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ABSTRACT 
Bone is a rigid connective tissue that provides structural support to the daily life of the 

vertebrates. To maintain the structural integrity of the skeleton, the bone is constantly 

undergoing remodelling, where old or damaged bone is removed by osteoclasts and new bone 

is secreted by osteoblasts. If bone remodelling is imbalanced, skeletal disorders, such as 

osteoporosis, Paget’s disease and osteopetrosis may occur. Therefore, understanding the 

factors involved in the signalling cascades that regulate bone remodelling is beneficial for the 

discovery of pathogenesis of skeletal diseases.  

Paraspeckles are sub-nuclear and non-membrane bound organelles. The structural basis of 

paraspeckles is the long non-coding (lnc) RNA NEAT1, where other proteins bind to NEAT1 

and form intact paraspeckles. NEAT1 lncRNA and paraspeckles have been associated with 

cancer biology. The function of paraspeckle and NEAT1 in osteoclastogenesis is yet to be 

understood. The expression of NEAT1 lncRNA was found to be upregulated during RANKL-

induced osteoclastogenesis. By comparative microarray, 5 most abundant paraspeckle proteins 

in osteoclast were identified. By immunofluorescent microscopy, upon RANKL induction, 

paraspeckle protein NONO was found to disassociate with NEAT1. By knocking down NEAT1 

lncRNA using anti-sense nucleotides, paraspeckles failed to form and RANKL-induced 

osteoclastogenesis was disrupted. These results indicate a novel regulatory role of paraspeckles 

in RANKL-induced osteoclastogenesis. 

Mesothelin (MSLN) is a protein involved in multiple types of cancer. It was found previously 

that MSLN is overexpressed in osteoclasts. Global knockout of MSLN in mouse results in 

reduced bone volume and increased osteoclast formation and bone resorption. The role of 

MSLN in bone remodelling was further investigated in this study using a conditional knockout 

mouse model (Ctsk-cre). By micro-CT, osteoclast-specific knockout of Msln resulted in 

reduced bone volume. Histology showed that the osteoclast number was higher in the knockout 
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mice, which is a similar bone phenotype to the global knockout mice. Therefore, osteoclast-

expressed MSLN is important in bone remodelling. 

The effect of MSLN on osteoblast was further investigated. The results showed that 

recombinant MSLN protein promoted the mineralisation of osteoblast cell line only in the 

presence of BMP2 in vitro. Moreover, recombinant MSLN protein promoted the migration of 

osteoblast cell line MC3T3-E1 and mouse stromal cell line, KusaO. Therefore, MSLN can 

induce migration in both osteoblasts and osteogenic precursor cells. Furthermore, it was proved 

by transwell experiments that osteoclast-expressed MSLN induced the directional migration of 

osteoblast. MSLN protein promoted the migration of osteoblasts by activating ERK, p38 

MAPKs, AKT/GSK3β and Smad2/3 pathways. These results suggested that MSLN could be a 

potential factor involved in the coupling of bone formation to bone resorption by promoting 

the directional migration of osteoblasts. 
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CHAPTER 1

INTRODUCTION TO BONE BIOLOGY
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1.1 Introduction to bone 

In an adult human, the skeletal system is composed of 206 bones, which support the 

body structure, allow attachments of muscle and tendon, protect the internal organs, 

and provide a microenvironment for bone marrow (Florencio-Silva et al., 2015). Bone 

is mostly made of collagen, calcium, and other minerals (Seeman & Delmas, 2006). 

There are two types of bones, cortical bone, and trabecular bone, each with unique 

appearance and characteristics. Cortical bone, or compact bone, is the outer layer of the 

bone, making up the majority of adult bone mass (Augat & Schorlemmer, 2006). 

Trabecular bone, or cancellous bone, is the internal tissue of a bone, with a spongelike 

structure. Trabecular bone is less dense than cortical bone (Ott, 2018). Although it only 

accounts for 20% of total bone mass, cancellous bone has much larger surface area than 

cortical bone. Trabecular bone is composed of a network of trabeculae allowing room 

for bone marrow and blood vessels (Oftadeh et al., 2015). The unique combination of 

cortical bone and trabecular bone makes the skeleton stiff and elastic at the same time 

(Keaveny et al., 2001). However, if the mechanical loading exceeds the limits of both 

stiffness and flexibility of the bone, fractures will happen (Seeman & Delmas, 2006).  

Although mostly composed of mineralised tissue, bone is metabolically active, as the 

bone is not completely developed at birth (Berendsen & Olsen, 2015). During the life 

of a mammal, the bone constantly undergoes modelling and remodelling. Bone 

modelling is the growth of bone in both longitude and radius. This process starts about 

sixth or seventh week of embryonic development and by the end of adolescence, 90% 

of adult bone is formed (Olsen et al., 2000). There are two modes of bone formation, 
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intramembranous ossification and endochondral ossification (Salhotra et al., 2020). 

During intramembranous ossification, the bone develops from the clusters of 

mesenchymal stem cells in the connective tissue (Thompson et al., 2002). Flat bones of 

the face and most of the cranial bones are formed by intramembranous ossification 

(Olsen et al., 2000). In endochondral ossification, the tissue that will develop into bone 

firstly forms the cartilaginous skeletal precursor of the bone. Then, as the bone replaces 

the hyaline cartilage during ossification, cartilage continues to grow at the ends of the 

bone remaining at the epiphyseal plate and joint surface as articular cartilage (Mackie 

et al., 2008). Bone remodelling, on the other hand, occurs throughout the entire life of 

a mammal. The bone remodelling cycle maintains the integrity of the bone tissue, 

constantly replacing the old bone by newly synthesised bone. The bone remodelling is 

controlled and balanced by the cells involved (Siddiqui & Partridge, 2016). 

There are three major types of bone cells, osteoclast, osteoblast, and osteocytes 

involved in the bone remodelling process (Crockett et al., 2011). Osteoclasts are the 

“bone-dissolving” cell. Bone minerals are dissolved by hydrochloric acid and the bone 

matrix protein is digested by proteases (Teitelbaum, 2007). Osteoblasts secrete collagen 

I, which forms new bone matrix (Harada & Rodan, 2003). Osteocytes are terminally 

differentiated osteoblasts “buried” in mineralised skeletal matrix. Osteocytes are 

involved in sensing the mechanical loading signals and regulating the bone modelling 

and remodelling by the regulation of osteoclasts and osteoblasts (Bonewald, 2011). 

Together, the three types of the cells at the bone remodelling site, make up a temporary 
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anatomical structure known as the basic multicellular unit (BMU) and the process of 

bone remodelling is strictly regulated within the BMU (Crockett et al., 2011). 

Bone remodelling is a complicated process under multiple regulations. The bone 

remodelling cycle can be divided into 5 overlapping stages, initiation, resorption, 

reversal, formation, and termination (Owen & Reilly, 2018). The process of bone 

remodelling is summarised in Figure 1.1. At the beginning of bone remodelling, 

osteoclast precursor cells, originated from the haematopoietic stem cells (HSCs), are 

recruited to the remodelling site as the bone lining cells raise from the underlying bone 

and form a canopy, providing a microenvironment for the BMU (Raggatt & Partridge, 

2010). The recruited osteoclast precursor cells undergo cell-cell fusion to form mature 

osteoclasts. The initiation stage of bone remodelling ensures that bone remodelling is 

only happening when required in healthy bones (Eriksen, 2010). The initiating 

signalling is originated from either osteocytes or changes in hormones in the system 

(Kenkre & Bassett, 2018). Activation and differentiation of osteoclasts are regulated by 

osteocytes and osteoblasts. Mature osteoclasts attach to the bone surface and digest the 

mineralised bone. (Detailed mechanism will be described in the Section 1.2.) 

Osteoclastic resorption is terminated by programmed death of osteoclasts to prevent 

excess bone resorption (Manolagas, 2000). The reversal stage is the switch from bone 

resorption to bone formation. During this stage, the freshly resorbed surface is prepared 

for the formation of new bone (Raggatt & Partridge, 2010). Under healthy situations, 

bone resorption is coupled to formation, ensuring no bone loss during this process. 

Imbalance between osteoclastic resorption and osteoblastic formation leads to skeletal 
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Figure 1.1 Cellular network involved in bone remodelling. Major bone cells such
as osteoclast, osteoblast and osteocyte are involved in bone remodelling. These cells
form a basic multicellular unit (BMU) at the remodelling site, which is a temporary
structure. Osteoclasts, derived from HSCs are recruited to resorb the old bone. After
that, new bone matrix is synthesised by osteoblast, originated from MSCs. The
osteoblast, after synthesising the new bone, either undergoes apoptosis or become
bone lining cell and osteocyte. Signalling molecules, RANKL and OPG regulate the
activity of osteoclast.



diseases (Lerner et al., 2019). The formation stage involves the secretion of type-I 

collagen rich bone matrix by osteoblasts and the mineralisation of the newly formed 

osteoid. After the mineralisation is finished, the osteoblasts become a bone lining cell, 

develop into osteocytes, or undergo apoptosis (Franz-Odendaal et al., 2006). Osteocytes 

regulate the termination stage of bone remodelling by secreting cytokines such as 

sclerostin (SOST), which is an antagonist of osteogenesis (Niedzwiedzki & Filipowska, 

2015). 

1.2 Osteoclast biology 

1.2.1 Osteoclast morphology and function 

Osteoclasts are originated from haematopoietic stem cells (HSCs). With the stimulation 

of macrophage colony stimulating factor (M-CSF), the HSCs give rise to the cells of 

monocyte/macrophage lineage, which are considered to be osteoclast precursor cells 

(Bar-Shavit, 2007; Jacome-Galarza et al., 2019; Shalhoub et al., 2000). Mature 

osteoclasts are formed by fusion of the monocyte progenitors, stimulated by receptor 

activated nuclear factor kappa B ligand (RANKL), the critical regulatory cytokine for 

osteoclastogenesis (Walsh & Choi, 2014). Osteoclasts are multinucleated with a size 

up to 100 μm in diameter. Osteoclasts also express tartrate-resistant acid phosphatase 

(TRAcP), which can be detected by TRAcP staining. Therefore, TRAcP-positive and 

multinucleation are used to characterise osteoclasts in vitro (Figure 1.2A). Osteoclasts 

are often found in the Howship’s lacunae on the bone surface. By high-magnification 

microscopy, it was found that the osteoclasts had high concentrations of vesicles and 
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Figure 1.2 Osteoclast anatomy. (A) Osteoclasts formed in vitro. Osteoclasts were
formed by stimulating mouse bone marrow derived macrophages with RANKL and
MCSF for 6 days. Shown in the figure, the cells were stained for TRAcP activity,
where osteoclasts were characterised as TRAcP positive multi-nucleated cells. (B)
Illustration of a bone-resorbing osteoclast. Mature osteoclasts attach to the bone
surface via integrin and form sealing zone isolating the resorbing lacunae from the
outside bone microenvironment. The resorbing lacunae is acidified and proteases
such as TRAcP , CTSK and MMP9 are secreted to degrade the organic bone matrix.
The degraded bone matrix is transferred through osteoclast by transcytotic vesicles.



vacuoles, sparse endoplasmic reticulum, massive Golgi apparatus complex and 

abundant mitochondria (Cappariello et al., 2014). These special characteristics are 

required for the energy consuming bone resorption.  

The major function of osteoclast is to remove the old bones (Figure 1.2B). The 

osteoclastic resorption is achieved by multiple steps, which are enabled by the special 

structures of osteoclasts (Teitelbaum, 2000). At the beginning of bone resorption, the 

osteoclast recognises the bone surface and attaches to the bone surface followed by 

cytoskeleton rearrangement. The osteoclast cell is polarised, forming a finger-like 

structure, termed the ruffled border. The attachment of osteoclasts to the bone surface 

is mediated by αvβ3 integrin, which recognises the epitope Arg-Glu-Asp (RGD) domain 

in the bone matrix proteins (Holliday et al., 1997). A special structure, the sealing zone, 

is formed between the ruffled border and the bone matrix. The sealing zone insulates 

the resorbing lacunae from the general extracellular space, providing a 

microenvironment for effective resorption and protecting the surrounding cells from 

the acidic environment in the resorbing lacunae (Jurdic et al., 2006). The sealing zone 

is rich in filamentous actin (F-actin), assisting the attachment of osteoclasts to the bone 

surface while ensuring the ability to migrate. The F-actin is compiled in podosomes, 

along with other actin related proteins, such as vinculin, paxillin, α-actinin and the actin 

regulating proteins, WASP (Wishkott-Aldrich syndrome protein) and Arp2/3. The 

accumulation of F-actin within the podosomes signals the maturation of osteoclast, and 

initiates the bone resorption (Akisaka et al., 2001).  
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Bone matrix contains both organic and inorganic matter. Thus, the bone resorption 

involves the dissolution of the inorganic hydroxyapatite and the organic bone matrix 

proteins (primarily collagen I). V-ATPase located in the ruffled border secretes H+ into 

the resorbing lacunae to acidify the resorption compartment. The high concentration of 

acid releases calcium from the hydroxyapatite (Qin et al., 2012; Rousselle & Heymann, 

2002). The source of the protons is the carbonic acid, which is generated by carbonic 

anhydrase II (Biskobing & Fan, 2000). To maintain the electroneutrality, Cl- is also 

pumped into the resorbing lacunae via the chloride channel (Schaller et al., 2005). The 

degradation of the organic bone matrix protein is achieved by the proteolytic enzymes, 

including TRAcP, cathepsin K (CTSK), and matrix metalloproteinases (MMPs). These 

enzymes are synthesised in the cytosol of osteoclasts and transported into the resorbing 

lacunae by exocytosis (Everts et al., 2006). TRAcP, as mentioned before, is an 

osteoclast-specific marker, which also plays an important role in the breakdown of bone 

matrix. TRAcP destroys osteopontin, which is important for osteoblast bone formation, 

by generating reactive oxygen species. TRAcP knockout mice exerted a strong 

osteopetrotic phenotype, indicating its critical role in osteoclastic bone resorption 

(Kirstein et al., 2006). CTSK is the major protease that degrades type I collagen, the 

major bone protein. During bone resorption, CTSK is abundantly expressed by 

osteoclasts and secreted into the resorbing lacunae (Bossard et al., 1996; Drake et al., 

1996). CTSK knockout mice exhibit osteopetrosis due to defects in bone matrix 

dissolution (Saftig et al., 1998). Another important proteolytic enzyme involved in bone 

resorption is the mtrix metalloproteins (MMPs), especially MMP9 and MMP13. These 

7



MMPs are responsible for the degradation of collagens, growth factors and cytokines 

(Delaisse et al., 2003). MMPs are also well known to mediate cancer metastasis and 

cancer associated bone loss (Ohshiba et al., 2003). To support the enzymatic 

degradation of the bone matrix, the removal of the products is accomplished by 

transcytosis, where the degraded products are endocytosed and transported along a 

transcytotic vesicular pathway towards the functional secretory domain of the 

osteoclast (Ng et al., 2019). Moreover, it has been shown that TRAcP is present in the 

transcytotic vesicles and contributes to further breakdown of the matrix during 

intracellular transport (Vaaraniemi et al., 2004).  

1.2.2 Regulation of osteoclast differentiation and resorption 

Osteoclast differentiation and function are under the control of a massive network of 

extracellular cytokines and intracellular signalling pathways (Figure 1.3). The most 

important signalling molecules are M-CSF and RANKL. The signalling pathways, 

including NF-κB signalling pathway and MAPK signalling pathway, govern the 

differentiation and activation of osteoclasts.  

