yet discovered but recruited to perform the many distinct tasks assigned to 

dynein. Hence, it is possible that during osteoclast formation, other osteoclast-specific 

DHC isoforms may be acquired. In fact, the osteoclastic ruffled border is largely 

analogous to ciliatory structures present in other mammalian cells and therefore may 

require specific but as yet unknown DHC isoforms for osteoclastic resorptive function. 

Assays investigating the existence of additional DHC isoforms will need to be carried 

out in future experiments to better identify the full complement of DHC isoforms 

expressed during osteoclastogenesis. 

 

To gain insights into the specific contribution of the dynein microtubule motor complex 

in osteoclasts, the localisation and function of dynein-dynactin was explored by 

combining several complementary biochemical and immunofluorescent assays. 

Consistent with its established role in regulating minus-end microtubule motility, the 

dynein-dynactin motor complex was found to intimately associate with the underlying 

osteoclast microtubule network. Interestingly, dynein-dynactin, together with the 

microtubule plus-end protein CLIP-170, was also found to localise at the osteoclast 

ruffled border, thus establishing the ruffled border as a microtubule plus-end domain. 

 

To define the functional role of dynein-dynactin in osteoclasts, overexpression of 

exogenous p50/dynamitin was used as a tool to selectively disrupt dynein motor activity. 

Interestingly, disruption of the dynein-dynactin complex significantly impaired 

osteoclast formation rates.  This effect was largely due to prolonged mitotic stasis of 

osteoclast progenitor cells. In addition, loss of dynein-dynactin integrity correlated with 

osteoclast dysfunction, with osteoclasts exhibiting drastic redistribution of key 

intracellular organelles such as the Golgi and lysosomes. Consequently, CTSK 

secretion/delivery to the ruffled border was also perturbed, resulting in diminished 

resorptive capacity. Together these findings establish the dynein-dynactin motor as an 

important regulator of osteoclast formation and function. 

 

In addition to dynein-dynactin, the subcellular localisation and function of Myo1b was 

explored in osteoclasts. Subcellular localisation studies were performed by 

immunofluorescent confocal microscopy using antibodies specific to endogenous 
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Myo1b. Consistent with its known role in facilitating actin-membrane remodelling 

(Coudrier and Almeida, 2011), Myo1b was found to localise at the leading edges of 

motile osteoclasts, particularly in actin rich protrusions including, but not restricted to, 

lamellipodia and filopodia.  

 

Myo1b was also highly enriched in ring-like structures found in several mature 

osteoclast specimens. While the precise nature of these actomyosin rings await more 

comprehensive characterisation in future studies, it is interesting to note that they bear 

strong resemblance to the actomyosin contractile rings observed in furrow canals of 

cells during cytokinesis, implying that Myo1b may participate in the recently described 

phenomenon of osteoclast fission (Jansen et al., 2012, Appendix and supplementary 

figures – Pavlos and Ng, 2012, and Supplementary Figure 1). 

 

Plasma membrane protrusions emanating from osteoclasts were also enriched with the 

phospholipid PIP2, which overlaid a dense actin-rich core. Moreover, this actin core was 

flanked by Myo1b, which appeared to anchor the cytoskeleton to PIP2 populations in 

the plasma membrane. This intimate actin-myosin-phospholipid association is in good 

accord with data obtained from recent biochemical studies, which demonstrate that the 

PH domain of Myo1b selectively associates with PIP2 to stabilise actin-rich filopodia 

(Komaba and Coluccio, 2010). Indeed, accumulated evidence in the recent years 

supports the position that PIP2 localises predominantly to the leading edges of motile 

cells, cleavage furrows and various membrane protrusions (Logan and Mandato, 2006; 

Liu et al., 2011; Thapa and Anderson, 2012).  

 

Recent studies suggest that the principles of cell polarisation are also engaged during 

cytokinesis. Striking similarities observed between membrane-actin remodelling during 

cell polarisation and the addition of new membrane (i.e. at the leading edge of motile 

cells and at the furrow canal in cytokinesis), posit that similar chain of events occur 

during polarisation and cytokinesis (Janetopoulos et al., 2005; Nelson, 2009; Hehnly 

and Doxsey, 2012). In both events, changes in phosphatidylinositol concentration 

within the plasma membrane potentially recruit other downstream mediators such as 

Myo1b. Further examination of plasma membrane components at furrow canals in 

previous studies also revealed distinct lipid and protein composition, which may be 

requisite for membrane deformation during ingression (McMahon and Gallop, 2005). 
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Considering the remarkable versatility of Myo1b localisation and function, it is 

plausible that this myosin motor similarly participates in multiple steps of distinct 

cellular processes in osteoclasts. For instance, following the aggregation of PIP2 at 

membrane regions undergoing active remodelling, Myo1b recruitment results in several 

possible scenarios: 1) remodelling of existing lipid domains via membrane trafficking; 

2) immobilising phosphotidylinositols at the site; 3) interacting with proteins such as the 

Arp2/3 complex to regulate actin polymerisation and 4) sustaining membrane tension in 

areas of high curvatures and deformation.  

 

When these scenarios are extrapolated to osteoclasts, it is conceivable that Myo1b 

recruitment may mediate changes that would translate into: 1) cell fusion (or even cell 

fission) in osteoclasts; 2) regulation of actin polymerisation required for the osteoclast 

motility and cell polarisation and 3) the maintenance of membrane tension and 

segregation of structural membrane domains such as the ruffled border and functional 

secretory domain, that are exclusively observed in actively resorbing osteoclasts. 

 

In keeping with the latter, when Myo1b localisation was compared to 3-integrin, which 

has an established role during osteoclast polarisation (Nakamura et al., 1999; McHugh 

et al., 2000; Faccio et al., 2003), striking differences were noted in Myo1b and 3-

integrin colocalisation between non-polarised osteoclasts and highly polarised, bone-

resorbing osteoclasts. While both Myo1b and 3-integrin interacted at sites of 

protrusion and adhesion in non-polarised osteoclasts, this interaction was limited to the 

basolateral surface of actively resorbing osteoclasts, suggesting that Myo1b is 

exclusively recruited to the basolateral membrane interface to confer membrane tension 

and sustain polarisation. 

 

Current data posits that 3-integrin activation promptly results in a signalling cascade, 

triggering actin cytoskeletal changes. In particular, integrin engagement stimulates the 

synthesis of PIP2 and simultaneously promotes recruitment of molecules that directly 

activate the actin polymerisation machinery (e.g. Myo1b and Arp2/3) (DeMali et al., 

2003). In fact, many of the downstream targets of the 3-integrin signalling pathway, 

such as c-Src, Pyk2, c-Cbl and p130
Cas

, have all been implicated in osteoclast 

cytoskeletal reorganisation and the polarisation process (Lakkakorpi et al., 1999; Wang 

et al., 2003b; Miyazaki et al., 2004; Gil-Henn et al., 2007; Izawa et al., 2012). 
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Close association of the Arp2/3 complex and Myo1b in the sealing zone of resorbing 

osteoclasts further hint at a possible involvement for Myo1b in activating the actin 

polymerisation machinery. The dual binding role of Myo1b shows that it is capable of 

binding to F-actin and specific lipids in the membrane simultaneously. Thus, it is 

possible that Myo1b is involved in the tethering of newly polymerised F-actin to the cell 

membrane or organelle membrane, and triggering membrane remodelling as required.  

 

Along with its established role in regulating membrane tension and deformation, Myo1b 

has also been implicated in endocytic membrane trafficking and macropinocytosis. 

Using a panel of established endocytic markers including EEA-1, VPS35 and transferrin, 

Myo1b was found to associate with a subpopulation of early endosomes in osteoclasts. 

These findings are consistent with previous findings implicating Myo1b in endosomal 

trafficking and the formation of post-Golgi carriers in TGN (Raposo et al., 1999; 

Almeida et al., 2011).  

 

In addition, Myo1b was found to localise to macropinocytic structures, as evidenced by 

dextran uptake experiments. Although the results in this thesis imply that the major role 

of Myo1b is in the regulation of membrane protrusions, they also indicate that Myo1b 

may play a minor accessory role in endosomal tethering or spatiotemporal positioning, 

although further work is clearly required to consolidate this position. 

 

The final chapter of this thesis investigated the functional role of Class I myosins and 

Myo1b in the osteoclast using a two-pronged strategy: 1) employing the natural 

compound pentachloropseudilin (PClP), a specific and allosteric inhibitor of myosin 1 

ATPase activity and 2) siRNA-mediated Myo1b knockdown. Collectively, the results 

from this chapter demonstrated that blockade of myosin 1 motor function by PClP dose-

dependently attenuated osteoclast formation and bone resorptive capacity in vitro, an 

effect which correlated with morphological disturbances in F-actin organisation and 

membrane integrity.  

 

Specifically, PClP-treatment disrupted the formation of podosomal belts/F-actin rings in 

non-resorbing/resorbing osteoclasts, respectively. In addition, loss of myosin 1 activity 

by PClP impaired F-actin bundling, leading to an abrogation of actin-rich membrane 

protrusions such as lamellipodia and filopodia. These findings are consistent with the 
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hypothesis that myosin 1, together with Arp2/3, are involved in regulating actin 

polymerisation and the formation of actin-rich protrusions.  

 

Accompanying these changes in the osteoclastic cytoskeleton, myosin 1 inhibition also 

resulted in lysosomal aberrations and impaired CTSK delivery/secretion during bone 

resorption, indicating that myosin 1/1b function is necessary for bone resorption 

efficiency. While it is unlikely that myosin 1/1b is involved the direct delivery of 

CTSK-laden vesicles to the ruffled border, especially when considering their non-

processive nature, it is possible that this particular class of myosin motor proteins may 

promote the tethering and/or fusion of these vesicles at the ruffled border membrane.  

However, future studies will be required to clarify this position.  

 

Finally, to precisely define the specific contribution(s) of Myo1b in osteoclast formation 

and function, a RNA interference approach was employed.  Using three independent 

siRNAs specifically targeted to Myo1b, Myo1b suppression was shown to significantly 

impair osteoclast formation and resorption capacity in vitro.  Importantly, these data 

were in good accord with studies using the broad-spectrum myosin 1 inhibitor PClP.  

