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THESIS ABSTRACT  

Age and disease-related bone loss is a major health issue. Bone tissue is constantly 

remodelled throughout life in order to maintain a healthy skeleton and bone loss is 

caused by an imbalance in the remodelling process. Bone remodelling is a highly 

coordinated process between osteoclasts, osteoblasts and osteocytes, with bone targeted 

for renewal being resorbed by osteoclasts and the resorbed bone replaced by the 

activities of osteoblasts and osteocytes. During the synthesis of new bone organic 

matrix, osteoblasts become embedded and differentiate into osteocytes. Osteocytes were 

previously thought to be terminally differentiated, quiescent cells. However, a wealth of 

recent evidence suggests that osteocytes play important and dynamic roles.  

 

Recently, the osteocyte expressed protein, sclerostin, was identified to be a major 

regulator of bone formation. Various pharmaceutical companies are currently in the 

process of developing therapies to neutralise sclerostin, in order to reverse its anti-

anabolic effects on bone. In pre-clinical and clinical studies to date, neutralising 

sclerostin had bone anabolic effects, and although anti-catabolic effects were also 

observed, these were usually reported as incidental events. Stemming from observations 

made by our group of pro-catabolic stimuli up-regulating sclerostin expression, it was 

hypothesised that sclerostin may have a catabolic action in addition to its anti-anabolic 

actions. Subsequent work identified the pre-osteocyte/osteocyte as cellular targets of 

sclerostin, and gene microarray analyses of osteocyte-like cells treated with 

recombinant sclerostin, led to the discovery of two novel mechanisms, by which 

sclerostin may act in a catabolic manner.  
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As presented in Chapter 2, the work undertaken for this thesis demonstrated that 

sclerostin promotes osteocyte support of osteoclast formation and activity, consistent 

with recent reports by other groups that suggest osteocytes play a central role in 

regulating the formation and activity of osteoclasts.  

 

As presented in Chapter 3, sclerostin can also increase the expression by osteocytes of 

resorption-related molecules, in particular carbonic anhydrase 2. The importance of this 

observation is that acidification of the extracellular space by osteocytes could promote 

osteocytic release of mineral and increase of the osteocyte lacunar size, a process 

termed ‘osteocytic osteolysis’. The results presented in Chapter 3 provide the first 

mechanistic evidence for this process.  

 

As presented in Chapter 4, 1α,25-dihydroxyvitamin D (1,25D) was also identified as a 

regulator of SOST/sclerostin expression and a putative vitamin D response element 

(VDRE) was shown to be present in the proximal 6.3 kb SOST promoter.  

 

In summary, the novel work presented in this thesis expands our knowledge of the 

activity and regulation of sclerostin. Together, these findings suggest that a subset of 

pro-catabolic stimuli may induce sclerostin expression, which in turn may act to 

promote both osteoclastic and osteocytic removal of bone. This research has 

implications for the pharmacological inhibition of sclerostin, which is currently being 

pursued commercially. In embarking on such therapy, it is essential to understand the 

biology of sclerostin as completely as possible. 
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Chapter 1 

Literature review  

 

This literature review contains details of current knowledge of bone as a tissue with an 

emphasis on the cell biology of bone. Out of the three major types of cells found in 

bone tissue, the least understood is the osteocyte. The current state of understanding of 

osteocyte biology is presented as an explanation of the functions of the osteocyte and 

the osteocyte network. Since osteocytes are now accepted as a major player in bone 

homeostasis, the recent insights into osteocyte biology and functions are highlighted. 

Arguably, the single most important recent development in osteocyte biology is the 

discovery of the osteocyte specific bone regulatory protein, sclerostin. The sclerostin 

protein is the key focus throughout this thesis, and Chapter 1 ends with a discussion of 

our current understanding of sclerostin and gaps in our knowledge. Finally, the 

proposed methods to address some of these knowledge gaps are presented at the end of 

the chapter.  
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Chapter 1: Literature Review 

1.1 Bone tissue 

Bone is a vitally important organ in the body that serves many key functions. By 

weight, approximately 60% of bone tissue is inorganic matter, 30% is organic matter 

and 8-10% is water (1). By volume these proportions are approximately 40%, 35% and 

25%, respectively (1). The inorganic component of bone consists of calcium phosphate 

in a form similar to hydroxyapatite (1). Ninety-eight percent of the total weight of the 

organic part of bone tissue consists of type I collagen protein and other non-collagenous 

proteins (1). Non-collagenous proteins include secreted proteins, such as osteocalcin 

(OCN), otherwise known as bone-carboxyglutamic acid-containing protein (bone Gla 

protein), bone sialoprotein 1 (BSP-1), osteopontin (OPN) (1), osteonectin (2), dentin 

matrix acidic phosphoprotein 1 (DMP-1) (3), matrix extracellular phosphoglycoprotein 

(MEPE) (3) and pleiotrophin (4). The remaining 2% of the organic phase includes the 

resident bone cells: osteocytes, osteoblasts and osteoclasts (1).  

1.2 Bone cells and tissue remodelling 

At the cellular level there are three major types of cells that maintain bone tissue. The 

most abundant of these, accounting for 95% of the total number, is the osteocyte (5). 

Bone tissue is constantly remodelled and kept in balance by two major ‘effector’ types 

of bone cell, osteoclasts and osteoblasts (6). This remodelling occurs in discrete 

compartments known as the basic multicellular unit (BMU). It is estimated that 1-2 

million BMUs are present in a adult human skeleton at any given time (6). The 

coordinated processes that take place at the BMU leading to bone remodelling are 

illustrated in figure 1.1.  



3 

Figure 1.1: Bone is remodelled at the basic multicellular unit (BMU), where osteoclasts 

resorb existing bone and osteoblasts synthesise new bone matrix, and in the process a 

population of osteoblasts become embedded and differentiate into osteocytes. It is 

during this latter phase that the organic matrix is mineralised (7, 8) 

http://www.bonefromblood.org/background/boneremodelling.html 

Quiescence

Quiescence
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Bone targeted for renewal in the BMU is resorbed by osteoclasts and the resorbed bone 

is replenished by the activity of osteoblasts (6, 9). In the adult human skeleton, 5-10% 

of bone is resorbed and replaced every year (6). This remodelling process occurs 

throughout life (6). Proper function, regulation and communication between the 

different bone cell types are vital to maintain healthy bone tissue. 

 

1.2.1 Osteoclasts  

Osteoclasts can be considered as ‘professional’ bone resorbing cells and have been 

generally accepted as the only cell capable of resorbing bone. They are non-

proliferating cells, derived from myeloid progenitors of the monocyte-macrophage 

lineage (6). Osteoclasts share many features with phagocytic cells such as macrophages 

and they are uniquely adapted to the function of bone resorption. Osteoclasts are multi-

nucleated, typically containing 10-25 nuclei, and large numbers of lysosomes with 

enzymes capable of resorbing the bone. Osteoclasts achieve this by acidifying their 

extracellular matrix. A characteristic marker of osteoclasts is their expression of the 

cytosolic enzyme carbonic anhydrase 2 (CA2), which catalyses the reaction H2O + CO2 

↔ HCO3
- + H+. The osteoclast forms a sealing zone and pumps the H+ ions through 

their ruffled border membrane via the proton pump termed the vacuolar (V)-ATPase 

(10). This acidifies the space inside the sealing zone, causing dissolution of the mineral 

phase and providing the acidic conditions optimal for the activity of the matrix 

degrading enzyme cathepsin K, which is concomitantly secreted through the ruffled 

border. A large number of mitochondria are observed in osteoclasts, required in order to 

provide the considerable energy requirements of bone resorption (10).  

Bone resorption by osteoclasts is a tightly regulated process, for which factors produced 

by other cell types determine the formation and activity of the osteoclasts. Two critical 
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cytokines are needed for the differentiation of osteoclasts from haemopoietic precursors. 

Both these cytokines, colony stimulating factor 1 (CSF-1), commonly known as 

macrophage colony stimulating factor (M-CSF), and receptor activator of NF-кB ligand 

(RANKL), also known as osteoclast differentiation factor (ODF), TNF-related 

activation-induced cytokine (TRANCE) or osteoprotegerin ligand (OPGL), which is a 

member of the tumour necrosis factor superfamily, designated TNFSF11, are vital for 

osteoclast precursor proliferation, survival and activity (11). Osteoclast precursors are 

defined in part by their expression of c-Fms and RANK (receptor activator of NF-кB; 

TNFRSF11A). c-Fms and RANK are receptors for CSF-1 and RANKL, respectively 

(11). Binding of RANKL to RANK is the critical signal for the generation of osteoclasts 

(12). RANKL is primarily expressed as a transmembrane protein on osteoblast and 

stromal cells, and it may be converted into a soluble form through ectodomain shedding 

(13). Membrane bound RANKL is found to be more potent than the soluble form (13). 

The RANK-RANKL signalling is disrupted by osteoprotegerin (OPG; TNFRSF11B), 

which is a soluble decoy receptor for RANKL (6, 12, 13). OPG is expressed by 

osteoblastic cells and the local ratio of RANKL to OPG appears to regulate 

osteoclastogenesis and the local bone remodelling (13). Recent studies suggest that 

OPG is a chaperone receptor for RANKL involved in its intracellular trafficking and 

retention (14, 15). In this context, a decrease in OPG expression would result in 

increased transportation of RANKL to the cell surface, which effectively supports the 

commonly held notion that OPG is a functional RANKL inhibitor. 

1.2.2 Osteoblasts  

Osteoblasts are derived from multipotential mesenchymal progenitor cells (5, 6). They 

are specialised cells adapted for secretory functions. Osteoblasts synthesise the organic 
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bone matrix and they are also responsible for the process of bone mineralisation (10), 

although technically they perform this latter function at the stage at which they become 

embedded pre-osteocytes, as discussed below. As osteoblasts mature, they are thought 

to have one of three fates: they can become embedded in the matrix they synthesise and 

differentiate into osteocytes, enter into a quiescent state and become bone lining cells, 

or they can undergo apoptosis (16). An exact percentage of osteoblasts undergoing each 

of these fates is not certain and it seems to vary between species and the age of the 

animal (5). 

Osteoblasts are also thought to regulate osteoclastogenesis by synthesising RANKL and 

CSF-1 (6, 17), and they are also capable of making OPG (6). By synthesising cytokines 

and decoy receptors, osteoblasts are capable of regulating bone remodelling by 

controlling osteoclasts. Osteoblasts are characterised by several key markers, such as 

runt related transcription factor 2 (RUNX2), type I collagen (COL1A1 and COL1A2) 

alkaline phosphatase (ALP), osteonectin and osteocalcin (18) that relate to their 

function. Osteoblast formation is tightly regulated by transcription factors. RUNX2 and 

osterix (OSX) are two vital transcription factors needed for bone and osteoblast 

formation (19-21). Tissue non-specific alkaline phosphatase (TNSAP) is an enzyme that 

has a vital function in mineralisation by degrading pyrophosphate (PPi), a potent 

inhibitor of mineralisation (22), and is localised mainly on the plasma membrane of 

osteoblasts (23).  

1.2.3 Osteocytes 

Osteocytes are the most abundant cell type in bone, comprising 90-95% of all bone 

cells. As discussed above, once osteoblasts synthesise new matrix, a certain percentage 

become embedded and undergo further differentiation into osteocytes (5, 24). It has 
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been estimated that 10-20% of osteoblasts differentiate into osteocytes (25). These cells 

have been thought to be terminally differentiated and non-proliferative (25), however 

recent studies suggest that osteocytes are capable of de-differentiation to a more 

immature phenotype and subsequent proliferation, and even motility (26, 27). 

Monoclonal antibodies raised against bone cell populations have identified that 

osteocytes express antigens such as E11, also known as podoplanin, and phosphate-

regulating gene with homologies to endopeptidases on the X-chromosome (PHEX), 

which are either not found on osteoblasts or are found at lower copy number, suggesting 

that osteocytes may have additional cell functions (28-30). Osteocytes are spaced 

regularly throughout the mineralised matrix (24). Osteocytes are stellate shaped and are 

connected to each other via long, highly branched and slender cell processes (5, 16). 

These dendritic processes may be up to 50 µm long (31) and as many as fifty of these 

processes are present on a single osteocyte (32). Thus, osteocytes form a network of 

cells spanning the bone matrix, forming a functional syncytium, sharing features with 

the neurons in the nervous system. 

In the mineralised matrix osteocytes are cocooned in cavities termed lacunae, 

surrounded by interstitial fluid (33, 34). Osteocyte processes extend into microscopic 

(100-300 nm) canals termed canaliculi, which protrude outwards from the lacunae (31, 

34). The canaliculi of neighbouring lacunae are interconnected, enabling the flow of 

extracellular bone fluid through the bone matrix; thus osteocytes reside in a fluid-filled 

lacuno-canalicular network (34). Osteocyte processes interact with each other, forming 

a three-dimensional network in the mineralised bone tissue (5, 33, 35). The osteocyte 

network has an estimated surface area 400 times greater than that of the entire 

Haversian system and more than 100-fold greater than the trabecular bone surface (36), 

potentially creating an enormous metabolic surface. It has been estimated that this 
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network provides a metabolic surface area of up to 1500 m2 in an average adult human. 

As well as connections between osteocytes, these cells are also connected to the cells on 

the bone surface- osteoclasts, osteoblasts and bone lining cells (33, 34, 37). Some 

processes extend beyond the cells on the bone surface and connect the osteocyte to the 

extraosseus space, which potentially allows osteocytes to communicate with cells 

residing in the bone marrow (16, 34). Osteocyte processes radiate in all directions but in 

long bones they are generally perpendicular to the bone surface (38). Throughout the 

network of processes, functional structures termed gap junctions and hemichannels, 

enable the intra- and extracellular passage of ions, metabolites and small signalling 

molecules (4, 16, 33, 39). Gap junctions are formed by a family of proteins termed 

connexins (33, 39, 40). Osteocytes express mainly connexin-43 (Cx43) protein, and do 

so in large amounts compared to other bone cell types (16, 37, 40). Other connexin 

types found in bone are Cx45 and Cx46 (39). Molecules smaller than ~1.2 kDa are able 

to pass through Cx43-formed gap junctions and there is a strong preference for 

negatively charged molecules to pass through (39). These channels enable the 

osteocytes within the bone matrix to communicate intracellularly (16). In addition, 

osteocytes can communicate via secreted molecules through hemichannels. 

Hemichannels are formed on the osteocyte cell surface by Cx43 protein (31, 33).  

1.3 Role of the osteocytes  

Although accounting for more than 90% of the cells found in the skeleton, the relative 

significance of the osteocyte has been difficult to appreciate. Osteocytes are embedded 

in the mineral matrix, and the matrix itself may influence osteocyte behaviour making 

osteocytes a difficult cell type to study (16, 18, 41). Some of the observed osteocyte 
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functions include mechanical sensing, ion homeostasis, matrix synthesis and bone 

remodelling.  

1.3.1 Sensing mechanical loading 

In the late 19th century, anatomist Julius Wolf proposed that mechanical stress regulates 

bone architecture and that the bone tissue is able to adapt its mass in three-dimensions 

to adapt a high efficiency of load bearing (16, 18). Since Wolf’s time, many studies 

have investigated the effect of loading on bone structure and mass. There are many 

examples where adaptive changes are seen in response to loading. For example, 

weightlifters develop stronger bone as an adaptation to the loading and astronauts lose 

bone after space flight due to the lack of loading, highlighting the importance of loading 

as a regulator of bone mass. When bone is loaded, mechanical stimuli are transduced 

into biochemical signals, which in turn regulate the microenviroment of the tissue to 

adapt to the load. The positioning of osteocytes and the complex network they form 

make them ideal candidates for the adaptive response of mechanical loading (35, 37, 

40). Several research groups have demonstrated that osteocytes play a role in sensing 

mechanical loading in bone (4, 35, 42). There is debate within the field as to what 

structural features of the osteocyte are responsible for mechano-sensation. The 

osteocyte cell body or the osteocyte processes or even primary cilia could all be 

responsible for mechano-sensitivity (16, 33, 37). Experimental studies have shown that 

osteocytes are sensitive to stress, both in the tissue and in cell culture (40). In a recent 

study by Burra et al. dendritic processes were demonstrated to be important for the 

mechano-sensation (33). Various groups have observed the hemichannels on osteocytes 

open in response to load stress. Furthermore, chemical messengers such as 

prostaglandin E2 (PGE2) are released in response to load stress (33, 40). PGE2 is an 
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important modulator in bone formation and resorption. In addition, osteocytes have 

been shown to modulate expression of molecules such as insulin-like growth factors 

(IGF-I and IGF-II), osteocalcin, c-fos and sclerostin in response to loading (37).  

1.3.2 Regulating ion homeostasis by acting as a endocrine organ 

The endocrine system in the human body regulates functions such as growth, 

metabolism, development and even emotions. This is achieved by a system of glands 

which secrete hormones into the bloodstream. Hormones bind to receptors on their 

target tissue and initiate responses. Typical and well understood endocrine organs which 

produce hormones in our body are the pituitary, pancreas, parathyroid, thyroid and 

adrenal glands. Bone tissue shares key features of endocrine glands, such as high 

vascularity and lack of ducts. Furthermore, the osteocyte network can secrete mediators, 

which may reach the bloodstream for transport to other parts of the body, such as the 

gut and kidney. Recent evidence indicates that the osteocyte network can act as an 

endocrine organ to regulate renal phosphate re-absorption and vitamin D metabolism 

(37, 43-45). Osteocytes produce and secrete the hormone fibroblast growth factor 23 

(FGF23) in response to elevated levels of 1,25(OH)2D (46). FGF23 acts on the renal 

distal tubule and reduces the reabsorption of phosphate (37, 44). FGF23 also suppresses 

the production of 1,25(OH)2D by decreasing the expression of the 1α-hydroxylase, 

CYP27B1 and increasing the expression of the catabolic 24-hydroxylase, CYP24 (44, 

46). In addition, FGF23 targets parathyroid glandular cells and suppresses PTH 

secretion (46). These recent findings add to the concept that osteocytes are not simply 

end-stage, dormant cells buried in mineral and unable to communicate with other 

organs.  
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1.3.2 Synthesising the bone matrix 

At an early stage in their differentiation, following the embedding of late osteoblasts, 

osteocytes are capable of producing further matrix and regulating its mineralisation. At 

this stage osteocytes are termed osteoid- or pre-osteocytes (16). An osteoblast typically 

synthesises three time its volume in matrix by the time it becomes an osteocyte (16). 

The non-mineralised extracellular matrix immediately surrounding an osteocyte 

contains type 1 collagen fibrils and proteoglycans such as chondroitin 4-sulfate, 

dermatan sulphate and keratin sulfate (16). The adhesion molecule CD44 is expressed in 

abundance by osteocytes and binds to collagen, and this may be one mechanism, by 

which osteocytes remain physically attached to the matrix (16). Cell-matrix adhesion is 

vital for the mechanosensing ability of osteocytes. This suggests that osteocytes must 

regulate their peri-lacunar environment to maintain proper functionality. In the early 

1960’s electron transmission microscopy images of osteocyte lacunae showed that they 

possess irregular borders (43). This suggested that the osteocytes were able to degrade 

the surrounding bone matrix. The concept of osteocytes modifying their 

microenvironment was proposed by Heller-Steinberg as early as five decades ago (47). 