1.2.2.1 M-CSF 

Macrophage colony stimulating factor (M-CSF) is also known as CSF-1. In the bone 

microenvironment, the major source of M-CSF is bone marrow stromal cells and 

osteoblasts (Weir et al., 1993). M-CSF is required for the haematopoietic stem cells 

(HSCs) to commit to the monocyte/macrophage lineage. In addition to this, M-CSF is 

also essential for the survival and proliferation of the osteoclast precursor cells (Ross, 

8



M-CSF

c-Fms

Grb2
PI3K

AKT ERK

Cell survival
Cell proliferation

RANKL trimer

RANK

c-Src

PI3K

Gab2
TRAF6 TRAF2/5

TAB1 TAB2
TAK1

IKK

Iκ-B
NF-κB

NF-
κB

NFATc1 Osteoclast genes

ERK p38JNK

MITF

MITF

c-Fos c-Jun

AP-1
CREB

PU.1
NFATc1

OSCAR
TREM2

FcRγ DAP12

Syk Syk

Btk/Tec

BLINKPLCγ

Ca2+

CaMKIV
CREB

Calcineurin

Autoamplification

Figure 1.3 Osteoclast signaling networks. Osteoclast differentiation is stimulated
by RANKL and M-CSF. Binding of RANKL to RANK on the osteoclast precursor
cells initiates the downstream TRAF6. Then, the MAKP signalling pathway (ERK,
JNK and p38) and NF-κB signalling pathway are activated, which results in the
induction of the master transcription factor of osteoclastogenesis, NFATc1. NFATc1
activates the transcription of osteoclast specific genes. The auto-amplification of
NFATc1 is mediated by calcium signalling. M-CSF activates signalling molecules,
AKT and ERK to stimulate survival and proliferation of the osteoclast precursor cells.



2006). M-CSF binds to its receptor, c-Fms, recruiting the adaptor protein complex Grb2 

to the cytoplasmic portion of c-Fms, which activates MAPK, and ERK. M-CSF also 

stimulates the PI3K/AKT pathway. These two downstream pathways of c-Fms, are all 

related to the proliferation and survival of the monocyte and macrophage lineage cells 

(Bradley et al., 2008).  

The essential role of M-CSF is further proved by the osteoporotic op/op mice, where a 

mutation exists in the M-CSF gene. The population and differentiation of osteoclasts 

were both affected by the deficiency of M-CSF, but the phenotype was rescued by 

administration of recombinant M-CSF (Wiktor-Jedrzejczak et al., 1990). Further, 

disruption of the binding of M-CSF to c-Fms either in c-Fms deficient mice or by an 

anti-c-Fms antibody inhibited osteoclastogenesis, indicating the critical role of M-

CSF/c-Fms signalling in osteoclastogenesis (Dai et al., 2002; Kimura et al., 2014). In 

addition to the importance of M-CSF in the osteoclast precursor cells, M-CSF also plays 

an important role in mature osteoclast by enhancing RANKL-induced resorption by 

promoting the ERK1/2 phosphorylation and increasing the survival and motility of 

mature osteoclasts (Hodge et al., 2011).  

1.2.2.2 RANKL/RANK/OPG signalling axis 

Discovered in the mid-1990s, RANKL/RANK/OPG has led to major advancements in 

the understanding of the regulation of bone resorption (Nakashima et al., 2012). As 

mentioned before, receptor activated nuclear factor kappa ligand (RANKL) is the core 

cytokine regulating osteoclastogenesis. RANKL, also known as tumour necrosis factor 
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ligand superfamily member 11 (TNFSF11), belongs to the TNF superfamily, and is the 

ligand for the receptor RANK. RANKL is overexpressed in many cancers, including 

breast cancer, prostate cancer, and myeloma (Renema et al., 2016). The function of 

RANKL varies in different tissues and systems, where RANKL plays a critical role in 

the regulation of bone remodelling (Ono et al., 2020). RANKL exists either as secreted 

form or membrane-bound form, usually in trimers. The secreted RANKL is derived 

from the membrane bound RANKL by proteolytic cleavage (Nakashima et al., 2000). 

There are multiple lineages of cells that contribute to the RANKL responsible for 

stimulating osteoclastogenesis but the major source of RANKL is osteocytes 

(Nakashima et al., 2011; Xiong et al., 2015). However, in some pathological conditions, 

overexpressed RANKL by cells, such as malignant tissue, could cause an elevated 

activation of osteoclast and excessive bone destruction (Yasuda, 2013).  

Osteoprotegerin (OPG), produced by osteoblasts and B cells, is a soluble decoy receptor 

of RANKL. As the name implies, OPG is osteo-protective. OPG prevents the binding 

of RANKL to RANK, therefore inhibiting the formation of osteoclasts (Yasuda et al., 

1998). The expression of OPG and RANKL are sometimes regulated at the same time, 

such that the RANKL/OPG ratio is important to the regulation of bone remodelling 

(Grimaud et al., 2003). 

The human RANK gene is located on chromosome 18, encoding a 616-amino-acid 

homotrimeric transmembrane protein. Binding of RANKL to RANK activates the 

downstream signalling cascades leading to osteoclastogenesis (Dougall et al., 1999). 

These pathways include the NF-κB pathway, mitogen activated protein kinase pathway 
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and NFATc1 pathway (Park et al., 2017). A key downstream signalling molecule after 

RANKL binding to RANK is the TNF receptor-associated factors (TRAFs). TRAF6 is 

the most significant adaptor for the downstream signalling of RANKL/RANK pathway, 

where TRAF6 deficient mice exhibited an osteopetrotic phenotype (Naito et al., 1999; 

Poblenz et al., 2007). A recent study has demonstrated RANK-expressing extracellular 

vesicles, expressed by osteoclasts, interact with RANKL on the osteoblast surface, 

promoting bone formation via reverse signalling (Ikebuchi et al., 2018).  

Mutations in genes encoding RANKL, RANK, and OPG lead to hereditary bone 

diseases in humans, because of the importance of the RANKL/RANK/OPG signalling 

axis in bone remodelling. The mutations found in these genes usually result in two 

outcomes, one is osteopetrosis, where the osteoclasts are under-active, the other one is 

familial expansile osteolysis (FEO), where osteoclasts are over-active. Mutations found 

in these genes, related to skeletal disorders, are summarised in Table 1.1 (ARO, 

autosomal recessive osteopetrosis; PDB2, Paget’s disease 2; ESH, expansile skeletal 

hypophosphatasia; FEO, familial expansile osteolysis; PEBD, panostotic expansile 

bone disease; PDB5, Paget’s disease 5).  

Table 1.1 
Protein Gene Mutation Disease Literature 

RANKL TNFSF11 

Del145-177AA ARO (Sobacchi et al., 2007) 

M199K ARO (Sobacchi et al., 2007) 

Frameshift V277 ARO (Sobacchi et al., 2007) 

RANK TNFRSF11A TNFRSF11A 
75dup27 PDB2 (Hughes et al., 2000) 
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TNFRSF11A 
77dup27 PDB2 (Iwamoto et al., 2020) 

TNFRSF11A 
84dup15 ESH (Whyte & Hughes, 

2002) 

TNFRSF11A 
84dup18 FEO (Hughes et al., 2000) 

TNFRSF11A 
90dup12 PEBD (Whyte et al., 2014) 

Arg170Gly ARO (Pangrazio et al., 2012) 

Arg129Cys, 
Cys175Arg ARO (Pangrazio et al., 2012) 

Cys175Arg, 
Ala244Ser ARO (Pangrazio et al., 2012) 

Gly53Arg ARO (Pangrazio et al., 2012) 

Trp434X ARO (Guerrini et al., 2008) 

Gly53Arg ARO (Pangrazio et al., 2012) 

Gly280X ARO (Guerrini et al., 2008) 

OPG TNFRSF11B 

100 kb deletion Juvenile 
PDB5 (Whyte et al., 2002) 

245-251 kb deletion Juvenile 
PDB5 (Naot et al., 2014) 

Cys65Arg Juvenile 
PDB5 

(Chong et al., 2003; 
Naot et al., 2014) 

Cys87Tyr Juvenile 
PDB5 

(Chong et al., 2003; 
Naot et al., 2014) 

Phe117Leu Juvenile 
PDB5 (Chong et al., 2003) 

Asp182deletion Juvenile 
PDB5 (Chong et al., 2003) 

Mutation in exon 5 Juvenile 
PDB5 (Chong et al., 2003) 

Thr76Pro Juvenile 
PDB5 (Naot et al., 2014) 
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1.2.2.3 NF-κB pathway and MAPK pathway 

The NF-κB signalling pathway positively regulates the expression of a wide range of 

genes involved in inflammatory responses, diabetes, and cancer. In osteoclasts, NF-κB 

plays a central role in RANKL-mediated osteoclastogenesis. The NF-κB family 

includes RelA (p65), RelB, p50, p52 and c-Rel, which all have a Rel homologous 

domain (RHD) at the N-terminus. The RHDs, present in the NF-κB family proteins, 

allow the proteins to form homo- or heterodimers (Dorrington & Fraser, 2019). The 

activation of NF-κB has two potential pathways, canonical and non-canonical. The 

canonical NF-κB signalling pathway is mediated by p65/p50, which is activated by 

RANKL, TNFs, and Il-1 and is transient (Vallabhapurapu & Karin, 2009). The non-

canonical NF-κB, mediated by RelB/p52, is activated hours later than the canonical 

pathway and can only be activated by RANKL (Zarnegar et al., 2008). It was proven 

by several studies that non-canonical NF-κB signalling is not critical for RANKL-

induced osteoclast formation (Aya et al., 2005; Franzoso et al., 1997; Vaira et al., 2008; 

Xing et al., 2003). 

In osteoclast precursor cells, the p65 and p50 heterodimer is held by IκB-α in the 

cytoplasm (Liou et al., 1992). Binding of RANKL to RANK, activates TRAF6, which 

in turn activates IκB kinase (IKK). Phosphorylated IKK leads to the degradation of IκB, 

releasing the p65/p50 to translocate into the nucleus (Vallabhapurapu & Karin, 2009). 

NF-κB activation enhances the transcriptional activation of NFATc1 and c-Fos 

(Takayanagi et al., 2002; Wagner & Eferl, 2005). In mice, defects in NF-κB activation, 

due to the deletion of p50 and p52 genes, result in decreased numbers of osteoclasts 
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and an osteopetrotic phenotype (Xing et al., 2003; Xing et al., 2013). Some other studies 

have also shown that the NF-κB pathway negatively regulates osteoblast 

differentiation, therefore, NF-κB inhibitors could potentially promote bone formation 

and have a therapeutic effect on osteolytic diseases (Chang et al., 2009; Yao et al., 

2014).  

In addition to the NF-κB signalling pathway, the mitogen-activated protein kinase 

(MAPK) signalling pathway is also critical in osteoclast differentiation. M-CSF and 

RANKL both activate the MAPK pathway. In osteoclasts, extracellular signal-

regulated kinase (ERK), cJun N-terminal kinase (JNK) and p38 are involved in the 

osteoclast precursor cell proliferation and RANKL-induced osteoclastogenesis (Ross, 

2006; Wada et al., 2006). The three MAPKs are all downstream of TRAF6 but have 

different roles in RANKL-induced osteoclastogenesis. ERK signalling is involved in 

M-CSF signalling to promote the proliferation and survival of osteoclast precursor cells 

(Mancini et al., 1997; Sherr, 1990). Studies have also shown that the activation of ERK 

by M-CSF is favourable for the activation of RANKL-induced osteoclastogenesis (He 

et al., 2011). Phosphorylated ERK activates c-Fos, which in turn activates AP-1 

(Wagner & Matsuo, 2003). RANKL-induced JNK activation phosphorylates the 

transcription factor c-Jun and forms a complex with c-Fos (Ikeda et al., 2008). JNK 

phosphorylation also regulates the expression of calcium/calmodulin-dependent protein 

kinase (CaMK) (Chang et al., 2008). Activated p38 phosphorylates and activates 

microphthalmia-associated transcription factor (MITF) (Mansky et al., 2002). p38 

MAPK activation is also critical for the expression of cathepsin K in osteoclasts 
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(Matsumoto et al., 2004). It has been established that inhibitors suppress RANKL-

induced osteoclast differentiation and function by inhibiting the NF-κB and MAPK 

pathways, which is a drug design strategy for anti-resorptive agents (He et al., 2019).  

1.2.2.4 NFATc1 and Ca2+ pathway 

Formation of mature osteoclasts requires the activation of multiple transcription factors, 

including MITF, c-Fos, and most importantly, nuclear factor-activated T cells c1 

(NFATc1) (Inoue & Imai, 2014). NFATc1 was originally found in T cells and belongs 

to the NFAT transcription family. The NFAT transcription factor family is involved in 

many different physiological and pathological pathways (Macian, 2005). In osteoclasts, 

NFATc1 is the master transcription factor of RANKL-induced osteoclastogenesis and 

controls the downstream expression of osteoclast differentiation markers, such as, 

TRAcP, CTSK, calcitonin receptor and V-ATPase (Zhao et al., 2010). It was shown by 

a knockout study of NFATc1 that conditional knockout of NFATc1 in osteoclasts 

results in deficiency in osteoclastogenesis and ultimately, osteopetrosis (Aliprantis et 

al., 2008). Also, NFATc1-deficient mouse embryonic stem cells fail to differentiate into 

mature osteoclasts when stimulated with RANKL (Takayanagi et al., 2002). These 

results indicate the indispensable role of NFATc1 in osteoclast differentiation.  

The expression and activation of NFATc1 during osteoclastogenesis is under the 

control of several factors. Activator protein-1 (AP-1) family of transcription factors, 

especially c-Fos, is important in the activation of NFATc1 expression (Johnson et al., 

1992). During RANKL-induced osteoclast differentiation, activated c-Fos binds to the 
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promoter region of NFATc1 at the early stage of osteoclast differentiation (Anderson 

et al., 1997; Asagiri et al., 2005). c-Fos knockout mice demonstrate an osteopetrotic 

phenotype, where the NFATc1 mRNA induction by RANKL is revoked in the 

deficiency of c-Fos (Wang et al., 1992). These defects are reversed by overexpression 

of NFATc1 in the c-Fos-knockout cells (Matsuo et al., 2004). NF-κB is another 

regulator of NFATc1 expression in osteoclast precursor cells (Anderson et al., 1997). 

ChIP experiments have shown that the p50 and p65 subunits of NF-κB complex bind 

to the promoter region of NFATc1 after RANKL stimulation (Asagiri et al., 2005). 

NFATc1 is consistently recruited to its own promoter. This unique feature of NFATc1 

results in an autoregulatory amplification of NFATc1, maintaining abundant NFATc1 

and osteoclastogenesis (Asagiri et al., 2005). NFATc1 interacts with AP-1 and PU.1 

and forms a complex for the induction of osteoclast specific genes (Matsumoto et al., 

2004; Pang et al., 2019).  

It has been demonstrated that the NFATc1 auto-amplification is regulated by \ 

Ca2+ signalling in osteoclasts (Takayanagi et al., 2002). RANKL activates intracellular 

Ca2+ oscillation, by co-activating phospholipase C-γ (PLC-γ). PLC-γ hydrolyses 

inositol trisphosphate (IP3), which induces the endoplasmic reticulum to release Ca2+. 