Moreover, these findings strengthened the notion that Myo1b regulates the membrane-

actin interface during osteoclast formation and function, and posit Myo1b as a novel 

regulator of osteoclast activity. 

 

Viewed together, Myo1b is an unexpectedly versatile molecular motor protein, which 

appears to be involved in multiple stages of osteoclast formation and function. While it 

is currently unclear whether this motor protein plays distinct roles during specific stages 

of osteoclast formation, Myo1b is clearly required for osteoclast formation, particularly 

in relation to precursor cell fusion and motility. Upon differentiation to a mature 

osteoclast, Myo1b switches to regulate other aspects of osteoclast function pertaining to 

osteoclastic polarisation following 3-integrin activation, and tethering/promoting 

fusion of lysosome-produced CTSK vesicles, which are secreted to the ruffled border 

for bone resorptive activity. The potential functional role for myosin 1/1b in mature 

osteoclasts are summarised in the hypothetical model depicted in Figure 9.1. 

 

In conclusion, the data in this thesis document, for the first time, the expression, 

subcellular localisation and function(s) of several key mechanochemical motor proteins 
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in osteoclasts, as well as their intimate collaboration with the cytoskeletal network.  

Based on these findings, several key conclusions can be drawn: 1) osteoclasts express 

almost the entire spectrum of mechanochemical motor proteins, some of which are 

differentially acquired during the RANKL-mediated osteoclastogenesis (e.g. Myo1b); 

2) the dynein-dynactin complex is essential to osteoclast formation and function, 

regulating both the mitotic progression of osteoclast progenitor cells and maintaining 

the spatiotemporal position of several intracellular organelles vital to the bone 

resorptive process; 3) Myo1b is a RANKL-responsive Class I myosin that is localised to 

membrane protrusions and sites of membrane tension in osteoclasts and 4) myosin 1/1b 

is a functional requirement for osteoclast differentiation and function, possibly 

regulating the fusion of osteoclast precursors and/or the integrity of the F-actin ring 

during bone resorption. Together, the findings presented in this thesis provide 

previously unexplored insights into the molecular anatomy of osteoclasts, and highlight 

cytoskeletal motor proteins as potential new molecular targets for anti-resorptive 

therapy.  

 

 

9.2 FUTURE DIRECTIONS 

 

The results from this thesis have generated several new avenues for future research, 

which need be pursued to better understand the involvement of individual molecular 

motor protein complexes in osteoclast formation and bone resorptive activity. 

Aforementioned many of the key osteoclastic functions (i.e. cell polarisation and 

resorptive activity) are intrinsically linked to the osteoclast cytoskeleton. However, the 

1) role, 2) specificity, and 3) potential therapeutic targeting of molecular motor 

components that drive osteoclast cytoskeletal changes remain unclear.  

 

Recently, selective cytoskeletal and molecular motor protein inhibitors have been 

employed in the treatment of cancer (Huszar et al., 2009; Perez, 2009; Basso et al., 

2010).  Together, these studies underscore the therapeutic potential of targeting 

cytoskeletal components for the treatment of human disease. It is hoped that by 

furthering our knowledge of the osteoclastic cytoskeleton and its related molecular 

motors, as described in this thesis, development of novel and specific motor protein 
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inhibitors could potentially be extended to anti-resorptive agents used to treat 

osteoclast-related bone diseases.  

 

However, several questions raised in this thesis will need to be addressed before this 

ultimate goal can be envisioned.  Some of these are highlighted for future studies below, 

particularly in relation to Myo1b: 

 

 

How is Myo1b expression regulated during RANKL-induced osteoclast 

differentiation? 

 

External cues perceived by cells are translated into an intracellular response via a 

myriad of complex signalling cascades. These signalling events are involved in 

regulating cellular responses such as cell proliferation, differentiation and motility. The 

results from Chapter 8 showed that myosin 1/1b inhibition significantly attenuated 

osteoclast differentiation and activity, and subsequent immunoblotting results indicated 

a modest change in the NFATc1 signalling pathway (Figure 8.8). Although the specific 

mechanism(s) involving the change in NFATc1 expression remain unclear, 

bioinformatic analysis of the 4kb Myo1b promoter region revealed several interesting 

candidate response elements, including several NFATc1 binding sites (Supplementary 

Figure 2). 

 

As such, to further examine NFATc1’s role in regulating Myo1b transcription during 

RANKL-induced osteoclastogenesis, a series of Myo1b promoter constructs using the 

pGL-3 reporter plasmids have been generated (data not shown). Luciferase assays will 

be used to assess whether the Myo1b promoter is indeed induced by RANKL 

stimulation.  In addition, complementary chromatin immunoprecipitation (ChIP) assays 

can be used to further validate NFATc1 interaction with the Myo1b promoter. 

 

 

 Disruption of myosin 1/1b and its influence on key signalling cascades 

 

The loss of myosin 1/1b resulted in impaired osteoclast formation (Figure 8.3, 8.5 and 

8.18).  However, the reduction in osteoclast numbers was only accompanied by a 
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modest corresponding change in NFATc1 expression. This suggests that the loss of 

myosin 1/1b may affect alternative RANKL-signalling pathways including MAPKs and 

ERK. Therefore, the effects of PClP and Myo1b knockdown on these and other key 

signalling cascades will be explored in future immunoblot analyses using short 

RANKL-stimulated time course (i.e. within 1 hour post-RANKL treatment).  

 

Another key signalling pathway that requires examination is the integrin activation 

signal transduction pathway. After integrin-mediated activation, cells respond by 

triggering signalling cascades consisting of actin regulatory proteins, leading to the 

formation of distinct actin-dependent structures (e.g. F-actin rings) or the coordinated 

assembly/disassembly of structures required for cell motility (eg. lamellipodia and 

filopodia) (DeMali et al., 2003). Of particular importance to the osteoclast system is the 

3-integrin dependent signalling pathway, which include downstream targets such as c-

Src, Pyk2, c-Cbl and p130
Cas

, molecular components that have all been linked to 

osteoclast cytoskeletal organisation and cell migration (Lakkakorpi et al., 1999; Wang 

et al., 2003b; Miyazaki et al., 2004; Gil-Henn et al., 2007; Izawa et al., 2012).  It is 

anticipated that assessment of these key signalling pathways may help to reconcile the 

observed inhibition of osteoclast formation following loss of myosin 1/1b activity. 

 

 

Structure-function relationship of Myo1b domains with the actin-membrane interface 

of the osteoclast 

 

Myo1b consists of a N-terminal domain containing the ATP- and actin-binding sites, a 

neck region containing repeats of a light chain-binding regions (IQ domain) and a C-

terminal tail containing the PH domain. The tail domain is essential for binding with 

phosphoinositides (e.g. PIP2) and it is this interaction that dictates actin-membrane 

interactions and cell membrane projections (Komaba and Coluccio, 2010). Based on the 

current literature, as well as observations made from the “super membrane protrusion” 

in Figure 7.4, a functional relationship between PIP2 and Myo1b exists in osteoclasts, 

although it is still unclear how PIP2 enrichment directly signals in Myo1b recruitment to 

areas of membrane reorganisation. 
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To further examine the PIP2-Myo1b relationship with respect to specific Myo1b 

structural domains in the osteoclast, wildtype and residue-specific point mutants 

(interfering with the IQ or tail domains) will be employed (Komaba and Coluccio, 

2010). Thus far, four constructs: 1) FLAG tag fused to C terminus of full length Myo1b; 

2) FLAG Myo1b IQ-tail; 3) Myo1b tail fragment only and 4) full-length Myo1b 

K966A-FLAG (where Lys
996

, a conserved basic residue in the 1 loop- 2 motif was 

replaced with alanine, resulting in loss of binding to PIP2 and PIP3) have been sourced 

from Dr. Lynne Coluccio (Boston Biomedical Research Institute, Massachusetts, USA) 

(Supplementary Figure 3).  

 

The use of these residue-specific point mutants in comparison to the wildtype construct, 

will enable further examination of the formation of membrane protrusions and their 

functions, as well as establish the role of Myo1b-PIP2 in osteoclast actin-membrane 

interactions.  

 

 

The precise role of Myo1b in osteoclastic intracellular trafficking  

 

Previous studies indicate that Myo1b plays a role in maintaining endosome and 

lysosome morphology (Raposo et al., 1999). However, based on observations made in 

Figures 7.8, 7.9 and 7.12, only a small subpopulation of Myo1b appeared to colocalise 

with early endosomal compartments. In contrast, loss of myosin 1 was found to alter 

lysosomal distribution and morphology (Figure 8.15). Since both endosomes and 

lysosomes play a pivotal role in osteoclast function, further investigation of Myo1b with 

respect to intracellular trafficking is warranted.  

 

To achieve this, the subcellular distribution of Myo1b on intracellular organelles 

(following cell fractionation) will be analysed against a panel of established subcellular 

markers e.g. Golgi marker (GM) 130, protein disulfide isomerase (PDI, an endoplasmic 

reticulum marker), endosomes (EEA-1, Rab5) and the plasma membrane transferrin-

receptor (TFN-R), in an attempt to biochemically map out the intracellular trafficking 

itinerary of Myo1b.  

 



Chapter Nine: General summary and future directions 

Myo1b – a mediator of osteoclastic fusion, fission or both? 

 

1. Osteoclastic fusion 

 

Fusion of mononuclear osteoclast progenitor cells is a fundamental step in the 

development of the multinucleated progeny. Thus far, several molecules such as DC-

STAMP, OC-STAMP and macrophage fusion receptor (MFR) have been suggested as 

key players in the osteoclastic fusion event (Vignery, 2005; Yagi et al., 2005; Yagi et 

al., 2006; Miyamoto et al., 2012). However, the exact molecular mechanism(s) that lead 

to this cellular event remains poorly understood.  