In 1969, Belanger used the term “osteocytic osteolysis” to describe the enlarged lacunae 

in patients with hyperparathyroidism (47). This hypothesis recently became better 

supported with evidence showing peri-osteolytic osteolysis in an immobilised rat model 

(37, 43). Destruction of the lacuna wall, degraded collagen fibres and loss of mineral 

crystals were observed around the osteocyte in these studies (43). Mature osteocytes 

have a diminished cytoplasm compared to osteoblasts, indicating decreased capabilities 

of synthesising matrix and matrix-modifying enzymes. This would argue that osteocytes 

may not be equipped with the cellular machinery needed for osteocytic osteolysis in 

their unactivated, basal state. However, a study administering PTH into rats resulted in 
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osteocytes in treated animals appearing to be activated with prominent golgi aparati and 

lysosome exocytosis (48). In a similar study, osteocyte lacunae size increased as a 

response to PTH treatment, supporting the phenomenon of osteocytic osteolysis (49). 

However, some of the earlier studies failed to show evidence of osteocytic osteolysis. A 

study conducted in the mid-1980s showed that osteocyte lacunae size did not increase in 

the rat lactation model and the researchers concluded that osteocytes do not play a role 

in the resorption of bone during lactation (50). In a more recent study from the group of 

Bonewald, Qing et al. reported positive evidence of osteocytic osteolysis in the context 

of lactation. They reported that osteocytes were capable of remodelling their peri-

lacunar and canalicular regions in a reversible manner during lactation. Osteocytes were 

observed to express elevated levels of genes such as tartrate resistant acid phosphatase 5 

(TRAP/ACP5), carbonic anhydrase 2 and cathepsin K during lactation (51). As 

discussed above, these genes were previously thought to only be expressed by 

osteoclasts in bone.  

1.3.3 Initiating and regulating bone remodelling 

As discussed above, bone remodelling is a highly regulated process which occurs 

throughout life (6). Recent studies have indicated that osteocytes may play a more 

significant role in remodelling than was thought previously (52). There is debate as to 

which factors initiate osteoclastogenesis to start the remodelling cycle. It has been 

suggested that osteoblasts on the bone surface detect osteocyte cell death and attract 

osteoclast precursors to the site to generate osteoclasts (52). Apoptosis of osteocytes is 

shown to induce osteoclast recruitment and bone resorption (53, 54). Therefore 

apoptosing osteocytes are thought to be critical for bone remodelling. Zhao et al. 

showed that MLO-Y4, an osteocyte like cell line, was able to support osteoclastogenesis 
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in the absence of exogenous osteotropic factors (55, 56). It was shown that MLO-Y4 

cells expressed large amounts of RANKL and M-CSF to facilitate osteoclastogenesis. 

Studies by Kurata et al. using the same cell line indicated that when damaged, these 

cells were able to secrete soluble factors that initiated osteoclastogenesis (35, 57). This 

suggested that viable osteocytes may well be able to initiate remodelling, in addition to 

apoptosing osteocytes. Furthermore, although osteoblasts were previously thought to be 

the main source of RANKL, recent studies have provided evidence suggesting that 

osteocytes play a more important role in regulating osteoclasts through RANKL 

signalling, in particular in adult vertebrates. Nakashima et al. observed that the 

osteocyte fraction expressed more RANKL as opposed to the osteoblast fraction from 

animal bone (58). The method they used to isolate osteocytes was thought to yield 

around 60% purity in terms of osteocyte numbers. To improve the isolation of 

osteocytes, Nakashima and colleagues created animals with transgenic, osteocyte-

specific expression of green fluorescence protein (GFP) under the control of the 

osteocyte-selective Dmp1 promoter. They then isolated osteocytes by fluorescence 

sorting of GFP positive cells. The osteocytes isolated in this way were observed to 

express ten times more Rankl mRNA as opposed to osteoblasts from the same animals. 

Furthermore, by generating osteoblast- or osteocyte-specific Rankl knockout animals, 

Nakashima et al. demonstrated that osteocyte produced RANKL was the main source of 

RANKL in the mature skeleton (58). In a separate study, by generating mice lacking 

osteocyte specific RANKL expression, osteocyte RANKL was shown to be important 

for the unloading related bone loss (59). These recent developments in the 

understanding of osteocyte biology demonstrate that osteocytes are capable of 

regulating osteoclast activity and suggest they may well be the key cellular regulator of 

bone resorption, at least in the adult skeleton. In addition, osteocytes have been reported 
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to secrete pleiotrophin, also known as osteoblast stimulating factor-1, which recruits 

immature osteoblastic precursors and promotes their differentiation into osteoblasts 

(16). Therefore, osteocytes may also have a role in initiating the formation phase of 

remodelling. As will be discussed below, sclerostin is a negative regulator of bone 

formation, is also synthesised by osteocytes (60, 61).  

1.4 Sclerostin protein and the SOST gene 

The SOST gene was identified after studying two rare diseases, sclerosteosis, from 

which the gene name was derived, and Van Buchem’s disease, both presenting with a 

high bone mass/bone overgrowth phenotype (60, 62). Both conditions have an 

autosomal recessive mode of inheritance. Biopsies from these patients showed a 

predominance of cuboidal, active osteoblasts, increased osteoid volume with normal 

mineralisation. No difference in osteoclast number or activity was noticed (60). The 

genetic basis for sclerosteosis was found to be a mutation in a newly cloned gene, which 

resides in chromosome 17q12-21 (Fig. 1.2), and this was designated SOST (60). Van 

Buchem’s disease essentially phenocopies sclerosteosis, although it is less severe and is 

not associated with the developmental condition of syndactyly, fusing of the bones in 

the hands and feet. For many years both diseases were considered to have the same 

aetiology but it was discovered that the genetic basis is somewhat different. Van 

Buchem’s disease is caused by a 52 kb deletion, 35 kb downstream of the SOST open 

reading frame (60) (Fig. 1.2). This deleted region was later found to contain a 

regulatory element for SOST transcription (60). The importance of the Van Buchem’s 

deletion is discussed later in this review. A similar high bone mass phenotype was 

observed in Sost knock-out mice (63).  
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Figure 1.2: Chromosome map of the location of the SOST gene and the location of the 

distal enhancer region, identified in patients with Van Buchem’s disease (64). 
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The SOST gene codes for the 213 amino acid secreted glycoprotein, SOST or sclerostin. 

The sclerostin protein has a predicted molecular mass of 22.5 kDa based on amino acid 

sequence, and by SDS-PAGE (Sodium dodecyl sulphate-Polyacrylamide gel 

electrophoresis) presents as a 28-30 kDa species, and is predicted to have a cysteine-

knot motif (62, 65). Structural analysis of the sclerostin protein identified flexible amino 

and carboxyl terminals and a core region consisting of three loops projecting from a 

central cysteine knot structure (Fig. 1.3) (65, 66). 
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Figure 1.3: 

A) Structure of the sclerostin protein: (left) ribbon representation of the backbone
topology of the structured core of the protein, (middle) schematic representation of the 
protein highlighting the positions of disulfide bonds which creates the ring structure 
(modified from (65)) and (right) simplified representation of the protein with the three 
loop structures projecting from the central ring structure.. 

B) Sclerostin protein interaction with LRP4/LRP5/6 receptors. Loop 2 of the sclerostin
protein interacts with the 1st β-propeller of LRP5/6. Sclerostin interacts with the 3rd β-
propeller of LRP4. Loop 2 of sclerostin is not involved in this interaction. Sclerostin’s 
central core region or loops 1 and 3 could be the potential site of interaction with LRP4. 
β-propeller domains are shown in green, EGF-like domains are shown in yellow, LDL-
like domains in purple. 
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In addition to physiological expression, sclerostin is also observed in pathological  

conditions. Brenetti and colleagues demonstrated that human myeloma cell lines as 

well as plasma cells from myeloma patients express sclerostin at elevated levels (72). 

Furthermore, myeloma cell secreted sclerostin was shown to decrease osteoblast 

activity (73). A similar decrease in osteoblastic activity is observed in metastatic breast 

cancer, as is increased osteoclastic activity. The recent discovery of the ability of 

metastatic breast cancer cells to produce sclerostin may partially explain partially how 

osteoclasts and osteoblasts are affected in metastatic breast cancer (74). 

Sclerostin is expressed exclusively by osteocytes in bone tissue, making it an excellent 

marker of mature osteocytes (32, 41, 60, 61). However, recent evidence suggests that 

osteocytes are not the only cells capable of producing sclerostin. Chondrocytes in 

articular cartilage, at least in patients with osteoarthritis, have been shown to express 

sclerostin (67). Furthermore, osteoclasts from aged mice were also recently 

demonstrated to produce sclerostin mRNA as well as the protein (68). In in vitro 

experiments, osteoclast synthesised sclerostin decreased osteoclast support of osteoblast 

mineralisation. However, further in vivo work is needed to understand the biological 

and physiological relevance of chondrocyte and osteoclast derived sclerostin. 

Cementocytes found in the cementum of teeth share many features with osteocytes, 

including the expression of sclerostin (69, 70). The role of sclerostin in the cementum is 

unclear. However, in a recent study, Bao and colleagues demonstrated that sclerostin is 

capable of inhibiting proliferation and differentiation of cementoblasts as well as 

promoting osteoclast differentiation (71). Furthermore, the lack of sclerostin expression 

in the developing cementum in mice suggests that sclerostin may be an important factor 

for mature cementum homeostasis and regeneration (70). 
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Together, these recent developments highlight the fact that sclerostin may well play a 

role in pathological conditions in addition to its role in bone homeostasis.  

Experimental unravelling of the actions of sclerostin suggests that it is a major regulator 

of bone homeostasis. Sclerostin protein has been shown potentially to bind to bone 

morphogenetic proteins (BMPs)-2, -4, -5, -6, -7 (75), the BMP antagonist noggin, as 

well as low density lipoprotein (LRP) 5 and 6 (62, 65, 76). It has been shown that 

sclerostin is capable of binding to a domain on LRP5, which is required for transduction 

of wingless integration (Wnt) signalling (77). Recent studies have shed light on other 

Wnt receptor-related molecules, such as LRP4. LRP4 has been shown to bind 

Dickkopf-related protein 1 (DKK1), another molecule capable of binding to LRP5/6 

and potently inhibit Wnt signalling (78). Furthermore, recent studies suggest that 

sclerostin is also capable of binding to LRP4 (78, 79). LRP5 and LRP6 receptors share 

68% overall amino acid identity (NCBI Protein Blast analysis; 

http://www.ncbi.nlm.nih.gov/BLAST/Blast.cgi) and common structural properties, such 

as a large extracellular domain (ECD), consisting of four β-propeller structures 

separated by EGF-like domains (Fig. 1.3 and 1.4) (80). LRP4 shares only 44% and 

45% amino acid identity with LRP5 and LRP6, respectively. The organisation of LRP4 

is considerably different from that of LRP5/6 with respect to the positions of the EGF-

like and laminin-G-like domain (LDLa) binding-like domains, but LRP4 also contains 

four β-propeller regions (81) (Fig. 1.3 and 1.4). β-propeller regions play an important 

role in the interaction with Wnt ligands and inhibitors, while the intracellular domains 

are important for the downstream effects of Wnt signalling and inhibition, as discussed 

later.  
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Figure 1.4: Sub-structures of LRP4, LRP5 and LRP6 receptors. Known locations of 

mutations within the sub-structures of the receptors affecting receptor activity or bone 

mass are indicated by black arrows, with specific amino acid mutations indicated in 

purple. Known locations of Wnt ligand binding sites are indicated for Wnt1 and Wnt3A. 
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In addition to Wnt/β-catenin signalling, other signalling pathways may be affected by 

sclerostin. Interestingly, work from our group showed that treatment of human primary 

osteoblasts (normal human bone derived cells; NHBC) by human recombinant 

sclerostin resulted in the rapid phosphorylation of ERK-1/2, consistent with sclerostin 

having an effect on signalling pathways other than Wnt (86). Furthermore, sclerostin 

was initially thought to be a BMP antagonist because of its sequence homology to the 

Dan family of BMP antagonists (87).  

1.4.1 Mode of sclerostin action 

1.4.1.1 Sclerostin as an inhibitor of the canonical Wnt signalling pathway - Current 

understanding of sclerostin indicates that it may be an inhibitor of the Wnt signalling 

pathway, and thus inhibit bone formation (76, 77, 88). Wnt signalling plays many roles 

in developmental biology and is critical for skeletal development and patterning (89). In 

adult humans, Wnt signalling is important to maintain a healthy bone mass (89-91). 

Among the different Wnt signalling pathways the Wnt/β-catenin pathway, or the 

canonical Wnt signalling pathway, is the best studied (90). In the absence of ‘positive’ 

Wnt signals, β-catenin binds to a degradation complex, consisting of Axin, 

Adenomatous polyposis coli (APC) and Glycogen synthase kinase 3 beta (GSK3β). 

GSK3β phosphorylates β-catenin (Fig. 1.5), targeting it for proteosomal degradation. In 

the presence of Wnt ligands, the Wnt pathway is activated by the formation of a co-

receptor complex of Wnt ligand bound to Frizzled (Fzd) receptor and LRP5/6 receptor 

(Fig. 1.5). Formation of the Wnt ligand and receptor complex results in activity at 

intercellular domains of both FzD and LRP5/6. The cytoplasmic tail of LRP5/6 is 

phosphorylated and the β-catenin degrading complex consisting of axin/APC/ GSK3β 
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and β-catenin is translocated towards the cytoplasmic tail of LRP5/6. Frat-1 protein 

binds to the cytoplasmic tail of LRP5/6 and this results in the binding of axin from the 

β-catenin degradation complex to the tail of LRP5/6 and the subsequent collapse of the 

degradation complex. At the other cytoplasmic end of the coreceptor complex, a closely 

associated protein with cytoplasmic domain of Fzd, disheveled (Dsh) is phosphorylated 

to become active. Activated Dsh phosphorylates GSK3β, inactivating it, rendering 

GSK3β incapable of phosphorylating β-catenin. Dephosphorylated β-catenin is 

protected from proteosomal degradation, allowing it to accumulate in the cytoplasm, 

and translocate to the nucleus to form a transcription complex in order to transcribe Wnt 

responsive genes. How β-catenin is translocated is not entirely known. In addition, the 

understanding of the interactions between β-catenin and other transcription factors in 

the nucleus is not complete. However, it is known that inside the nucleus, β-catenin 

binds to T cell factor/lymphoid enhancer binding factor (TCF/LEF) transcription 

factors, displacing repressors, and recruiting transcriptional coactivators p300 and 

cAMP response element-binding protein (CBP) to the transcription initiation complex 

(91). Formation of a complete transcription initiation complex leads to the transcription 

of Wnt responsive genes (Fig. 1.5) (89-91). As indicated in figure 1.5, sclerostin is 

thought to selectively bind to LRP5/6 Wnt signalling receptors, thus preventing Wnt 

binding to the receptors (77). Mutations in LRP6 have been linked to changes in bone 

mineral density (BMD) in humans (83). LRP5 loss of function mutations cause 

osteoporosis pseudoglioma (OPPG) and activating mutations in LRP5 cause high bone 

mass disease (92).  
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Figure 1.5: Proposed mechanism of action for sclerostin inhibiting canonical Wnt/β-

catenin signalling. Sclerostin binds LRP5/6, resulting in the degradation of β-catenin 

and interruption of normal Wnt signalling. Modified from (91). A detailed description 

appears in the text. 
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Interestingly, loss in the ability of LRP5 to bind sclerostin resulted in bone overgrowth 

(82). Similarly, mutations in LRP4 causing the loss of ability of LRP4 to bind sclerostin 

also resulted in bone overgrowth (85). Evidence suggests therefore, that LRP4 and 

LRP5/6 receptors are all important for the action of sclerostin in a non-redundant 

manner. The nature of the interaction between sclerostin and LRP4 and LRP5/6 is not 

entirely elucidated. Sclerostin is demonstrated to bind to the first β-propeller domain of 

both LRP5 and LRP6 via loop 2 of its core domain (Fig. 1.3) (84, 93). Boschert and 

colleagues confirmed the importance of the loop 2 of sclerostin to bind LRP6, and they 

demonstrated that amino acids Asn92 and Ile94 were important for this interaction (94). 

In addition, loop 2 was identified to be the primary binding site for a monoclonal 

antibody which inhibited the activity of sclerostin (65). However, evidence suggests that 

loop 2 of the sclerostin protein is not involved in biding to LRP4 (84, 93). Work by 

Leupin and colleagues (85) suggested sclerostin may bind to the propeller 3 region of 

LRP4, as depicted in figure 1.3, although they did not analyse which part of sclerostin 

was involved. In the same study, these workers showed, by creating a membrane-

anchored LRP4 lacking the cytoplasmic tail, that the sclerostin-enhancer effect of LRP4 

was still present, suggesting that LRP4 presents sclerostin to LRP5/6, acting as a 

facilitator receptor for the inhibition of Wnt/β-catenin signalling (85).     

1.4.1.2 Sclerostin may act as an inhibitor of hMSC differentiation into osteoblasts - 

Winkler et al. showed that sclerostin, at least at very high doses (equal to or greater than 
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10 µg/ml), was able to inhibit human mesenchymal stem cell (hMSC) proliferation into 

osteoblasts in a dose-dependent manner, suggesting that it may be an inhibitor of 

osteoblast differentiation (62). This area requires further work in light of studies from 

our group, including published studies from this thesis, that show that sclerostin exerts 

near maximal biological activity at much lower concentrations of 50-100 ng/ml (86, 95, 

96) .

1.4.1.3 Sclerostin may be capable of promoting the apoptosis of osteoblasts and 

osteocytes – Apoptosis is shown to be important for the regulation of skeletal tissue 

(97). Interestingly, sclerostin was reported to induce apoptosis of osteoblasts (97). 

Sclerostin treatment was shown to induce pro-apoptotic factors Bax, caspase 1,3,4 and 7 

(97). Sclerostin mediated inhibition of BMP signalling is hypothesised to be the reason 

for the apoptotic effect on osteoblasts. However, other BMP antagonists such as noggin, 

chordin and gremlin did not exhibit pro-apoptotic activity on osteoblasts, making 

sclerostin unique (97). In addition, Wnt signalling is also shown to be important for 

determining cell fate, such as apoptosis (98, 99). Therefore, inhibition of Wnt signalling 

in osteoblasts may be a potential mechanism for the sclerostin-mediated regulation of 

the fate of osteoblasts.  

1.4.1.4 Sclerostin may be an inhibitor of matrix mineralisation by osteocytes -  

Mineralisation of bone tissue is regulated by several peptides. MEPE is a one such 

negative regulator of mineralisation expressed by osteoblasts and osteocytes (100, 101). 

Protein PHEX, binds to full-length MEPE, preventing its cleavage and its negative 

effect on mineralisation (102). Our findings demonstrate that sclerostin is capable of 

inhibiting bone mineralisation by acting on the pre-osteocyte/osteocyte cells and 
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increasing the expression of MEPE as well as down regulating the expression of PHEX 

(7). 

1.4.2 Cellular targets of sclerostin 

Sclerostin may have a paracrine role affecting other cells in bone tissue. Evidence 

suggests that sclerostin may regulate the differentiation of hMSCs into osteogenic cells 

(97). Furthermore, sclerostin may target osteoblasts, regulate function and cell fate (97, 

103). In addition to the paracrine effect it is possible that sclerostin may have an 

autocrine signalling function. Interestingly, recent findings from our group 

demonstrated that the pre-osteocytes and perhaps osteocytes themselves may be major 

cellular targets of sclerostin (7). Furthermore, β-catenin mediated Wnt signalling has 

been shown to be important in osteocytes. A mouse model lacking osteocyte specific β-

catenin had significantly reduced femoral BMD (99). These animals expressed lower 

OPG levels and showed evidence of increased osteoclast resorption (99). These findings 

highlight the importance of Wnt signalling in osteocytes. Therefore, sclerostin could 

potentially target the Wnt signalling in osteocytes, in an autocrine or paracrine manner 

and regulate bone homeostasis. Effects of sclerostin on osteoclasts are not yet studied in 

depth. Furthermore, the role of Wnt signalling in osteoclasts is unclear. Since 

osteoblasts and osteocytes are shown to regulate the differentiation and function of 

osteoclasts, it is possible that sclerostin acts on osteoclasts, indirectly through signalling 

pathways such as the RANK-RANKL pathway. 