Calcium binds to calmodulin, which activates calcineurin. Activated calcineurin leads 

to increased nuclear localisation of NFATc1 (Mao et al., 2006). Thus, calcineurin 

inhibitors, such as FK506, inhibit RANKL-induced osteoclastogenesis by blocking the 

NFATc1 signalling (Takayanagi et al., 2002).  
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1.3 Osteoblast 

1.3.1 Osteoblast morphology and function 

Osteoblasts are originated from mesenchymal stem cells (MSCs) (Rutkovskiy et al., 

2016). MSCs exist in the bone marrow and exhibit multipotency; they are able to 

directly differentiate into osteoblasts, chondrocytes, adipocytes, myoblasts, and other 

cell lineages by the control of different transcription factors (Almalki & Agrawal, 2016; 

Pittenger et al., 1999). Following the expression of osteoblast-specific transcription 

factors Runx2 and osterix (Osx) MSCs are committed to the osteoblast lineage, whereas 

the major transcription factor required for chondrogenesis is Sox9 and for adipogenesis, 

PPARγ and C/EBPα (Almalki & Agrawal, 2016). Once committed to the osteoblast 

lineage, the mesenchymal progenitor cells adhere to the bone surface and differentiate 

into pre-osteoblasts. The pre-osteoblasts then further differentiate into mature 

osteoblasts, which are arranged along the bone surface and packed tightly against each 

other (Chen et al., 2016). Extensive endoplasmic reticulum and Golgi apparatus are 

observed in the osteoblast, suggesting that osteoblasts actively secret proteins 

(Nakamura, 2007). Characteristic proteins synthesised by osteoblasts include type I 

collagen, alkaline phosphatase (ALP), osteocalcin (OCN), osteopontin (OPN), and 

other bone matrix components. Osteoblasts synthesise and then become embedded in 

the synthesised matrix, which is termedosteoid (Blair et al., 2017). Osteoid provides a 

basis for the mineralisation. The mineralisation of the bone is a complicated process, 

where the inorganic components, such as Ca2+ and PO43-, form hydroxyapatite crystal 

and attach to the organic matrix (Bellows et al., 1992). 
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The fate of majority of the osteoblasts is to undergo apoptosis, others either become 

osteocytes or transform into bone lining cells. The deeply “buried” osteoblasts 

eventually transform into osteocytes, which only account for a small proportion of total 

osteoblasts (Franz-Odendaal et al., 2006). In humans, mature osteoblasts can only 

survive for around 30 days, while osteocytes can last for years before undergoing 

apoptosis. Osteocytes account for 90% of bone cells in the human skeleton (Bonewald, 

2011). Osteocytes form a network of communication with other osteocytes, osteoblasts, 

and osteoclasts. This network of communication between bone cells is shown to be 

important to regulate the balance of bone remodelling (Dallas et al., 2013). Another fate 

of osteoblasts is to become bone lining cells. The bone lining cells are flattened 

osteoblasts that cover the surface of bone, separating the bone and surrounding 

environment(Menton et al., 1984).  

1.3.2 Osteoblast differentiation 

The differentiation of osteoblasts is under the regulation of many different pathways. 

These pathways are summarised in Figure 1.4. 

1.3.2.1 BMP pathway 

Bone morphogenetic proteins (BMPs) are the pivotal cytokines involved in skeletal 

development. Discovered in the 1960s, BMPs belong to the transforming growth factor-

β superfamily and induce signalling by binding to the BMP receptors on the surface of 

osteoblasts (Urist, 1965). Upon binding of BMP to BMPR, the receptor associated 

Smad1/5/8 complex is phosphorylated (Fukuda et al., 2006). Activated Smad1/5/8 
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binds to Smad4, an essential co-activator (Yang & Yang, 2010). Together, the 

Smad1/5/8-Smad4 complex translocates into the nucleus and binds to the Smad binding 

element (SBE) in chromosomal DNA to initiate the expression of osteoblast specific 

genes (Kusanagi et al., 2000). BMPs also activate a Smad-independent pathway (non-

canonical BMP pathway), where p38 MAPK is activated by the upstream transforming 

growth factor-β-activated kinase 1 (TAK1) and MKK. The non-canonical BMP 

pathway is also involved in the activation of Runx2 (Greenblatt et al., 2010). Mutations 

of the BMP signalling components, summarised in Table 1.2, have shown that BMP 

signalling plays important roles in skeletal development. 

Table 1.2 
Gene Skeletal disease Ref. 
BMP2 Brachydactyly type A2 (Dathe et al., 2009) 
BMP4 Poly/syndactyly (Bakrania et al., 

2008) 
GDF5/CDMP1 Brachydactyly type A2, symphalangism, 

Greve type chondrodysplasia, osteoarthritis 
(Dawson et al., 
2006) 

GDF3 Scoliosis, Klippel-Feil type cervical fusion (Chen et al., 2018; 
Li et al., 2020) 

GDF6 Klippel-Feil syndrome, rib anomalies (Li et al., 2020) 
BMPR1B Brachydactyly type A2 (Lehmann et al., 

2003) 
NOGGIN Brachydactyly type B, Tarsal-carpal 

coalition syndrome 
(Dixon et al., 2001; 
Lehmann et al., 
2007) 

SMAD4 Myhre syndrome (Lin et al., 2016) 

The importance of the BMPs and BMP signalling is also proved by the mouse models 

summarised in Table 1.3.  

Table 1.3 
Gene cKO Bone phenotype Ref. 
Bmp2 Prx1-cre Spontaneous fracture (Salazar et al., 2019) 
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Bmp2/Bmp4 Col2a1-
CreERT2 

Chondrodysplasia, defects in 
endochondral development 
and chondrocyte maturation 

(Shu et al., 2011) 

Bmp7 Prx1-cre Progressive osteoarthritis, 
no effect on bone mass 

(Tsuji et al., 2010) 

Bmp2/Bmp4 Prx1-cre Defects in osteoblast 
differentiation 

(Bandyopadhyay et 
al., 2006) 

Bmp4 Prx1-cre Impaired osteogenesis, limb 
malformation 

(Selever et al., 2004) 

Bmpr1a Gdf5-cre Impaired skeletogenesis (Rountree et al., 
2004) 

Bmpr1a Og2-cre Low bone mass (Mishina et al., 
2004) 

Bmpr1a Col1-
creERTM 

Increased bone mass (Zhang et al., 2016) 

Bmpr1a/Bmpr1b Col2a1-
cre 

Defects in endochondral 
ossification 

(Yoon et al., 2005) 

Smad1/Smad5 Col2a1-
cre 

Chondrodysplasia (Retting et al., 2009) 

Bmpr2 Prx1-cre Increased bone mass (Lowery et al., 2015) 

The different types of genetically modified mice that have deficiency of BMP signalling 

in different cell types and also have different phenotypes indicates that the expression 

of BMPs and BMPRs in MSCs, osteoblasts and chondrocytes are all important to the 

control of bone modelling and remodelling. Mice with deficiency in Bmp2 and/or Bmp4 

have severe defects in endochondral ossification, proving the critical role of the 

coordination of BMP2 and BMP4 in skeletal development (Bandyopadhyay et al., 

2006). Moreover, BMP2 also has a pivotal role in fracture healing, where mice deficient 

in Bmp2 are more likely to suffer fracture (Salazar et al., 2019). Deficiency of Bmp7 

results in progression of osteoarthritis, indicating its significance in maintaining 

articular cartilage (Tsuji et al., 2010). Surprisingly, conditional knockout of Bmpr1a at 

different stages of osteoblast results in different bone phenotypes, where the knockout 

of Bmpr1a in immature osteoblasts (Col1-cre), impairs osteoclastogenesis and the bone 
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mass is increased (Zhang et al., 2016), and if the knockout of Bmpr1a happens in mature 

osteoblasts (Og2-cre), the bone mass is decreased (Mishina et al., 2004). This 

conflicting result is because, in mature osteoblasts, defects in BMP signalling impairs 

the function of osteoblasts, and deficiency of BMP signalling in immature osteoblast 

has an indirect effect on osteoclasts causing decreased bone resorption (Lowery & 

Rosen, 2018; Zhang et al., 2016). Conditional knockout of BMP signalling pathway 

components in chondrocytes (Col2a1-cre) resulted in severe developmental defects 

where the endochondral ossification is affected by the deficiency of BMP signalling, 

indicating the regulatory role of BMP signalling pathways in skeletal development (Shu 

et al., 2011; Yoon et al., 2005). Furthermore, it has been shown that the BMP pathway 

can interact with RANKL induced MAPK signalling pathway and the NF-κB pathway 

in osteoclasts (Huntley et al., 2019). Collectively, BMP signalling is required for almost 

every step of endochondral ossification and has important roles in regulating bone 

remodelling. 

Since their discovery, the osteogenic potential of BMPs have been extensively 

examined. Recombinant human BMPs (rhBMPs), rhBMP2 and rhBMP7 are approved 

by the FDA for clinical use in long bone open fractures, non-union factures, and spinal 

fusion. rhBMP7 has also been used to inhibit the degeneration of articular cartilage 

(Kim & Choe, 2011). However, to enable a wider use of the recombinant human BMPs, 

more understanding of the molecular mechanisms is required. 

1.3.2.2 Wnt pathway 
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The Wnt/β-catenin signalling pathway is critical to many cellular processes, tissue 

development and cancer cell biology (Komiya & Habas, 2008). The canonical Wnt 

signalling pathway refers to the Wnt/β-catenin pathway, where the proteasomal 

degradation of β-catenin is regulated. Wnt ligands bind to the frizzled receptor (FZD) 

with its co-receptor, lipoprotein receptor-related protein (LRP) 5/6 (He et al., 2004). 

Under the resting state, glycogen synthase kinase 3 β (GSK3β), in collaboration with 

Axin and adenomatous polyposis coli (APC), phosphorylates cytosolic β-catenin. 

Binding of Wnt activates downstream Dishevelled (Dvl), which inactivates GSK3β and 

disrupts the signalling complex (Taelman et al., 2010). The released β-catenin is 

stabilised and translocates into the nucleus, where it binds to and activates transcription 

factor TCF/LEF, turning on the expression of Wnt target genes (Behrens et al., 1996; 

Jho et al., 2002). The non-canonical Wnt signalling does not require the activation of 

β-catenin and is linked to the migration and polarisation of the cells (Karner & Long, 

2017). Both canonical and non-cononical Wnt pathways are important in bone 

formation, however, the non-canonical Wnt pathway may antagonise the Wnt/β-catenin 

pathway (Karner & Long, 2017).  

The importance of Wnt/β-catenin signalling is proved by various mutations in human 

and mouse models. A loss of function mutation of LRP5 shows severe osteoporosis-

pseudoglioma syndrome (OPPG) with reduced bone mass in humans. In contrast, 

constitutive activation of LRP5 (glycine to valine (G171V) mutation) leads to increased 

bone mass in patients (Ferrari et al., 2005; Levasseur et al., 2005). Genetically modified 

mice with global knockout of LRP5 show reduced bone mass and reduced osteoblast 
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proliferation (Kato et al., 2002). Mice with G171V mutation in LRP5 resulted in similar 

high bone mass phenotype as in humans. Inhibition of GSK3β by inhibitors such as 

lithium has been found to stimulate osteoblast differentiation (Babij et al., 2003). Mice 

with deficiency of β-catenin in MSCs show decreased osteoclastogenesis and increased 

chondrogenesis (Day et al., 2005). Mice with conditional knockout of β-catenin in 

osteoblast (Ocn-cre) developed osteopenia with reduced number of osteoblasts and 

increased osteoclastogenesis (Zhong et al., 2015). In another study, osteocyte-specific 

β-catenin knockout mice (Dmp1-cre) show thin cortical bone due to increased bone 

resorption and higher OPG/RANKL ratio (Kramer, Halleux, et al., 2010). These results 

suggest that the Wnt/β-catenin signalling pathway plays different roles in different 

stages of osteoblast turnover: in MSCs, β-catenin is involved in osteoblast lineage 

commitment; in osteoblasts, β-catenin is involved in cell maturation; in osteocytes, β-

catenin is involved in the regulation of osteoclasts.  

1.3.2.3 PTH/PTHrP pathway 

Parathyroid hormone (PTH) and PTH related peptide (PTHrP) show significant 

homology at the N-termini. PTH is secreted from the parathyroid gland while PTHrP 

is expressed by various tissues, such as, skin, blood vessels, smooth muscles, and 

growth plate chondrocytes. PTH and PTHrP have distinct biological functions but 

PTHrP can mimic the function of PTH. (Schluter, 1999). Both PTH and PTHrP bind 

and activate PTH receptor 1 (PTH1R), a G-protein coupled receptor (Juppner et al., 

1991). Activation of PTH1R in osteoblasts by PTH and PTHrP leads to induction of 

cAMP, which subsequently activates protein kinase A (PKA). Transcription factors, 
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such as CREB, are phosphorylated by PKA, which initiates the transcription of 

osteoblast-specific genes (Bringhurst et al., 1993). Knockout of PTH1R in osteoblasts 

results in decreased bone mass due to impaired osteoblast proliferation and 

differentiation (Lanske et al., 1999).  

PTH and PTHrP have both anabolic and catabolic effects on bone. PTH has been shown 

to be beneficial for severe osteoporosis preventing fracture in patients and can increase 

bone mass in rats (Chen et al., 2017). Nowadays, it is widely recognised that 

intermittent administration of PTH/PTHrP has anabolic effects on bone due to 

increased proliferation and differentiation of osteoblasts, decrease of apoptosis in 

osteoblasts, and activation of bone lining cells (Yamashita & McCauley, 2019). 

However, continuous administration of PTH/PTHrP induces osteoclastic bone 

resorption via their actions on osteoblasts (Horwitz et al., 2011). In co-culture 

experiments, PTH-induced resorption only occurs when osteoclasts are in direct contact 

with osteoblasts; osteoclasts alone do not respond to PTH/PTHrP (Matsuzaki et al., 

1999). Although PTH/PTHrP promote bone resorption through their actions on 

osteoblasts, some studies pointed out that human osteoclasts expresses PTH1R, where 

PTH can directly enhance osteoclastic bone resorption through PTH1R (Liu et al., 

2016). 

1.3.2.4 Notch pathway 

Notch signalling plays an important role in cell fate decisions. The Notch receptor 

family contains 4 members, Notch 1, 2, 3, and 4, which are activated by Delta-like 1, 

24



3, 4; Jagged 1, 2; Delta/Notch-like epidermal growth factor-related receptor (DNER); 

and F3/contactin (Mumm & Kopan, 2000). Binding of the Notch ligand to Notch 

receptor leads to the cleavage and nuclear translocation of Notch intracellular domain 

(NICD) (Schroeter et al., 1998). NICD, in the nucleus, forms a complex with C-

promoter-binding factor 1 (CSL), a transcription factor, to regulate target gene 

expression (Nam et al., 2006; Wilson & Kovall, 2006). The expression of Notch-target 

genes, Hes and Hey1, inhibits Runx2 to supress osteoblast differentiation (Hilton et al., 

2008).  

NICD inhibits β-catenin signalling, leading to impaired osteoblastogenesis 

(Deregowski et al., 2006). It was established by various in vitro studies that stable 

activation of Notch signalling inhibits osteoblast differentiation and bone matrix 

formation in C2C12 (Nofziger et al., 1999), ST-2 cells (Sciaudone et al., 2003), and 

MC3T3 cell lines (Deregowski et al., 2006). The inhibitory effect of the Notch 

signalling on Wnt/β-catenin was confirmed in the ST-2 cell lines, while Notch 

signalling had no effect on BMP activated Smad or MAPK signalling (Deregowski et 

al., 2006). This was further demonstrated by an in vivo study, where transgenic mice 

overexpressing NICD under the regulation of a 3.6 kb Col1a1 promoter exhibited 

osteopenia and had decreased β-catenin levels (Zanotti et al., 2008). In a similar study, 

where NICD expression is under control of a 2.3 kb Col1a1 promoter, the 

differentiation of osteoblasts is repressed while the proliferation of immature 

osteoblasts is promoted (Engin et al., 2008). It seemed that Notch signalling inhibits 

osteoblastogenesis but enhances the replication of osteoblast progenitor cells. This was 
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further proved by Hilton et al., where they used multiple mouse models to show that 

Notch signalling is not required in the mature osteoblasts but is required for the 

maintenance of MSC populations (Hilton et al., 2008). In addition, Engin et al. show 

that the disruption of Notch signalling results in enhanced bone resorption due to 

decreased OPG expression (Engin et al., 2008). The regulation of osteoclasts by Notch 

signalling in osteoblasts is further proved by another study, where the RANKL/OPG 

ratio is higher in the Notch-deficient osteoblasts (Ashley et al., 2015). 