 

A recent observation detailing the formation of transient zipper-like actin 

superstructures during primary fusion (i.e. fusion of mononuclear precursors) and 

secondary fusion (i.e. fusion of multinucleated cells) suggested that these zipper-like, 

actin-rich structures may potentially be involved in cell-cell interaction to achieve 

efficient multinucleation of osteoclasts (Takito et al., 2012). 

 

Interestingly, Takito and colleagues found that these zipper-like structures contained an 

Arp3 rich actin core region, surrounded by 3-integrin and other integrin-associated 

proteins (e.g. paxillin and vinculin), bearing a resemblance to typical podosome 

structures in the osteoclast. From the data presented in Chapter 7, Myo1b was found to 

associate in close relation with both 3-integrin and Arp3 (Figures 7.5, 7.6 and 7.7), 

which may hint at a potential role for Myo1b in regulating osteoclast fusion.  

 

To explore this possibility, generation and expression of dominant-negative interfering 

mutants (Salas-Cortes et al., 2005) such as EGFP-tagged Myo1b wildtype and dominant 

negative (tail) mutants (kind gift from Dr. Evelyne Coudrier, Institut Curie, Paris, 

France), will be co-expressed in cells stably expressing red fluorescent protein (RFP)-

tagged actin (Supplementary Figure 4). Myo1b recruitment and involvement at 

membrane-fusion/actin zippering sites will then be monitored using live-cell confocal 

microscopy.  
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2. Osteoclastic fission 

 

While the fusing of mononuclear progenitor cells for the formation of multinucleated 

osteoclasts is already a well-established concept in basic osteoclast biology, osteoclast 

fission remains a recently described phenomenon (Jansen et al., 2012, Appendix and 

supplementary figures – Pavlos and Ng, 2012, and Supplementary Figure 1). The 

discovery of numerous Myo1b enriched actin-contractile rings in osteoclasts (Figures 

7.2 and 7.3) resembling furrow canals during cytokinesis, suggests that it may facilitate 

osteoclast fission.  However, when, how or why this process is initiated in osteoclasts is 

unclear.  

 

Current scientific literature suggests that cell abscission shares several features with 

cellular polarisation, including the rearrangement of phosphatidylinositols, 

reorganisation of the cytoskeleton and cellular trafficking of associated membranes 

(Nelson, 2009; Hehnly and Doxsey, 2012). It is apparent from the results presented in 

this thesis that Myo1b is thus potentially involved in many aspects of the osteoclastic 

fission process. Again, the use of Myo1b K966A-FLAG mutant (i.e. loss of binding to 

PIP2 and PIP3) and dominant-negative interfering mutants (i.e. dominant negative (tail) 

mutants) can help to clarify if the loss of Myo1b activity and/or interaction with the 

membrane lipids will result in defective membrane addition and furrow morphology at 

these division sites.  

 

Together, data generated from the study of Myo1b’s involvement in the fusion and 

fission processes in the osteoclast will provide further insight into the plasticity of the 

osteoclast model, highlighting previously unknown cell adaptations and attempt to 

provide explanations for observations arising from two extreme ends of a spectrum: 1) 

how Myo1b activity is functionally relevant to decreased osteoclast size following 

inhibition (Figure 8.19) and 2) whether Myo1b is involved in the formation of 

abnormally large osteoclasts typically seen in some osteoclast-related diseases (e.g. 

Pagets’ disease of the bone).    
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The therapeutic potential of PClP as an anti-resorptive agent 

 

As previously alluded to, the ultimate goal of these studies is to identify new 

cytoskeletal-based molecular targets for the potential development of specific anti-

resorptive inhibitors, which may be used for clinical treatment of osteoclast-induced 

diseases. Based on the findings presented in this thesis, PClP, a specific myosin 1 

inhibitor, was shown to effectively attenuate osteoclast formation and function in vitro, 

and thus represents a previously unrecognised anti-resorptive agent. Ideally, an anti-

resorptive inhibitor should play a dual role, whereby it inhibits osteoclast resorptive 

activity without affecting osteoblast activity to ensure net bone formation. However, the 

current results are limited to in vitro data and have yet to address the potential effects of 

PClP on osteoblasts.  

 

 

1. Effects of PClP on osteoblast differentiation and activity 

 

As a first step to determine whether PClP alters osteoblast differentiation and function, 

future studies will employ cell proliferation assays to assess PClP treatment on 

osteoblast viability. In addition, the effects of PClP on osteoblast differentiation and 

activity will be monitored by culturing either primary mouse calvarial osteoblasts or the 

osteoblastic cell line MC-3T3 in the presence of mineralising media for up to 21 days, 

and monitoring 1) alkaline phosphatase (ALP) activity; 2) the gene expression profiles 

of osteoblast marker genes (e.g. RUNX, Osterix, Collagen 1) and 3) the formation or 

calcified/bone nodules in vitro.  

 

 

2. Protective anti-resorptive effects of PClP on a mouse model of osteolysis and 

osteoporosis  

 

Finally, to unequivocally establish PClP as a potential anti-resorptive therapy, the 

inhibitor will be assessed for potential protective effects on bone using two established 

in vivo mouse models:  1) lipopolysaccharide (LPS)-induced osteolytic mouse cavarium 

model (i.e. localised effects of the drug) and, 2) ovarectomised (OVX) (osteoporotic) 

mouse models. The effects of PClP on bone will be assessed by micro-CT and histology. 
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Abstract

Microtubule organization and lysosomal secretion are both critical for the activation and function of osteoclasts, highly
specialized polykaryons that are responsible for bone resorption and skeletal homeostasis. Here, we have identified a novel
interaction between microtubule regulator LIS1 and Plekhm1, a lysosome-associated protein implicated in osteoclast
secretion. Decreasing LIS1 expression by shRNA dramatically attenuated osteoclast formation and function, as shown by a
decreased number of mature osteoclasts differentiated from bone marrow macrophages, diminished resorption pits
formation, and reduced level of CTx-I, a bone resorption marker. The ablated osteoclast formation in LIS1-depleted
macrophages was associated with a significant decrease in macrophage proliferation, osteoclast survival and differentiation,
which were caused by reduced activation of ERK and AKT by M-CSF, prolonged RANKL-induced JNK activation and declined
expression of NFAT-c1, a master transcription factor of osteoclast differentiation. Consistent with its critical role in
microtubule organization and dynein function in other cell types, we found that LIS1 binds to and colocalizes with dynein in
osteoclasts. Loss of LIS1 led to disorganized microtubules and aberrant dynein function. More importantly, the depletion of
LIS1 in osteoclasts inhibited the secretion of Cathepsin K, a crucial lysosomal hydrolase for bone degradation, and reduced
the motility of osteoclast precursors. These results indicate that LIS1 is a previously unrecognized regulator of osteoclast
formation, microtubule organization, and lysosomal secretion by virtue of its ability to modulate dynein function and
Plekhm1.
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Introduction

Osteoclasts are terminally differentiated polykaryons that are

uniquely capable of digesting calcified bone matrix. They are

formed by fusion of mononuclear precursors of the monocyte/

macrophage lineage [1,2]. Receptor activator of nuclear factor

kappa B (NF-kB) ligand (RANKL) and macrophage colony-

stimulating factor (M-CSF) are the essential cytokines for

osteoclastogenesis[3]; and NFATc1 is the master transcription

factor responsible for osteoclast differentiation and function.

NFATc1 is induced by RANKL and co-activated by immuno-

globulin-like receptors and their associated adapter proteins [4,5].

As they mature, osteoclasts undergo dramatic reorganization of

their cytoskeleton. Filamentous actin (F-actin) is first organized

into podosomes, highly dynamic structures that mediate cell

adhesion and migration of osteoclasts. When osteoclasts are

cultured on glass or plastic, individual podosomes are clustered

and expand to the cell periphery to form a stable ‘‘podosome belt’’

[6,7]. When osteoclasts are cultured on bone, F-actin forms a ring-

like structure (actin-ring) at the sealing zone, a tight adhesion

structure where the osteoclast plasma membrane is juxtaposed to

bone [8]. The sealing zone surrounds a specialized plasma

membrane domain, the ruffled border, thus forming an isolated

resorptive microenvironment between the osteoclast and the

underlying bone matrix. The ruffled border is generated by the

fusion of secretory vesicles with the bone-apposing plasma

membrane. During this process, protons and lysosomal enzymes

(predominantly cathepsin K) are vectorially secreted into the

resorption lacuna to dissolve bone mineral and digest organic

matrix, respectively [9]. It has been recently shown that the

network of microtubules regulates podosome patterning in

osteoclasts and thus is essential for osteoclast spreading and the

sealing zone formation [10,11]. One of the mechanisms of

microtubule stabilization in osteoclasts is regulated by tubulin

acetylation. This process is controlled by a Rho-mDia2-HDAC6

pathway where activation of small GTPase Rho promotes the
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deacetylation of tubulin through the activation of Rho down-

stream effector mDia2 and the histone deacetylase HDAC6. The

protein tyrosine kinase Pyk2 and Cbl family members of adaptor

proteins regulate actin-ring formation and bone resorption, at least

in part, through their modulation of Rho and HDAC6 activities

[12,13].

During the last few years, genetic studies of patients with

osteopetrosis as well as naturally occurring mutation or gene-

targeting in mice have elucidated important regulatory proteins

that control osteoclastic bone resorption [3,14]. Among these

proteins, carbonic anhydrase II, a3 subunit of vacuolar proton

pump, Clc-7 chloride channel, OSTM1 (b subunit of Clc-7) are

essential for handling proton generation and acidification of the

resorption lacuna. Cathepsin K is crucial for bone degradation.

More recently, mutations of the PLEKHM1 gene have been

identified as the cause of the osteopetrotic ia/ia (incisors absent) rat
as well as a subset of patients with intermediate osteopetrosis [15].

The ia/ia rat exhibits generalized osteopetrosis and delay in tooth

eruption that is inherited in an autosomal recessive manner [16].