1.4.3 Regulation of the SOST gene expression 

A number of regulators of the SOST gene have now been described (104). These 

regulators range from biological signals such as endocrine hormones, inflammatory 
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mediators and to physical signals such as mechanical stimulation or physiological 

signals, such as hypoxia.  

Biochemical signals – PTH, TWEAK and TNF, oncostatin M, TGF-β 

1.4.3.1 PTH:  PTH is used as an anabolic agent to treat bone loss, but the mechanism of 

its anabolic action is not well understood (105, 106). It is observed that PTH affects 

both the formation and resorption of bone (105, 106). Receptors for PTH are found on 

osteoblasts and osteocytes (32). Recent studies show PTH targets the osteocytes and 

down regulates the expression of sclerostin (32, 107). Evidence suggests the 

suppression is mediated at the transcriptional level (107) and the mechanism of 

transcriptional control of SOST by PTH is discussed in a later section. In clinical trials 

administering a 34 amino acid peptide of human PTH, (PTH1-34) to healthy human 

males, a decrease of serum sclerostin levels was observed within six hours of treatment 

(108). This suggests that the anabolic effect of PTH can be partially attributed to the 

suppression of SOST. 

1.4.3.2 Inflammatory mediators: Bone remodelling is regulated by the factors 

generated in the bone microenvironment. In this context, cytokines are very import in 

regulating cellular fate and activity within the BMU (109), playing important roles in 

both healthy tissue and in disease. One such cytokine is TNF-like weak inducer of 

apoptosis (TWEAK). TWEAK is a soluble cytokine which is highly expressed by 

inflammatory cells (110). Fibroblast growth factor-inducible gene 14 (Fn14) is the 

receptor of TWEAK, which is upregulated in response to tissue injury and inflammation 

(86, 110). Research, in which our group was involved, showed that osteoblastic cells 

express both TWEAK and Fn14 (111). We have also previously reported that TWEAK 
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alone or in combination with tumor necrosis factor-alpha (TNFα) is capable of inducing 

SOST/sclerostin expression in a number of osteoblastic cell types, including human 

differentiated (osteocyte-like) primary osteoblasts and in human bone samples cultured 

ex vivo (86). Furthermore, we identified that the expression is mediated through the 

phosphorylation of the mitogen activated protein kinases (MAPKs), JNK and ERK1/2. 

These findings suggested that sclerostin may play a role in inflammation related bone 

loss (112).  

1.4.3.3 Oncostatin M: Oncostatin M (OSM) is a cytokine belonging to the interleukin 

(IL) 6 family (113). Acute OSM treatment inhibited sclerostin expression in murine 

primary osteoblast and human primary osteoblast/osteocyte cultures differentiated for 

14 days (114). A study by Brounais et al., using lentiviral particles encoding OSM to 

transduce rat osteosarcoma cells, showed that long-term OSM exposure resulted in 

increased expression of Sost in osteosarcoma cells, and a transition into more osteocyte 

like phenotype. Reduced osteoblast markers were observed paired with increased 

osteocyte markers such as sclerostin (113).  

1.4.3.4 TGF β1: Transforming growth factor-beta (TGFβ) inhibits matrix 

mineralisation by committed osteoblasts. Loots et al. recently reported that TGFβ 

induced transcription of the SOST gene by targeting a distal enhancer region (115). 

Molecular mechanisms of the transcriptional regulation of the SOST gene by TGF β is 

discussed in a later section.  
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Physiological and mechanical factors  

In addition to the biochemical regulators of the SOST gene, various physical processes 

have also been observed to affect SOST.  

1.4.3.5 Hypoxia: Oxygen tension is known to regulate bone mass (87). The osteocyte-

like cell line MLO-A5 expressed less Sost mRNA and sclerostin protein, when grown 

under 1% oxygen tension (hypoxic) as opposed to cells grown under 21% oxygen 

tension (normoxic) (87). The same effect was not observed in HEK 293 kidney cells 

(87). Genetos et al. suggests that this difference between the osteocytic and kidney cell 

lines could be due to the bone specific Van Buchem’s enhancer region (87). In a recent 

study by Chen et al., it was demonstrated that Hypoxia-inducible factor 1-alpha 

(HIF1α), a potent effector molecule of hypoxia, induced SOST (116). They 

demonstrated that the induction of SOST is mediated via a HIF1α response element 

located in the proximal SOST promoter. Whilst this increase of SOST expression in 

response to hypoxia is contradictory to the observations by Genetos et al., it fits with the 

model of osteocytes expressing a negative regulator of mineralisation, such as 

sclerostin, as cells start to become enclosed in the mineralised matrix they produce, and 

become distal to blood vessels and experience hypoxic conditions.  

1.4.3.6 Cell death: Apoptosis of osteocytes may also induce SOST expression. MLO-

Y4 cells treated with thiazolidinediones (TZDs) underwent apoptosis. Increases in Sost 

expression were also observed in the apoptosing cultures. However Rankl expression 

remained unaffected in these experiments (117). As mentioned previously, the apoptosis 

of osteocytes may play a role in the remodelling of bone, as it is shown to stimulate the 

recruitment of osteoclasts and promote bone resorption (53, 54). Sclerostin expression 
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from apoptosing or neighbouring osteocytes may be an important paracrine signal to the 

cells within close proximity of the remodelling site.  

1.4.3.7 Mechanical strain: The importance of mechanical loading in maintaining bone 

mass has been demonstrated in multiple studies. Bone formation is inhibited and bone 

resorption is increased when rodent bone is subjected to unloading (118). The 

osteocytes have been demonstrated to be vital for the recognition of bone loading. A 

recent study by Robling et al. discovered that mechanical loading of rodent bone results 

in reduced levels of sclerostin transcripts and protein (119). In rodents, immobilisation 

by hind limb unloading resulted in an increase in SOST expression (120). Moreover, 

when human subjects were subjected to an extended period of bed rest, serum levels of 

sclerostin significantly increased compared to the baseline levels. Interestingly, while 

serum bone turnover markers of these subjects remained unchanged, urinary bone 

resorption markers and calcium were significantly elevated (121). These findings 

suggest that mechanical stimulation is a key determinant for the regulation of SOST. 

However, a recent study in rodents demonstrated the response of SOST to mechanical 

unloading is determined by the location within the bone. These new discoveries suggest 

that understanding of the interplay between mechanical loading and sclerostin 

expression is limited and further work is needed to address the current questions (122).  

1.4.3.8 Bone anti-resorptive and anabolic drugs: Zoledronic acid is a third generation 

amino-containing bisphosphonate used widely to treat osteoporosis. Bisphosphonates 

are a class of drugs that reduce bone resorption by acting on the osteoclasts. In a recent 

study by Catalano et al., Zoledronic acid was shown to increase serum levels of 

sclerostin in post-menopausal women (123) . This induction was observed as early as 
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day two following treatment and returned back to normal levels after 30 days. In a 

similar study treating subjects with denosumab, a monoclonal anti-RANKL antibody, 

currently being used as a treatment for bone loss, resulted in an increase of serum 

sclerostin levels (124). However, how these anti-resorptive drugs modulate serum 

sclerostin levels is currently unclear.  

1.4.4 Clinical significance of sclerostin 

Anabolic therapies are in high demand for the treatment of disease-related loss of bone. 

Sclerostin is proposed to be an ideal target for an anabolic therapy to recover lost bone 

(125-127). Sclerostin deficiency in humans and the Sost knockout phenotype in mice 

suggest that sclerostin inhibition could be a successful anabolic therapy. In recent 

studies, antibodies raised against sclerostin have shown potential to successfully 

neutralise sclerostin in vivo.  

In a rodent model of post-menopausal osteoporosis where female rats were 

ovariectomised then treated with a sclerostin neutralising antibody, the therapeutic 

potential of neutralisation of sclerostin in preventing the loss of bone due to oestrogen 

deficiency was demonstrated (128). In a rat disuse-induced bone loss model, sclerostin 

neutralising antibody showed efficacy in rebuilding bone. In the disuse model, 

decreased bone formation is coupled with increased bone resorption. In the control 

group of rats, treatment with the sclerostin neutralising antibody not only increased 

bone formation, it also decreased bone resorption (118). In immobilised rats where bone 

loss was observed, sclerostin neutralising antibody treatment resulted in significant 

increases in trabecular bone volume and thickness (118). Similar sclerostin 

neutralisation studies have been carried out in primate models. Cynomolgus monkeys 

treated with a sclerostin neutralising antibody showed increased bone formation in a 
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dose-dependent manner (129). In a rat model of fracture repair, inhibition of sclerostin 

using an antibody improved the mechanical fixation of steel screws to cancellous bone 

(130). Furthermore, in a mouse model of colitis, where gut inflammation is associated 

with the loss of bone, treatment with a sclerostin neutralising antibody improved bone 

mechanical properties. Treatment, however, did not change the level of gut 

inflammation, but prevented the loss of bone caused by the gut inflammation. 

Interestingly, the serum marker of resorption, TRACP5b, decreased with antibody 

treatment, suggesting decreased osteoclastic resorption when sclerostin was neutralised 

(131). 

Recent observations from pre-clinical animal trials, in which sclerostin was neutralised 

with an antibody, have indicated that anti-sclerostin therapy has significant potential. 

Various pharmaceutical companies are in the process of developing humanised versions 

of the sclerostin neutralising antibody and in 2010 anti-sclerostin therapy was in 

consideration for phase 2 clinical trials (119). A phase 1 clinical trial from Amgen 

(Thousand Oaks, CA, USA) showed that a single dose of an anti-sclerostin neutralising 

antibody could stimulate new bone formation and inhibit bone resorption in otherwise 

healthy human volunteers (132). 

Anti-sclerostin therapy could potentially be used in human clinical applications such as 

fracture repair and osteoporosis treatment. However, total neutralisation of sclerostin 

protein could have undesired effects. Therefore, understanding how sclerostin regulates 

bone turnover is critical in order to predict adverse outcomes and also the clinical 

potential of such a therapy. Work carried out in this project aimed to study how 

sclerostin acts. A key focus of this study was to investigate the catabolic actions of 

sclerostin, which has not been described previously.  
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1.5 Research questions 

It is clear that sclerostin is a negative regulator of bone mass. It is currently accepted 

that sclerostin is an inhibitor of the Wnt/β-catenin signalling pathway. In proposed 

models, sclerostin could only act on osteoblasts. In a study by Li et al., it was noticed 

that sclerostin’s inhibitory activity was notably variable across different cells/ cell lines 

and culture conditions (128). Therefore, the main target cell type of sclerostin is not 

clear. It is possible that the main cellular target of sclerostin is the osteocyte. We have 

recently presented evidence that sclerostin does indeed target the pre-

osteocyte/osteocyte (7), however the range of effects of sclerostin remains unclear. The 

work presented in this thesis focuses on the effects of sclerostin on osteocytes and the 

potential changes to the bone microenvironment. In a study by Tian et al., neutralising 

antibody against sclerostin induced formation of new bone as well as reducing 

resorption of existing bone (118). As mentioned above in the mouse colitis model, 

neutralising antibody treatment also resulted in a decrease of serum resorption markers 

(131). Neutralisation of sclerostin in overiectomised rats resulted in the decrease of 

osteoclast surface (128). In a similar way, drugs affecting osteoclasts had an effect on 

serum sclerostin levels, as discussed earlier. Furthermore, human subjects who were 

subjected to bed rest had increased serum levels of sclerostin as well increased urinary 

bone resorption markers, implying the possibility of a link between the level of 

sclerostin and the amount of resorption occurring in bone (121). Perhaps the most 

convincing evidence of an anti-resorptive activity of sclerostin is derived from a healthy 

human phase I clinical study, in which the effect of neutralising sclerostin on bone 

resorption was measurable concomitantly with, or perhaps preceding, an effect on bone 

formation markers (132). Therefore, it can be argued that sclerostin might potentially 

have an affect on osteoclast differentiation and /or activity directly or indirectly. 
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Sclerostin inhibition of Wnt signalling in osteoclasts is a possibility, thus directly 

affecting osteoclasts. However, given the importance of the stromal osteoblast in 

supporting osteoclastogenesis, an indirect pathway via actions on the 

osteoblast/osteocyte seems more likely for the effect of sclerostin on osteoclast 

parameters. One such indirect pathway, by which sclerostin could potentially affect 

osteoclastic behaviour, is via the RANK-RANKL signalling pathway. Recently, H929, 

a multiple myeloma cell line was demonstrated to express increased sclerostin levels 

(72). Co-cultures of H929 cells with bone marrow stromal cells (BMSC) increased the 

expression of RANKL from BMSCs (73). Furthermore, the presence of a neutralising 

sclerostin antibody partially rescued the effect of H929 cells in the co-cultures, 

suggesting that sclerostin may play a role in regulating RANKL in BMSCs. 

Interestingly, the osteocyte-like cell line MLO-Y4 has been shown to express RANKL 

and support osteoclastogenesis (13, 55, 56). Low-magnitude high-frequency vibration 

of MLO-Y4 cells resulted in less production of soluble RANKL and a reduction in the 

support of osteoclastogenesis (13). We have previously reported that ultra-high 

molecular weight polyethylene (UHMWPE) particles, similar to those released from 

prosthetic implants as wear particles, were capable of inducing RANKL expression 

from osteoblasts matured into osteocyte-like cells (133). Together this evidence, 

suggests that RANKL signalling by osteocytes, and therefore their phenotype, can be 

modulated into either a pro-anabolic or pro-catabolic functional state. Potentially, 

sclerostin could be one of the factors that acts on osteocytes to determine the relative 

levels of RANKL, thereby regulating local osteoclastogenesis and the resorption of 

bone. This concept formed the basis for chapter two of the work presented in this thesis. 

As discussed above, the osteocyte network has a large surface area (25, 36). The huge 

number of osteocytes and the total surface area provides a potent means, by which bone 
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mineral homeostasis can be regulated. In the past few decades, little attention has been 

given to the study of osteocytic osteolysis. However, with advances in modern imaging 

and analysis techniques, it is becoming possible to study osteocytes in novel ways. 

Based on preliminary gene microarray analysis (Atkins, unpublished data), we 

hypothesised sclerostin to be a regulator of osteocytic osteolysis, acting upon osteocytes 

themselves. Chapter three of this thesis focuses on our addition to the knowledge on 

osteocytic osteolysis and the role sclerostin plays in it.  

With the advancing knowledge on the mechanisms of sclerostin action, it is just as 

important to increase our understanding on what regulates the expression of this key 

gene. There are many factors influencing the skeleton, including mechanical, chemical 

or biological. Furthermore, the same factors can be important for the regulation of 

SOST. We have previously reported catabolic stimuli such as pro-inflammatory 

cytokines induce SOST (86). Pro-catabolic stimuli inducing SOST fits in with the two 

catabolic mechanisms presented in chapter 2 and 3. Previously there have not been 

reports of catabolic actions of sclerostin, thus the work presented here is highly novel 

and both chapters 2 and 3 were published as scientific communications in peer reviewed 

journals. The osteotropic hormone PTH has been shown to decrease the expression of 

SOST, as discussed above (see section 1.4.3.1). Adding to the knowledge on the 

regulation of sclerostin, we have observed the ability of 1α,25-dihydroxyvitaminD3 

(1,25D), another well known bone-acting hormone, as discussed below, to induce SOST 

in our primary human osteoblast cultures. This forms the basis for chapter four. 1,25D is 

a fat-soluble steroid, which plays many important roles in living tissue. Key bone 

related genes are directly affected by 1,25D. In a study reported by Sutherland et al., 

1,25D did not effect the expression of SOST in human mesenchymal stem cells (134). 

However, it was reported that 1,25D was capable of enhancing the effect of BMP4 on 
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SOST expression, suggesting that 1,25D may have a role in regulating SOST in 

combination with other factors. Our group has identified 1,25D of being capable of 

regulating SOST in primary human osteoblasts. In a recent report, Sost knockout mice 

were demonstrated to have increased 1,25D levels in their serum (135). There may 

therefore be a reciprocal link between 1,25D and sclerostin. Inactivating mutations of 

the gene CYP24, which codes for the cytochrome P450 enzyme vitamin D-24-

hydroxylase, have been linked to the condition of chronic hypercalcaemia (136). CYP24 

is needed to convert 1,25D into its inactive form. Vitamin D in excess leads to 

hypercalcaemia. If 1,25D is indeed capable of inducing SOST, it would result in 

increased sclerostin protein, which in turn could induce both osteoclastogenesis and 

osteocytic osteolysis, based on the mechanisms proposed in chapters 2 and 3 of this 

thesis. The downstream effects of sclerostin induction could lead to excess calcium 

release into the circulation, providing novel mechanisms by which 1,25D can cause 

hypercalcaemia.  

Work presented in chapter 4 aimed to study the molecular mechanism of the regulation 

of SOST by 1,25D. As discussed above, our current understanding of the transcriptional 

regulation of SOST is limited. Some of the current knowledge on the transcriptional 

regulation of the SOST gene stems from the analysis of genetic disorders where 

sclerostin protein is not expressed or is expressed at decreased levels. Van Buchem’s 

patients lack adequate sclerostin expression due to a 52 kb non-coding deletion, 35 kb 

downstream of SOST (60, 64) (see Fig. 1.2). Sequence alignment analysis of the 52 kb 

deletion identified evolutionary conserved regions (ECRs) within it. Of the seven 

predicted ECRs, ECR5 was demonstrated to be sufficient to drive reporter assays in 

bone cells (137). How a distal enhancer region 35 kb away from SOST start site could 

be important for the transcription of the gene is not entirely clear. However, recent 
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findings of transcription factor interaction, for example in response to PTH or TGFβ, 

with response elements within this distal enhancer, are shedding light on this. As 

discussed, PTH suppression of SOST was shown to be mediated by MEF2 transcription 

factors binding to MEF2 element within the ECR5 (Fig. 1.6). Interestingly, TGFβ 

affected the ECR5 region in a similar way to the PTH regulation of SOST (115). In 

addition, neither PTH nor TGFβ had an effect on the proximal SOST promoter (Fig. 

1.6). Other transcription factors have been predicted to bind to the proximal promoter 

and not the distal enhancer region. Response of SOST to hypoxia was demonstrated to 

be mediated by hypoxic response elements in the SOST proximal promoter (116) (Fig. 

1.6). In metastatic breast cancer cells, RUNX2 was identified as a driver of sclerostin 

expression. In the same study, electrophoretic mobility shift assays (EMSA) indicated 

that RUNX2 protein could bind to putative predicted RUNX2 binding sites in the 

proximal promoter (74) (Fig. 1.6). Furthermore, a key transcription factor in bone, 

osterix (Osx) was demonstrated to bind to the proximal SOST promoter and up-regulate 

SOST expression (138) (Fig. 1.6). These findings highlight the fact that the regulation of 

SOST is complex and involves response elements in the proximal promoter as well as 

elements within distal enhancers. The existence of regulatory regions elsewhere, 

perhaps within the SOST gene itself, is unknown but seems likely. The work presented 

in Chapter 4 aimed at studying the response of the SOST to 1,25D at the transcriptional 

level, looking at both the native SOST promoter and the distal ECR5.  
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Figure 1.6: Putative transcription factor interaction sites within the proximal SOST 

promoter and the distal enhancer region 5.  
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1.6 Hypothesis  

The work presented in this thesis derives from three related hypotheses: 

1) That sclerostin has a catabolic effect on bone acting through the stimulation of

osteoclastogenesis;

2) That sclerostin has a catabolic effect on bone acting through the stimulation of

osteocytic osteolysis;

3) That vitamin D regulates the expression of SOST via a VDRE in the proximal

SOST promoter.