1.3.2.5 Other pathways 

There are many other pathways that are involved in the regulation of osteoblasts. For 

example, Hedgehog pathway activates Runx2, playing an important role in the 

commitment of mesenchymal progenitors to osteoblasts (Yang et al., 2015). Cells 

deficient in the Smo gene (encoding for Smoothened receptor of hedgehog pathway), 

fail to differentiate into osteoblasts (Deng et al., 2017). The fibroblast growth factors 

(FGFs), and the signalling mediated by FGFs are important to the differentiation of 

osteoblasts. PI3K, p38 MAPK signalling pathways are activated by FGFs (Deng et al., 

2017). Furthermore, FGF signalling is critical for endochondral ossification and 

intramembranous bone formation (Su et al., 2014).  

1.3.2.6 Runx2 

The differentiation of osteoblasts and expression of bone matrix proteins are under the 

regulation of various transcription factors. Runt-related transcription factor 2 (Runx2) 

is the key transcription factor to control osteoblast differentiation. Runx2 is weakly 
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expressed in uncommitted MSCs and its expression is highly upregulated when MSCs 

are committed to the osteoblast lineage (Thiagarajan et al., 2017). Runx2 enhances the 

proliferation of pre-osteoblasts and interacts with the aforementioned signalling 

pathway genes (Kawane et al., 2018). Runx2 forms heterodimers with co-activator 

Cbfβ, recognises and binds to the osteoblast-specific cis-acting elements (OSE), OSE1 

and OSE2, where are found to be functional in the promoter area of the osteoblast 

specific genes, such as Col1a1, osteopontin (OPN), bone sialoprotein (BSP) and 

osteocalcin (OCN) (Ducy & Karsenty, 1995; Zaidi et al., 2001). Interestingly, forced 

expression of Runx2 in non-osteoblastic cells results in the expression of osteoblastic 

genes (Gersbach et al., 2006).  

Mutations within the Runx2 gene in humans cause cleidocranial dysplasia (CLCD), 

which is an autosomal dominant skeletal disorder with various symptoms. Defects of 

Runx2 in these patients result in impaired intramembranous and endochondral bone 

development (Xu et al., 2017). A case of gain-of-function mutation reveals that 

duplication in Runx2 resulted in metaphyseal dysplasia with maxillary hypoplasia and 

brachydactyly (MDMHB), characterised by metaphyseal flaring of long bones, 

enlargement of the medial halves of the clavicles, maxillary hypoplasia, variable 

brachydactyly and dystrophic teeth (Moffatt et al., 2013). These results indicate the 

importance of Runx2 in skeletal development, which is further proved by the fact that 

mice deficient in Runx2 have defects in bone development. In Runx2-/- mice, 

osteoblasts failed to form, however, the Runx2-/- calvarial cells can differentiate into 

adipocytes and chondrocytes but not osteoblasts when stimulated with BMP2 in in vitro 
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culture (Inada et al., 1999; Kobayashi, H. et al., 2000; Komori et al., 1997; Otto et al., 

1997). Early onset expression of Runx2 using Prx1 promoter has been shown to induce 

more osteoblast formation but inhibited chondrogenesis (Takarada et al., 2016). 

Therefore, Runx2 is important for the cell fate decision of MSCs.  

Runx2 expression is detected in osteoblast progenitors, reaches the highest level in 

immature osteoblasts, and decreases when osteoblasts mature (Komori, 2010). 

Overexpression of Runx2 in osteoblasts using Col1a1 promoter in transgenic mice 

resulted in osteopenia and multiple fractures. In these mice, osteoblast maturation is 

inhibited, and cortical bones show a woven bone structure and enhanced bone 

resorption (Liu et al., 2001). Therefore, for the osteoblasts to mature, Runx2 expression 

needs to be downregulated and the exact function of Runx2 in osteoblast maturation 

remains to be discovered.  

Other transcription factors involved in osteoblast formation include, osterix (OSX), 

activating transcription factor 4 (ATF4), and special AT-rich binding protein 2 

(SATB2) (Komori, 2006). OSX contains a zinc finger DNA binding domain and 

activates the expression of osteocalcin and Col1a1 (Nakashima et al., 2002). In Osx 

deficient mice, no endochondral or intramembranous skeletal formation occurs. The 

Osx-null MSCs fail to differentiate into osteoblasts even though they express normal 

levels of Runx2. Interestingly, these cells also express chondrogenic markers, such as 

Sox9 and Col2a1, indicating these cells are bipotential, which are able to undergo both 

osteoblastogenesis and chondrogenesis (Nakashima et al., 2002). However, although 

there is no clear evidence to indicate whether Runx2 and Osx interact, studies have 
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shown the presence of an OSE2 element in the specificity protein-7 (SP-7, human 

homologue of mouse Osx gene) promoter region and the SP-7 is required in the 

regulation of Runx2 expression (Milona et al., 2003; Nishio et al., 2006). Therefore, 

Osx and Runx2 may regulate the genetic expression of each other. Activating 

transcription factor 4 (ATF4) is required for osteoblast differentiation, BSP and OCN 

expression (Yu et al., 2013). Additionally, ATF4 interacts with RSK2 (a 

serine/threonine protein kinase) to post-transcriptionally regulate the synthesis of type 

I collagen (Yang et al., 2004). Lack of ATF4 phosphorylation by RSK2 contributes to 

the skeletal disorder, Coffin-Lowry Syndrome (CLS) (Lv et al., 2018). These results 

suggest that ATF4 is a critical regulator of osteoblast differentiation. Special AT-rich 

sequence-binding protein 2 (SATB2) is shown to bind to the promoter region and 

regulate the genetic expression of Bsp and Ocn genes by ChIP experiments (Dobreva 

et al., 2006). It was also discovered that SATB2 is able to interact with Runx2 and Osx, 

which enhances the transcription activation by Runx2 and Osx (Hassan et al., 2010). 

1.3.3 Osteoblast migration 

During bone modelling or remodelling, the deposition of bone matrix requires 

osteoblasts to be precise. As osteoblasts are derived either from circulating or resident 

MSCs, osteoblasts and their precursors are required to migrate to the formation site 

(Buenzli et al., 2012). The migration of osteoblastic lineage cells was first described in 

1977, where the migration of rat osteoblasts was observed by an in vitro scratch-wound 

healing assay. It was also observed under electron microscope that osteoblasts are able 

to migrate on bone surfaces as well as on glass and plastic surfaces and that osteoblasts 
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migrate in single cells  and also in clusters (Jones & Boyde, 1977). Geurtzen et al., 

using a zebrafish model, showed that osteoblasts migrate to the fracture site within a 

day after bone damage (Geurtzen et al., 2014). This observation was in agreement with 

a previous study where, in mice, osteoblast precursors, rather than mature osteoblasts, 

migrate to the bone formation site (Maes et al., 2010).  

Similar to the migration of other cells, osteoblasts also respond to chemotaxis. Utilising 

in vitro experiments, many osteoblast chemoattractants were reported, such as TGF-β, 

BMP2, BMP4, BMP7, bFGF, VEGF, and sRANKL (Thiel et al., 2018). Some 

chemoattractants may display specificity for either osteoblasts or MSCs. For instance, 

in vitro, TGF-β1 only stimulates migration of osteoblasts but not of MSCs, while BMP4 

stimulates migration of MSCs but not of osteoblasts (Fiedler et al., 2002). Osteoblasts 

react to chemorepellents too. Osteoblast chemorepellents do not inhibit the migration 

of osteoblasts directly but rather inhibit the migratory response to a chemoattractant. 

For example, IL-1β inhibits the migration induced by IGF1, PDGF-bb, VEGF-a, and 

Ca5 (Hengartner et al., 2013). The signalling pathways involved in the migration of 

osteoblasts include PI3K/AKT/GKS3β/mTOR signalling, MAPK signalling and PLC 

signalling (Thiel et al., 2018). It was suggested that the migration potential in 

undifferentiated osteoblasts is higher than in differentiated osteoblasts (Thiel et al., 

2018). However, little is known about the precise control of the migration of 

osteoblasts. The source of most chemoattractants and chemorepellents of osteoblasts 

are not clear, for the experiments were completed in vitro, these chemokines can be 

released from the cells within a particular skeletal space, such as BMU or fracture site. 
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Therefore, it will be important to investigate osteoblast migration in vivo. The discovery 

of more chemotaxis signals of osteoblasts allows us better understanding of the bone 

turnover in bone modelling and remodelling.  

1.4 Communication network governing bone remodelling 

Bone remodelling is a tightly controlled procedure, which is essential to maintain the 

bone mass. It was initially believed that the control of bone remodelling is achieved by 

circulating hormones, such as PTH, sex hormones, glucocorticoids, and Vitamin D 

(Crockett et al., 2011). By further studies, it is now recognised that bone remodelling 

is balanced by the coupling of bone resorption and bone formation. Coupling is ensured 

by the cell-cell communication and the local factors (Niedzwiedzki & Filipowska, 

2015). Impaired communication between cells may result in unbalanced bone 

remodelling and skeletal disorders.  

1.4.1 Osteoblast-osteoclast communication 

MSCs, pre-osteoblasts, and mature osteoblasts are all able to communicate with 

osteoclasts and regulate osteoclast differentiation and function. Cytokines and growth 

factors secreted by osteoblasts control osteoclast differentiation by activating specific 

receptors in osteoclast precursor cells. These cytokines include IL-1, IL-6, monocyte 

chemoattractant protein (MCP)-1 and tumour necrosis factor (TNF)-α (Amarasekara et 

al., 2018). Studies have proven the importance of these cytokines, where in 

ovariectomised mice, the secretion of IL-1 and TNF-α are increased, thereby promoting 

osteoclast differentiation (Weitzmann & Pacifici, 2006). TNF-α is a proinflammatory 
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cytokine and positively regulates osteoclastogenesis. TNF-α can increase the 

expression of RANK in osteoclast precursor cells, and induce osteoclastogenesis in the 

absence of RANKL by activating the NF-κB signalling pathway directly (Azuma et al., 

2000; Komine et al., 2001), but also induces osteoclastogenesis by a mechanism 

independent of the RANKL/RANK pathway (Kobayashi, K. et al., 2000; Wu et al., 

2017). Inflammation can induce the expression of MCP-1 (Tangirala et al., 1997), 

however, osteoblasts can express MCP-1 even without inflammation, for example, 

when stimulated by PTH (Li, X. et al., 2007). It has been shown that MCP-1 recruits 

monocyte precursors and facilitates RANKL-induced osteoclastogenesis and bone 

resorption (Kim et al., 2005; Kim, Day, et al., 2006; Li, X. et al., 2007). RANKL 

stimulation of osteoclast precursor cells also promotes the expression of MCP-1, 

suggesting osteoblasts stimulate the recruitment of osteoclast precursor cells via MCP-

1 (Kim, Magno, et al., 2006). MCP-1 is also found to be involved in the pathogenesis 

of osteoarthritis (Xu et al., 2015). A study has pointed out that a polymorphism in MCP-

1 may result in osteoporosis and osteopenia (Eraltan et al., 2012). Targeting these 

inflammatory cytokines has been shown to prevent bone loss in ovariectomised mice 

(Weitzmann & Pacifici, 2006).  

Growth factors released by osteoblasts include TGF-β and M-CSF. TGF-β has dual 

functions in osteoclasts, where it is able to protect osteoclasts from apoptosis and 

promote osteoclast differentiation and bone resorption, however TGF-β1 is also shown 

to inhibit RANKL-induced osteoclastogenesis directly and indirectly (Fuller et al., 

2000; Orcel et al., 1990; Weivoda et al., 2016). As mentioned before, M-CSF is critical 
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to the survival and proliferation of osteoclast precursor cells. M-CSF also promotes the 

recruitment of osteoclast precursor cells. Moreover, it was shown that M-CSF drives 

the differentiation from hematopoietic stem cell to mononuclear macrophage 

precursors (Mun et al., 2020). A recent study has identified another growth factor that 

is involved in osteoclastogenesis, connective tissue growth factor (CTGF). It promotes 

osteoclast differentiation by supressing Bcl6 (Choi et al., 2020). 

RANKL and OPG are the two most important cytokines expressed by osteoblasts. The 

RANKL/RANK/OPG signalling axis was discussed previously. Although the major 

source of OPG in the bone marrow is B cells, the local production of OPG by 

osteoblasts plays a more important role in regulating bone remodelling, where 

circulating OPG levels do not affect the bone mass in mouse but deletion of OPG in 

osteoblasts resulted in increased bone loss (Cawley et al., 2020; Li, Y. et al., 2007). 

Osteopetrosis is observed in mice overexpressing OPG and mice lacking OPG develop 

osteoporosis (Li, Y. et al., 2007; Simonet et al., 1997). The expression of OPG in 

osteoblasts is regulated by hormones, cytokines, and growth factors (Hofbauer et al., 

1998; Hofbauer et al., 2002; Hofbauer, Khosla, et al., 1999; Hofbauer, Lacey, et al., 

1999; Humphrey et al., 2006). The RANKL/OPG ratio plays a major role in regulating 

osteoclast differentiation. Targeting the RANKL/RANK/OPG signalling axis is a 

useful strategy for skeletal disorders such as osteoporosis (Liu et al., 2013; Tanaka, 

2007).  

Lysophosphatidic acid (LPA) is another protein expressed by osteoblasts regulating the 

activities of osteoclasts. It was shown that LPA receptors are expressed in osteoclasts 
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and LPA enhances the cell-cell fusion of osteoclast precursor cells. Without LPA, 

osteoclasts failed to form under RANKL induction in vitro (Hwang et al., 2014). 

Furthermore, it was found that LPA regulates calcium signalling and the auto-

amplification of NFATc1 (Sims et al., 2013). Further studies have shown that treatment 

with LPA could increase the size of osteoclasts and inhibit apoptosis of osteoclasts 

(Lapierre et al., 2010).  

Osteoblasts are able to induce apoptosis of osteoclasts. It was first recognised that 

estrogen is able to induce osteoclast apoptosis (Kameda et al., 1997; Nakamura et al., 

2007). Later, studies have proved that the induction of osteoclast apoptosis is 

osteoblast-dependent, where estrogen activates Factor associated suicide ligand (FasL) 

in osteoblasts (Krum et al., 2008). A study by Krum et al. found that tamoxifen-and 

raloxifene-induced apoptosis of osteoclasts is also osteoblast-dependent (Krum et al., 

2008). Another study showed that 17b-estradiol (E2) upregulates the expression of 

MMP3. Overexpression of MMP3 cleaves FasL in osteoblasts into soluble FasL. 

Increased concentration of soluble FasL induces apoptosis of pre-osteoclasts (Garcia et 

al., 2013). In an in vivo study, it was found that conditional knock-out of FasL in 

osteoblasts resulted in increased numbers of osteoclasts in mice (Wang et al., 2015). In 

addition, it was found in the same study that the expression level of Factor associated 

suicide (FAS) is lower in osteoclast progenitors then in mature osteoclasts. This 

indicates that osteoclast precursor cells are less sensitive to FASL mediated apoptosis.  