Osteoclasts in ia/ia rats exhibit abnormal sealing zone formation

and an intrinsic defect in ruffled border formation with

accumulation of intracellular lysosomal enzymes [17], reflecting

dysfunctions in intracellular vesicular trafficking pathways. Recent

segregation analysis has localized the gene responsible for these

abnormalities to rat chromosome 10q32.1 [18]. Sequence analysis

of rat and human genomes has uncovered mutations in the

PLEKHM1 gene in ia/ia rats and in a family with an intermediate

form of osteopetrosis. Consistently, osteoclasts derived from

peripheral blood monocytes from these individuals have impaired

resorptive activity [15]. Plekhm1R714C heterozygous mutation

impairs vesicular acidification and increases TRAP secretion in

osteoclasts [19]. Overexpression studies in HEK293 and osteo-

clast-like cells derived from the Raw 264.7 macrophages

demonstrated that Plekhm1 is co-localized with Rab7 at late

endosomes and lysosomes. Furthermore, a dominant negative

mutant of Rab7 disrupts the association of Plekhm1 with

lysosomes. Taken together, these findings suggest that Plekhm1

is a component of Rab7-regulated late endosomal trafficking in

osteoclasts [15] and possibly in other cells as well [20]. However,

the mechanism(s) by which Plekhm1 regulates this process remains

unknown.

Haploinsufficiency of LIS1 (official symbol PAFAH1b1, for

platelet-activating factor (PAF) acetylhydrolase isoform 1b subunit

1) causes lissencephaly, a severe human developmental brain

disorder manifested by a smooth cerebral surface and disorganized

cortical layers due to incomplete neuronal migration [21,22].

LIS1-null mice are embryonic lethal at the implantation stage and

heterozygous mice exhibit delayed neuronal migration and defects

in cortical development [23]. Biochemical and genetic studies have

revealed that LIS1, together with its binding proteins NDE1/

NDEL1, form an evolutionary conserved pathway that regulates

microtubule dynamics and the function of the retrograde

molecular motor, cytoplasmic dynein. Indeed LIS1 and NDE1/

NDEL1 are required in several dynein-mediated processes

including nuclear and centrosome positioning and movement in

migrating neuronal and non-neuronal cells; chromosome align-

ment and mitotic spindle orientation in proliferating cells;

intracellular vesicular transport; and neuronal growth cone

advance [24,25]. LIS1 also serves as the non-catalytic b subunit

of PAFAH 1b in complex with homo- or hetero-dimers of the

catalytic subunits a1 and a2 [22,26]. LIS1 may regulate the

activity or the localization of PAFAH 1b complex which

inactivates intracellular PAF by removing the acetyl group at the

sn-2 position of the glycerol backbone of PAF [27]. A previous

report has implicated PAF as an important autocrine factor for

osteoclast survival and function. PAF receptor deficient mice are

protected from osteoporosis following ovariectomy [28]. Given the

important role of both microtubules and PAF in osteoclast biology

we hypothesized that LIS1 may regulate bone homeostasis. The

skeletal phenotypes of lissencephaly patients and the LIS1

heterozygous knockout mice have not been defined so far.

In the present report we have identified that LIS1 interacts with

Plekhm1. LIS1 also forms complexes with dynein/dynactin in

osteoclasts. Decreasing LIS1 expression by shRNA results in an

aberrant M-CSF and RANKL signaling; altered microtubule

organization; the perinuclear accumulation of lysosomes around

the nucleus; and a decrease in osteoclast precursor proliferation,

survival, motility and cathepsin K secretion. Thus, loss of LIS1

expression dramatically attenuates the formation of multinucleated

osteoclasts and the bone resorption function of the mature cells by

interfering with microtubule/dynein and Plekhm1pathways.

Results

LIS1 and Plekhm1 interact in osteoclasts
Plekhm1 is a cytoplasmic protein containing a RUN (RPIP8/

UNC-14/NESCA) domain, two PH (Pleckstrin Homology)

domains and a lipid binding and responsive C1 (protein kinase

C conserved region 1) domain (Figure S1). We (Figure S2) and

others [15] have previously demonstrated that Plekhm1 is

associated with lysosomes in osteoclasts and regulates cathepsin

K secretion. However, the precise functions of Plekhm1 remain

unknown. To better understand how Plekhm1 might regulate

osteoclast activity we first sought to identify its potential binding

proteins. The GST fusion proteins of individual domains of mouse

Plekhm1 were used to pull-down associated proteins from mature

murine osteoclast lysates. As shown in Figure 1A, a,50 kDa band

appeared specifically in GST-RUN domain pull-down but not in

that of GST, as visualized by Coomassie blue staining. Mass

spectrometry analysis of proteins in this band revealed that it

contained both Plekhm1 RUN domain and LIS1. When the pull-

downs from each Plekhm1 domain were probed by western blot

with anti-LIS1 antibody, LIS1 was associated with both the RUN

and PH1 domains of Plekhm1 (Figure 1B). The interaction

between LIS1 and Plekhm1 was further confirmed by co-

immunoprecipitation of endogenous LIS1 with HA tagged full

length Plekhm1, the N-terminal half of Plekhm1 which contains

the RUN domain and the C-terminal half of Plekhm1 which

contains the PH1, PH2 and C1 domains (Figure 1C, upper

panels). In contrast, endogenous dynein intermediate chain (DIC)

was not immunoprecipitated with HA-Plekhm1, indicating that

DIC did not interact with Plekhm1 directly (Figure 1C, middle

panels). To further map which part(s) of Plekhm1 interact with

LIS1, we retrovirally transduced a series of truncated fragments of

murine Plekhm1 into bone marrow macrophages (BMMs) which

were further cultured with M-CSF and RANKL for 5 days to

generate osteoclasts (Figure 1D). While immunoprecipitated

endogenous LIS1 was associated with the C-terminal half of

Plekhm1, deletion of the RUN and/or PH1 domains abolished

Plekhm1-LIS1 interaction (Figure 1D). Thus, the data from these

GST pull-down and reciprocal immunoprecipitation experiments

demonstrate that Plekhm1 binds to LIS1 through both RUN and

PH1 domains.

LIS1 is indispensible for osteoclast formation and
function
To elucidate the role of LIS1 in osteoclasts we next proceeded

to knock down its expression by lenti-virus mediated shRNA

The Role of LIS1 in Osteoclasts
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expression. The knock-down efficiency was validated by western

blotting using a monoclonal antibody specific to LIS1 (Figure 2A,

upper panel). Western blots for cathepsin K and DIC served as a

marker of osteoclast differentiation and loading control, respec-

tively (Figure 2A, middle and lower panels). LIS1 protein levels

were potently suppressed in the LIS1b shRNA (LIS1b-sh)

transduced BMMs, pre-osteoclasts and mature osteoclasts as

compared with those in control cells transduced with shRNA

targeting fire fly luciferase (LUC-sh). In contrast, LIS1a shRNA

(LIS1a-sh) expression resulted in only a modest reduction of LIS1

protein level. The osteoclast formation and cathepsin K expression

in LIS1a-sh expressing cells were indistinguishable from those of

control LUC-sh cells (Figure 2A and data not shown). We

thereafter used LIS1b-sh, designated now as LIS1-sh, to inhibit

LIS1 expression in osteoclasts in the following experiments.

Decreased LIS1 expression by LIS1-sh dramatically attenuated

the formation of multinucleated osteoclasts as revealed by tartrate-

resistant acid phosphatase (TRAP) staining and quantification

(Figure 2B and 2C), and a significant decrease in cathepsin K

expression in LIS1b-sh expressing osteoclasts (Figure 2A, middle

panel). When cultured on bone slices, the total area of resorption

pits was significantly reduced in LIS1-sh expressing osteoclasts as

compared with control cells (Figure 2D and 2E). More

importantly, the concentration of CTx-I, fragment of collagen

released from bone into the medium, was 10 times lower in LIS1-

sh knockdown osteoclasts (Figure 2F). These effects were not due

to an off-target phenomenon caused by overexpression of shRNAs,

because expression of an independent LIS1 shRNA, which targets

Figure 1. Plekhm1 is a novel LIS1-interacting protein in osteoclasts. (A and B) Endogenous LIS1 binds to RUN and PH1 domains of Plekhm1.
GST and GST fusion proteins of individual domain of mouse Plekhm1 were expressed in E. coli and purified. Proteins bound to glutathione-Sepharose
beads were incubated with mature osteoclast lysate, and co-purified proteins were visualized by Coomassie blue staining and identified by mass
spectrometry (A) or immunoblotting (B). (C) HA tagged Plekhm1 is co-immunoprecipitated with endogenous LIS1 from mature osteoclast lysate.
Bone marrow macrophages were retrovirally transduced with empty vector (V), full-length (FL), N-terminal half (N), and C-terminal half (C) of mouse
Plekhm1. Mature osteoclasts were lysed and subjected to immunoprecipitation experiments with anti-HA antibody. Immunoprecipitated proteins
were then analyzed by western blotting with anti-LIS1, anti-dynein intermediate chain (DIC) and anti-HA antibodies, respectively. (D) RUN and PH1
domains of Plekhm1 mediate its interaction with LIS1. Bone marrow macrophages were retrovirally transduced with N-terminal half of Plekhm1
without RUN domain (N-DRUN), C-terminal half (C) and C-terminal half depleted in PH1 domain (C-DPH1). Endogenous LIS1 was Immunoprecipitated
by a rabbit polyclonal antibody from mature osteoclasts and the binding of Plekhm1 was detected by monoclonal anti-HA antibody. The multiple low
molecular-weight bands shown in the TCL HA blot for C-terminal Plekhm1 are probably due to the degradation of the protein. MW, molecular mass;
WB, Western blot; IP, immunoprecipitation; TCL, total cell lysate.
doi:10.1371/journal.pone.0027285.g001
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to a different site of LIS1 mRNA (see Materials and Methods),

reproduced a similar result (Figure S3). Thus, LIS1 is essential for

both osteoclast formation and function.

LIS1 controls proliferation, survival and differentiation of
osteoclast precursors via modulating M-CSF and RANKL
signaling pathways and NFATc1 expression
The compromised osteoclast formation in LIS1 knockdown

BMMs could be the result of aberrant proliferation, differentiation,

and/or apoptosis of osteoclast precursors and mature cells. To

identify the mechanisms by which LIS1 regulates osteoclastogen-

esis we therefore determined whether LIS1 modulates the

downstream signaling pathways of M-CSF and RANKL, the

two critical cytokines regulating these processes. As shown in

Figure 3A, M-CSF induced prolonged ERK and AKT activation

in control BMMs, which has been shown to be required for

macrophage proliferation and osteoclast survival [29,30]. These

effects were significantly reduced in LIS1 knockdown BMMs.