1.7 Aims  

The overall aim of this project is to investigate the catabolic effects of Sclerostin on 

bone tissue and to study the mechanisms of a key regulator of SOST. Two potential 

mechanisms of catabolic action of sclerostin were investigated. Furthermore, the 

molecular mechanism of vitamin D regulation of SOST was studied.  

Aim 1: To investigate the ability of osteocytes to support osteoclast formation in 

response to sclerostin 

Aim 2: To investigate the ability of osteocytes to resorb bone mineral in the 

microenvironment around them in response to sclerostin  

Aim 3: To investigate the ability of 1,25D to modulate the expression of SOST. 
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1.8 Theoretical framework and methods 

1.8.1 Sclerostin regulation of osteoclastogenesis 

The ability of sclerostin to regulate RANKL expression by osteocytes was studied using 

a co-culture model, in which osteocyte-like cells were cultured with osteoclast 

precursors. Osteoclasts formed in the co-culture model were studied in the context of 

their numbers and activity. The osteocyte-like cell line MLO-Y4 was used for this work. 

MLO-Y4 cells have been used extensively to study osteocyte biology (33, 35, 55). 

MLO-Y4 cells were originally isolated from the long bones of transgenic mice and are 

characterised as having an osteocytic morphology with long dendritic processes, and the 

expression of osteopontin and Cx-43 (25). As well as the cell line, the primary human 

osteocyte model developed by the Bone Cell Biology Group was used. Here we 

cultured human osteoblasts in mineralising media for an extended period of time 

allowing osteoblasts to differentiate into osteocytes. The effect of sclerostin on 

osteocyte apoptosis was also studied in this context.  

1.8.2 Sclerostin regulating the microenvironment around the osteocyte lacunae 

(osteocytic osteolysis) 

Human and bone tissue samples were cultured ex vivo in the presence or absence of 

sclerostin. Following culture, RNA from the whole bone was extracted in order to study 

mRNA expression patterns in response to sclerostin. Furthermore, bone tissue was 

decalcified and sectioned to study histology and osteocyte lacunae size was measured in 

response to sclerostin. Using a siRNA mediated approach, known receptors for 

sclerostin were ‘knocked down’ in MLO-Y4 cells, followed by sclerostin treatment, in 

order to investigate which receptors were important for the effects of sclerostin.  
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1.8.3 Regulation of SOST by vitamin D, potentially working through a vitamin D 

response element (VDRE) in the promoter 

Osteoblastic cell lines, as well as the human primary osteocyte model we developed, 

were used to study the effect of 1,25D on the regulation of SOST and sclerostin protein. 

A bioinformatics search of potential transcriptional regulatory elements of the 10 kb 

proximal sclerostin promoter revealed a potential VDRE in the SOST proximal 

promoter 6220 base pairs upstream of the transcription start site (Fig. 1.4). The 

molecular basis of the response to vitamin D was studied by cloning the putative VDRE 

sequence into a luciferase expression vector. The extended 6.3 kb proximal promoter 

was cloned into an expression vector to study the response to 1,25D. Furthermore, the 

ECR5 region was also added to the already cloned 6.3 kb of the SOST promoter in order 

to test for the interaction of 1,25D with this known enhancer. The minimal VDRE 

sequence was tested for its ability to bind vitamin D receptor (VDR) by EMSA.  

1.9 Significance of the research 

Anti-sclerostin treatment shows great potential in preventing bone loss and building 

new bone. From anti-sclerostin therapy studies and other from sclerostin knockout 

studies there is evidence to support the claim that sclerostin has a catabolic effect on 

bone. Current understanding of the catabolic actions of sclerostin is not clear but 

elucidation of this could potentially lead to better application of anti-sclerostin 

therapies. Furthermore, by understanding the key regulators of SOST and the molecular 

mechanisms behind the regulation, we may be able to make better informed decisions 

on the use of anti-sclerostin therapies in particular patients.  
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Chapter 2 

Sclerostin stimulates osteocyte support of osteoclast activity 

by a RANKL dependentpathway 

As published in PLoS ONE, 2011 

Gene microarray analysis performed previously in our laboratory indentified RANKL as 

one of the genes induced by treatment of osteocyte-like cells with sclerostin. Work 

presented in Chapter 2, aimed to study the biological significance of this finding. We 

demonstrated that osteocytes under the stimulation of recombinant sclerostin can 

support the formation and activity of osteoclasts. The findings are presented in the 

published form of the published manuscript. 
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Abstract

Sclerostin is a product of mature osteocytes embedded in mineralised bone and is a negative regulator of bone mass and
osteoblast differentiation. While evidence suggests that sclerostin has an anti-anabolic role, the possibility also exists that
sclerostin has catabolic activity. To test this we treated human primary pre-osteocyte cultures, cells we have found are
exquisitely sensitive to sclerostin, or mouse osteocyte-like MLO-Y4 cells, with recombinant human sclerostin (rhSCL) and
measured effects on pro-catabolic gene expression. Sclerostin dose-dependently up-regulated the expression of receptor
activator of nuclear factor kappa B (RANKL) mRNA and down-regulated that of osteoprotegerin (OPG) mRNA, causing an
increase in the RANKL:OPG mRNA ratio. To examine the effects of rhSCL on resulting osteoclastic activity, MLO-Y4 cells
plated onto a bone-like substrate were primed with rhSCL for 3 days and then either mouse splenocytes or human
peripheral blood mononuclear cells (PBMC) were added. This resulted in cultures with elevated osteoclastic resorption
(approximately 7-fold) compared to untreated co-cultures. The increased resorption was abolished by co-addition of
recombinant OPG. In co-cultures of MLO-Y4 cells with PBMC, SCL also increased the number and size of the TRAP-positive
multinucleated cells formed. Importantly, rhSCL had no effect on TRAP-positive cell formation from monocultures of either
splenocytes or PBMC. Further, rhSCL did not induce apoptosis of MLO-Y4 cells, as determined by caspase activity assays,
demonstrating that the osteoclastic response was not driven by dying osteocytes. Together, these results suggest that
sclerostin may have a catabolic action through promotion of osteoclast formation and activity by osteocytes, in a RANKL-
dependent manner.
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Introduction

Sclerostin (SCL) is the product of the SOST gene, mutations in

which cause the high bone mass disease in humans, sclerosteosis

[1]. Deletion of SOST in mice causes a similar high bone mass

phenotype [2]. Partial deletion of a regulatory region approxi-

mately 35 kb distal to the SOST gene is causative of the high bone

mass phenotype seen in Van Buchem’s disease [3,4,5]. These

findings together indicate that SCL has a key role in the regulation

of bone mass. SCL has been identified as a target for osteoporosis

treatment, with neutralizing antibody and small molecule inhibitor

approaches being pursued [6]. The signalling pathways, through

which SCL acts, are incompletely understood [7,8,9,10,11],

although it has inhibitory actions on bone morphogenetic protein

(BMP) signalling [8,12] and blocks canonical wingless integration

(Wnt) signalling by binding to the Wnt co-receptors, low density

lipoprotein receptor (LRP)-5 and 6 [13,14]. More recently, LRP4

has also been implicated as a major receptor for SCL [15,16]. We

reported recently that SCL stimulated a p42/p44 mitogen

activated protein kinase (MAPK) response in human primary

osteoblasts, suggesting the existence of additional pathways of

sclerostin activity than those described [17].

While attention has been generally focused on the anti-anabolic

actions of SCL, existing evidence suggests actions also on bone

resorption. Analysis of ovariectomized (OVX) rats treated with

neutralizing antibody to SCL showed protection against bone loss

and this was associated with a marked decrease in the histomor-

phometric parameter osteoclast surface, below the level seen in

sham OVX animals [18]. A study in 10 month-old intact female rats

revealed a bone formation effect of anti-SCL treatment and this was

associated with a dramatic inhibition of osteoclastic activity (eroded

surface) in these animals [19], consistent with an effect of sclerostin

on the osteoclast compartment. Furthermore, a recent report of a

phase I clinical trial in healthy human subjects showed that a single

subcutaneous or intravenous dose of a neutralizing antibody to

sclerostin resulted in a rapid and significant reduction of the serum

resorption marker, serum C-telopeptide of collagen (sCTx) [6].

These findings are consistent with the activity of sclerostin as a Wnt

inhibitor, since osteoprotegerin (OPG), a potent inhibitor of the pro-

osteoclastogenic RANKL-RANK signalling pathway, is expressed

in response to canonical [20] and potentially non-canonical [21]

Wnt signalling.

Sclerostin is expressed primarily by osteocytes in vivo [22,23].

Parathyroid hormone (PTH) treatment [24,25] and mechanical
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loading [26] likely exert an anabolic effect, at least in part, by

suppressing SCL expression. In contrast, catabolic stimuli appear

to increase SCL expression in bone, for example mechanical

unloading [23] or exposure of osteoblast-lineage cells to pro-

inflammatory cytokines such as tumour necrosis factor-alpha

(TNFa) and TNF-related weak inducer of apoptosis (TWEAK)

[17,27]. Osteocytes can express RANKL in vivo [28,29,30].

Furthermore the osteocyte cell line, MLO-Y4, can express

RANKL and support osteoclastogenesis [31,32]. We have

established a model of human osteocytes, with many of the

molecular and phenotypic characteristics of osteocytes, by

allowing normal human bone derived osteoblastic cells (NHBC)

to differentiate in long-term (4 to 5 weeks) culture [33,34,35]. We

have also recently identified the osteoblast to osteocyte transition

as an important physiological target for SCL [36].

In this study, we examined the effects of SCL on the expression

by pre-osteocytes/osteocytes of osteoclastogenesis associated

genes. We found that SCL confers a pro-osteoclastogenic

phenotype on both human primary pre-osteocytes and the mouse

osteocyte-like cell line, MLO-Y4 [37]. We report that SCL

stimulates osteocyte support of osteoclastogenesis and does so in a

RANKL-dependent manner. We conclude that SCL may have a

catabolic action in bone and that this in part explains the dramatic

anabolic effect of the natural or clinical neutralization of SCL

activity.

Materials and Methods

Ethics Statement
The use of all normal human donor derived material was

approved by the human ethics committees of the Royal Adelaide

Hospital/University of Adelaide and the Red Cross Society of

Australia (Approval No.’s RAH090101 & 10-04SA-10). All human

material was obtained with informed written donor consent, as

required and approved by the respective ethics committees. The

use of animals in this study was approved by the animal ethics

committees of the Institute of Medical and Veterinary Science and

of the University of Adelaide (Approval No.’s 159/08 & ST05/

10). Animals were maintained and treated in accordance within

the strict ethical guidelines of these committees.

Recombinant cytokines and antibodies
Recombinant human (rh) sclerostin (rhSCL) and OPG (rhOPG)

were purchased from R&D Systems (Minneapolis, MN, USA).

Recombinant human RANKL and M-CSF were purchased from

Chemicon (Temecula, WA, USA).

Cells and culture media
Adult human primary osteoblasts (normal human bone-derived

cells; NHBC [38]) were isolated from femoral neck trabecular

bone and passaged, as we have described previously [39]. MLO-

Y4 cells were passaged solely on type I collagen-coated plates, as

described previously [37]. Mouse splenocytes were isolated and

prepared as described previously [40]. Human peripheral blood

mononuclear cells (PBMC) were obtained from normal buffy coats

and isolated using LymphoprepTM (Nycomed Pharma, Oslo,

Norway), as described previously [41].

In situ Immunofluorescence
NHBC were seeded into chamber slides (Lab-Tek, Nunc,

Naperville, IL, USA) and cultured for the times and under the

conditions indicated. Cells were then rinsed with PBS, fixed

with 4% paraformaldehyde in PBS for 10 min on ice, rinsed

with PBS and permeabilised with 0.1% Triton X100 for 5 min.

Non-specific binding sites were blocked with PBS containing

10% goat serum for 30 min at room temperature. The cells

were incubated for 30 min with primary antibodies. Following 3

washes in PBS, cells were incubated with either anti-mouse IgG-

FITC or anti-rabbit IgG-FITC for 45 min in a dark humidified

container. Cells were then washed in PBS and mounted

(Prolong Gold with DAPI anti-fade mounting media; Invitro-

gen). Samples were examined by confocal microscopy on a

Radiance 2100 confocal microscope (Bio-Rad Microscience

Ltd, UK).

Preparation of total RNA and RT-PCR
Total RNA was extracted from NHBC and cell lines treated as

above, and complementary DNA (cDNA) was prepared, and gene

expression analyzed by real-time RT-PCR as we have described

previously [42]. Relative expression between samples was

calculated using the comparative cycle threshold (CT) method

(DCT), using either 18S rRNA or GAPDH as reference genes, as

indicated and as we have published [40,42]. Oligonucleotide

primers were designed in-house to flank intron-exon boundaries,

and were purchased from Geneworks (Thebarton, SA, Australia).

Real-time oligonucleotide primers for the amplification of human

GAPDH, DMP1, SOST RANKL, OPG, 18S and mouse

RANKL mRNA species were described previously [34,42].

Sequences used for real-time RT-PCR amplification of mouse

OPG mRNA (122 bp product) were AGCTGGAACCCCA-

GAGCGAA (sense) and GCAGGAGGCCAAATGTGCTG (an-

tisense).

Gene expression experiments
To determine the ability of NHBC to form a mineralised

matrix, a modification of a method reported previously [43] was

used. Cells were cultured in triplicate in wells of a 96 well plate at

86103 cells/well for NHBC or 56103 cells/well for cell lines, in

aMEM-10 containing dexamethasone (1028 M) and KH2PO4

(1.8 mM) in the presence or absence of rhSCL. Mature, late

osteoblast/osteocyte-like cultures of NHBC were generated by

culturing for 35 days in mineralisation medium, as previously

described [36]. Cells were then treated with rhSCL (1, 10 or

50 ng/ml) for 3 or 7 days, and RNA prepared as described above.

Media containing all supplements were replaced every 4 days and

cells were cultured for up to 6 weeks before measurement of cell

layer-associated Ca2+ levels, as described previously [43].

Osteoclastogenesis Assays
MLO-Y4 cells were seeded at a density of 2.16104 cells/cm2

into type I collagen-coated wells of a 96-well plate for the

purposes of histological staining for tartrate resistant acid

phosphatase (TRAP). Alternatively, cells were seeded at an

identical density onto slices of whale dentine or into wells of

OsteologicTM slides for the purpose of quantification of resorptive

activity [40,41]. Following overnight incubation in seeding

medium, media were replaced with those containing varying

concentrations of rhSCL. After 3 days of priming under these

conditions, splenocytes or PBMC were added (5.36105 cells/cm2)

in medium containing the respective priming medium with

additional rhM-CSF (25 ng/ml). Control cultures included

monocultures of MLO-Y4 cells, splenocytes or PBMC, plated

with M-CSF and the same dose range of rhSCL used for co-

cultures, and also monocultures of splenocytes and PBMC plated

in the additional presence of rhRANKL (100 ng/ml). Media

were replaced every 3 days thereafter. Osteoclast number was

assessed by TRAP staining after 6–9 days, as described previously

[40]. Resorption was assessed 14 days following the addition of

Sclerostin Induces Osteoclastogenesis
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osteoclast precursors by von Kossa staining of the mineralised

surface and quantification using ImageJ software, as described

previously [40].

Caspase activity assays
MLO-Y4 cells were seeded into collagen-coated wells at an

identical density, 2.16104 cells/cm2, to that used for osteoclast-

forming co-cultures, as described above. Cells were treated with

rhSCL or etoposide (Pharmacia & Upjohn, Kalamazoo, MI, USA)

at the indicated doses and duration. Caspase activity was assayed

by cleavage of zDEVD-AFC (z-asp-glu-val-asp-7-amino-4-tri-

fluoro-methyl-coumarin), a fluorogenic substrate based on the

peptide sequence at the caspase-3 cleavage site of poly (ADP-

ribose) polymerase [44], essentially as described previously [45].

Briefly, following treatment, media were removed and non-

attached cells and cell debris were pelleted by centrifugation at

4006g for 10 min. This pellet and the cells remaining in the

respective wells were solubilised in buffer consisting of Tris-HCl

(5 mM, pH 7.5), EDTA (5 mM) and NP40 (0.5% v/v), for 15 min

at 4uC. Aliquots (20 ml) of cell lysates were added to fresh tubes

containing 1 ml of protease buffer (50 mM HEPES, 10% sucrose,

10 mM DTT, 0.1% CHAPS, pH 7.4) and zDEVD-AFC (8 mM,

Kamiya Biomedical Company, Seattle, WA, USA). Following

incubation for 4 h at room temperature, the resulting fluorescence

was measured (LS 50 Spectrofluorimeter, Perkin Elmer, San Jose,

CA, USA).

Assessment of nuclear morphology
MLO-Y4 cells were seeded on plastic chamber slides (Nunc) at

the same density as for co-culture experiments, as described above,

and stimulated as indicated. After two washes with PBS, cells were

fixed in methanol for 5 min, washed again with PBS, and

incubated with 0.8 mg/ml of 49,6-diamidine-29-phenylindole

dihydrochloride (DAPI, Roche Diagnostics, Castle Hill, NSW,

Australia) in PBS for 15 min at 37uC. After several washes in PBS,

the coverslips were mounted on PBS/glycerin. DAPI staining was

visualised by confocal microscopy, as above.

Statistical Analysis
Student’s t-Test was used to analyse differences in mineralisa-

tion and cell proliferation experiments. One way analysis of

variance (ANOVA) followed by Tukey’s post-hoc analysis was

used to examine differences in gene expression studies. A value for

p,0.05 was considered to be significant.

Results

Effect of exogenous sclerostin on gene expression during
osteoblast differentiation

To determine the effect of continuous exposure to exogenous

SCL on gene expression in human osteoblasts, we performed real-

time RT-PCR analysis of NHBC treated throughout differentia-

tion, for a period of up to 35 days, under conditions otherwise

permissive for mineralisation. Consistent with our previous studies

[33,35,36], this analysis showed that osteoblasts acquired the

expected gene profile consistent with differentiation into mature

cells with an osteocyte-like phenotype, including time-dependent

increases in mRNA levels of the markers DMP1 and SOST

(Fig. 1A and B), as well as osteocalcin, BSP-1 and PHEX (data not

shown). Continuous treatment with rhSCL (50 ng/ml) affected

gene expression primarily at the time of mineralisation, consistent

with late stage osteoblasts/early osteocytes being targets for SCL

action, and in agreement with our previous report [36]. In these

cultures, rhSCL strongly inhibited late expression of DMP1 and

SOST. rhSCL had little effect on OPG mRNA expression in

continuously treated cultures (Fig. 1C). However, rhSCL strikingly

up-regulated RANKL mRNA expression in long-term cultures

(Fig. 1D).