1.4.2 Osteoclast-derived coupling factors 
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The coupling effect, linking bone-resorbing osteoclasts and bone-forming osteoblasts 

was first described many years ago. Since then, many factors have been discovered to 

be involved in the regulation of bone remodelling. Some of these factors are released 

by mature osteoclasts and some of these factors are expressed on the surface of 

osteoclasts (Kim & Koh, 2019). Studying the coupling factors helps us to gain better 

understanding of the regulation of bone remodelling and seek better treatment outcomes 

for anti-resorptive drugs. Sometimes, the existence of coupling between bone 

resorption and bone formation complicates the treatment of osteoporosis. For example, 

bisphosphonates and denosumab, which act to reduce the formation of osteoclast, in 

some patients are less effective, because the reduced osteoclast numbers results in 

decreased bone turnover due to the impact on coupling factors (Rachner, T. D. et al., 

2011; Reyes et al., 2016). Meanwhile, increased numbers of osteoclasts also are able to 

induce more bone formation through the coupling phenomenon. Patients with 

mutations of chloride channel-7 (CLCN-7), c-Src or TCIRG1 exhibit increased bone 

formation due to increased osteoclast number, although the osteoclastic resorption is 

impaired by the loss of these genes (Alam et al., 2014; Henriksen et al., 2004; Karsdal 

et al., 2005). This suggest that non-resorbing osteoclasts can stimulate bone formation 

via the coupling factors.  

The osteoclast-secreted factors act as paracrine signalling molecules to recruit and 

promote osteoblast functions. It was proposed that these factors either leave the 

resorption lacunae reaching osteoblast progenitor cells to achieve their function or 

remain in the resorption pit to stimulate the osteoblast, which come to synthesise new 
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bone to fill up the resorption lacunae (Martin & Sims, 2005). Interestingly, the coupling 

factors somehow avoid being degraded by the proteases released by osteoclasts during 

resorption. Osteoclast released factors include, BMPs, Wnt10b, complement 

component 3a (C3a), cardiotrophin-1 (CT-1) and sphingosine-1phosphate (S-1-P). 

As discussed before, BMPs and BMP signalling play a critical role in osteoblast 

differentiation. It was found that BMP2, BMP4, BMP6 and BMP7 are expressed by 

mature osteoclasts (Garimella et al., 2008). This result was backed by another study, 

where in co-cultures of osteoclasts and osteoblasts, neutralisation antibodies against 

BMP6 can inhibit the anabolic effect of osteoblasts (Pederson et al., 2008). For these 

reasons, BMPs, especially BMP6, have been proposed as osteoclast derived mediators 

of osteoblasts. The Wnt pathway also plays an important role in the regulation of 

osteoblast differentiation. Wnt10b is highly up-regulated during osteoclastogenesis 

(Pederson et al., 2008). Therefore, Wnt10b is highly likely to be an osteogenic coupling 

factor produced by osteoclasts.  

Complement component 3a (C3a) was purified from the conditioned medium of mature 

osteoclasts (Matsuoka et al., 2014). It was found that the expression of C3a is highly 

up-regulated during osteoclastogenesis and that C3a can stimulate osteoblast 

differentiation. C3a receptor is expressed in bone stromal cell lines as well as in primary 

calvarial osteoblasts. When the C3 gene was knocked down in osteoclasts, the 

conditioned medium failed to stimulate ALP activity in osteoblasts (Matsuoka et al., 

2014). In vivo, C3a expression is significantly higher in the OVX mice and C3aR 

antagonist inhibited the bone turnover mediated by C3a (Matsuoka et al., 2014).  
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Cardiotrophin-1 (CT-1) is a member of the IL-6 family. The IL-6 family cytokines use 

the same gp130 transmembrane component to activate the STAT/STAT and 

SHP2/Ras/MAPK pathways in target cells (Latchman, 1999). In bone, CT-1 is known 

to stimulate osteoclast formation and bone resorption by up-regulating RANKL 

expression in osteoblasts (Richards et al., 2000). CT-1 is also found to be highly 

expressed in mature osteoclasts and can promote the differentiation of osteoblasts in 

vitro (Walker et al., 2008). Treatment with CT-1 on mouse calvaria increases the 

thickness of the calvariae, where the increased bone thickness is due to enhanced bone 

formation by osteoblasts. Mice deficient in CT-1 have decreased trabecular bone mass 

at a young age, but this phenotype is transient and disappears in older mice (Walker et 

al., 2008). Based on these findings, CT-1 may be a coupling factor released by 

osteoclasts.  

Sphingosine-1-phosphate (S-1-P) is a product of sphingosine kinase 1 (SPHK1) or 

sphingosine kinase 2 (SPHK2). It was found that S-1-P has an autocrine or paracrine 

effect as a negative feedback regulator of osteoclastogenesis (Meshcheryakova et al., 

2017). In osteoblasts, S-1-P stimulates the migration and proliferation of calvarial 

osteoblasts (Roelofsen et al., 2008). Thus S-1-P might have a role in the coupling of 

bone resorption and bone formation. This was further proved by Lotinun et al., where 

mice with osteoclast-specific knockout of Ctsk have decreased bone resorption, but the 

osteoclast number and bone formation remain the same. Osteoclasts deficient in Ctsk 

were more effective in stimulating the osteoblasts than those of wild-type. This effect 

was attributed to the increased formation of S-1-P because a S-1-P receptor inhibitor 
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abrogates the response (Lotinun et al., 2013). Clinically, it was also found that the S-1-

P levels are related to the bone resorption marker levels (Ardawi et al., 2018). 

Semaphorins (Sema) are axonal growth guidance molecules, which also regulate bone 

cells (Alto & Terman, 2017). Sema3B is expressed by osteoblasts, enhancing the 

RANKL-induced osteoclastogenesis. Overexpression of Sema3B in osteoblasts 

resulted in decreased bone volume due to increased osteoclast numbers and bone 

resorption (Sutton et al., 2008). It was identified that Sema3A plays an important role 

in the crosstalk between osteoblasts and osteoclasts. Sema3A is secreted by osteoblasts 

and has inhibitory effects on osteoclast differentiation and this inhibitory effect is 

abrogated when the expression of neuropilin-1 (Nrp1, receptor of Sema3A) was 

knocked down in osteoclasts (Hayashi et al., 2012). Sema3A was also found to bind to 

Nrp2 on bone marrow stromal cells to promote the differentiation of osteoblasts. 

Sema3A also can stimulate osteoblast differentiation (Verlinden et al., 2013). Global 

knockout, but not osteoblast-specific knockout, of Sema3A results in decreased bone 

mass due to decreased bone formation. Deletion of Sema3A in neurons regenerates the 

skeletal phenotype in global knockout mice (Fukuda et al., 2013). This indicates a 

potential regulatory relationship between osteoblasts and sensory nerves. Sema4D is 

expressed in osteoclasts but not in osteoblasts (Negishi-Koga et al., 2011). Knockout 

of Sema4d gene in osteoclasts results in increased trabecular bone mass caused by 

increased osteoblastic bone formation and no effect on bone resorption. It was further 

demonstrated that a Sema4D neutralising antibody prevented bone loss in OVX mice 

(Negishi-Koga et al., 2011).  
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Apart from the aforementioned secreted factors from osteoclasts, factors existing on the 

surface of osteoclasts also can regulate osteoblasts during cell-to-cell contact between 

osteoclasts and osteoblasts. Ephrin ligands and their receptors, Eph, are expressed by 

osteoclasts and osteoblasts (Zhao et al., 2006). Binding of ephrinB2 on  the osteoclast 

surface to EphB4 on the osteoblast surface results in bidirectional regulation between 

osteoclasts and osteoblasts. The expression of ephrinB2 is highly up-regulated during 

osteoclastogenesis and the forward signalling from osteoclast to osteoblast enhances 

the bone formation. Reverse signalling in osteoclast precursor cells inhibits the 

differentiation of osteoclasts via inhibition of c-Fos and NFATc1. Further, blocking 

ephrinB2 and EphB4 interaction inhibits osteoblast differentiation mediated by PTH. 

This blockage also decreased osteoclast formation (Zhao et al., 2006). These results 

suggest that ephrinB2/EphB4 facilitates the transition from bone resorption to bone 

formation.  

1.4.3 Bone-matrix-derived mediators of osteoblast differentiation 

Apart from the factors directly secreted by osteoclasts, degradation of the bone matrix 

can also release molecules that can regulate osteoblast differentiation. In 1965, it was 

first discovered that bone matrix proteins could induce bone formation (Urist, 1965). 

Since then, many different types of bone matrix-derived growth factors have been 

discovered, which are embedded in the bone matrix and released upon bone resorption 

or fracture. Such factors include, TGF-β, insulin-like growth factor (IGF)-1, BMPs, 

fibroblast growth factor (FGF), EGFR and its ligands, and exosomal miRNAs.  
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TGF-β actively recruits mesenchymal precursor cells and promotes the expression of 

type I collagen (Erlebacher et al., 1998). TGF-β1, TGF-β2 and TGF-β3 are the three 

major types of TGF-β in mammals (Kubiczkova et al., 2012). TGF-β2 is found to be 

essential for the prenatal skeletal development (Wu et al., 2016). Mice deficient in TGF-

β2 exhibited severe defects in endochondral ossification and intramembranous bone 

development (Sanford et al., 1997). TGF-β and BMPs showed different effects on 

osteoblast differentiation. TGF-β activates Smad2/3 phosphorylation, while BMPs 

activates Smad1/5/8 (Chen et al., 2012). The activation of Smad2/3 by TGF-β promotes 

the early stages of osteoblastogenesis and inhibits late-stage osteoblast differentiation 

by supressing Runx2 (Kang et al., 2005). In the bone matrix, TGF-β binds to latency-

associated protein (LAP). Resorbing of the bone matrix by osteoclasts releases TGF-β 

from LAP, thus activating TGF-β. TGF-β recruits mesenchymal progenitors to the site 

of resorption, coupling bone formation with bone resorption (Crane & Cao, 2014). 

Furthermore, high dose of TGF-β inhibits osteoclastic resorption, while low dose of 

TGF-β stimulates the migration of osteoclast precursor cells and increases 

RANKL/OPG ratio, thus supporting osteoclastogenesis (Crane & Cao, 2014).  

IGF-1 is the most abundant growth factor deposited in the bone microenvironment, 

which is a potent osteogenic activator. IGF-1 is bound to insulin-like growth factor 

binding proteins (IGFBPs) in the bone matrix (Mohan et al., 1988). The control of IGF-

1 by IGFBPs is complicated, and will not be discussed in detail here. The major source 

of IGF-1 is liver, and it is delivered to the bone microenvironment by the circulation. 

Liver cirrhosis can result in osteopenia and can be improved by administration of IGF-
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1. Another source of IGF-1 is the cells in the skeletal microenvironment (Guerra-

Menendez et al., 2013). Both the endocrine IGF-1 and paracrine IGF-1 is important for 

regulating the bone mass (Elis et al., 2010). There has been clear evidence, that serum 

IGF-1 levels are positively correlated with bone mineral density (Nicolas et al., 1994). 

Patients with osteoporosis have reduced serum levels of IGF-1(Liu et al., 2008) . The 

main function of IGF-1 is to stimulate the proliferation of osteoblasts and to promote 

the osteoblastic mineralisation of the bone matrix. Administration of IGF-1 

intravenously results in high bone mass in mice. On the other hand, IGF-1 also regulates 

the function of osteoclasts, where mice deficient in IGF-1 have decreased number of 

osteoclasts with high bone mass (Wang et al., 2006). An in vitro experiment showed 

that IGF-1 regulates the expression of RANKL and OPG in osteoblasts (Rubin et al., 

2002). These results suggest that IGF-1 may be able to mediate the crosstalk between 

osteoclasts and osteoblasts. 

Fibroblast growth factors (FGFs) are factors involved in the recruitment and 

proliferation of MSCs (Ng et al., 2008). FGFs have been shown to be important for 

prenatal and postnatal bone formation. FGFs are a family of 22 different proteins, that 

act through binding to FGF receptor (FGFR). The importance of FGF2 has been 

demonstrated in several animal models. Fgf2 knockout mice exhibit severe decrease in 

trabecular bone volume and defective bone formation rate (Montero et al., 2000). 

Administration of FGF2 to rats significantly increased the endosteal and periosteal bone 

formation, and hence increased cortical bone (Nagai et al., 1995). It was also shown 

that FGF2 facilitates the functions of PTH and BMP-2 (Sabbieti et al., 2009). Other 
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family members of FGFs are also important to maintaining the bone mass (Charoenlarp 

et al., 2017). Further research is needed to elucidate the accurate function of FGFs in 

bone remodelling to translate to clinical use of FGFs in the cases of bone regeneration 

in the future.  

Epidermal growth factor receptor (EGFR) interacts with many different ligands, 

including EGF, TGF-α, heparin-binding EGF-like growth factor, betacellulin, 

amphiregulin, epiregulin and epigen. Interaction of EGFR and its ligands is important 

for skeletal development (Schneider et al., 2009). However, the precise function of 

EGFR signalling is still unclear. It was found by Chandra et al. that EGFR signalling 

promotes the proliferation of osteoblast progenitor cells but inhibits the differentiation 

towards mature osteoblasts (Chandra et al., 2013). In another in vivo study, the growth 

of Egfr-null mice is retarded with bone defects, and mice with osteoblast-specific 

deletion of EGFR have decreased bone mass. It was proposed that EGFR signalling 

supressed IGF-1/m-TOR signalling to prevent early maturation of osteoprogenitor cells 

(Linder et al., 2018). Further, it was shown by Zhu et al. that EGFR indirectly regulates 

osteoclast differentiation by increasing RANKL/OPG ratio in osteoblasts (Zhu et al., 

2011).  

Micro RNA (miRNA) is a newly discovered group of molecules, which have been 

reported to play an important role in the control of skeletal remodelling. miRNAs are 

usually 18-25 nucleotides in length, single-stranded RNA molecules. miRNAs do not 

encode for proteins but regulate gene expression post-transcriptionally by interacting 

with mRNA (O'Brien et al., 2018). To date, many miRNAs are associated with the 
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regulation of bone remodelling, as degradation of these miRNAs often leads to skeletal 

disorders (Papaioannou, 2015). There are studies showing that miRNAs are involved 

in the regulation of both osteoclasts and osteoblasts, however, there is no clear evidence 

whether miRNAs regulate the crosstalk between osteoblasts and osteoclasts (Zhu et al., 

2018). One of the miRNAs that have been extensively studied is miR-214-3p. A recent 

study showed that exosomal miR-214-3p produced by osteoclasts affects the bone 

formation by osteoblasts. They also found that miR214-3p and exosomes containing 

miR-214-3p are only detectable in high abundancy in mature osteoclasts. It was also 

found that miR-214-3p is associated with reduced bone formation in elderly women 

and in OVX mice. Further, mice overexpressing miR-214-3p have less trabecular bone 

volume and decreased number of osteoblasts on the bone surface (Li et al., 2016). These 

results suggest that osteoclasts may affect osteoblasts via exosomes containing miR-

214-3p.  

1.4.4 Osteocyte derived mediators of bone remodelling 

Osteocytes are the most abundant bone cell in the skeletal system. They interact with 

other cells through tight junctions and signalling molecules to transmit signals. There 

is extensive evidence that osteocytes regulate bone remodelling. Mature osteocytes 

secrete sclerostin, which is an antagonist to some members of the Wnt family and 

inhibits the canonical Wnt signalling pathway (Lewiecki, 2014). Loss-of-function 

mutation of sclerostin in humans is associated with sclerosteosis and van Buchem 

disease (Sebastian & Loots, 2018). Knockout of sclerostin in mice results in an increase 

in bone mass while overexpression of sclerostin compromised bone density (Kramer, 
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Loots, et al., 2010; Lin et al., 2009). Osteocytes are responsive to a wide range of factors 

to change bone mass by altering the expression of sclerostin. For example, mechanical 

loading decreases the expression of sclerostin resulting in increased bone formation 

(Lin et al., 2009). Sex hormones also regulate the expression of sclerostin, where 

postmenopausal women have significantly lower levels of serum sclerostin (Xu et al., 

2020). PTH can inhibit the expression of sclerostin by osteocytes, in turn, promoting 

bone formation (Drake et al., 2010). Thus, osteocytes are an important regulator of 

osteoblasts.  