Silencing of LIS1 also resulted in a sustained JNK activation in

response to RANKL, which has been shown recently to induce

osteoclast apoptosis [31]. On the other hand, RANKL-stimulated

NFkB activation, as demonstrated by the phosphorylation of IkB
was not affected by the LIS1-depletion (Figure 3B). Consistent

with an important role of ERK and AKT pathways in

macrophages, LIS1-deficient BMMs exhibited a decreased

proliferative capacity as measured by BrdU incorporation rate

(Figure 3C). In line with the aberrant JNK activation, LIS1 down-

regulation correlated with an increase in pre-osteoclast apoptosis

under both basal and starvation-induced conditions, as monitored

by caspase-3 activity (Figure 3D) and nuclear staining (Figure S4).

Since NFATc1 is an essential transcription factor for osteoclast

differentiation we went on to test whether LIS1 regulates NFATc1

expression. As shown in Figure 3E, NFATc1 levels were markedly

decreased in LIS1 knockdown mature osteoclasts whereas tubulin

acetylation, which has been shown to modulate microtubules

organization and mature osteoclast spreading, was only slightly

reduced as compared with control cells. Collectively, these data

indicate that LIS1 controls proliferation, survival and differenti-

ation of osteoclast precursors by regulating M-CSF and RANKL

signaling pathways and NFATc1.

LIS1 is essential for the motility of osteoclast precursors
and cathepsin K secretion
LIS1 has been shown to modulate cytoplasmic dynein function

in several cellular processes such as neuronal migration, mitosis

and intracellular membrane trafficking, including lysosome

distribution [32–34]. We next investigated whether LIS1 is

involved in pre-osteoclast migration by using time-lapse video

microscopy on living cells. The 8-hour movements of ten motile

macrophages and pre-osteoclasts in LUC-sh and LIS1-sh

expressing cells were tracked and analyzed with ImageJ MTrackJ

plug-in (National Institutes of Health) (Figure 4A and 4B).

Quantitative analysis of cumulative track lengths revealed a

striking 5-fold decrease in the cell motility of LIS1-depleted

Figure 2. LIS1 is essential for osteoclast formation and function. (A) Knockdown of LIS1 expression by lentivirus mediated shRNAs. Bone
marrow macrophages were transduced with lentiviral vectors expressing a control shRNA (LUC-sh) or LIS1 specific shRNAs (LIS1a-sh and LIS1b-sh),
respectively. Bone marrow macrophages (m), pre-osteoclasts (p) and mature osteoclasts (o) were lysed and analyzed by western blotting. (B) LIS1
down-regulation attenuates multinucleated TRAP+ osteoclast formation. Scale bar = 10 mm. (C) The number of TRAP+, multinucleated osteoclasts per
well of 48-well plate were counted, n = 6. (D) Decreased LIS1 expression blocks osteoclastic bone resorption. Osteoclasts were cultured on cortical
bovine bone slices and resorption pits were labeled with peroxidase-conjugated wheat germ agglutinin. Scale bar = 10 mm. (E) The percentage of
resorbed area/bone slice as measured by Ossteomeasure software. n = 6. (F) CTx-I level in culture medium was measured by ELISA (E), n = 6. WB,
Western blot. = . ** p,0.01 vs LUC-sh by Student’s t-test.
doi:10.1371/journal.pone.0027285.g002
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macrophages and pre-osteoclasts as compared to control cells

(Figure 4C and 4D).

To determine whether LIS1 regulates osteoclast lysosomal

trafficking and cathepsin K secretion, two processes that are

essential for osteoclastic bone resorption, LUC-sh and LIS1-sh

transduced BMMs were cultured on glass coverslips or cortical

bovine bone slices with M-CSF and RANKL for 5 days. Mature

osteoclasts were fixed and processed for the labeling with anti-

cathepsin K antibody by immunofluorescence. In contrast to a

dispersed distribution pattern of lysosomes in control osteoclasts

(Figure 5A upper panels), LIS1 knockdown increased the density

of cathepsin K positive lysosomes around the nucleus (Figure 5A

lower panels). The secretion of the enzyme into the resorption

lacuna in resorbing osteoclasts cultured on bone was greatly

reduced as compared to control culture (Figure 5B lower panels).

Taken together, these findings indicate that LIS1 is critical for

osteoclast function through regulating its motility and cathepsin K

secretion.

LIS1 regulates osteoclast microtubule organization
through dynein/dynactin motor complex
LIS1 has been previously shown to regulate microtubule

dynamics and intracellular transportation through its association

with the cytoplasmic dynein/dynactin motor complex in neuronal

Figure 3. LIS1 controls macrophage proliferation, differentiation and survival via modulating M-CSF and RANKL signaling
pathways and NFATc1. (A) Low level of LIS1 inhibits M-CSF induced ERK and AKT activation. LUC-sh and LIS1-sh transduced BMMs were serum and
cytokine starved for 12 hours before stimulated with 50 ng/ml M-CSF for indicated time. ERK and AKT activation were detected by western blots with
anti-phospho-ERK (p-ERK) and anti-phospho-AKT (p-AKT) antibodies. The knockdown efficiency was examined by LIS1 western blot. Western blots for
total ERK (t-ERK), AKT (t-AKT) and DIC serve as loading controls. (B) Depletion of LIS1 results in sustained RANKL induced JNK activation without
changing in NF-kB activation as determined by western blots with anti-phospho-JNK (p-JNK) and anti-phospho-IkB (p- IkB) antibodies. Total JNK (t-
JNK) and IkB (t- IkB) serve as controls. (C) LIS1 knockdown BMMs are less proliferative, as measured by Brdu incorporation ELISA kit. (D) Loss of LIS1
accelerates osteoclast apoptosis. Pre-osteoclasts were either untreated or were serum and cytokine starved for 3 hours. Apoptosis was assessed by a
fluorometric caspase-3 activity assay. (E) LIS1-depletiojn leads to decreased NFATc1 expression in osteoclasts. Bone marrow macrophages (m), pre-
osteoclasts (p), and mature osteoclasts (o) were lysed and the level of NFATc1 and acetylated tubulin (ac-tubulin) was detected by Western blots. b-
tubulin serves as a loading control. * p,0.05, ** p,0.01 vs LUC-sh by Student’s t-test.
doi:10.1371/journal.pone.0027285.g003
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cells [33,35]. To uncover the mechanisms by which LIS1 controls

osteoclast function we next examined whether LIS1 is involved in

the regulation of dynein/dynactin in osteoclasts. To this end, we

over-expressed V5 tagged mouse LIS1 (LIS1-V5) by retroviral

transduction in BMMs. BMMs were then cultured with M-CSF

and RANKL for 5 days to generate mature osteoclasts. The cells

were lysed and immunoprecipitated with anti-LIS1 polyclonal

antibody. Endogenous p150glued subunit of dynactin complex and

DIC were co-precipitated with LIS1-V5. Empty vector transduced

cells served as negative control (Figure 6A and 6B). Furthermore,

p150glued and dynein heavy chain (DHC) were co-localized with

LIS1-V5 in the cytoplasm around the nucleus and peripheral

podosome rings in osteoclasts cultured on glass coverslips

(Figure 6C, 6D, and Figure S5), indicating that LIS1 is a

component of the dynein/dynactin pathway in osteoclasts.

Given that microtubule organization/stabilization is important

for osteoclast activation and function, we then examined the

microtubule distribution in LIS1-silenced osteoclasts. In control

osteoclasts, microtubules were evenly distributed, radiating from

the cytoplasm region around the nucleus to the peripheral

podosome belts in osteoclasts cultured on glass (Figure 7A, left

panel). In osteoclasts resorbing bone, microtubules were localized

at the cortex of basal plasma membrane and over the ruffled

membrane inside the actin-rings (Figure 7B, upper panels). In

contrast, microtubules in osteoclasts lacking LIS1 were morpho-

logically disorganized, often clustering around the nucleus and

failing to extend to the podosome belts in spreading osteoclasts on

glass (Figure 7A, right panel) and the ruffled membrane in bone

resorbing osteoclasts on bone (Figure 7B, lower panels).

Since organellar positioning and microtubule stability are

intimately coupled to the dynein/dynactin motor complex we

next examined the impact of LIS1 down-regulation on dynein/

dynactin complex integrity as assessed by velocity density

sedimentation assays. As shown in Figure 8A, no obvious

differences were observed in the levels of DIC and p150Glued in

LIS1-depleted osteoclasts. Both proteins migrated to the same

high-density fractions of the gradients in LIS1-depleted osteoclasts

as compared to control cells, indicating that loss of LIS1 did not

Figure 4. LIS1 regulates macrophage and pre-osteoclast motility. BMMs (A) and pre-osteoclasts (B) were cultured in Bioptechs dishes and
the cells were imaged by time-lapse video microscopy. Images were obtained using Scion imaging software at 10 minute intervals for 8 hours. The 8-
hour movements of ten motile osteoclast precursors in each cell group were tracked and analyzed with ImageJ MTrackJ plug-in (A and B). (C and D)
Cumulative length of each track was depicted as microns displaced over 48 images. ** p,0.01 vs LUC-sh by Student’s t-test. Scale bar = 100 mm.
doi:10.1371/journal.pone.0027285.g004

The Role of LIS1 in Osteoclasts

PLoS ONE | www.plosone.org 6 November 2011 | Volume 6 | Issue 11 | e27285



affect the integrity of dynein/dynactin complex, a finding

consistent with recent studies [32]. The transportation of

microtubule plus-end capping proteins such as EB1 and CLIP-

170 to the cell periphery and the organization of the Golgi

complex are mediated by LIS1-regulated dynein activity [36–38].