Because late-stage cultures exhibited greater sensitivity to

sclerostin in terms of osteoclastogenesis-associated gene expres-

sion and because we have identified late osteoblasts/pre-

osteocytes as SCL targets [36], we next cultured cells under

differentiating conditions for 35 days and then treated these

acutely with rhSCL. rhSCL dose-dependently increased RANKL

mRNA expression after 3 days (mean fold-change with rhSCL at

50 ng/ml of 9.764.7, n = 3) with levels returning thereafter to

those of control cultures in all cases, while the lowest dose of

rhSCL used (1 ng/ml) had no effect (Fig. 2A). SCL treatment of

these late stage cultures caused a small change in OPG mRNA

expression, in the inverse direction to that of RANKL mRNA

(mean fold-change with rhSCL at 50 ng/ml of 21.360.2, n = 3).

The decrease in OPG mRNA at 3 days and increase at 7 days of

treatment, resulted in a striking transient increase in the

RANKL:OPG mRNA ratio in primary cultures (Fig. 2B and

2C). SCL at 50 ng/ml also increased RANKL mRNA expression

in osteocyte-like MLO-Y4 cells, from an already relatively high

basal level (Fig. 2D). OPG mRNA levels were decreased in

MLO-Y4 cells, resulting in a sustained increase in the

RANKL:OPG mRNA ratio in these cells (Fig. 2E and 2F).

Together, these findings implied that SCL can promote a pro-

osteoclastic phenotype in osteocyte-like cells.

Figure 1. Effects on gene expression of continuous exposure of
mineralizing NHBC cultures to rhSCL. NHBC were cultured under
mineralizing conditions for up to 35 days in the absence or presence of
rhSCL at 50 ng/ml. Media were replenished every 3–4 days. At the time
points indicated, total RNA was prepared and real-time RT-PCR
performed to determine mRNA expression of A) DMP1, B) SOST, C)
OPG and D) RANKL. Data shown are means of triplicate reactions 6 SD
normalized to expression of 18S mRNA. Significant differences to
untreated control are indicated by * p,0.05 and *** p,0.001. Similar
results were obtained from 3 independent experiments using NHBC
from different donors.
doi:10.1371/journal.pone.0025900.g001
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Effect of sclerostin on MLO-Y4 support of
osteoclastogenesis

Because MLO-Y4 cells express RANKL mRNA at higher

levels than NHBC in general, and because they represent a more

homogenous cell population, these cells were chosen to test the

possibility that SCL treatment could influence their support of

osteoclastogenesis. To do so, MLO-Y4 cells were first primed for

72 hours with rhSCL, using a similar dose range that affected

RANKL and OPG mRNA expression. Mouse splenocytes or

human PBMC were then added to the MLO-Y4 cells and the co-

cultures were continued for a further 5–7 days in the additional

presence of M-CSF. After this time, cultures were fixed and

stained for TRAP activity. Abundant TRAP+ cells formed in co-

cultures of MLO-Y4 cells with splenocytes, consistent with the

relatively high basal expression of RANKL by MLO-Y4 cells,

and rhSCL had little effect on the number of TRAP+ cells in

these cultures (Fig. 3A). SCL moderately increased TRAP+ cell

number in co-cultures with PBMC (Fig. 3B). In both cases,

TRAP+ cell formation was strongly inhibited with the addition of

OPG, in the presence or absence of rhSCL, showing that

osteoclast formation remained RANKL-dependent (Fig. 3). The

size of the TRAP+ multinucleate cells formed however was larger

in the added presence of rhSCL at the highest dose tested

(100 ng/ml, Fig. 3C). SCL had no effect on osteoclastogenesis in

Figure 2. Effects on gene expression of acute exposure of osteocyte-like cells to rhSCL. Human osteocyte-like cultures, derived from
NHBC cultured under mineralizing conditions for 35 days, or cultures of MLO-Y4 cells were cultured for 3 or 7 days in the absence of presence of
rhSCL at 1, 10 or 50 ng/ml. Media and supplements were replenished at day 3. Total RNA was prepared and real-time RT-PCR performed to determine
mRNA expression of A) human RANKL, B) human OPG or mouse Rankl (D) and Opg (E). The ratios of RANKL:OPG mRNA for NHBC (C) and MLO-Y4 (D)
were also determined. Data shown are means of triplicate reactions 6 SD normalized to expression of GAPDH mRNA. a, b and c indicate significant
differences (p,0.05) to untreated control for rhSCL at 1, 10 and 50 ng/ml, respectively. Near identical results were obtained from 3 independent
experiments using NHBC from different donors or MLO-Y4 cells.
doi:10.1371/journal.pone.0025900.g002
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monocultures of either splenocytes or PBMC treated with M-CSF

(not shown).

Effect of sclerostin on MLO-Y4 support of osteoclast
activity

To test the effect of SCL on osteoclast resorption, MLO-Y4 cells

were plated onto a mineralised collagen substrate and then treated

with rhSCL for 72 hours prior to the addition of either splenocytes

or PBMC. Cultures were continued in the additional presence of

M-CSF. rhSCL dose-dependently increased the extent of

osteoclastic resorption observed after 14 days (significant at

50 ng/ml), in both cases to a maximum of approximately 7-fold

at 100 ng/ml rhSCL (Fig. 4A–B). This was accompanied by an

increase in mean resorption pit size of 2–2.6-fold, consistent with

increased activity of the individual osteoclasts formed in the

presence of rhSCL at 50 and 100 ng/ml (Fig. 4C). The increase in

osteoclast activity in response to rhSCL was completely inhibited

by the co-addition of OPG, indicating that SCL was acting

through a RANKL-dependent pathway. In some experiments,

conditioned media were taken from MLO-Y4 cells treated with or

without rhSCL and tested for their ability to promote osteoclas-

togenesis; no effect was observed (data not shown), consistent with

the requirement for cell-cell contact for the rhSCL effect in this

model.[32] Importantly, no direct effects of rhSCL were observed

with respect to either TRAP+ cell formation or resorption in

monocultures of MLO-Y4 cells, splenocytes or PBMC cultured

only in the presence of M-CSF (data not shown).

Effect of rhSCL on MLO-Y4 apoptosis
Since osteocyte apoptosis has been shown to be a trigger for

recruitment and support by osteocytes of osteoclastogenesis, we

next investigated the effect of rhSCL on MLO-Y4 cell viability.

The effect of rhSCL in this regard was tested against the cytotoxic

drug, etoposide at a concentration (50 mM) we shown previously to

induce apoptosis in osteoblastic cell lines [45]. Treatment of

MLO-Y4 with doses of rhSCL up to100 ng/ml for up to 72 h had

no discernible effect on MLO-Y4 viability, as determined by their

nuclear morphology (Fig. 5A–D) and by caspase-3 activation

assays (Fig. 5E). This implies that SCL is capable of stimulating

osteoclastogenesis and osteoclast activity independently of osteo-

cyte apoptosis.

Discussion

Accumulating evidence suggests that SCL is a key determinant

of bone mass in humans and blockage of SCL activity is currently

being explored as a novel treatment option for osteoporosis

[6,46,47]. Because of the high bone mass phenotype of individuals

carrying SOST mutations, as in the case of sclerosteosis patients, or

who lack SOST expression, in the case of Van Buchem’s disease, it

has been assumed that SCL is an inhibitor of bone formation.

However, it is possible that SCL also promotes bone catabolism,

an activity that is difficult to distinguish definitively from an anti-

anabolic activity in the current in vivo gene knockout and protein

neutralization models. In the current study, we observed that the

addition of exogenous rhSCL increased the level of expression of

RANKL mRNA and decreased that of OPG, in both cultures of

Figure 3. Effects of rhSCL on TRAP+ multinucleated cell
formation. The effect of rhSCL on osteoclastogenesis was tested in
co-cultures of MLO-Y4 cells with A) mouse splenocytes and B) human
PBMC. In both cases MLO-Y4 cells were seeded into type I collagen
coated culture wells and cultured for 72 h in the absence or presence of
rhSCL, as indicated, prior to the addition of either splenocytes or PBMC.
All cultures received rhM-CSF at 25 ng/ml. RhOPG was added to some
cultures at 100 ng/ml and rhRANKL (100 ng/ml) added to monocultures
of either splenocytes or PBMC to confirm the osteoclast-forming
potential of these populations (not shown). Media were replenished
every 3 days. Cultures were fixed and stained for TRAP at day 6. TRAP-
positive MNC, defined as cells with .3 nuclei, were counted from
quadruplicate wells. Asterisks denote significant differences to the no
SCL control (** p,0.01, *** p,0.001) and the effect of OPG relative to
the corresponding SCL-only treatment is indicated by W (p,0.001). C) In
the case of MLO-Y4/PBMC co-cultures and cells formed in PBMC

monocultures treated with rhRANKL, the relative size (in pixels) of
TRAP+ MNC formed (in each case .50 cells) was measured by Image J
analysis. Difference to the no SCL control is indicated by ** p,0.01;
{ indicates difference of rhRANKL control to rhSCL at 100 ng/ml (p,0.01).
Data shown are representative of at least 3 independent experiments.
doi:10.1371/journal.pone.0025900.g003
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human primary osteoblastic cells differentiated to an osteocyte-like

stage and in MLO-Y4 cells. Co-cultures of MLO-Y4 cells primed

with rhSCL and either mouse splenocytes or human PBMC,

showed that rhSCL promoted osteoclastogenesis. This was

associated with moderate increases in the number and size of

resulting TRAP+ multinucleated osteoclast-like cells. Importantly,

the osteoclasts formed in the presence of SCL had greatly

increased resorptive activity.

Our findings are consistent with a number of published

observations that indicate SCL may have catabolic actions in

bone. Li and co-workers demonstrated that mice lacking the Sost

gene display an osteopetrotic phenotype [48]. In a rat model,

neutralization of SCL in vivo resulted in protection from OVX-

induced bone loss associated with reduced osteoclast surface [18].

More recently, administration of a humanized neutralizing anti-

SCL antibody, AMG 785, to a healthy human cohort, rapidly and

dose-dependently decreased levels of the bone resorption marker,

serum CTx [6].

Consistent with our previous report, SCL in this study had

marked effects on pro-osteoclastogenic gene expression in cultures

of human primary osteoblasts that were first differentiated into an

osteocyte-like phenotype, compared with relatively minor effects

on immature cells [36]. The similarity of the response to that

observed in MLO-Y4 cells is also consistent with this effect of SCL

being on osteocytes. We previously showed that human osteocyte-

like cells were sensitive to the anti-anabolic effects of SCL at

concentrations as low as 1 ng/ml, concentrations that are higher

than but near to the levels reported in human serum of between

0.3 and 0.6 ng/ml [49,50,51]. This suggested that cells at the pre-

osteocyte and osteocyte stages are major physiological targets for

SCL [36]. In the present study, we found that SCL levels of

10 ng/ml or higher produced catabolic activity in these cells,

increasing RANKL and decreasing OPG expression. The negative

effect of SCL on OPG mRNA expression is consistent with

previous reports that SCL is an inhibitor of Wnt signalling and

that OPG is expressed in response to Wnt signalling [20,21]. The

regulation of OPG by Wnt signalling may be particularly pertinent

to our study as Wnt signalling in osteocytes has been shown to be

critical for the control of osteoclastogenesis in vivo: Kramer and

colleagues [52] demonstrated that conditional deletion of the gene

encoding b-catenin in osteocytes, under control of the osteocyte-

specific Dmp1 promoter, resulted in a severe low bone mass

phenotype characterised by elevated osteoclastic bone resorption,

which was thought to be driven by the observed reduced gene

expression of OPG. However, a pathway whereby SCL could

directly induce RANKL mRNA expression to a greater extent

than was seen on OPG expression mRNA, which appears to be

the case in our experimental systems, has not to our knowledge

been reported previously. Of note, histomorphometric analysis of

Sost-overexpressing (transgenic) mice revealed an osteopenic

phenotype but with no apparent effect on TRAP+ osteoclast

number [53,54]. This latter observation is consistent with our

findings using mouse splenocytes that SCL did not increase the
+numbers of TRAP cells formed in co-cultures with MLO-Y4

cells, but specifically increased the resorbing activity of the

resulting cells. However, serum or urinary analysis of osteoclast

activity in Sost transgenic animals has not, to our knowledge, been

Figure 4. Effects of rhSCL on osteoclast resorptive activity. Co-
cultures of MLO-Y4 cells and A) mouse splenocytes and B) human PBMC
were established, in which MLO-Y4 cells were seeded onto bone-like
OsteologicTM slides and cultured for 72 h in the absence or presence of
rhSCL as indicated prior to the addition of either splenocytes or PBMC.
All cultures received rhM-CSF at 25 ng/ml and some cultures were
treated with rhOPG (100 ng/ml). Media were replenished every 3 days
for 14 days. Cells were removed and slides developed as described in
Materials and Methods and resorption. The entire surface areas of the
developed slides were imaged using an Olympus SZX10 dissecting
microscope at high resolution, depicted for the PBMC co-cultures below
the corresponding histograms in panel B) (red bars indicate 500 mm).
Total resorbed area was then quantified from quadruplicate wells using
ImageJ software. C) In the case of MLO-Y4/PBMC co-cultures, mean
resorption pit size was determined and expressed as fold-change from

the corresponding untreated co-culture. Differences to the ‘no SCL’
control in each panel are indicated by * p,0.05, ** p,0.01, *** p,0.001.
The effect of OPG relative to the corresponding SCL-only treatment is
indicated by W (p,0.001). Data shown are representative of 3
independent experiments.
doi:10.1371/journal.pone.0025900.g004
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reported. It is also possible that transgenic chronic overexpression

of Sost triggers a negative feedback effect, which counters the effect

on osteoclast activity. This is supported by our observations in

human primary osteocyte-like cells that SCL only transiently up-

regulated the RANKL:OPG mRNA ratio cells, and by our

published observation that SCL down-regulates the expression at

least one of the known receptors for SCL, LRP4 [36]. It will be of

interest in future studies to examine acute versus chronic

administration of sclerostin in vivo. It also remains to be seen

which of the proposed receptors for SCL, including the LRPs 4, 5

and 6, are important for the responses observed in our study and

whether the effect is dependent on canonical or non-canonical

Wnt signalling, or indeed on BMP [8,12] and/or MAPK [17]

signalling.

Overall, our results indicate that in addition to an anti-anabolic

effect at lower doses, SCL at high doses may promote a catabolic

response by promoting osteoclast activity. Questions that arise

from our observations include, how do SCL-responding osteocytes

relate spatially to SCL-expressing cells, and, how in turn could this

affect osteoclastic bone resorption? In part answer to the latter

question, two very recent studies have established the critical

importance of osteocyte-expressed RANKL for bone remodelling

in the post-developmental skeleton in vivo, by targeted deletion of

RANKL expression in osteocytes, under control of the Dmp1

promoter; the loss of osteocyte-expressed RANKL results in a

severe osteopetrotic phenotype in these animals [55,56]. Since the

expression of SCL in vivo is by mature, mineral embedded

osteocytes [8,22,57,58], we propose that neighboring osteocytes,

those in closer proximity to endosteal surfaces than osteocytes

expressing high levels of SCL [22], may respond to a local,

catabolic stimulus-driven increase in SCL. The phenomenon we

observed in rhSCL-treated MLO-Y4/PBMC co-cultures of

increased activity per osteoclast is consistent with a pro-resorptive

response to SCL in vivo being spatially restricted to SCL-sensitive

osteocytes able to influence osteoclast precursors or osteoclasts

already in the process of resorbing bone. Our data suggest that this

influence would be at least partly via an increased local ratio of

RANKL:OPG in osteocytes.

Osteocyte cell death under certain circumstances is known to be

associated with the initiation of bone resorption [59,60]. Apoptotic

osteocytes have been shown to directly stimulate osteoclastogenesis

and bone resorption [61]. Prevention of bone fatigue-induced

osteocyte apoptosis has been show to block associated osteoclastic

resorption [62]. However, glucocorticoid-induced osteocyte apop-

tosis is associated with reduced osteoclastogenesis [63]. In the

current study, we observed no effect of sclerostin at the

concentrations used to stimulate osteoclastic activity on MLO-

Y4 cell viability over a 3 day treatment period, as assessed by

caspase-3 activation assays and examination of nuclear morphol-

ogy of treated cells. A previous study by Sutherland and colleagues

[64] reported that sclerostin could induce apoptosis of human

mesenchymal stem cells, but this was at concentrations of between

2–20 mg/ml, 20–200-fold higher than was used in this study and at

concentrations we would now consider as supra-physiological. In

addition, Kogianni and colleagues [61] reported that osteoclast

formation in response to osteocyte apoptotic bodies could not be

inhibited with exogenous OPG, whereas in our study the pro-

osteoclastic effects of SCL were strictly RANKL-dependent. Thus

our results strongly suggest that SCL promotes osteoclast

activation by viable osteocytes.

In summary, we have shown that SCL is capable of promoting

osteoclastogenesis and osteoclast resorptive activity by an effect on

osteocytes, in addition to its anti-anabolic effects. Our findings

help to explain the effects on the osteoclast/bone-resorption

compartment observed when SCL is neutralized in vivo.
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Figure 5. Effect of rhSCL on MLO-Y4 viability. A) Cells were
seeded into chamber slides and treated for 3 days A) untreated, or in
the presence of rhSCL at 50 ng/ml (B) or 100 ng/ml (C), or D) in the
presence of etoposide (50 mM). Cells were then fixed and their nuclear
morphology determined by staining with DAPI and visualization by
confocal microscopy. E) Cells were seeded into wells of a 6-well plate
and cultured for the times indicated with rhSCL (0–200 ng/ml) or in the
presence of etoposide (ETOP) at 50 mM. After the times indicated, cell
lysates were prepared and caspase 3 activity determined, as described
in Materials and Methods. Data are expressed as means of quadrupli-
cate wells 6 standard deviations.
doi:10.1371/journal.pone.0025900.g005
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Chapter 3 

Sclerostin regulates release of bone mineral by osteocytes by induction 

of carbonic anhydrase 2 

As published in the Journal of Bone and Mineral Research, 2013 

The resorption related gene CA2Car2, encoding the enzyme carbonic anhydrase 2, was 

another gene identified from preliminary gene microarray experiments that was 

sclerostin responsive. Work presented in Chapter 3, aimed to study the biological 

significance of this. Findings revealed that osteocytes were able to regulated their 

microenvironment and do so, in a sclerostin responsive manner. These findings are 

presented in the form of the published manuscript.  
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Chapter 4 

The human SOST gene is 1αααα,25-dihydroxyvitamin D sensitive; 

identification of a putative vitamin D response element (VDRE) 

Manuscript for submission to PLoS ONE 

Following the discovery of catabolic actions of sclerostin in bone, it was of interest to 

further elucidate the physiological relevance of this putative catabolic role of sclerostin. 

Our research group has previously reported that pro-catabolic stimuli, such as TNFα 

and TWEAK, are capable of inducing sclerostin expression. Furthermore, unloading of 

bone is related to increased sclerostin levels and to the breakdown of bone. A 

preliminary study identified 1,25D as another potential regulator of the SOST gene, 

prompting further study of the mechanisms. 1,25D, at supraphysiological levels, was 

demonstrated to be catabolic in bone and it was hypothesised that this effect could be 

partially due to the induction of SOST expression. 
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Abstract 

Sclerostin, the SOST gene product, is a negative regulator of bone formation and a 

positive regulator of bone resorption. In a screen to identify novel regulators of SOST 

expression, we found that treatment of human primary osteoblasts with 1α,25-

dihydroxyvitaminD3 (1,25D) resulted in increased expression of SOST mRNA and 

sclerostin protein expression. This effect was also evident in the human osteoblastic cell 

lines MG-63, SAOS-2 and G-292. Sequence analysis of the published human SOST 

gene revealed a single putative vitamin D response element (VDRE) residing at position 

-6216 bp upstream of the transcription start site (TSS). Cloning of this sequence into a 

luciferase reporter construct upstream of the constitutive thymidine kinase (TK) 

promoter, and transfection into HEK-293T cells, identified the presence of a 1,25D 

responsive element with activity equivalent to that of the well characterised mouse 

osteopontin VDRE. Activity was not significantly enhanced with co-transfection of 

human VDR cDNA, indicating that VDR levels were not rate-limiting. Electrophoretic 

mobility shift analysis (EMSA) of HEK-293T nuclear extracts revealed a 1,25D 

dependent gel-shift, consistent with binding of the VDR/RXR heterodimeric complex. 