Osteocytes are also an important regulator of osteoclasts. One important signal to 

initiate bone remodelling is the apoptosis of osteocytes, which signals the bone lining 

cells to form bone remodelling compartment and other neighbouring cells, such as 

osteoblasts, to express pro-osteoclastogenic genes, for example, RANKL (Jahani et al., 

2012; Sawa et al., 2019). In addition, it has been shown that osteocytes can secret 

RANKL and M-CSF recruiting osteoclast precursor cells and mediating 

osteoclastogenesis (Harris et al., 2012; Nakashima et al., 2011; Zimmerman et al., 

2018). In vitro, osteocytes express higher levels of RANKL than osteoblasts and bone 

marrow stromal cells. Mice with specific knockout of RANKL in osteocytes develop 

an osteopetrotic phenotype, indicating that the major source of RANKL in bone 

remodelling is osteocytes (Zimmerman et al., 2018).  

Bone remodelling is a process that requires accurate control, which is coordinated by 

the cellular activities between osteoclasts, osteoblasts, and osteocytes. The bone cells 

are different in origin, morphology, and function, and communicate with each other 
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forming a network of signalling. This signalling network plays an important role in 

maintaining the homeostasis of bone. In addition to the signalling molecules that have 

already been discussed, many other molecules are involved in the control of bone 

remodelling. A recent study showed that leucin-rich repeat-containing G-protein 

coupled receptor 4 (LGR4) is also a receptor for RANKL, preventing activation of 

RANK, hence osteoclastogenesis. It was confirmed that human RANKL can directly 

interact with LGR4 (Luo et al., 2016). Osteoclast inhibitory lectin (OCIL) is expressed 

by osteoblasts and can inhibit the formation of osteoclasts in vitro (Hu et al., 2004). 

Furthermore, osteoblasts are able to communicate and regulate each other through 

adherence junctions and gap junction (Civitelli, 2008). The challenge for the future is 

to clarify the complex network of bone cell communication during normal or 

pathological conditions. Such knowledge could improve our understanding of the 

skeletal disorders and help us to develop new therapeutic strategies against these 

diseases. 

1.5 Skeletal disorders 

As discussed before, bone remodelling maintains the homeostasis of bone. The precise 

regulation is the key to the maintenance of skeletal health. If the balance between 

osteoclastic resorption and osteoblastic formation is broken, skeletal disorders, such as 

osteoporosis, Paget’s disease and osteopetrosis occur. Also, some types of cancers 

could also lead to pathological conditions in bone. 

1.5.1 Osteoporosis 
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Osteoporosis is characterised as reduced bone mass, corruption of bone microstructure 

and deterioration of the skeletal integrity, which increases the fragility of bone and leads 

to increased susceptibility to fracture (Rachner, Tilman D. et al., 2011). Osteoporosis 

is usually asymptomatic until a fracture occurs. Fractures often occur at hip, wrist, and 

vertebrae, which are associated with morbidity, mortality, and reduced quality of life. 

In patients with osteoporosis, fractures occur spontaneously or following a minor 

trauma (Kanis, 2002). Hip fractures are associated with 15-20% increased mortality 

rate within a year, followed by a 2.5-fold increased risk of future fractures. Patients 

with hip fracture often require long-term nursing homecare (Metcalfe, 2008). Spinal 

fractures might occur during daily life or change of posture without any trauma. 

Thoracic fractures may result in restrictive lung disease and secondary heart problems. 

Compression fractures of the spine might result in loss of height, reduced abdominal 

space, crowding of internal organs and back pain (Metcalfe, 2008).  

Osteoporosis is at high prevalence and according to Osteoporosis Australia, 1.2 million 

people are estimated to have osteoporosis in Australia. It is estimated that there will be 

6.3 million Australians over the age of 50 with osteoporosis or osteopenia (low bone 

mineral density) and 183,105 fractures due to osteoporosis and osteopenia by 2022. The 

total cost of osteoporosis and osteopenia was $2.75 billion in 2012 (Watts, 2013). It 

was estimated that from 2013-2022 the total cost of osteoporosis and osteopenia will 

be $33.6 billion in Australia (Osteoporosis Australia Medical & Science Committee). 

Due to aging of the population, osteoporosis is expected to increase in the future.  
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Both men and women are likely to develop osteoporosis, although women have higher 

risks, especially postmenopausal women due to the rapid decline of oestrogen (Melton 

Iii et al., 2005). Men also lose bone minerals during aging, the decline of bone mineral 

density (BMD) in men is also associated with testosterone levels (Orwoll & Klein, 

1995). Other risk factors of osteoporosis include genetic traits, diet, malnutrition, low 

body mass index (< 21 kg/m2), vitamin D deficiency, low calcium intake, smoking, 

alcohol abuse, prolonged immobilisation, rheumatoid arthritis, and long-term use of 

some medications such as glucocorticoids and chemotherapeutic drugs (Pouresmaeili 

et al., 2018). The diagnosis of osteoporosis is achieved by dual energy X-ray 

absorptiometry (DEXA). The result is represented by T-score. The T-score represents 

the number of standard deviations (SD) of the individual’s BMD diverging from the 

reference healthy individuals. According to the WHO standards, a patient with a T-

score between -1 and -2.5 is considered to have osteopenia and have medium to low 

risk of fracture; a T-score of -2.5 or lower is deemed as osteoporosis (Jeremiah et al., 

2015; Kanis, 2002). Because osteoporosis is asymptomatic, early diagnosis is important 

for the prevention of fractures.  

Bone turnover biomarkers are released from the BMU during bone remodelling. Bone 

turnover biomarkers can be measured in serum or in urine, which are divided into two 

categories, bone formation markers and bone resorption markers. Bone resorption 

markers include tartrate-resistant acid phosphatase 5b (TRAcP 5b), hydroxyproline 

(HYP), deoxypyridinoline (DPD), pyridinoline, amino-terminal cross-linked 

telopeptide of type1 collagen (NTX-1) and carboxy-terminal cross-linked telopeptide 
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of type 1 collagen (CTX-1) (Shetty et al., 2016). The bone formation markers include 

total alkaline phosphatase (total ALP), bone-specific ALP, osteocalcin (OCN), and 

procollagen type 1 N-terminal propeptide (P1NP). Although bone turnover biomarkers 

cannot be used in the diagnosis of osteoporosis, it is useful in the evaluation of the 

efficacy of the treatment of osteoporosis and the prediction of fracture risk (Shetty et 

al., 2016). 

The management of osteoporosis in patients aims to prevent or decrease the risk of 

fracture. The strategies of prevention include calcium and vitamin D supplement, 

exercise, reducing alcohol intake, and reducing the use of medications causing 

osteoporosis if possible (Lewiecki, 2004). Adequate calcium and vitamin D intake is 

critical for the health of bones (Dawson-Hughes et al., 1997). External supply of 

calcium is necessary to maintain the serum calcium level, as low serum calcium level 

triggers the bone resorption (Zheng et al., 2007). The recommended calcium intake for 

adults is 1,000 mg per day and for women over 50 years and men over 70 years old the 

recommended daily calcium intake is 1,300 mg (Moyer, 2013). Intake of calcium is 

promoted by vitamin D, which also supports muscle health. The recommended vitamin 

D intake is > 800 IU per day for people over 70 years (Moyer, 2013). Regular exercise 

for most days of the week, with 30-40 min each session is beneficial for increasing bone 

density. Progressive increase in exercise levels improves the strength of bones and 

muscles (Moyer, 2013). There is evidence that appropriate amounts of exercise 

increases bone density (Benedetti et al., 2018).  
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The treatment of osteoporosis aims to prevent fractures by improving bone strength, to 

relieve symptoms of fractures, and to maintain normal physical function. 

Pharmacological agents against osteoporosis are usually antiresorptive agents, which 

are used to inhibit bone resorption, including bisphosphonates, estrogen, selective 

estrogen receptor modulators (SERM), strontium ranelate, calcitonin, and denosumab 

(Tu et al., 2018). These agents are effective to decrease the bone resorption by 

decreasing the activities of osteoclasts, but they are less effective in stimulating bone 

formation. Only few anabolic agents are available, including, teriparatide and 

romosozumab, which are capable of increasing bone formation (Tu et al., 2018). 

Bisphosphonates, such as alendronate, ibandronate, etidronate, clodronate, risedronate 

and zoledronic acid, are inhibitors of bone resorption. It has been well established both 

in vivo and in vitro that bisphosphonates are able to inhibit the resorption by osteoclasts 

and increase trabecular bone volume (Drake et al., 2008). In postmenopausal 

osteoporotic women, bisphosphonates are shown to effectively reduce fractures. 

However, oral bisphosphonates cause upper gastrointestinal tract irritations. It was also 

reported that bisphosphonates cause osteonecrosis of the jaw and alendronate causes 

atypical fractures (Kennel & Drake, 2009).  

Estrogen or hormone replacement therapy was introduced into the management of 

osteoporosis, because estrogen deficiency in postmenopausal women results in bone 

loss. Although estrogen is effective in preventing bone loss, estrogen is not 

recommended as a primary preventive treatment of osteoporosis. Estrogen or estrogen 
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replacement therapy have been shown to be associated an increased risk of coronary 

heart disease, breast cancer, stroke, and dementia (Gambacciani & Levancini, 2014).  

Selective estrogen receptor modulators (SERMs) are estrogen agonists or antagonists, 

which interacts with the estrogen receptor. Raloxifene is the most commonly used 

SERM and is shown to increase bone turnover and decrease bone resorption. Raloxifene 

has been shown by numerous studies that it can reduce spine fracture significantly 

(Boonen et al., 2012). Owing to raloxifene’s antagonistic effect on breast tissue, it can 

be considered for the treatment of women with increased risk of vertebral fracture and 

breast cancer (Cummings et al., 1999). However, raloxifene has been shown to be 

associated with vaginal bleeding, hot flashes, venous thromboembolism, and stroke 

(Davies et al., 1999).  

Strontium ranelate works by inhibiting osteoclast formation and increasing osteoblast 

formation simultaneously. Strontium ranelate significantly increases the bone mass and 

reduces vertebral and non-vertebral fracture risk in osteoporotic men and women, 

regardless of age or severity of the underlying diseases (Meunier et al., 2004). The 

adverse effects of strontium ranelate include cardiovascular events, venous 

thromboembolism, myocardial infarction, GI tract irritation, headache, seizure, and 

memory loss (Cianferotti et al., 2013).  

Calcitonin is a synthetic peptide with similar properties to natural calcitonin found in 

humans, which supresses bone resorption by osteoclasts (Chesnut et al., 2000). 

Calcitonin receptor is highly expressed in osteoclast (Cianferotti et al., 2013). It has 
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been shown in a study that risk of vertebral fracture is reduced 33% by administration 

of calcitonin (Chesnut et al., 2000). However, the FDA is not recommending calcitonin 

as a first-line treatment for osteoporosis due to a lack of data showing a reduction in 

non-vertebral fractures (Downs Jr et al., 2000). 

Denosumab, a monoclonal antibody against human RANKL, is used in the treatment 

of patients at high risk of fracture (Bone et al., 2013). Denosumab prevents the binding 

of RANKL to its receptor RANK on the surface of osteoclasts. As described before, 

RANKL and the signalling cascades triggered by RANKL are central to the formation 

and function of osteoclasts. Inhibiting the function of RANKL by denosumab is 

effective against osteoporosis. Denosumab is FDA approved for the treatment of 

postmenopausal women with high risk of fracture and for women with breast cancer. It 

can also be used for treatment of extensive bone loss in men receiving androgen 

deprivation therapy (ADT) for prostate cancer . With denosumab use (60 mg every five 

months), the reduction in the risk of hip, non-vertebral and vertebral fractures was 

significant compared to the placebo group (Zaheer et al., 2015). Moreover, denosumab 

also increased BMD at the lumbar spine and hip (Pedersen et al., 2019). Although use 

of denosumab is well tolerated across different groups of patients, several adverse 

effects have been reported, including upper GI irritation, atypical femoral fractures, 

osteonecrosis of the jaw, and the increased risk of skin infections, rash and eczema 

associated with the injection of denosumab (von Keyserlingk et al., 2011). 

Teriparatide is a peptide mimicking the 34 N-terminal amino acids of human PTH 

(Jiang et al., 2003). It is used for patients with high fracture risk and intolerance to the 
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previous treatment methods. It was demonstrated by a study that risks of vertebral and 

non-vertebral fractures are reduced by teriparatide and the BMD of spine, femur, and 

total body were increased (Gallagher et al., 2005). However, teriparatide cannot be used 

in patients with Paget’s disease, high serum ALP levels, prior skeletal radiotherapy, 

primary or metastatic bone tumour, or hyperparathyroidism. Adverse effects of 

teriparatide treatment include upper GI symptoms, nausea, pain in the limbs, dizziness, 

headache, hypercalcemia, hypercalciuria, hyperuricemia, and hypotension (Eastell & 

Walsh, 2017).  

Romosozumab is an emerging anabolic agent for the treatment of osteoporosis. It is a 

monoclonal antibody targeting sclerostin. Sclerostin, as mentioned before, is secreted 

by osteocytes and is a potent inhibitor of the Wnt pathway in osteoblasts (Bandeira et 

al., 2017). Although romosozumab reduced the risk of vertebral fracture by 73% at 12 

months and the BMD in the patients receiving romosozumab was increased, the high 

rate of adverse effects of romosozumab in the cardiovascular system posed a great 

limitation of romosozumab in clinical use for the treatment of osteoporosis (Bandeira 

et al., 2017).  

The aforementioned current treatment options of osteoporosis have their advantages 

and limitations. Therefore, more studies have investigated new agents, such as 

cathepsin K inhibitors. In clinical trials, they were able to reduce the excessive bone 

loss mediated by osteoclasts. There are several cathepsin K inhibitors pending FDA 

approval, such as odanacatib. Inhibitors to V-ATPase are also promising potential anti-

resorptive agents. Further studies are needed to determine the effectiveness of these 
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drugs in the treatment of osteoporosis (Drake et al., 2017). Another emerging approach 

for the treatment of osteoporosis is natural compounds. More and more studies have 

demonstrated that natural compounds are capable of inhibiting osteoclast in vitro and 

bone loss caused by estrogen deficiency in mice with fewer side effects (He et al., 

2019). 

1.5.2 Paget’s disease of Bone 

Paget’s disease of bone (PDB) was first described by Sir James Paget in 1877, it was 

originally named by him as osteitis deformans (Paget, 1877). PDB is the second most 

prevalent bone disorder after osteoporosis (Shaker, 2009). The clinical features of PDB 

include bone pain, deformity of multiple bones, enlarged skull, deafness, and late 

development of malignancy (Whyte, 2006). PDB can affect single bones or multiple 

bones. PDB is a result of dysregulated bone remodelling initiated by excessive bone 

resorption by osteoclasts and disorganised bone formation by osteoblasts, resulting in 

structurally weakened bone. At the cellular level, it is believed that abnormalities in any 

phases of bone remodelling could contribute to the disease (Ralston, 2008).  