To further determine whether LIS1 regulates dynein function in

osteoclasts we also examined the subcellular localization of

GM130, a marker of Golgi complex, and EB1/CLIP170 in

osteoclasts cultured on coverslips. As shown in Figure 8B, loss of

LIS1 resulted in Golgi apparatus dispersion and fragmentation.

While a fraction of EB1 and CLIP170 was observed to surround

the nucleus, a significant amount of both proteins was found to

localize at the periphery of well-spreading osteoclasts transduced

with LUC-sh (Figure 7C and 8B left panels). Decreased LIS1

expression induced an increased level of EB1 and CLIP170

around the nucleus and there were a reduction of these two

proteins at the cell periphery, suggesting that LIS1 plays an

important role in regulating dynein function in osteoclasts

(Figure 7C right panel and Figure 8B insets). Consistent with this

notion, overexpression of p50 subunit (dynamintin) of dynactin

complex, which has been shown to inhibit dynein/dynactin

complex function, led to a similar change of EB1 distribution to

that of LIS1-knockdown osteoclasts (Figure S6).

Discussion

LIS1 is crucial for neuronal migration, mitosis and intracellular

transportation because of its role in regulating cytoplasmic dynein

Figure 5. LIS1 is essential for cathepsin K secretion in osteoclasts. (A and B) Decreased LIS1 expression inhibits cathepsin K secretion in
osteoclasts. F-actin and Cathepsin K in osteoclasts cultured on glass coverslips (A) and cortical bovine bone slices (B) were labeled by phalloidin and
monoclonal anti-Cathepsin K antibody, respectively. Arrows in (A) demonstrate the aggregation of cathepsin K around the nucleus in LIS-1
knockdown osteoclasts. Arrow heads in (B) indicate the secretion of cathepsin K into the resorption lacuna inside the actin-rings in control
osteoclasts. Scale bars = 10 mm.
doi:10.1371/journal.pone.0027285.g005
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function [24,25]. The evidence presented here demonstrates, for

the first time, that LIS1 also plays an essential role in osteoclast

formation and function via regulating several distinct but

integrated pathways (Figure 9). First, as in neuronal cells, LIS1

regulates dynein/dynactin function and microtubule organization,

which is critical for osteoclast activation and function. Second,

LIS1 binds to Plekhm1, a newly identified osteoclast lysosome

adaptor protein. Together with dynein/microtubule pathway, the

interaction of LIS1 and Plekhm1 may be required for the special

positioning of lysosomes and the delivery of Cathepsin K to the

ruffled border membrane during osteoclastic bone resorption.

Third, by a hitherto unknown mechanism(s), LIS1 modulates both

the M-CSF and RANKL signaling pathways and hence regulates

the proliferation, differentiation and survival of osteoclast

precursors and mature cells.

Accumulating evidence indicates that microtubule organiza-

tion/stabilization, controlled by microtubule acetylation, plays a

critical role in cytoskeleton reorganization during osteoclast

activation and function [10–13]. In this study, we have provided

compelling data demonstrating that LIS1-regulated dynein

function represents another important pathway essential for

microtubule dynamics in osteoclasts. LIS1 interacted with

dynein/dynactin complex, as revealed by its co-immunoprecipi-

tation and co-localization with dynein and dynactin in mature

polykaryons. Knock-down of LIS1 by shRNA led to a dramatic

alteration of microtubule organization with a marked reduction in

cortical microtubule penetration and a more focused microtubule

network around the nucleus, without a significant change in the

level of microtubule acetylation. Loss of LIS1 did not affect the

integrity of dynein/dynactin complex since similar migration rate

of dynein/dynactin complex was observed in a density-gradient of

LIS1-depleted osteoclast lysates as compared to those of control

cells. However, as in neuronal cells, LIS1 is essential for dynein/

dynactin complex function in osteoclasts because loss of LIS1

resulted in dispersed Golgi apparatus, impaired motility of

osteoclast precursors, and marked changes in the distribution of

Figure 6. LIS1 interacts with dynein/dynactin complex in osteoclasts. (A and C) V5 tagged LIS1 (LIS1-V5) binds to and co-localizes with
endogenous p150glued subunit of dynactin complex in mature osteoclasts. Bone marrow macrophages were retrovirally transduced with empty
vector (Vec) and LIS1-V5. Mature osteoclasts were lysed and subjected to immunoprecipitation experiments with anti-LIS1 antibody.
Immunoprecipitated proteins were analyzed by Western blotting with anti- p150glued and anti-V5 antibodies, respectively (A). Osteoclasts cultured
on glass coverslips were fixed and processed for immunofluorescence with anti-V5 and p150 antibodies (C). (B and D) LIS1 binds to DIC and co-
localizes with dynein heavy chain (DHC) in mature osteoclasts. WB, Western blot; IP, immunoprecipitation; TCL, total cell lysate. Scale bar = 10 mm.
doi:10.1371/journal.pone.0027285.g006
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microtubule plus-end capping proteins, such as EB1 and

CLIP170. Therefore, similar to the situation in neuronal and

other cell types [32,36], LIS1-regulated dynein function mediates

the transportation of microtubule fragments and EB1/CLIP170 to

the microtubule plus-ends at cell cortex which is required for the

capture and stabilization of microtubules at the periphery of

osteoclasts [39].

We have shown that LIS1 binds to the RUN and PH1 domain

of Plekhm1 in osteoclasts. How LIS1-Plekhm1 interaction affects

LIS1-mediated dynein function remains to be further character-

ized. We and others have shown that Plekhm1 is a lysosomal

adaptor protein in osteoclasts and is functionally important for

cathepsin K secretion and bone resorption [15] (Figure S2). Thus,

it is likely that, by binding to LIS1, Plekhm1 may link lysosomes to

microtubules in osteoclasts and mediates their transportation to

the plus-ends of microtubules located at the cortex of the plasma

membrane. LIS1 and its binding proteins, NDE1 and NDEL1,

have been demonstrated to regulate dynein-dependent organelle

Figure 7. LIS1 regulates microtubule organization and EB1 distribution in osteoclasts. (A and B) LIS1 reduction induces condensed
microtubules focused around nucleus. Filamentous actin (F-actin) and microtubules in osteoclasts cultured on glass coverslips (A) and cortical bovine
bone slices (B) were labeled by Alexa-488 conjugated phalloidin and anti-tubulin antibody and were examined by conventional (A) and laser confocal
microscopy (B), respectively. (C) EB1 is clustered around the nucleus and is less transported by dynein to the cell periphery in LIS1 knockdown
osteoclasts (right panel) than in control cells (left panel). Cells were labeled by Hoechst 33258, phalloidin and anti-EB1 monoclonal antibody,
respectively. Scale bars = 10 mm.
doi:10.1371/journal.pone.0027285.g007
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distribution and positioning. However, the effect of LIS1 depletion

on lysosome localization and transportation in osteoclasts is quite

different from that in neuronal and other cells. While loss of LIS1

induces a dispersed pattern of lysosomes in other cells [32,33],

decreased level of LIS1 led to lysosome accumulation around the

nucleus in osteoclasts. The underlying explanation of this distinct

phenotype may lie in the differences between microtubule

organizing center (MTOC) and localization of microtubule

Figure 8. LIS1 modulates cytoplasmic dynein activity in osteoclasts. (A) Loss of LIS1 in osteoclasts does not affect dynein/dynactin complex
integrity as measured by a sucrose gradient sedimentation assay. (B) Decreased LIS1 expression in osteoclasts causes dispersed Golgi apparatus
(arrows in upper panels and inset 1, 3 and 5) and reduced transportation of CLIP170 to the periphery of osteoclasts. Arrows in the middle panels
indicate an increased accumulation of CLIP170 around the nucleus.
doi:10.1371/journal.pone.0027285.g008
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minus-ends in osteoclasts versus other cell types. In most cell types,

there is a peri-nuclear located MTOC harboring the minus ends of

microtubules. Loss of LIS1 leads to decreased dynein function

which may reduce dynein-mediated microtubule minus-end

oriented transportation of lysosomes [40]. Mammalian osteoclasts,

however, do not have MTOCs during evolution [41]. The

microtubule minus-ends are not nucleus-oriented and the

direction of dynein-mediated transportation remains unclear.

Given that the major cellular function of LIS1 is attributed to its

regulatory role in dynein and microtubules, thus, it is surprised

that LIS1-depleted macrophages exhibited aberrant signaling

pathways downstream of M-CSF and RANKL and decreased

osteoclastogenesis. Although we cannot rule out the possibility that

changes in cell physical properties such as cell shape and motility

induced by abnormal microtubule organization in LIS1 depleted

macrophages may affect cells response to M-CSF and RANKL,

several other mechanisms might contribute to the modulation of

LIS1 in M-CSF and RANKL signaling in osteoclasts. For

example, earlier work has reported that LIS1 interacts with Syk

[42], a non-receptor tyrosine kinase that is downstream of M-CSF,

immunoreceptors with ITAM motif, calcium, and integrin

signaling; and is critical for osteoclastogenesis in vivo and in vitro

[43–46]. The decreased osteoclast formation in Syk-/- macro-

phages can be rescued by high-dose M-CSF in vitro. Since high-

dose of M-CSF and RANKL could not normalize osteoclast

differentiation in LIS1-depleted cultures (Ye S and Zhao H

unpublished observation) it is unlikely that Syk is a mediator of

LIS1 in M-CSF and RANKL signaling. Both LIS1 and its binding

protein NUDEL have been shown to modulate the activity of

cdc42, a member of small GTPase Rho family, by direct

interaction with cdc42 and its endogenous inactivator cdc42GAP,

respectively [47,48]. We have recently found that cdc42 is

required for bone homeostasis by modulating M-CSF and

RANKL signaling [49]. It is therefore possible that cdc42 plays

a role in mediating LIS1’s action on M-CSF and RANKL

signaling. Another factor which may contribute to the regulation

of LIS1 in M-CSF and RANKL signaling is PAF, an autocrine

lipid messenger which is essential for osteoclast survival and

activity [28]. Whether LIS1 interacts and regulates cdc42 and PAF

in osteoclasts deserves further investigation in the future.