Sequence substitution in the VDR/RXR half-sites abolished VDRE reporter activity and 

binding of nuclear proteins. In addition, transient expression of a 6.3 kb fragment of the 

proximal SOST promoter ahead of the TSS in a luciferase expression vector 

demonstrated a promoter responsive to 1,25D. However, addition of a known bone 

specific enhancer region ahead of the cloned promoter fragment did not increase the 

level of responsiveness to 1,25D. Mutation or deletion of the predicted VDRE resulted 

in the promoter being unable to respond to 1,25D. We conclude that 1,25D is a direct 

regulator of SOST gene expression, extending the pathways of control of sclerostin 

expression. 
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Introduction  

Sclerostin (SCL) is the product of the SOST gene, mutations in which cause the high 

bone mass disease in humans, sclerosteosis [1]. Partial deletion of a distal regulatory 

region of SOST is causative of the high bone mass phenotype seen in Van Buchem’s 

disease [2-4]. SOST-null mice display a similar high bone mass phenotype [5]. SCL thus 

appears to be a key regulator of bone mass and is an attractive therapeutic target for 

treatment of low bone mass diseases, such as osteoporosis [6].  

SCL is expressed primarily by osteocytes in vivo [7,8]. Stimuli that regulate SOST 

expression exert important influences on bone formation and bone mass. PTH treatment 

[9,10] likely exerts an anabolic effect, at least in part, by suppressing SOST expression. 

Likewise, mechanical loading suppresses SOST, consistent with loading-induced 

increases in bone mass [11]. In contrast, pro-catabolic stimuli appear to increase SCL 

expression in bone, for example mechanical unloading [8] or exposure of osteoblast-

lineage cells to pro-inflammatory cytokines such as TNFα and TWEAK [12,13]. 

Another cytokine, oncostatin M, has also been shown to modulate the expression of 

SCL, depending on whether the exposure is chronic or acute [14,15]. The hormone 

1α,25-dihydroxyvitamin D3 (1,25D) is an important regulator of calcium homeostasis 

and is thought to act both at the intestine and in the bone itself. Genome-wide analyses 

indicate that 1,25D, by binding to the vitamin D receptor (VDR), has the potential to 

regulate the expression of some 3000 genes [16]. The actions of 1,25D are mediated 

ultimately by direct effects on individual vitamin D responsive genes. Upon ligation of 

1,25D with VDR and translocation to the nucleus, the complex forms a heterodimer 

with the retinoid X receptor (RXR). This induces a VDR conformation that is essential 

for effective binding to a vitamin D response element (VDRE). This association serves 

to recruit nuclear proteins as co-activators or co-repressors, necessary for VDR-
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mediated transcriptional regulation [17]. The effects of vitamin D on bone tissue as a 

whole are not yet fully understood but are likely due to a combination of direct effects 

via VDREs, downstream effects of the induced gene expression and effects at specific 

stages of bone cell proliferation and differentiation. One direct action that has been 

clearly demonstrated is the ability of plasma 1,25D, at least at supraphysiological levels, 

to stimulate bone resorption by the activation of osteoclasts [18]. In vitro studies have 

shown that 1,25D is capable of regulating osteoblast gene transcription, proliferation, 

differentiation and mineralisation [19-21]. The genes of matrix proteins such as 

osteopontin and osteocalcin, possess VDREs within their promoter regions, suggesting 

a direct action for 1,25D on their expression. Other important bone matrix associated 

genes, such as type I collagen and osteonectin, may have non-classical VDREs in their 

promoters or be indirectly regulated by 1,25D [22]. 

Our previous study [21] showed that in primary human osteoblasts, 1,25D induced the 

expression of RANKL in phenotypically immature osteoblast precursors, identified by 

their expression of the marker STRO-1 [23]. However, in phenotypically mature 

osteoblasts, negative for STRO-1 expression, an osteocalcin response predominated 

[21]. This differential response was not related to levels of VDR expression, nor to the 

overall ability of the cells to respond to 1,25D, evidenced by the expression of other 

‘synthetic phase’ 1,25D-responsive genes such as type I collagen and bone sialoprotein-

1, which were found to be expressed independently of cell differentiation stage. Similar 

results were obtained in mineralising cultures of primary mouse osteoblasts, where the 

1,25D induction of RANKL expression decreased with increasing maturation of the 

osteoblast [24].  

Osteocytes are the most long-lived and numerous cell type in bone tissue and have 

emerged over recent years as key controllers of osteoblast behaviour, bone 
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mineralisation and potentially of osteoclast activity [25,26]. While it has not been 

studied in detail, it is likely that osteocytes are responsible for the majority of 

osteocalcin synthesis, which as discussed above, is under the control of 1,25D. Other 

key osteocyte derived proteins appear also to respond to 1,25D, such as the 

phosphaturic hormone, fibroblast growth factor 23 (FGF23) [27,28]. Dentin matrix 

protein 1 (DMP1) is an acidic phosphorylated extracellular matrix protein, and is a 

member of the small integrin binding N-linked glycoprotein (SIBLING) family [29]. 

DMP1 is now recognised to be highly expressed in osteocytes and important for the 

differentiation of these cells [30] and is 1,25D responsive [31]. 

In the current study, we examined the response of human primary osteoblast cultures to 

1,25D and found that SOST mRNA and SCL protein levels were elevated in treated 

cultures. SOST mRNA was also increased in response to 1,25D in human ex vivo bone 

cultures. We identified and characterised a single putative classical VDRE in the human 

SOST promoter. We conclude that 1,25D represents another example of hormonal 

regulation of SOST expression. Based on our findings it is possible that bone mass may 

be regulated in part through a 1,25D-SCL pathway.  



 98 

Materials and methods 

Reagents and plasmids 

1α,25-(OH)2vitamin D3 (1,25D) was obtained from Wako Pure Chemicals, Japan. DNA 

sequencing was performed using BigDye® Terminator v3.1 cycle sequencing kit 

(Department of Molecular Pathology, Institute of Medical and Veterinary Science, 

Adelaide, Australia). Synthetic oligonucleotides were synthesised by Geneworks. 

(Thebarton, SA, Australia). The pGL2 plasmid vector modified with a minimal 

thymidine kinase (TK) promoter cloned ahead of the firefly luciferase gene (pGL2-TK) 

was obtained from Dr Raman Sharma (Hanson Institute, Adelaide, SA). A plasmid 

containing three tandem repeats of the evolutionary conserved region 5 (ECR5) 

sequence ahead of 2 kb region of the proximal SOST promoter (pGL3-3xECR5-hSOST-

2kb) was kindly provided by Dr Gabriella Loots (University of California-San 

Francisco, CA, USA). The pGL3 basic plasmid, pVDR Plasmid containing the sequence 

for VDR protein, and the pDR3-TK plasmid containing a consensus VDRE sequence 

was obtained from Dr Prem Dwivedi (Hanson Institute, Adelaide, SA). Dual Luciferase 

assay kits were purchased from Promega Corp. (Madison,WI). Plasmids were produced 

in competent JM109 cells (Promega Corp, Madison,WI) and extracted using Qiax II gel 

extraction kits (Qiagen, Doncaster, Victoria).  

 

Bone tissue, cells and culture media 

Human primary osteoblast-like cells, which we previously termed NHBC, were isolated 

from femoral neck (trochanteric) trabecular bone and passaged, as described previously 

[32]. Cells were cultured in α-MEM containing 10% FCS, L-glutamine (2 mM) HEPES 

(1 mM), and ascorbate 2-phosphate (100 µM) at 37°C and 5% CO2 in a humidified 

incubator. The cells were enzymatically removed using collagenase and dispase for one 
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hour at 37°C, followed by a 5 minute trypsin treatment. The cells were then plated onto 

tissue culture plastic wells for experiments. 

The human osteoblast-like osteosarcoma (OS) cell lines MG-63, shown previously to 

exhibit immature osteoblast characteristics [33], and SAOS-2, were obtained from the 

American Type Culture Collection (ATCC, Rockville, MD, USA) and passaged in 

αMEM containing 10% FCS (αMEM-10). The mouse cell line MC3T3-E1, an immature 

osteoblast cell model [34], was obtained originally from the American Type Culture 

Collection (ATCC) and was passaged as for NHBC. Human embryonic kidney cells 

(HEK-293) cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) 

supplemented with 10% FCS in preparation for transfection. The rat osteoblast cell line 

UMR-106 was obtained from Professor TJ Martin, University of Melbourne (Parkville, 

VIC, Australia) and passaged in DMEM containing 10% FCS. 

 

Preparation of total RNA and RT-PCR 

Total RNA was extracted from human cancellous bone, NHBC and cell lines using 

Trizol extraction, as described previously [35]. cDNA was prepared as described 

previously. Gene expression was analysed by real-time RT-PCR, as we have described 

previously [35]. Relative expression between samples was calculated using the 

comparative cycle threshold method (∆CT), using GAPDH as the reference gene for 

comparisons within cell studies, as we have published [36]. Alternatively, 18S rRNA 

was used as the reference for comparisons between bone and cell gene expression when 

18S rRNA expression mirrored total RNA quantities in samples more closely than 

GAPDH. Oligonucleotide primers were designed in house to flank intron–exon 

boundaries and were purchased from Geneworks (Thebarton, South Australia, 

Australia). Real-time oligonucleotide primers for the amplification of genes were as 
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follows: GAPDH (for both mouse and human genes), as described previously [37]; 18S 

(102-bp product), 5′-GGAATTCCCGAGTAAGTGCG-3′ (sense), 5’-

GCCTCACTAAACCATCCAA-3′ (antisense); human SOST (71-bp product), 5′-

ACCACCCCTTTGAGACCAAAG-3′ (sense), 5′-GGTCACGTAGCGGGTGAAGT-3′ 

(antisense). human BSP-1 (123-bp product), 5′-ATGGCCTGTGCTTTCTCAATG-3′ 

(sense), 5′-AGGATAAAAGTAGGCATGCTTG-3′ (antisense); primer sequences for 

the amplification of human osteocalcin and RANKL were described previously [38]. 

 

Oligonucleotides and plasmid constructs 

Plasmids containing the minimum predicted VDRE sequence 

Putative wild-type and mutant SOST VDRE oligonucleotides were designed to include a 

ScaI restriction site. This enabled rapid identification of successful insertions into the 

pGL2-TK parental vector. Oligonucleotides containing the minimum sequence of the 

predicted VDRE with 3 flanking bases were cloned ahead of the firefly luciferase gene 

using SacI and NheI restriction sites in the multiple cloning site of the parental vector. 

The following oligonucleotide sequences (VDRE sequence is in bold and the mutated 

bases are underlined) were used to generate double stranded oligonucleotides to be 

ligated into the parental vector: WT hSOST VDRE 5`-

AGTACTAATGAAACCGGATGACCTTTG-3` (sense),  5`-

CTAGCAAAGGTCATCCGGTTTCATTAGTACTAGCT -3` (antisense). Mutant 

hSOST VDRE 5`-AGTACTAATGATGTCGGAAACAATTTG-3` (sense), 5`-

CTAGCAAATTGTTTCCGACATCATTAGTACTAGCT-3` (antisense). The 

plasmid pDR3-TK, containing a DR3 type consensus VDRE sequence AGGTCA, as 

described previously [39], was used as the positive control.  
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Plasmids containing the native extended SOST promoter  

Genomic DNA was extracted using PureLink® DNA extraction kit (Life Technologies), 

as per manufacturer’s instructions. Two different fragments (6333 bp and 6216 bp) of 

the SOST promoter were amplified. The shorter fragment did not include the predicted 

VDRE sequence which fell between -6231 and -6216 bp from the transcription start site 

(TSS); this was cloned into the pGL3 parental vector to generate the plasmid pGL3-

hSOST-6216-WT. Custom designed primers flanked with restriction enzyme 

recognition sites (underlined) were used to PCR amplify the promoter. The forward 

primer: 5'-AAAGCTAGCCCTACAAGTGGGAGCAAAATCTG-3' (NheI) was used to 

generate the 6333 bp product, and the forward primer: 5'-

AAAGCTAGCCTTTGAGAGTCCTTCCAGATCAAAG-3' (NheI) was used to 

generate the 6216 bp product. The reverse primer in each instance was 5'-

AAAACTCGAGTACCAGCCAGAGGAGGGC-3' (XhoI). Amplified fragments were 

ligated into a pCR-XL-TOPO cloning vector from a TOPO® XL PCR Cloning Kit (Life 

Technologies), as per manufacturer’s instructions. pCR-XL-TOPO plasmids containing 

the SOST promoter fragments were transformed into One Shot® TOP10 (Life 

Technologies) Chemically Competent E. coli competent cells and grown up. Plasmids 

were extracted using a plasmid MIDI Kit (Qiagen). Cloned SOST promoter fragments 

were excised using NheI and Xho1 (NEB) and cloned into the multiple cloning site of a 

pGL3 parental vector (Promega) digested with the same restriction enzymes to generate 

pGL3-hSOST- 6333-WT (see Fig. 7A). The predicted VDRE sequence in pGL3-

hSOST-6333-WT was mutated using mutagenesis primers: 5'-

CCTCCAGAACCAAGTAGAGAATGATATCGGATAAATTTTGAGAGTCCTTCC

AGATCAAA-3' (Forward) and 5'-
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TTTGATCTGGAAGGACTCTCAAAATTTATCCGATATCATTCTCTACTTGGTTC

TGGAGG-3' (Reverse), designed using QuickChange primer design software 

(www.agilent.com/genomics/qcpd), and the Quick change lightning kit (Agilent 

technologies); the resulting mutant was termed pGL3-hSOST-6333-MUT (see Fig. 7A). 

The same primer used in the amplification of genomic DNA (5'-

AAAGCTAGCCCTACAAGTGGGAGCAAAATCTG-3') was used to sequence the 

cloned promoters.  

Excising the ECR5 sequence from pGL3-3xECR5-hSOST-2kb and cloning it ahead of 

the 6,333 bp SOST promoter in pGL3-hSOST-6333-WT plasmid was not possible due to 

the lack of compatible restriction sites (Suppl. Fig. S1 A & B). To address this issue, 

we PCR amplified a region of the pGL3-3xECR5-hSOST-2kb vector including the 

3xECR5 region (Suppl. Fig. 1B) using the forward primer 5'-

AAAATATTACGCCAGCCCAAGCTA-3' and reverse primer flanked by a NheI 

restriction site (underlined), 5'-AAAAGCTAGCGCCGAATTGGGCTAGATCTG-3'. 

The amplified product of 1843 bp was cloned into a pCR-XL-TOPO vector (Suppl. Fig. 

S1C). The amplified product had a NotI restriction site 62 bp from the 5' end and NheI 

restriction site directly before of the ECR5 sequence (Suppl. Fig. 1C). Since a NheI site 

was introduced to the 3' end of the amplified sequence in order to ligate the amplified 

sequence ahead of the 6333 bp SOST promoter in pGL3-hSOST-6333-WT plasmid 

(Suppl. Fig. S1A), the original NheI site first had to be mutated, as described above. 

Once mutated, (Suppl. Fig. S1D) NotI and NheI enzymes were used to excise the 

region containing the three tandem repeats of the ECR5 and the excised fragment was 

cloned into pGL3-hSOST-6333-WT, pGL3-hSOST-6333-MUT and pGL3-hSOST-6216-

WT ahead of the SOST promoter sequences to generate pGL3-3xECR5-hSOST-6333-

WT, pGL3-3xECR5-hSOST-6333-MUT and pGL3-3xECR5-hSOST-6216-WT (see Fig. 
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8A). The modified vectors were sequenced using the primer 5'-

AAAATATTACGCCAGCCCAAGCTA-3' (same forward primer used to amplify the 

three tandem repeats of ECR5: Suppl. Fig. S1B).  

 

Luciferase assays 

Transfections were performed in quadruplicate, in 24-well tissue culture plates using 

FuGENE®6 transfection reagent (Roche, Indianapolis, USA), as per manufacturer’s 

recommendations. HEK293 or SAOS2 cells were plated at approximately 60% 

confluence 24 hours prior to transfection. Four times less pRL-TK (Renilla luciferase) 

plasmid was co-transfected with each modified pGL2-TK plasmid as an internal 

control. Cells were transfected for 24 hours and then treated for 24 hours, washed once 

with PBS and harvested by adding 50 µl of passive lysis buffer for 20 min at 37°C 

(Promega Corp, Madison, WI). Luciferase activity was determined using a dual 

luciferase assay system (Promega Corp, Madison, WI) where 10 µl of lysate was 

assayed using 25 µl of each different luciferase substrate. Luciferase activity was 

measured using a TD20_20 Luminometer.  

 

Electrophoretic mobility shift assays 

MG63 cells were transfected with pVDR plamid for 24 hours and treated for 24 hours 

with 1,25D (10-7 M), prior to the extraction of nuclear protein using methods previously 

described [40]. Oligonucleotides containing the wild-type human SOST VDRE (5'-

GAAACC GGA TGACCT-3'), mutated human SOST VDRE (5'-GATGTC GGA 

AACAA T-3') and wild-type mouse osteopontin VDRE as consensus VDRE (5'-

GGTTCA CGA GGTTCA-3') [41] were synthesised (Gene Works, Adelaide, 

Australia). Double-stranded oligonucleotides were labeled by end-filling with α-32P-
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dCTP (Perkin Elmer) using Klenow enzyme (NEB) and purified using ethanol 

precipitation. Binding reaction for each assay contained 5 µg of nuclear protein, 1µg of 

poly(dI-dC) to a final volume of 12 µl in modified binding buffer (25 mM Tris-HCL, 

pH 7.6, 100 mM KCl, 5 mM MgCl2, 0.5 mM EDTA, and 10% glycerol) and were 

incubated on ice for 10 min. 200,000 cpm of radiolabeled probe was added to each 

binding reaction and incubated on ice for another 20 min. Retarded DNA nuclear 

protein complexes were resolved in 4-12% gradient non-denaturing polyacrylamide gel 

in a low ionic strength running buffer (0.5 х TBE) at 4 °C. Gels were dried and exposed 

onto a storage phosphor screen film for 24-48 hours at -70°C. 

Ex vivo human and mouse bone culture 

Human cancellous bone, obtained from the proximal femur at hip replacement surgery, 

was dissected in tissue culture medium (αMEM) into 2-3 mm3 pieces using a scalpel. 

The bone fragments were washed several times in PBS, approximately 8 pieces were 

added to each well of a 24-well tissue culture plate. Long bones were obtained from 

wild-type C57BL/6 mice. Long bones were processed into small fragments 

approximately 2-3 mm3 in PBS. Bone was treated with 0-100 nM 125D in a dose 

response experiment and the bone samples were incubated for 24 hours and 48 hours at 

37°C. After this, samples were processed for real-time RT-PCR, as described above.  