PDB is often asymptomatic. Diagnosis of PDB is usually incidental through 

radiographs and biochemical tests. X-ray scans of PDB patients can result in both lytic 

and sclerotic findings, but the radiology results should be combined with biochemical 

tests (Schneider et al., 2002). The two most important biomarkers are total serum ALP 

and urinary hydroxyproline. The pharmacological treatment of PDB targets to reduce 

the function of osteoclasts (Schneider et al., 2002). The most common treatments for 
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PDB are bisphosphonates and calcitonin. Both medications can effectively reduce the 

bone turnover rate. Apart from the side effects caused by the medications, patients can 

still suffer from pain or problems due to the complications, such as surgery, 

neurological complications, cardiac failure, and transformation to osteosarcoma 

(Langston & Ralston, 2004).  

PDB is more common in males than females (Haddaway et al., 2007). About 15% of 

PDB patients have a family history of the disease and the inheritance of PDB follows 

an autosomal dominant pattern (Alonso et al., 2017). The most significant gene related 

to PDB is SQSTM1 gene, encoding the p62 subunit of the NF-κB signalling pathway 

(Laurin et al., 2002). Although the precise role of p62 in the pathogenesis of PDB is 

unclear, it is most commonly hypothesised to be related to the NF-κB pathway 

(Vadlamudi et al., 1996). As described before, the NF-κB signalling pathway is critical 

to the differentiation of osteoclasts, therefore, the mutation in p62 results in alteration 

of the signalling cascade. Other genes identified by genome-wide association study 

include, CSF1, TNFRSF11A, TM7SF4, and RIN3 (Alonso et al., 2017). 

1.5.3 Osteopetrosis 

Osteopetrosis is a genetic disorder characterised by increased bone volume in 

radiographs. It is usually caused by aberrant osteoclast differentiation and function. 

Increased bone mass caused by inadequate bone resorption results in pathological 

fractures, osteomyelitis, and cranial-facial dysmorphism (Stark & Savarirayan, 2009). 

The severe form of osteopetrosis can be inherited as a familial disorder, following two 
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patterns, autosomal recessive or autosomal dominant. Autosomal recessive 

osteopetrosis (ARO) is life-threatening, usually shows symptoms in the early few 

months in life, and the excessively expanding bone results in reduced bone marrow 

space or cranial nerve compression, leading to neurological disorders (Palagano et al., 

2018). The suppression of bone marrow also interferes with medullary haematopoiesis, 

which is life threatening. Autosomal dominant osteopetrosis (ADO), on the other hand, 

manifests in late childhood, showing only skeletal symptoms (Palagano et al., 2018).  

To date, mutations in many genes are documented to be related to osteopetrosis 

(summarised in Table 1.4). The most significant genes include, TCIRG1, CLCN7, 

SNX10, and genes in the RANKL/RANK signalling axis (Palagano et al., 2018). 

TCIRG1 gene encodes the a3 subunit of the V0 domain of the ATP-dependent vacuolar 

proton pump V-ATPase. Mutations in TCIRG1 gene accounts for about 59% of all ARO 

cases, which result in defects in the proton-pumping function of the V-ATPase and 

vesicle trafficking (Palagano et al., 2018; Susani et al., 2004). CLCN7 gene encodes a 

chlorine channel on the membrane of endosomes and lysosomes, mediating the 

exchange of Cl- and protons. Mutations in this gene can result in ARO and ADO 

(Okamoto et al., 2017). SNX10 belongs to the sorting nexin family, encoded by SNX10 

gene. It has been shown that SNX10 interacts with V-ATPase and regulates the 

trafficking of subcellular vacuoles (Stattin et al., 2017). Moreover, as discussed before, 

mutations in the RANKL-RANK signalling cascade also result in ARO. 

Table 1.4 
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Gene Protein Inheritance 
mode 

Affected 
osteoclast 
function 

Ref. 

TCIRG1 A3 subunit of 
V-ATPase 

ARO Acid secretion 
Vesicular 
trafficking 

(Zhang et al., 2017) 

CLCN7 Chloride 
channel 

ARO/ADO Lysosome 
acidification 

(Pang et al., 2016; 
Rashid et al., 2013) 

OSTM1 Osteopetrosis 
associated 
transmembrane 
protein 1  

ARO Lysosome 
acidification 

(Pangrazio et al., 
2006) 

PLEKHM1 Pleckstrin 
homology 
domain 
containing 
family M 1 

ARO Endolysosomal 
trafficking 

(Tabata et al., 2010) 

SNX10 SNX10 ARO Endolysosomal 
trafficking 

(Stattin et al., 2017) 

CAII Carbonic 
anhydrase II 

ARO Acidification (Sly et al., 1983) 

TNFRSF11A RANK ARO Formation (Guerrini et al., 
2008) 

TNFSF11 RANKL ARO Formation (Sobacchi et al., 
2007) 

CTSK Cathepsin K ARO Resorption (Pangrazio et al., 
2014) 
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CHAPTER 2

NEAT1 AND PARASPECKLE
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2.1 Introduction to NEAT1 

Approximately 80% of the human genome is transcribed into RNAs, but only 2% 

encodes for functional proteins (Dunham et al., 2012). This suggests that the non-

coding RNAs (ncRNAs) account for the majority of the transcriptome. The ncRNAs 

can be divided into microRNAs (20-nt long), small-interfering RNAs (siRNAs), 

circular RNAs and long ncRNAs (>200-nt long, lncRNAs) (Zhang et al., 2019). Since 

their discovery, lncRNAs have been associated with the regulation of cellular functions 

and molecular pathophysiology of many diseases (Del Vecchio et al., 2018; Gutschner 

et al., 2018; Kung et al., 2013; Smolle et al., 2017; Smolle & Pichler, 2018). The 

function of lncRNAs is dependent on the localisation (Chen, 2016). It is suggested that 

lnRNAs form secondary and tertiary structures, which serve as a binding platform for 

other molecules, including DNA, RNA and proteins (Liu et al., 2017). Among the vast 

number of lncRNAs, nuclear enriched abundant transcript 1 (NEAT1) has been 

associated with the cellular signalling network and many diseases (Lo et al., 2016; Prinz 

et al., 2019).  

NEAT1 is encoded by the gene NEAT1, located at 11q13. NEAT1 is abundantly 

expressed in trachea, uterus, pancreas, thyroid, prostate, placenta, and colon (Figure 2.1) 

(Su et al., 2004; Wu et al., 2016). Transcription of the NEAT1 gene by RNA polymerase 

II results in two isoforms, NEAT1_1 and NEAT1_2. NEAT1_1 (3.7 kb) is the short 

isoform, overlapping the 5’ end of the long isoform NEAT1_2 (23 kb) (Naganuma et 

al., 2012). The long isoform NEAT1_2 is essential for the formation of subnuclear 

paraspeckles and the function of NEAT1 appears to be closely related to paraspeckles. 
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Figure 2.1 Expression pattern of NEAT1 in various tissues. The expression of
NEAT1 varies in different tissues. NEAT1 is highly expressed in the male and female
reproductive systems. Original data were obtained from BioGPS (www.biogps.org)



2.2 NEAT1 and paraspeckles 

2.2.1 Introduction to paraspeckle 

The nucleus of eukaryotic cells is a complex and highly dynamic organelle, which 

maintains the genome, allows the control of gene expression and exchanges molecules 

across the nuclear membrane. To achieve these functions, the nucleus is divided into 

different domains (subnuclear organelles), including nucleoli, Cajal bodies, speckles 

and paraspeckles (Handwerger & Gall, 2006; Spector, 2001). Similar to other 

subnuclear organelles, paraspeckles are enriched in protein and nucleic acid. This 

structure was first described in 2002, where a known nucleolar protein, paraspeckle 

protein 1 (PSP1), co-localises with other nuclear proteins in a unique structure, which 

did not overlap with markers for any known nuclear structures (Andersen et al., 2002; 

Fox et al., 2002). Currently, paraspeckles are defined as nuclear bodies in which one of 

the essential paraspeckle proteins co-localises with NEAT1 (Fox et al., 2018). 

Paraspeckles are dynamic structures, which are not present constantly in human 

embryonic stem cells but only appear during differentiation (Chen & Carmichael, 2009). 

Furthermore, the size and number of paraspeckles are dependent on cell type and cell 

status. For instance, HeLa cells have more paraspeckles than NIH3T3 cells in average 

and the paraspeckles under stress have more and larger paraspeckles (An et al., 2019; 

Clemson et al., 2009; Fox et al., 2002; Prasanth et al., 2005; Sunwoo et al., 2009).  

2.2.2 Biogenesis of NEAT1_2 and the formation of paraspeckles 

As the definition of paraspeckles implied, paraspeckles are composed of the 
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paraspeckle proteins and NEAT1 lncRNA. Visualisation of paraspeckles is made 

possible by probing one of the paraspeckle component proteins, NONO, SFPQ, and 

PSP1, or by probing NEAT1 lncRNA (Figure 2.2A) (Fox et al., 2018). A proposed 

model of paraspeckle structure is shown in Figure 2.2B (Yamazaki et al., 2018). In the 

model, lncRNA NEAT1 is the backbone of paraspeckles and paraspeckle proteins bind 

to this model and form intact paraspeckles. The biosynthesis of paraspeckles initiates 

with the generation of NEAT1 lncRNA. The necessity of NEAT1_2 in the formation of 

intact paraspeckles has been well established by multiple studies (Clemson et al., 2009; 

Naganuma et al., 2012; Sasaki et al., 2009; Sunwoo et al., 2009). Only the long isoform, 

NEAT1_2, is important for the formation of intact paraspeckles, which was proved by 

experiments showing that only overexpression of the NEAT1_2 isoform in mouse 

embryonic fibroblast could rescue the deletion of paraspeckles resulting from NEAT1 

knockout. NEAT1_1 is not essential, but facilitates the formation of paraspeckles 

(Naganuma et al., 2012).  

Both isoforms of NEAT1 lncRNA are retained in the nucleus, except the synthesis of 

the long isoform requires a special mechanism (Figure 2.3). The synthesis of NEAT1_1 

is similar to other mRNAs: as the transcript of NEAT1_1 is being synthesised, cleavage 

factor I (CFIm) binds to the polyadenylation signal and mediates the 3’ end processing 

(Sartini et al., 2008). An essential paraspeckle protein, heterogenous ribonucleoprotein 

K (hnRNPK) binds to a component of CFIm and inhibits the polyadenylation and RNA 

polymerase II continues to synthesise the long isoform, NEAT1_2. With the binding of 

other paraspeckle proteins, intact paraspeckles form (Naganuma et al., 2012). 
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A B

Figure 2.2 Sub-nuclear paraspeckles. (A) A microscopic image of paraspeckle in
HeLa cells. Visualisation of the paraspeckels was made possible by probing the
paraspeckle protein, NONO (green), with fluorescent image merged with a bright-
field image of the cell. Arrows highlights the paraspeckles. Scale bar = 5 μm. (Figure
adapted from Fox et al., 2018.) (B) A schematic illustration of paraspeckle structure.
Paraspeckles are built on the basis of NEAT1_2, where paraspeckle proteins bind to
the NEAT1_2 backbone to form intact paraspeckles. (Figure adapted from Yamazaki
et al., 2018).



NEAT1_1 (3.7 kb)
NEAT1_2 (23 kb)

Chr11q13

RNAPII RNAPII

Polyadenylation

hnRNPK

RNAPII

AAAAAANEAT1_1

NEAT1_2

Intact 
paraspeckle

paraspeckle proteins

Figure 2.3 Synthesis of NEAT1_2 and paraspeckle. The transcription of both
isoforms of NEAT1 is achieved by RNA polymerase II (RNAPII). Once the sequence
of NEAT1_1 is fully transcribed, the 3’ end of NEAT1_1 is polyadenylated and the
transcription is terminated. A paraspeckle protein, hnRNPK, prevents the
polyadenylation, allowing RNA polymerase II to continue the transcription until the
NEAT1_2 isoform is generated. With the binding of other paraspeckle proteins,
paraspeckles are formed. (Figure adapted from Naganuma et al., 2012).



Visualisation of paraspeckles utilising electron microscopy and super resolution 

microscopy has revealed that the size of paraspeckles is approximately 360 nm in 

diameter and the component proteins are all packed in an orderly structure surrounded 

by the NEAT1_2 backbone (Souquere et al., 2010; West et al., 2016).  

2.2.3 Molecular mechanism of paraspeckles 

The molecular mechanism of paraspeckles is mediated by the component proteins and 

RNAs. Built around NEAT1 lncRNA, paraspeckles contain over 50 different proteins, 

which were confirmed by extensive immunofluorescence-based co-localisation studies 

(Fong et al., 2013; Naganuma et al., 2012). Some component proteins are essential for 

the formation of paraspeckles, some are not. For example, although PSP1 is first 

identified as a paraspeckle component protein, it is not essential for the formation of 

paraspeckles; other proteins, such as hnRNPK, NONO, DAZAP1, RBM14 and FUS, 

are essential for the formation, as knockdown of any of these proteins in cells 

meantparaspeckles failed to form (Hennig et al., 2015; Naganuma et al., 2012; Sasaki 

et al., 2009). The paraspeckle proteins, PSP1, NONO, and SFPQ, all belong to the 

DBHS (Drosophila behaviour human splicing) protein family. During paraspeckle 

formation, these proteins form either homo- or heterodimers between each other and 

bind to NEAT1_2 (Fox et al., 2005). The DBHS proteins have various functions. They 

can bind to double- and single stranded DNA and RNA molecules to regulate 

transcription (Shav-Tal & Zipori, 2002). It was proposed by Hennig et al. (2015) that 

the proteins in paraspeckles form an interactome and most of the proteins in the 

interactome contain a prion-like domain. The prion-like domain is essential for protein-
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protein interaction of paraspeckle proteins. Furthermore, the prion-like domains in 

RBM14 and FUS have been shown to be essential for the formation of intact 

paraspeckles by several studies (Chujo et al., 2017; Hennig et al., 2015; West et al., 

2016). In addition to NEAT1 lncRNA, other types of RNA are also found to localise 

with paraspeckles; mRNAs containing long inverted repeats (IRs) in the 3’-UTR, 

purine-rich mRNAs, and U1 RNA (Chen & Carmichael, 2009; Prasanth et al., 2005; 

Torres et al., 2016; Visa et al., 1993; Wang et al., 2018). 

2.3 Cellular functions of NEAT1 

As discussed in the previous section, NEAT1_2 and paraspeckles sequester DNA/RNA 

binding proteins and RNA molecules, which provides a model for how NEAT1 

regulates gene expression. It was proposed by recent studies that NEAT1_2 and 

paraspeckles regulate gene expression by sequestration and enhancing the functions of 

paraspeckle proteins and RNAs. In the steady state, the paraspeckle proteins and RNAs 

are co-localised with NEAT1_2. When the cells become stressed or NEAT1_2 

expression is increased, more paraspeckle proteins are sequestered, altering gene 

expression. One mechanism is to regulate the transcription directly. For example, it was 

well documented that SFPQ represses interleukin-8 expression or activates ADARB2 

gene. When it is sequestered by NEAT1_2, the expressions of SFPQ targeted genes are 

altered (Hirose et al., 2014; Imamura et al., 2014). Another mechanism is post-

transcriptional modification. PSP1, SFPQ and NONO regulate the adenosine to inosine 

(A-I) editing of mRNAs. The A-I edited mRNAs are retained in the nucleus and the 

unedited mRNAs are translocated to the cytoplasm. Sequestered by NEAT1_2, PSP1, 
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SFPQ and NONO retain the A-I edited RNA to the nucleus, more specifically, 

paraspeckles are retained in the nucleus instead of being exported to the cytoplasm 

(Hirose et al., 2014). When the expression level of NEAT1_2 is decreased, such as 

during circadian cycling of the cell, the paraspeckle proteins are free to bind to their 

target. The regulated RNAs are exported to the cytoplasm and translated (Hirose et al., 

2014; Torres et al., 2016).  