Materials and Methods

Antibodies and reagents
Commercially available antibodies were purchased from the

following resources: rabbit polyclonal anti-Lissencephaly-1, mouse

monoclonal anti-Dynein intermediate chain (74.1) and mouse

monoclonal anti-Cathepsin K antibodies (Millipore); mouse

monoclonal anti-HA antibody (Covance); mouse monoclonal

anti-V5 antibody (Invitrogen); mouse monoclonal anti-GS28,

anti-GM130, anti-p150Glued and anti-EB1 antibodies (BD Trans-

duction Laboratory); rabbit polyclonal anti-NFATc1 and anti-

Dynein heavy chain antibodies (Santa Cruz); rabbit polyclonal

anti-ERK1/2, mouse monoclonal anti-phospho-ERK1/2

(Thr202/Tyr204), mouse monoclonal anti-Akt (pan) (40D4),

rabbit monoclonal anti-phosphor-Akt (Ser473)(193H12), rabbit

polyclonal anti-JNK, mouse monoclonal anti-phospho-JNK

(Thr183/Tyr185)(G9), rabbit polyclonal anti-IZB-a and mouse

monoclonal anti-phospho-IZB-a (Ser32/36) (5A5) antibodies (Cell

Signaling); mouse monoclonal anti-a-tubulin (DM1A) and anti-

acetylated tubulin (611B1) antibodies (Sigma-Aldrich). Mouse anti-

LIS1 monoclonal antibody was a generous gift from Dr. O Reiner

(The Weizmann Institute of Science, Rehovot, Israel). CLIP170

antibody was kindly provided by Dr. N Galjart (Rotterdam, The

Netherlands). The fluorescein-labeled secondary antibodies used

in immunofluorescence were purchased from Jackson ImmunoR-

esearch Laboratories. Alexa-488 conjugated phalloidin was

obtained from Invitrogen. Hoechst 33342 was from Molecular

Probes (Invitrogen). Hoechst 33258 was from Sigma-Aldrich.

Peroxidase-conjugated wheat germ agglutinin was bought from

Sigma-Aldrich. Protein A/G PLUS-agarose was from Santa Cruz.

Cell culture media and L-Glutamine-penicillin-streptomycin

solution were purchased from Invitrogen and Sigma-Aldrich,

respectively. Fetal bovine serum was purchased from Hyclone.

Bone marrow macrophage and osteoclast cultures
Bone marrow macrophages were prepared as described

previously [50]. Briefly, whole bone marrow was extracted from

tibiae and femora of 8–10 weeks old C57/BL6 mice (purchased

from the Jackson Laboratory and were maintained according to

guidelines of UAMS Institutional Animal Care and Use

Committee, protocol number 3009) and incubated in red blood

cell lysis buffer (150 mM NH4Cl, 10 mM KNCO3, 0.1 mM

EDTA, and pH 7.4) for 5 minutes at room temperature. Bone

marrow cells were collected by centrifugation and were plated in

fresh a-10 medium (a-MEM, 10% heat-inactivated fetal bovine

serum, 100 IU/ml penicillin, 100 mg/ml streptomycin and 2 mM

glutamine) containing 1/10 volume of CMG 14–12 culture

supernatant (which was equivalent to 130 ng/ml of recombinant

M-CSF) in 10 cm petri-dish [51]. Cells were incubated at 37uC in

5% CO2, 95% air for 4-5 days. Fresh media and M-CSF were

replaced every the other day. Pre-osteoclasts and osteoclasts were

generated after three and five days culture of BMMs with 1/100

vol of CMG 14–12 culture supernatant and 100 ng/ml of

recombinant RANKL, respectively.

Cell proliferation and apoptosis Assays
BMMs were cultured with M-CSF for 3 days. Brdu was then

added to the culture medium and incubated for 6 hours. BrdU

incorporation rate was measured by the Cell Proliferation ELISA

system (Amersham Biosciences) following the manufacturer’s

instructions. For the detection of osteoclast apoptosis, BMMs

Figure 9. A schematic model for LIS1 in osteoclast formation
and function.
doi:10.1371/journal.pone.0027285.g009
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were culture with M-CSF and RANKL for 3 days. Pre-osteoclasts

were either untreated or serum and cytokine starved for 3 hours.

Caspase-3 activity was measured as previously reported [52].

Briefly, cells were lysed in 20 mM Tris-HCl (pH 7.5), 150 mM

NaCl, 1 mM EDTA, 10 mM NaF, 1 mM sodium orthovanadate,

5 mg/mL leupeptin, 0.14 U/mL aprotinin, 1 mM phenylmethyl-

sulfonylfluoride, and 1% Triton X-100. Protein concentration was

measured using a Bio-Rad detergent–compatible kit (Bio-Rad).

Lysates (100 mg protein) were incubated with 50 mM DEVD-AFC

in 50 mM HEPES (pH 7.4), 100 mM NaCl, 0.1% CHAPS,

10 mM DTT, 1 mM EDTA, and 10% glycerol. The released

fluorescent AFC was measured in a microplate fluorescence reader

FL500 (Bio Tek Instruments) with excitation/emission wave-

lengths of 340/542 nm.

TRAP and resorption pits stainings and medium CTx
measurement
Bone marrow macrophages were cultured on 48-well tissue

culture plate and bone slices in a-10 medium with 100 ng/ml

RANKL and 1/100 volume of CMG14-12 supernatant for 4–5

days. The fresh medium and cytokines were changed at every the

other day. The cells cultured on plastic dishes were fixed with 4%

paraformaldehyde/PBS and TRAP was stained with a commer-

cial kit (387-A, Sigma). Mature osteoclasts grown on bone slices

were fixed with 4% paraformaldehyde/PBS for 20 minutes. After

washing twice in PBS, the cells were removed from bone slices

with a soft brush. The slices were then incubated with 20 mg/ml

peroxidase-conjugated WGA-lectin (Sigma) for 30–60 min at

room temperature. After washing in PBS twice, 0.52 mg/ml

3,39-diaminobenzidine (Sigma) was added onto the slices for 30

minutes. Samples were mounted with 80% glycerol/PBS and were

observed using a Carl Zeiss microscope equipped with a CCD

camera [53]. The total resorbed area/bone slice was quantified

using Osteomeasure software (Osteomeasure). Medium CTx-1

concentration was determined using CrossLaps for Culture ELISA

kit (Immunodiagnosticsystems) following the manufacture’s in-

struction.

Lentivirus mediated shRNA expression
The RNAi sequence 59-GCAACAGGATCTGAGACTA-39

targeting mRNA of murine LIS1 was selected with RNAi

designing online program from Dharmacon. The RNAi sequences

59-CCATCTCTGAAGCAACAGGAT-39 (LIS1a-sh) and 59-
GCAGATTATCTTCGTTCAAAT-39 (LIS1b-sh) ligated in

LKO.1 lentiviral vector were purchased from Sigma-Aldrich. A

firefly luciferase shRNA was used as a control (59- GCTTACGCT-

GAGTACTTCGA-39). 293-T cells were co-transfected with

LKO.1 gene transfer vector and virus packaging vectors, DH8.2

and VSVG using TransIT-LT1 transfection reagent (Mirus). Virus

supernatants were collected 48 hours after transfection. BMMs

were transduced with virus supernatant for 24 h in the presence of

M-CSF and 20 mg/ml Protamine (Sigma-Aldrich). Cells were then

selected in the presence of 100 ng/ml M-CSF and 6 mg/ml

puromycin (Sigma-Aldrich) for 3 days [54].

Retrovirus mediated BMMs transduction
The HA-tagged full-length of murine plekhm1 was amplified

from an osteoclast cDNA library and the V5 tagged full length of

murine LIS1 (PAFAH1b1) was amplified using pCMV-SPORT6-

PAFAH1b1 (Thermal Open Biosystems) as a template by RT-

PCR with Pfx DNA polymerase (Invitrogen). The cDNAs were

cloned into the pMX-IRES-BSR retrovirus vector. The HA-

tagged N-termimal fragment of plekhm1 (N), N-ter delta RUN

domain, C-terminal fragment of plekhm1 (C) and C-ter delta PH1

domain were amplified by RT-PCR using pMX-BSR-mPlekhm1

as a template and cloned into the pMX-BSR retroviral vector. All

the sequences were verified by DNA sequencing. The recombi-

nant retroviral vectors were transiently transfected into Plat E

packing cells using TransIT-LT1 transfection reagent (Mirus).

Virus was collected 48 hours after transfection. BMMs were

transduced with virus for 24 h in the presence of M-CSF and

20 mg/ml Protamine (Sigma-Aldrich). Cells were then selected in

the presence of M-CSF and 2 mg/ml BSR (Calbiochem) for 3 days

[30].

Time-lapse video microscopy and cell motility assay
For the live cell imaging, 1.46105 of BMMs were plated onto

Bioptechs chamber dishes and cultured with either 100 ng/ml M-

CSF alone (macrophages) or 100 ng/ml M-CSF plus RANKL

(pre-osteoclasts) for 3 days. The cells were imaged under phase

contrast at 10X objective lens with the Bioptechs dish being heated

to 37uC and 5% CO2/Air perfused into the chamber. Mineral oil

was overlayed atop of the medium. Images were obtained using

Scion imaging software at 6 images/hour. The 8-hour movements

of ten motile osteoclast precursors from 48 images were tracked

and analyzed with ImageJ MTrackJ plug-in (National Institutes of

Health). Cumulative Length is depicted as total pixel number

displaced over 48 images (8 hrs).

GST pull-down assay
The cDNA fragments of individual domains of murine Plekhm1

were amplified by RT-PCR using pMX-BSR-mPlekhm1 as a

template and were cloned in-frame into pGEX4T.1 vector. GST

and GST fusion proteins were expressed in Escherichia coli
BL21(DE3)plysS and purified on glutathione-Sepharose 4 Fast

Flow beads (GE Healthcare). For GST pull-downs, 2 mg of GST

and GST fusion proteins in 200 ml of immunoprecipitation (IP)

buffer (20 mM Hepes pH 7.4, 120 mM NaCl, 5%glycerol,

0.5 mM EDTA, 1 mM NaVanidate, 5 mM NaF, 0.2% NP-40)

were incubated with 20 ml of glutathione beads for 1 hour at 4uC.
After washing twice with IP buffer, 2 mg of mature osteoclast

lysate was added to the beads and incubated with rotation for

2 hours at 4uC. The beads were washed 5 times with IP buffer.