Immunostaining and confocal microscopy 

NHBC were seeded into chamber slides (Laboratory-Tek; Nunc, Naperville, IL, USA) 

and grown to sub-confluence for 4 days. The cells were rinsed with PBS, fixed with 4% 

paraformaldehyde in PBS for 10 min on ice, rinsed with PBS, and permeabilised with 

0.1% Triton X100 for 5 min. Nonspecific binding sites were blocked with PBS 
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containing 10% goat serum for 30 min at room temperature. The cells were incubated 

for 1 hour with anti-human sclerostin antibody (clone ID:220902) (R&D Systems), or 

isotype-matched negative control MAb. After three washes in PBS, cells were incubated 

with anti-mouse IgG-FITC for 45 min in a dark humidified container. Cells were 

washed in PBS and mounted (Prolong Gold with DAPI anti-fade mounting media; 

Invitrogen). Samples were examined by confocal microscopy on a Radiance 2100 

confocal microscope (Bio-Rad Microscience). 

 

Statistics 

Student’s t-Test was used to analyse the differences in treatments in gene expression 

experiments and transient transfection assays. One way analysis of the variance 

(ANOVA) followed by Tukey’s post-hoc analysis was used to examine differences in 

the experiments. A value for p <0.05 was considered to be significant.  

 

Results  

The SOST gene is responsive to 1,25D treatment 

To test the effect of 1,25D on the transcriptional activity of SOST we used the primary 

human osteoblast model (NHBC) [42]. We have reported that SOST is up-regulated in 

primary human osteoblasts by the pro-inflammatory factors TNFα and TWEAK [12]. 

To test potential and known regulators of SOST, we treated differentiated NHBCs with 

1,25D (10 nM), estradiol (5 nM), and PTH (10 nM). mRNA transcripts of vitamin D 

responsive genes OCN, RANKL and BSP1 all increased expression with 1,25D 

treatment (Fig. 1A-C). Interestingly the expression of SOST also increased with 1,25D 

treatment. Furthermore, the expression of SOST decreased with PTH treatment, as 

expected [43] (Fig. 1D). We performed a dose response for 1,25D in differentiated 
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NHBC cultures (0.1 nM to 30 nM), and measured SOST mRNA levels after three days. 

A clear dose-dependent increase in the expression of SOST could be observed, which 

reached a maximum at 10 nM 1,25D. However, 1,25D levels as low as 1 nM were 

sufficient to induce a significant increase in the SOST mRNA expression (Fig. 2A). 

Immunostaining NHBC-derived osteocytes for sclerostin protein revealed that 1,25D 

was capable of increasing sclerostin protein in cultures of NHBC (Fig. 2C). A time 

course of 1,25D treatment of NHBC cultures differentiated to an osteocyte-like stage 

showed that SOST induction by 1,25D was evident in cultures treated for 48 and 72 

hours (Fig. 2B).  

To test if the response observed in primary human osteoblasts in vitro could be 

observed at the bone tissue level, we cultured human and mouse bone samples ex vivo 

in the presence of 1,25D. Similar to our findings with the primary bone cell cultures, 

expression of each of RANKL, OCN and SOST mRNA was increased with 1,25D 

treatment in human bone samples, at the 72 hour time point, in a dose dependent 

manner (Fig. 3A-C). Similar to what was observed with the transcription of SOST in 

NHBC cultures, none of the 1,25D responsive genes were induced at the 24 h time 

point. Likewise, in mouse bone cultured ex vivo in the presence of 1,25D, Sost mRNA 

expression increased at the 72 h time point (Fig. 3D). The maximum induction of SOST 

mRNA was approximately 6- and 4-fold at the highest dose of 1,25D (100 nM) in both 

human bone and mouse bone.  

In silico analysis of the proximal SOST promoter 

We hypothesised that the response we observed was due to the presence of a VDRE or 

multiple VDREs in the proximal SOST promoter. We analysed the 10 kb region of the 

proximal promoter upstream of the SOST TSS, using the web based promoter analysis 
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algorithm, CONSITE (http://asp.ii.uib.no:8090/cgi-bin/CONSITE/consite). We 

identified a strong putative 15 base pair VDRE sequence that resembles a classical 

DR3-type VDRE, between positions -6231 bp and -6216 bp from the TSS. Our analysis 

of the SOST promoter regions of other species revealed similar predicted VDRE 

sequences, and the predicted human sequence was shown to have a high degree of 

conservation within higher mammals, in particular primates (Fig. 4A).  

 

Transient expression of the minimum VDRE sequence in expression vectors 

To test the ability of the predicted VDRE sequence to respond to 1,25D, we cloned the 

minimum predicted sequence ahead of a firefly luciferase gene in a modified pGL2 

vector containing a constitutively active TK promoter (pGL2-hSOST-VDRE-WT). As a 

positive control, we cloned the minimal mouse Opn VDRE, considered to represent the 

consensus type DR3 VDRE [41], into the same parental vector (pGL2-mOPN-VDRE). 

The empty parental vector (pGL2-TK), pGL2-hSOST-VDRE and pGL2-mOPN-VDRE 

plasmids were co-transfected into HEK293 cells together with a plasmid expressing 

Renilla luciferase (pRL-TK). Ratios of firefly to Renilla luciferase were used to obtain 

the relative luciferase activity in transfected and treated cells. 1,25D dose dependently 

increased the relative luciferase activity in both pGL2-hSOST-VDRE and pGL2-mOPN-

VDRE but had no affect on the empty parental vector (Fig. 4B). Interestingly, the 

predicted human SOST VDRE sequence showed higher luciferase fold-change 

compared to the consensus VDRE sequence, suggesting that the predicted SOST VDRE 

sequence was the stronger VDRE. The co-transfection of pVDR in HEK293 cells did 

not influence the fold induction, suggesting that levels of VDR were not limiting in the 

system (Fig. 4C).  
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Predicted SOST VDRE binds proteins from nuclear extracts  

To test the ability of the putative VDRE to bind ligated VDR, we performed EMSA. For 

this, MG-63 cells were transfected with pVDR and treated for 24 hours with 1,25D. 

Nuclear proteins from both transfected and non-transfected cells were extracted and 

used in binding assays with the radiolabeled double-stranded oligonucleotides 

containing the minimum predicted VDRE sequence. Gel retardation of the radiolabeled 

DNA demonstrated that the putative sequence was capable of binding protein species 

from the nuclear extracts (Fig. 5). Nuclear extracts from pVDR transfected cells showed 

higher intensity of binding to the radiolabeled oligonucleotides, suggesting that VDR 

protein was interacting with the radiolabeled oligonucleotides. Furthermore, 1,25D 

treated nuclear extracts interacted at a higher intensity with the oligonucleotides as 

opposed to extracts from untreated cells. This suggested that, in the presence of 1,25D, 

increased amounts of ligated VDR/RXR complexes were binding to the putative VDRE 

sequence.  

 

Specificity of the SOST VDRE  

To test the specificity of the predicted VDRE sequence, we designed mutations at both 

half sites of the predicted VDRE (as shown in Fig. 6A). Sequence analysis using 

bioinformatics software predicted loss of VDR/RXR binding capability by the mutated 

sequence. We then mutated the wild-type VDRE sequence in the pGL2-hSOST-VDRE-

WT plasmid to generate pGL2-hSOST-VDRE-MUT plasmid. pGL2-TK, pGL2-hSOST-

VDRE-WT, pGL2-hSOST-VDRE-MUT and pDR3-TK constructs were transiently co-

transfected with pRL-TK into HEK293 cells and treated with either control or 1,25D. 

Induction of luciferase with 1,25D treatment was observed in pGL2-hSOST-VDRE-WT 

and in pDR3-TK control but not in pGL2-TK or pGL2-hSOST-VDRE-MUT (Fig. 6B). 
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This suggested that the predicted SOST VDRE sequence was critical for the response to 

1,25D. The mutation of the predicted VDRE sequence rendered the radiolabeled 

oligonucleotides incapable of binding to nuclear protein extracts in EMSA experiments. 

In contrast to the oligonucleotides with the mutant sequence, the wild-type sequence not 

only bound nuclear proteins, but the level of binding was increased with extracts from 

1,25D treated cells (Fig. 6C). 

 

The predicted VDRE is critical for the response of the native 6.3 kb SOST 

promoter to 1,25D 

To test the response of the extended native SOST promoter, a 1000 bp region spanning 

the predicted VDRE from -6333 to -5333 bp from the SOST TSS was cloned into a 

parental pGL2-TK vector ahead of luciferase gene to generate the plasmid pGL2-

hSOST[-6333;-5333bp] (Suppl. Fig. S2A). This construct was co-transfected with pRL-

TK into HEK293 cells, which were then treated with 1,25D. pGL2-hSOST[-6333;-

5333bp] failed to respond to 1,25D treatment except at one dose, whereas the minimum 

predicted VDRE sequence (Suppl. Fig. S2B) showed a prominent dose-dependent 

response to 1,25D (Suppl. Fig. S2C). The existence of other regulatory elements within 

the extended SOST promoter was a possible explanation for this lack of reactivity. To 

test the native SOST sequence including other possible regulatory elements, we cloned 

the region from -2 to -6333 bp from the SOST TSS ahead of a luciferase gene in a pGL3 

vector. We mutated each half-site of the predicted VDRE sequence between positions -

6231 to -6216, as shown on Fig. 7A. Constructs were co-transfected together with pRL-

TK into HEK293 cells and treated with 1,25D for 24 hours. Normalised luciferase 

activity in the wild-type 6333 bp SOST promoter increased with 1,25D treatment. 

However, in the VDRE mutant we did not observe significant induction of luciferase 
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activity (Fig. 7B). Peak induction of the wild-type sequence was approximately 1.3 

fold. We hypothesised the SOST promoter requires a further enhancer region, such as 

ECR5, for it to respond to 1,25D at the same levels we observed in our mRNA analysis. 

Three direct repeats of the ECR5 region (500 bp) were cloned into the pGL3-hSOST-

6333-WT plasmid directly ahead of the 6333 bp promoter (Fig. 8A), as was performed 

for an earlier study in the context of PTH responsiveness [44]. In addition, the predicted 

VDRE sequence was mutated in this construct. As an additional control we generated a 

plasmid (pGL3-3xECR5-hSOST-6216-WT) containing a truncated SOST promoter 

(6216 bp), excluding the predicted VDRE (Fig. 8A). Since the ECR5 element has been 

demonstrated to be important for the expression of SOST in bone cells, we transfected 

the above constructs into UMR-106 cells, and treated with 1,25D prior to measuring 

luciferase activity. The incorporation of the ECR5 repeats increased basal promoter 

activity approximately 20-fold (Suppl. Fig. S3), demonstrating the importance of this 

sequence for the larger SOST promoter. Similar to the results we observed with the 

SOST promoter without any additional enhancer regions, we observed a modest but 

significant increase in luciferase activity in response to 1,25D treatment. While the 

inclusion of ECR5 repeats did not increase the responsiveness to 1,25D, induction of 

SOST promoter activity was dependent on the predicted VDRE, as no response to 1,25D 

was evident in either the corresponding VDRE mutant or the truncated 6216 bp SOST 

promoter fragment (Fig. 8B).  

Discussion  

Sclerostin is emerging as a key regulator of bone mass, and is best characterised as an 

inhibitor of the Wnt signaling pathway, inhibiting the binding of Wnt ligands to the 

receptors LRP5/6, perhaps doing so by first interacting with LRP4 [45]. What 
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determines the absolute level of sclerostin expression is not entirely clear. Mechanical 

loading appears to be important for the regulation of sclerostin protein [46,47]. We have 

previously reported that sclerostin is up-regulated by catabolic stimuli such as TNF and 

TWEAK [12]. The hormone PTH is demonstrated to reduce sclerostin expression [10]. 

Vitamin D plays multiple roles in modulating bone homeostasis and is an important 

factor affecting key osteocytic genes. In this study we investigated the effect of 1,25D 

on the regulation of SOST.  

In a human primary osteocyte model, we observed a clear dose-dependent induction of 

SOST mRNA in response to 1,25D, and this response was also observed in human and 

mouse bone cultured ex vivo, suggesting a direct effect of 1,25D on the transcription of 

SOST. The kinetics of the response indicated that SOST mRNA expression was 

regulated by 1,25D similar to RANKL. A previous report demonstrated that 1,25D 

regulation of RANKL is mediated by VDRE in the RANKL promoter [48]. Therefore, we 

searched for predicted VDRE sequences in the SOST promoter. The DR3 type VDRE 

sequence identified -6216 bp from the TSS showed high homology to predicted VDRE 

sequences within SOST promoters of higher species, although the position of these 

within the respective promoters was poorly conserved. This may mean that the 

conditions, under which 1,25D affects SOST transcription, varies between species. We 

demonstrated that the predicted minimal human sequence was capable of responding to 

1,25D in a dose dependent manner in luciferase assays. Furthermore, by mutating the 

VDRE half sites the response to 1,25D was abolished. The fold-change in activity was 

almost double that of the response observed in the positive control, validating the 

predicted VDRE sequence. EMSA experiments confirmed that the putative VDRE 

sequence was capable of binding to nuclear protein extracts and binding was increased 

in the presence of 1,25D. Mutating the predicted sequence abolished any response to 
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1,25D in transient luciferase assays as well as binding to nuclear protein extracts in 

EMSAs.  

The extended 6333 bp of the proximal SOST promoter, containing the putative VDRE, 

also responded to 1,25D in transient luciferase assays. Mutating the VDRE sequence 

within the 6333 bp promoter abolished the response to 1,25D. The fold-change in 

luciferase activity observed in the wild-type promoter was around 1.3 fold. We cloned a 

known enhancer element of SOST ahead of the native 6333 bp promoter: the addition of 

three tandem repeats of the ECR5 enhancer element increased the basal luciferase 

expression by some 20-fold (Suppl. Fig. S3). However, the addition of the ECR5 motifs 

did not increase the degree of induction by 1,25D as anticipated. In SAOS-2 

osteosarcoma cells, which we have shown can be considered to be osteocyte-like 

(Prideaux and Wijenayaka, et al., submitted for publication), the maximum induction 

we observed in luciferase assays was around 1.2 fold (Suppl. Fig. S4A). However, the 

measured response of the endogenous SOST mRNA from the same cultures showed the 

response was clearly dose-dependent and the maximum fold induction observed was 2.2 

fold at the highest dose of 1,25D (100 nM) (Suppl. Fig. S4B). Furthermore, the 

responsiveness of the SAOS-2 SOST promoter was less than we observed for human 

primary osteoblasts, which sometimes gave up to 15-fold induction in response to 

similar concentrations of 1,25D. It is clear that we do not understand the dynamics of 

the transcription machinery in the cloned SOST promoter, and further detailed studies 

are needed to address the issue. We hypothesised that SAOS-2 cells would have all the 

necessary transcriptional machinery to regulate the SOST promoter. However, in our 

experience SAOS-2 cells do not express SOST mRNA in great abundance and show a 

more osteoblast-like phenotype in their basal state. Therefore, we used UMR-106 cells 

for our transient transfections, as UMR-106 cells have been shown to express Sost at 
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greater levels and have been used previously to characterise the response of Sost to PTH 

[49]. In these cells, the native SOST promoter together with the ECR5 region showed 

induction in the presence of 1,25D (Fig. 8B). However, a truncated promoter which 

excluded the predicted VDRE sequence and the VDRE mutant version of the wild-type 

promoter did not show any induction in the presence of 1,25D (Fig. 8B).  

Another possibility as to why the native 6333 bp SOST promoter including the VDRE 

and an ECR5 enhancer did not respond to the extent expected may be the failure to 

assemble the full transcriptional machinery at the promoter. Additional cis-acting 

transcription factor binding sites could be lacking in the 6333 bp sequence. Multiple 

long range enhancers were demonstrated to be important for the regulatory effect of 

1,25D on RANKL [50]. The same could be the case for the regulation of SOST and 

further analysis will be required to address this question. Furthermore, in a recent study, 

increased levels of transcription initiation factor 12 (TAF12), a coactivator of the VDR, 

was demonstrated to be the reason for 1,25D hypersensitivity of osteoclasts from 

Paget’s disease patients [51]. Other VDR coactivators, such as SRC-1 and TRAM-1, 

have been demonstrated to be important for the formation of a VDR homodimers and 

subsequent transcription of genes [52]. It remains unknown which VDR and RXR 

complexes and coactivators are involved in 1,25D mediated transcription of the SOST. 

We speculate that other regulatory regions are needed for the formation of the complete 

transcriptional machinery on the native SOST promoter. Furthermore, the predicted 

VDRE showed a low degree of conservation between higher mammals and mice. 

However, our experiments indicated that mouse Sost is also responsive to 1,25D. This 

suggests that there may be other non-classical VDREs present within the SOST/Sost 

extended promoter. Nevertheless, we have demonstrated in principle that SOST 
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transcription is induced by 1,25D and that the identified VDRE mediates at least some 

of this activity. 

We recently reported two pro-catabolic activities of sclerostin in bone. We 

demonstrated that sclerostin is capable of regulating RANKL/Rankl gene expression in 

cultured osteocytes and in bone tissue, as well as osteoclastogenesis and osteoclast 

function in vitro [53]. Furthermore, we reported that sclerostin can promote osteocytic 

osteolysis and regulate the osteocyte microenvironment by inducing the enzyme 

carbonic anhydrase 2, and potentially cathepsin K and TRAP [54]. Both of these 

demonstrated mechanisms suggest that elevated levels of SCL can lead to calcium 

efflux from the bone. Hypervitaminosis D is a condition that leads to excess calcium in 

the blood. Inactivating mutations of the CYP24A1 gene, encoding the vitamin D-24-

hydroxylase enzyme that degrades 1,25D, has been demonstrated to cause chronic 

hypercalcaemia [55]. Our data suggests that in such conditions, increased vitamin D 

levels may increase the level of sclerostin production by osteocytes, which in turn may 

lead to the release of calcium as suggested by the above catabolic mechanisms.   
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Figure 1: Regulation of the SOST gene in human osteocyte-like cells by known SOST 

regulators and 1,25D. Cells cultured for 3 days alone or in the presence of 1,25D (10 

nM), estradiol (E2, 5nM), or PTH (10 nM). Total RNA was prepared and real-time RT-

PCR was performed to determine mRNA expression of a range of genes:A) OCN 

mRNA,  B) RANKL mRNA, C) BSP1 mRNA, D) SOST mRNA. Data shown are means 

of triplicate reactions ±SD normalised to the expression of GAPDH mRNA. Statistical 

difference to the untreated control is indicated by *p<0.05.  
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Figure 2: 1,25D induces SOST mRNA expression in human osteocyte-like cells, in a 

time and dose dependent manner. A) Osteocyte-like cells were grown for 3 days in the 

presence of 1,25D at 0, 0.1, 0.3, 1, 3, 10 or 30 nM. B) Osteocyte-like cells were grown 

in the presence of 1,25D at 10 nM. mRNA was extracted at 24 h, 48 h and 72 h post 

treatment. C) Osteocyte-like cells were grown in the presence of 1,25D at 10 nM for 4 

days.Cells were then fixed and processed for immunofluorescence staining using an 

anti-sclerostin antibody. Cell preparations were counterstained with DAPI and 

visualized using confocal microscopy. SOST mRNA was normalised to GAPDH 

mRNA. Data shown are means of triplicate reactions ±SD normalised to the expression 

of GAPDH mRNA. Statistical difference to the untreated control is indicated by 

*p<0.05.
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Figure 3: Effect of 1,25D on gene expression in human trabecular bone (A-C) and D) 

mouse cortical bone, cultured ex vivo, as described in Materials and Methods. Bone 

samples were cultured in the presence of 1,25D at 0, 0.1, 0.3, 1, 3, 10 or 100 nM for 3 

days and A) SOST, B) RANKL and C) OCN mRNA expression in human bone and D) 

Sost mRNA expression in mouse bone was measured. Data shown are means of 

triplicate reactions ±SD normalised to the expression of GAPDH mRNA. Statistical 

difference to the untreated control is indicated by *p<0.05. 
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Figure 4: A) Predicted DR3 type VDREs (CONSITE algorithm) in the proximal 

promoters of the SOST/Sost genes in human and other species. Conserved bases are 

indicated by shading and the degree of homology to the single human VDRE is 

indicated together with the positions of the VDREs in relation to the respective TSS. B) 

Activity of the predicted human SOST VDRE. An expression vector containing the 

minimum predicted VDRE was transfected into HEK293 cells and the cells were 

treated with 1,25D (0-100 nM) for 24 h, and relative dual luciferase levels were 

measured. A vector containing the mouse osteopontin VDRE was used as a positive 

control and an empty pGL2-TK was the negative control. C) The effect of VDR 

overexpression on the predicted SOST VDRE activity. HEK293 cells were transfected 

as in B) with the addition of an empty pBLUESCRIPT vector or the plasmid pVDR in 

order to overexpress VDR protein. Data in B) and C) represent mean fold-change in 

firefly luciferase activity ± SD of quadruplicate transfections. Significant difference 

relative to the untreated control in each case is indicated by * p< 0.05. 
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Figure 5: The minimum predicted SOST VDRE binds cell nuclear extracts in EMSA. 