The interacting proteins were eluted by boiling with 26 SDS gel

loading buffer, and subjected to SDS-PAGE. Resolved proteins

were detected by staining of gels with Coomassie blue and mass

spectrometry or by immunoblotting with anti-LIS1 antibody [55].

Immunoblotting and immunoprecipitation
Cultured cells were washed with ice-cold PBS and lysed in 1x

RIPA buffer (Sigma) containing 1 mM DTT and Complete Mini

EDTA-free protease inhibitor cocktail (Roche). After incubation

on ice for 30 min, the cell lysates were clarified by centrifugation at

14,000 rpm for 15 min at 4uC. 10–30 micrograms of protein were

subjected to 8 or 12% sodium SDS-PAGE gels and transferred

electrophoretically onto PVDF membrane by a semi-dry system

(Bio-Rad). The membrane was blocked in 5% fat-free milk/Tris-

buffered saline-0.1% Tween 20 for 1 h and detected with primary

antibodies at 4uC overnight followed by secondary antibodies

conjugated with horseradish peroxidase (Santa Cruz Biotechnol-

ogy, Santa Cruz, CA). After rinsing 3 times, the membrane was

subjected to Western blot analysis with ECL detection reagent

(Millipore).

For immunoprecipitation, osteoclasts were grown in 15-cm

dishes with M-CSF and RANKL for 4–5 days as described above.

Cells were washed in cold PBS and lysed on ice in H-buffer

(20 mM HEPES, pH 7.4; 1% Triton X-100; 1 mM EDTA;
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150 mM NaCl; 1 mM DTT and complete protease inhibitor

cocktail from Roche). Lysates were incubated on ice for 30 min.

The cell lysates were clarified by centrifugation at 14,000 rpm for

15 min. 1–2 mg of total protein were incubated with 2–5 mg
primary antibodies for overnight with rotation at 4uC. Protein A/

G agarose was then added and incubated with rotation for 3 h at

4uC. Immunoprecipitates were washed three times in lysis buffer,

and the beads were boiled in 2x SDS sample buffer for 5 min.

After centrifugation, proteins were separated by 8 or 10% SDS-

PAGE gels.

Immunofluorescence and confocal microscopy
Immunofluorescence was performed as previously described

[56]. In brief, cells grown on glass slides in 24-well plate were fixed

with 4% paraformaldehyde in PBS for 20 minutes, followed by

permeabilization and blocking in PBS/0.2% BSA/0.1% saponin

(PBSBS) for 30 minutes. The cells were then incubated with primary

antibodies in 0.2% BSA/PBS for 2 hours. Primary antibody

binding was visualized using fluorescent dye–conjugated secondary

antibodies (Jackson ImmunoResearch Laboratories Inc.) in 0.2%

BSA/PBS for 45 minutes. F-actin was stained with Alexa488-

phalloidin. Samples were mounted with 80% glycerol/PBS. The

nucleus was labeled with Hoechst 33258. Immunofluorescence-

labeled cells were observed using a Carl Zeiss fluorescence

microscope equipped with a CCD camera and analyzed using a

Zeiss Spectral confocal laser scanning microscope equipped with

Argon-Krypton lasers (LSM510 Zeiss Microsystems, Germany).

Velocity Density Gradient Centrifugation of Dynein-
Dynactin Complexes
Velocity density gradient centrifugation was performed as

previously described in [57] with minor modifications. Briefly,

,107 osteoclastic cells were washed with ice-cold PBS, and

scraped with 500 ml of lysis buffer (50 mM HEPES-KOH, pH 7.2,

150 mM NaCl, 1 mM MgCl2) supplemented with protease

inhibitors: 1 mM phenylmethylsufonyl fluoride (PMSF), 1 mg /

ml aprotinin, 1 mg /ml leupeptin and 0.7 mg /ml pepstatin (all

from Sigma), and then homogenized by passing cells through a 25-

gauge syringe (at least 10 strokes). Proteins were then cleared by

centrifugation at 3000 rpm for 15 min at 4uC. 500 ml of the

clarified supernatant was layered on top of 12 ml of 5–20% linear

sucrose density gradient prepared in the lysis buffer. After

centrifugation at 150,000 g for 18 h in a SW40 rotor (Beckman

Coulter), 1 ml fractions were collected, acetone precipitated and

equal amounts analyzed by SDS-PAGE and immunoblotting

using mouse anti-p150Glued (1:1000), mouse anti-Dynein interme-

diate chain (IC74) (1:1000) and rabbit anti-LIS1 antibodies.

Statistics
Data of 2-group comparisons were analyzed using a 2-tailed

Student’s t test. For all graphs and in the text, data are represented

as mean 6 SD.

Supporting Information

Figure S1 Domain structure and constructs of mouse
Plekhm1.

(TIF)

Figure S2 Plekhm1 is localized at lysosomes and the
ruffled border membrane in osteoclasts and is essential
for Cathepsin K secretion and bone resorption. (A and B)

Plekhm1 is associated with lysosomes in osteoclasts cultured on

glass coverslips. (C) Plekhm1 is localized at the ruffled border

membrane in resorbing-osteoclasts cultured on bovine bone slices.

BMMs were transduced with a retroviral vector expressing the

HA-tagged full length murine Plekhm1. Plekhm1, F-actin, and

LAMP-2 (lysosome associated membrane protein 2) were labeled

with a mouse monoclonal anti-HA antibody, phalloidin, and a rat

monoclonal anti-LAMP-2 antibody, respectively. The cells were

visualized by conventional (A and B) and confocal (C) fluorescent

microscopes. (D) Plekhm1 mRNA and (E) protein expression were

abolished by a lentivirus-mediated shRNA expression. (F) Plekhm1

knockdown osteoclasts form actin-rings normally as compared to

control cells. (G) Cathepsin K secretion, (H) resorption pits

formation and (I) medium CTx-I level were dramatically

decreased in Plekhm1-depleted osteoclast cultures as compared

to controls. Arrows in (G) showed the secreted Cathepsin K in the

resorption lacunae circled by an actin-ring. Scale bars = 10 mm.

* in (I), p,0.05 vs LUC-sh by Student’s t-test.

(TIF)

Figure S3 An independent LIS1 shRNA inhibits LIS1
expression and osteoclast formation. (A) Knockdown of

LIS1 expression in macrophages by a second lentivirus-mediated

shRNA. (B) LIS1 down-regulation attenuates multinucleated

TRAP+ osteoclast formation. Scale bar = 10 mm.

(TIF)

Figure S4 LIS1 down-regulation increases pre-osteo-
clast apoptosis. (A) LUC-sh and LIS1-sh transduced macro-

phages were cultured with M-CSF and RANKL for 2 days to

generate pre-osteoclasts. The cells were then either un-treated or

starved for 6 hours before fixation with 4% paraformaldehyde in

PBS for 20 minutes. The nuclei were stained with Hoechst 33258.

The debris of an apoptotic nucleus was shown by arrows. The

scale bar = 10 mm. (B) The numbers of apoptotic and total pre-

osteoclasts in each group were counted under conventional

fluorescent microscope. ** p,0.01 vs LUC-sh by Student’s t-test.

(TIF)

Figure S5 LIS1 and p150Glued are localized at peri-
nuclear cytoplasmic area and the peripheral podosome-
belts. (A) endogenous LIS1, (B) V5 tagged LIS1, and (C)

endogenous p150Glued in osteoclasts cultured on glass coverslips

were stained with phalloidin and mouse monoclonal anti-LIS1, V5,

and p150Glued antibodies, respectively. The cells were visualized by

conventional fluorescent microscope. Scale bar = 10 mm.

(TIF)

Figure S6 p50 dynamintin overexpression alters EB1
localization in osteoclasts. Bone marrow macrophages were

transduced with either empty vector (pMX) or retroviral vector

expressing p50 dynamintin (pMX-p50) and cultured with M-CSF

and RANKL for 5 days to generate mature osteoclasts on glass

coverslips. The cells were then fixed and labeled with anti-EB1

monoclonal antibody. Scale bar = 10 mm.

(TIF)
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A 
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Supplementary Figure 1 Osteoclast fission events following re-stimulation of 

mature osteoclasts with M-CSF and RANKL. Osteoclasts cultured on glass 
coverslips were re-stimulated with M-CSF (25ng/ml) and RANKL (100ng/ml) prior 
to live-cell imaging studies (A, B). Membrane fission events were observed in two 
independent groups of mature osteoclasts following the addition of fresh cytokines, 
potentially in response to increased local cytokine levels. These fission events 
occurred rapidly, and were often completed within 2 hours. Interestingly, the existence 
of a mononuclear cell at the intercellular bridge (red arrows) appeared to facilitate 
terminal scission between adjoining osteoclasts. Bar=25μm. 





Supplementary Figure 2 Myo1b promoter region analysis. Bioinformatic 

analysis of My1ob promoter region revealed interesting candidate response 

elements, which included several NFATc1 binding sites.  



Supplementary Figure 3 Schematic diagram of wildtype Myo1b 

and residue specific point mutant constructs. A series of 4 

constructs including wildtype and residue specific point mutants 

interfering with IQ or tail domain: 1) FLAG-tag fused to the C-

terminus of full-length Myo1b; 2) Myo1b K966A-FLAG (where 

Lysine 966, a conserved basic residue in the β-loop-β motif, is 

replaced by alanine); 3) Myo1b IQ-tail (Asp706-Pro1107) and 4) 

Myo1b tail fragment only (Val824-Pro1107).  



Supplementary Figure 4 Schematic diagram of EGFP tagged 

Myo1b wildtype and dominant negative intefering mutant 

constructs. This series of constructs consist of 1) full length, EGFP-

tagged Myo1b wildtype and 2) EGFP-tagged dominant negative (tail) 

mutant. 