Binding assays were performed using radiolabeled native predicted SOST VDRE with 

cell lysates from either pVDR or pBLUESCRIPT (negative control) transfected MG-63 

cells, which were either untreated or treated with 1,25D (10 nM).  
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Figure 6: Mutated human SOST VDRE is non-responsive to 1,25D in transient 

transfection assays and does not bind nuclear protein extracts in EMSA. A) The native 

predicted SOST VDRE sequence and a corresponding SOST VDRE sequence where 

each half-site was mutated (mutations underlined) to render the VDRE incapable of 

binding to VDR/RXR. B) Relative luciferase activities of expression vectors containing 

the human native SOST VDRE, mutant SOST VDRE and DR3 (positive control). 

Expression vectors were transfected into HEK293 cells, the cells treated with 1,25D (10 

nM) for 24 h, and luciferase activities measured. Data represent mean fold-change in 

firefly luciferase activity ± SD of quadruplicate transfections. Significant difference 

relative to the untreated control in each case is indicated by * p < 0.05. 

C) Binding activity of native or mutant SOST VDRE sequences by EMSA. Binding

assays were performed using radiolabeled native predicted SOST VDRE or the mutant 

version with cell lysates from MG-63 cells transfected either ± pVDR, which were 

either untreated or treated with 1,25D (10 nM).  
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Figure 7: The response of the extended human SOST promoter to 1,25D in transient 

expression assays. A) The design of pGL3 expression vectors containing either the 

human native 6333 bp SOST promoter (pGL3-hSOST-6333-WT) or a mutated sequence 

(pGL3-hSOST-6333-MUT) (mutations underlined). B) Relative luciferase activities of 

expression vectors with the native 6333 bp SOST promoter or the VDRE mutant were 

transiently co-expressed with pRL-TK in HEK293 cells and treated for 24 h with 1,25D 

(0-100 nM). Data represent mean relative firefly/renilla luciferase activity ± SEM of six 

replicate transfections. Significant difference relative to the untreated control in each 

case is indicated by * p < 0.05. 
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Figure 8: Effect of the ECR5 enhancer on SOST promoter activity in response to 1,25D 

in transient expression assays. A) The design of the expression vectors containing the 

6216 bp (lacking the predicted SOST VDRE; pGL3-3xECR5-hSOST-6216-WT) and 

6333 bp (pGL3-3xECR5-hSOST-6333-WT) fragments (of the native human SOST 

promoter, and the 6333 bp sequence in which both predicted VDRE half-sites were 

mutated (mutations underlined; pGL3-3xECR5-hSOST-6333-MUT). Each promoter 

fragment was downstream of a triple tandem repeat of the human ECR5 sequence. B) 

Relative luciferase levels of expression vectors transiently co-expressed with pRL-TK 

in UMR-106 cells and treated for 12 h with ± 1,25D (10 nM). Data represent mean 

relative firefly/renilla luciferase activity ± SEM of six replicate transfections. 

Significant difference relative to the untreated control in each case is indicated by * p < 

0.05. 
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Supplementary Figure S1: Cloning strategy of the ECR5 ahead of the 6333 bpSOST 

promoter expression vectors. A) The design of the plasmid pGL3-hSOST-6333-WT 

which contained 6333 bp of the proximal human SOST promoter. B) The design of the 

plasmid pGL3-3xECR5-hSOST-2kb which contained three tandem repeats of the ECR5 

ahead of 2000 bp of the proximal human SOST promoter, constructed and provided by 

Dr Gabriella Loots (UCSF, CA, USA). Location of the PCR amplified region is 

indicated by the primer binding sites (blue arrows). C) Cloned region (indicated in 

blue) from the plasmid pGL3-3xECR5-hSOST-2kb in the pCR-XL-TOPO plasmid. 

This plasmid contained two NheI sites. D) NheI restriction site at the 5′ end of the

3xECR5 sequence in the plasmid depicted in C) was mutated to generate the plasmid 

depicted in D), which was used to excise the three tandem repeats using NotI and NheI 

restriction enzymes.  
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Supplementary Figure S2: The response of a 1000 bp region in the SOST promoter 

containing the predicted VDRE site to 1,25D in transient expression assays. A) Design 

of the plasmid pGL2-hSOST[-6333;-5333bp] containing a 1000 bp region spanning 

from -6333 to -5333 bp from the SOST TSS. The location of the predicted VDRE site 

with the cloned fragment is indicated. B) Design of the plasmid pGL2-hSOST-VDRE-

WT containing the minimum predicted VDRE sequence C) The plasmids pGL2-

hSOST[-6333;-5333bp] and pGL2-hSOST-WT were transiently co-expressed with pRL-

TK in HEK293 cells and treated for 24 h with 1,25D (0-100 nM). Data represent mean 

relative firefly/renilla luciferase activity ± SEM of six replicate transfections. 

Significant difference relative to the untreated control in each case is indicated by * p < 

0.05. 
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Supplementary Figure S3: Enhancing effect of the ECR5 region on the basal activity 

of the 6333 bp human SOST promoter. Expression vectors with the parental vector 

pGL3, 6333 bpSOST promoter and the 6333 bpSOST promoter with the 3 tandem 

repeats of the ECR5 region were transiently co-expressed with pRL-TK in SAOS-2 

cells. Relative luciferase activity was measured at 48 h post transfection. Fold-changes 

in basal activity compared to the parental vector is indicated on top of the bars. Data 

represent mean relative firefly/renilla luciferase activity ± SEM of six replicate 

transfections.  
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Supplementary Figure S4: Comparison of the response of the expression vector 

pGL3-3xECR5-hSOST-6333-WT and the endogenous human SOST promoter in SAOS-

2 cells. pGL3-3xECR5-hSOST-6333-WT was transiently co-expressed with pRL-TK in 

SAOS-2 cells and treated with 1,25D (1,10 and 100 nM), PTH (25, 50 and 100 nM) and 

a combination of 1,25D (100 nM) and PTH (50 nM) for 24 h. Relative luciferase 

activity was measured (A). Data represent mean relative firefly/renilla luciferase 

activity ± SEM of six replicate transfections.  (B) mRNA was extracted from the 

remaining cell lysate for real-time RT-PCR analysis. Fold induction of endogenous 

SOST mRNA expression normalised to 18S mRNA levels was measured. Data shown 

are mean relative expression levels of triplicate PCR reactions ± SD. Significant 

difference relative to the untreated control in each case is indicated by * p < 0.05. 
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Chapter 5 

 

Concluding Remarks 

 

 

The seminal work of Winkler and colleagues, led to the SOST gene and the coded 

protein sclerostin gaining huge interest in the area of bone research, evidenced by the 

recent burst of published articles. Sclerostin was identified as a negative regulator of 

bone mass and several pharmaceutical companies have subsequently targeted sclerostin 

by using neutralising antibodies, small molecule inhibitors or antibodies directed against 

sclerostin receptors. Clinical trials to date, in which sclerostin was neutralised using an 

antibody, have given promising results for the treatment of bone loss due to multiple 

causes. As discussed in Chapter 1, the principal cells responsible for the synthesis of 

sclerostin in bone, the osteocytes, are rapidly being recognised to play a central role in 

bone homeostasis, as opposed to the previously accepted view that they were simply 

terminally differentiated, dormant cells, entombed in the calcified bone tissue. Studies 

conducted by our laboratory suggest that sclerostin may be the master regulator of bone 

mineralisation [1]. The work presented in this thesis has added significantly to 

knowledge concerning osteocyte biology and the understanding of sclerostin’s 

mechanisms of action.  

As discussed in Chapter 1, neutralising sclerostin has a profound effect on a number of 

bone parameters. There is clear evidence from the preclinical and clinical studies 

published to date to suggest that sclerostin neutralisation has an anti-catabolic effect in 

addition to an anabolic effect, yet this seems to have been generally underappreciated, 
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perhaps because most of the anti-bone loss therapies already available, for example the 

bisphosphonates, were known to work through an anti-catabolic effect, and the field 

was searching for new anabolic therapies. However, the rapid and significant drop in 

bone resorption parameters observed in patients who were treated with a sclerostin 

neutralising antibody strongly suggest that sclerostin has a direct effect on bone 

resorption. The results presented in Chapter 2 suggest that sclerostin may play a role in 

the resorption of bone tissue by osteoclasts. Until recently osteoblasts were thought to 

be the main source of RANKL, the key molecule needed for the formation of 

multinucleated osteoclasts. However, although not totally resolved, recent studies, as 

discussed in Chapter 1, challenge this view and provide evidence to suggest that the 

main source of RANKL in adult bone is the osteocyte, although this has only so far 

been shown in mice. Work presented in Chapter 2, which has been published [2], 

supports this new view and adds to a possible regulatory mechanism of the expression 

of RANKL in both human and mouse osteocytes by sclerostin. In particular, a clear 

effect on the activity of osteoclasts was demonstrated, when co-cultures of osteocytes 

and osteoclast precursors were cultured in the presence of sclerostin.  

The findings presented in Chapter 2 represent a significant advance in our current 

understanding of the mechanisms of sclerostin action; this advance has been recognised 

in the field, with, for example an abstract describing this work submitted to the Joint 

International Bone and Mineral Society/ANZBMS Annual Scientific Meeting in 2011 

being awarded ‘Best Basic Abstract’. As mentioned, sclerostin was thought to act only 

by inhibiting the formation of bone and there were no previous reports of catabolic 

actions. There is a single report suggesting that Wnt/β-catenin signaling suppresses 

RANKL expression [3]. Spencer et al., in similar co-cultures as described in Chapter 2, 

demonstrated that Wnt3a treatment or GSK3β inhibition by the Wnt signaling agonist 
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LiCl, resulted in the inhibition in the formation of TRAP-positive, multinucleated cells 

and that Wnt signaling suppressed the expression of RANKL in osteoblasts. Sclerostin is 

best known as an inhibitor of the Wnt/β-catenin signaling pathway, and if Wnt does 

suppress RANKL, sclerostin might be expected to induce RANKL by Wnt inhibition. In 

the work presented in Chapter 2, we demonstrated that sclerostin in fact induced the 

expression of RANKL, consistent with the proposed relationship between Wnts and 

RANKL by Spencer et al. The work described in Chapter 2 provides the first 

demonstration of catabolic action by sclerostin, a concept that has gathered momentum 

and acceptance since this work. Given the critical role of osteocytes in adult bone 

remodeling, sclerostin may play a role, initiating resorption at a specific site or driving 

the direction of the resorption occurring at a particular remodeling site. The results 

using exogenous sclerostin show what can happen, rather than what does necessarily 

happen and further work is warranted in regard to the regulation of the RANKL gene by 

sclerostin. Ideally, neutralising antibodies would be used to examine the role of 

endogenous sclerostin in the models described, but this reagent was not accessible at the 

time of these experiments. It is unclear what receptors are used by sclerostin to induce 

RANKL expression. We have sought to answer this question by knocking down the 

expression of known receptors of sclerostin, using a siRNA mediated approach, as 

presented in Chapter 3. The preliminary results, which are not presented in this thesis, 

suggest that each of the Wnt co-receptors LRP5/6 and LRP4 are important for the 

effects of sclerostin on RANKL, consistent with sclerostin being an inhibitor or the Wnt 

signaling pathway. We consider it important also to demonstrate that sclerostin induces 

RANKL expression in human bone tissue, which consists largely of osteocytes in their 

native three-dimensional conformation, and these experiments are now the subject of 

ongoing work in our laboratory. 
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The interaction and the crosstalk between osteoclast precursors and osteocytes is not 

well understood. Due to osteocytes being embedded in the mineral, it was assumed that 

they are unable to communicate with osteoclast precursors. However, recent evidence 

suggests interplay between these two cell types, which may play a more important role 

than previously thought. Observations made during the course of the above experiments 

suggest that communication is not unidirectional between these two cell types. Using 

species-specific primers, it was observed that osteocyte gene expression was different in 

cocultures of osteoclast precursors and osteocytes compared with osteocytes cultures 

alone (results not presented). Further work is needed to better understand the 

communication between osteocytes and osteoclast precursors, as these two cell types 

appear to be working together in bone remodeling.  

A limitation of these studies performed is that we did not demonstrate the induction of 

RANKL protein in osteocytes. We have recently immunostained RANKL in ex vivo 

human bone cultures grown in the presence of recombinant sclerostin. We clearly 

observed RANKL staining on osteocyte surfaces (results not shown). The human bone 

samples we used were from aged patients who underwent hip replacement surgery, as 

described in Chapter 3. Due to the limitations of time and the size and type of bone 

samples we used in our study, it was difficult to quantify the staining or study spatial 

distribution of the staining within bone. In vivo experiments using an appropriate animal 

model, such as sclerostin infusion or sclerostin neutralisation may be a better way to 

examine how sclerostin affects RANKL at the tissue level.  

The results described in Chapter 3suggested that sclerostin may act directly on 

osteocytes to induce bone resorbing, catabolic , and adding further evidence to the 

concept of osteocytic osteolysis. In fact, the resulting published manuscript [4], the 

subject of an invited Commentary in the Journal of Bone and Mineral Research [5] and 
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an Editorial in BoneKey Reports [6], provides the first mechanistic evidence of 

osteocytic osteolysis. Thus, Chapter 3 presented a novel mechanism for how osteocytes 

could actively regulate their microenvironment by expressing the enzyme carbonic 

anhydrase 2 (CA2/Car2), which leads to acidification of the extracellular 

microenvironment. Small-interfering RNA knockdown of all three known receptors for 

sclerostin demonstrated that all are important in a non-redundant manner for the effect 

on Car2. This was surprising, since LRP5 and 6 in theory should be able to compensate 

for each other’s activity, and, while LRP4 knockdown would have prevented this 

chaperone function, sclerostin could possibly still interact directly with LRP5 and 6. 

However, there is existing genetic evidence in the literature that these receptors function 

in a non-redundant fashion, since mutations in either LRP4, or LRP5 and 6, all result in 

high bone mass conditions. This is an intriguing area worthy of further research and 

perhaps a systems biology approach is needed to investigate the activity of functionally 

interdependent ligand-receptor interactions. The Chapter also described the expression 

of other resorption-related genes such as TRAP and CTSK, which also increased 

expression in response to sclerostin. Thus, it appears that several enzymes are 

synthesised by osteocytes during their catabolic phase, reminiscent of the machinery of 

active osteoclasts. Further study is warranted to look at these factors individually, to 

study their role in osteocytic osteolysis and in the sclerostin response in a mechanistic 

fashion, as was done here for carbonic anhydrase 2. 

Osteocytes have been shown to regulate their microenvironment during lactation 

(discussed in Chapter 1). It is possible that in situations of high calcium demand, 

osteocytes actively contribute to the release of calcium from bone and do so by 

mobilising mineral from the vast surface area of the perilacunar/canalicular network. 

The findings described here suggest that high sclerostin levels replicate conditions of 
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high calcium demand. An intriguing possibility is that osteocytes may actively also 

increase their lacunae size in order to gain access to more oxygen and nutrients; as 

discussed in Chapter 1, hypoxia results in the induction of SOST in osteocytes. Further 

work is needed to understand the need for osteocytes to regulate their microenvironment 

and the role sclerostin plays in this. During the study, we were able to examine the 

osteocyte lacunae in mice transgenic for human SOST. We reported a small increase in 

osteocyte lacuna size in the cortical bone of female transgenics [4], but this was not to 

the extent observed in our acute ex vivo experiments. This suggests that with chronic 

elevation of sclerostin, other compensatory mechanisms may come into play to 

normalise the lacunocanalicular network and the porosity of bone. It would be of 

interest to develop an acute in vivo model of sclerostin up-regulation to examine the 

effects on these parameters, in addition to the effects on osteoclast parameters alluded to 

with respect to Chapter 2. 

As also discussed in Chapter 1, we have previously reported that the pro-inflammatory 

cytokines TWEAK and TNFα induce SOST/sclerostin expression. Work presented in 

Chapter 4 identified that 1,25D also induced SOST expression in osteoblastic cell lines, 

human primary osteoblasts and in human and mouse bone, ex vivo. It was found that the 

response was mediated at the transcriptional level by a VDRE located in the proximal 

SOST promoter. The predicted VDRE was demonstrated to be responsive to 1,25D and 

able to bind nuclear proteins in a sequence-specific and 1,25D-dependent manner. 

Furthermore, it was demonstrated that 6333 bp of the native SOST promoter, containing 

the predicted VDRE, was responsive to 1,25D and did so in a VDRE dependent manner. 

Addition of an ECR5 element did not increase the level of responsiveness of the native 

SOST promoter. Interestingly, the cloned SOST promoter together with the ECR5 region 

did not demonstrate the same level of responsiveness as the intrinsic SOST promoter to 
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either 1,25D or PTH (Chapter 4, Suppl. Fig S4). This strongly suggests that there are 

additional elements required for the regulation of SOST by 1,25D at the transcriptional 

level or that other mechanisms could be responsible for the increase of SOST mRNA. 

To investigate the effects of 1,25D on mRNA transcript stability, we also cloned the 3' 

untranslated region (3' UTR) of the SOSTgene into a psiCHECK expression vector. 

While 1,25D had no effect on the SOST 3′ UTR, the pro-inflammatory cytokine TNFα 

did (results not presented). The existence of other VDREs in distal regions, working 

together with the VDRE identified here, is a possibility. For example, the regulation of 

the RANKL gene by 1,25D appears to be mediated by at least five distal regions, as 

identified by chromatin immunoprecipitation (ChIP) [7]. Distal regulatory regions have 

been demonstrated to be important for the regulation of the SOST gene as discussed in 

Chapter 1. Therefore, it is possible that unknown VDREs exist beyond the 10 kb 

promoter we analysed. The conventional promoter analysis technique we used has its 

limitations in identifying response elements in distal regions and ChIP analysis would 

be an efficient way to address whether the SOST gene is regulated by distal control 

regions and is a possible follow up study for the work presented in Chapter 4.  

In conclusion, the work presented in this thesis provides evidence for novel catabolic 

actions by, and regulation of expression of, the key bone regulating protein, sclerostin. 

As sclerostin neutralisation shows great potential in the treatment of disease related 

bone loss, the knowledge this body of work adds to the understanding on sclerostin is 

highly significant. The significance of the relationship between vitamin D and sclerostin 

identified here is in the context of a topic of considerable current interest, namely 

determining the roles and optimum levels of vitamin D for a healthy skeleton.  
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