2.4 NEAT1 and physiology 

NEAT1 was first proposed as non-essential for development, because Neat1-knockout 

mice develop and breed normally (Nakagawa et al., 2011). However, it was later found 

by the same group that NEAT1 is essential for the development of formation of the 

corpus luteum and establishment of pregnancy, despite the claim that knock-out mice 

breed normally (Nakagawa et al., 2014). Neat1-knockout mice also results in 

deficiencies in mammary gland development and lactation (Standaert et al., 2014). 

These results indicate an important role of NEAT1 in the female reproductive system. 

NEAT1 is also found to be important in the nervous system. Following seizures, some 

areas of the mouse brain have increased expression of NEAT1 (Blüthgen et al., 2017). 

In the iPSC-derived neurons, NEAT1 is essential for the neuronal activity and is 

potentially related to epilepsy (Barry et al., 2017). A recent study proposed that NEAT1 

is essential for the vascular smooth muscle cell switching from a contractile phenotype 

to a proliferative phenotype (Ahmed et al., 2018). Furthermore, it was proposed that 

NEAT1_2 is involved in the differentiation of human embryonic stem cells (hESCs) 

(Chen & Carmichael, 2009).  
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2.5 NEAT1 and cancer 

NEAT1 has been associated with many types of tumours, in which NEAT1 is 

dysregulated. The aberrant expression of NEAT1 is often related to the metastasis and 

progression of cancer (Lanzós et al., 2017). A meta-analysis reveals a controversial role 

of NEAT1 in cancer biology, where the expression of NEAT1 is either upregulated or 

down-regulated (Xiong et al., 2017). However, the overexpression of NEAT1 has been 

associated with poor prognosis of cancer and survival in several cancers (Chen et al., 

2017). Just to name a few, NEAT1 is involved in the carcinogenesis of non-small cell 

lung cancer (Pan et al., 2015), ovarian cancer (Chen et al., 2016), colorectal cancer 

(Peng et al., 2017), pancreatic cancer (Huang et al., 2017), breast cancer (Zhang et al., 

2017), and osteosarcoma (Hu et al., 2018). 

Although overexpressed in many types of cancers, NEAT1 has also been shown to 

suppress cancer in a p53-dependant manner. In the circumstances of stress or DNA 

damage, p53 stimulates the expression of NEAT1_2 thus upregulating the formation of 

paraspeckles. Knockdown of NEAT1 leads to DNA-damage-induced cell death and 

inhibits skin tumorigenesis (Adriaens et al., 2016). In another study, it was shown that 

inhibition of NEAT1_2 enhanced cell proliferation, suggesting the potential anti-

tumour function of NEAT1 (Zeng et al., 2014).  
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3.1 Introduction to MSLN 

Mesothelin (MSLN) was first recognised as a differentiation antigen, reactive to 

monoclonal antibody K1 on the surface of mesothelial cells and ovarian cancer (Chang, 

Pai, et al., 1992). MSLN is a membrane bound glycoprotein, encoded by the gene MSLN 

in human. Human MSLN gene is located at chromosome 16p13.3. Expression of the 

MSLN gene generates a 71 kDa precursor protein attached to the cell membrane by a 

glycosylphosphatidylinositol (GPI) anchor, which is cleaved by furin protease into two 

products, N-terminal megakaryocyte potentiating factor (MPF) and membrane-bound 

C-terminal MSLN (mature MSLN) (Figure 3.1) (Shen et al., 2020). MPF was reported 

to stimulate megakaryocyte proliferation and colony formation in the presence of 

interleukin-3 in mouse (Yamaguchi et al., 1994). The membrane bound mature MSLN 

can be released into the serum as mesothelin-related protein (SMRP) from the cell 

surface (Sapede et al., 2008). Serum levels of SMRP has been proposed as a diagnostic 

marker of malignant mesothelioma (Hollevoet et al., 2012; Tian et al., 2017). The 

structure of MSLN remains unclear, however, MSLN was predicted to have a 

superhelical structure with armadillo-type repeats (Sathyanarayana et al., 2009).  

3.2 Function of MSLN 

In normal human tissue, MSLN is highly expressed in lung and fallopian tube, and it 

shows limited expression in testis, epididymis, seminal vesical, ovary, and adipose 

tissue (Figure 3.2) (Uhlén et al., 2015). However, the functions of MSLN still remain 

unclear. MSLN was first described as a non-essential protein for normal cell activities 
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Full-length MSLN

Furin cut site

GPI anchor

GPI anchor
N-MSLN
MPF

N

C-MSLN
Mature MSLN

Figure 3.1 Process of MSLN by Furin. MSLN is anchored to the cell membrane by 
GPI-link. Furin protease cuts the MSLN protein into two portions, N-terminal MPF 
and C-terminal MSLN. (Figure adapted from Shen et al., 2020)
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as Msln-null mice live and breed normally (Bera & Pastan, 2000).  

3.2.1 MSLN and cancer prognosis 

Although dispensable in normal tissues, MSLN is overexpressed in many types of 

cancers. According to Figure 3.3, MSLN is highly expressed in cervical cancer, kidney 

cancer, lung cancer, mesothelioma, ovarian cancer, and pancreatic cancer. Among these 

tumours, MSLN is highly up-regulated in lung adenocarcinoma, pancreatic malignancy, 

and ovarian cancer, while the expression of MSLN is slightly down-regulated in lung 

squamous cell carcinoma (Tang et al., 2017). It was confirmed by 

immunohistochemistry study that the expression of MSLN is detected in most cases of 

lung adenocarcinomas with fewer cases of lung squamous cell carcinomas and large 

cell carcinomas, while MSLN was absent in small cell carcinomas. These results 

indicate that MSLN can be used as a biomarker for the determination of subtype of 

mesothelioma and lung malignancies by immunohistochemistry (Miettinen & Sarlomo-

Rikala, 2003). MSLN is found in almost every case of pancreatic cancer, but normal 

pancreatic tissue expresses minimal amounts of MSLN (Argani et al., 2001; Hassan et 

al., 2005; Ordóñez, 2003). Solid tumours, such as biliary cancer, triple negative breast 

cancer, endometrial carcinomas, colorectal carcinomas, cervical cancer, oesophageal 

adenocarcinoma, and thymic cancer, show high expression of MSLN in most cases 

(Chang, Pastan, et al., 1992; Morello et al., 2016; O'Hara et al., 2017; Ordóñez, 2003; 

Pastan & Hassan, 2014; Rizk et al., 2012; Tchou et al., 2012). Overexpression of MSLN 

is correlated with poor prognosis in ovarian cancer, gastric cancer, lung 

adenocarcinoma, triple negative breast cancer, and pancreatic cancer (Cheng et al., 
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Figure 3.3 Expression of MSLN in cancer compared with normal tissue. The
genetic expression profile of MSLN in all cancers is shown paired with normal
tissue. Each dot represents the expression of one sample. The cancer expression data
were acquired form TCGA and normal data were from GTEx. Figure plotted using
online tool GEPIA, available at:< http://gepia.cancer-pku.cn/>. ACC, adrenocortical
carcinoma; BLCA, bladder urothelial carcinoma; BRCA, breast invasive carcinoma;
CESC, cervical squamous cell carcinoma and endocervical adenocarcinoma; CHOL,
cholangial carcinoma; COAD, colon adenocarcinoma; DLBC, lymphoid neoplasm
diffuse large B-cell lymphoma; ESCA, esophageal carcinoma; GBM, glioblastoma
multiforme; HNSC, head and neck squamous cell carcinoma; KICH, kidney
chromophobe; KIRC, kidney renal clear cell carcinoma; KIRP, kidney renal
papillary cell carcinoma; LAML, acute myeloid leukemia; LGG, brain lower grade
glioma; LIHC, liver hepatocellular carcinoma; LUAD, lung adenocarcinoma; LUSC,
lung squamous cell carcinoma; MESO, mesothelioma; OV, ovarian serous
cystadenocarcinoma; PAAD, pancreatic adenocarcinoma; PCPG,
pheochromocytoma and paraganglioma; PRAD, prostate adenocarcinoma; READ,
rectum adenocarcinoma; SARC, sarcoma; SKCM, skin cutaneous melanoma; STAD,
stomach adenocarcinoma; TGCT, testicular germ cell tumors; THCA, thyroid
carcinoma; THYM, thymoma; UCEC, uterine corpus endometrial carcinoma; UCS,
uterine carcinosarcoma; UVM, uveal melanoma.



2009; Han et al., 2017; Li et al., 2014; Thomas et al., 2015; Winter et al., 2012). Our 

analysis based on online database TCGA (The Cancer Genome Atlas) also showed a 

similar correlation between MSLN overexpression and survival rates of these 

malignancies (Figure 3.4).  

The overexpression of MSLN in malignancies is thought to be involved in cell adhesion 

and proliferation. It has been confirmed that one of the binding targets of MSLN is 

MUC16/CA125 (cancer antigen 125) (Rump et al., 2004). Binding of soluble 

recombinant MSLN to CA125 expressing ovarian cancer cell line, OVCAR3 cells, is 

thought to participate in the attachment of ovarian cancer cells to the mesothelial 

epithelium, which is inhibited by anti-MSLN antibody. The binding site of MSLN on 

CA125 was found to be the tandem repeat units, and the interaction between MSLN 

and CA125 is shown to be dependent on the N-linked glycans on CA125 (Gubbels et 

al., 2006; Rump et al., 2004). Moreover, MSLN overexpression in NIH3T3 cells 

increases the difficulty in removing the cells from tissue culture plates compared to the 

wild-type cells, which supports the role of MSLN in cell attachments (Chang & Pastan, 

1996).  

The molecular mechanisms have been studied to understand its function. A recent study 

found that MSLN is essential for the epithelial to mesenchymal transition (EMT) and 

tumorigenicity of human lung cancer and mesothelioma (He et al., 2017). EMT is the 

key stage where cancer cells gain mesenchymal phenotype and become more malignant 

states (Thiery, 2002). He et al., (2017) found that knocking down MSLN in human lung 

cancer and mesothelioma cells reduced tumour formation and metastasis in vivo and 
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Ovarian cancer Lung adenocarcinoma

Pancreatic cancer

Figure 3.4 Survival curve of ovarian cancer, lung adenocarcinoma and
pancreatic cancer associated with the expression of MSLN. The overall surviva l
of patients of ovarian cancer, pancreatic cancer and lung adenocarcinoma associated
with different expression of MSLN is plotted. Data were acquired from TCGA.
Figures were plotted using online tool GEPIA.



EMT is inhibited. MAPK signalling is found to be activated by MSLN in several 

tumour cases, which is involved in the proliferation and invasion of malignant tissues. 

The invasion of ovarian cancer is enhanced by MSLN through the activation of ERK 

and JNK MAPK signalling pathways, resulting in overexpression of matrix 

metalloproteinase 7 (MMP7). It was also determined in the same study that the 

activation of MMP7 gene transcription is through the activation of AP-1 (Chang et al., 

2012). It was also found that MSLN can induce the growth of breast cancer cell lines 

by activating the ERK MAPK pathway (Uehara et al., 2008). In pancreatic cancer cells, 

binding of MSLN to CA125 also activates MMP7 expression by inducing p38 and ERK 

MAPK signalling (Chen et al., 2013). Based on these results, it can be concluded that 

MSLN promotes cancer invasion via MMP7 activation through the MAPK pathway.  

Overexpression of MSLN in tumour cells also contributes to the resistance to apoptosis. 

In a study by Chang et al. (2009), it was found that the anti-apoptotic molecules, such 

as Bcl-2 and Mcl-1 were significantly higher in MSLN treated ovarian cancer cells and 

MSLN overexpressing ovarian cancer cells, which contributes to the resistance against 

paclitaxel induced apoptosis. The overexpression of Bcl-2 involves the activation of 

PI3K/AKT but not MAPK pathways (Chang et al., 2009). Another study by Bharadwaj 

et al. (2011) proposed a MSLN/AKT/NF-κB/IL-6/Mcl-1 signalling axis in pancreatic 

cancer against TNF-α-induced apoptosis.  

MSLN is found to be overexpressed in tumour cells but has limited expression in 

normal tissues. This feature has made MSLN a potential diagnostic and therapeutic 

target. There are multiple assays available currently for the measurement of MSLN, 
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such as US FDA-approved MesomarkTM, which is an ELISA-based method to measure 

the quantity of MSLN in serum (Robinson, Musk, et al., 2005). However, the diagnostic 

value of MSLN in ovarian cancer and malignant mesothelioma is limited (Bast, 2003; 

Robinson, Musk, et al., 2005). Nevertheless, serum MSLN level can be used to monitor 

tumour prognosis and response to chemotherapy (Creaney et al., 2011; Grigoriu et al., 

2009; Robinson, Creaney, et al., 2005). Further studies are needed to increase the 

efficacy of MSLN-based diagnosis methods. There are emerging roles of MSLN in 

cancer treatment using immunotherapy (Hassan et al., 2016). Ongoing studies are 

required to determine the efficacy and efficiency of MSLN immunotherapy in different 

types of cancer.  

3.2.2 MSLN and bone 

A previous study in our lab found that in mice with global knockout of Msln, the bone 

volume is reduced compared to the wild-type mice. Further, it was found that the Msln-

/- BMMs form more osteoclasts and had an increased bone resorption. The RANKL-

induced NF-κB, MAPK, NFATc1, and calcium signalling pathways were significantly 

higher in the Msln deficient osteoclasts (Yang, 2016). However, the molecular 

mechanism by which MSLN participates in the bone remodelling still remains unclear.  
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4.1 Experimental materials 

4.1.1 Equipment 

The equipment used in the experiments in thesis is listed in Table 4.1. 

Table 4.1 
Equipment Name Manufacturer 
Incubator VWR international, Australia 
Autoclave 3870 E Quantum Scientific, USA 
ATX124 Analytical Balance BINDER Inc., USA 
Bio-Rad Power Pac Basic Bio-Rad, USA 
Bio-Rad Power Pac HC Bio-Rad, USA 
Biological Safety Cabinet Class II Gelman Sciences, USA 
BioPhotometer® Plus Eppendorf, Germany 
Centrifuge 5430R Eppendorf, Germany 
Centrifuge 5810R Eppendorf, Germany 
Centrifuge, Avanti J-25I Beckman Coulter, USA 
Class II Biological Safety Cabinet Gelaire, Australia 
Digital Benchtop Ultrasonic Cleaner 160HD Soniclean, Australia 
Digital pH Meter TPS Pty. Ltd., Australia 
Easypet® Electronic Pipette Eppendorf AG, Germany 
ESCO® PCR Cabinet Esco Technologies Inc., USA 
Eppendorf Pipettes: 2.5, 10, 20, 100, 200, and 
1000 μL Eppendorf, Germany 

Epson Perfection 3490 Photo Scanner Seiko Epson, Japan 
FACS CantoII BD Biosciences, USA 

Fume Control System FE2000 Johndec Engineering Plastics Pty. 
Ltd., Australia 

Forma steri-cycle CO2 Incubator Thermo Fisher Scientific, USA 
GloMax Explorer Promega Company, USA 
Grant-Bio PV-1 Benchtop Vortex Thermo Fisher Scientific, USA 
ImageQuant LAS-4000 GE Healthcare Life Sciences, USA 
Inverted Microscope Eclipse Ti Nikon, Japan 
Leica RM 2035 Biocut Microtome Leica Microsystems, Germany 
Liquid Nitrogen Bucket Cryosystem 6000 Thermo Fisher Scientific, USA 
Mastercycler Pro PCR System Eppendorf, Germany 
MaxQTM 4450 Benchtop Orbital Shaker Thermo Fisher Scientific, USA 
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Milli-Q Integral Water Purification System Millipore, USA 
Mini Spin Centrifuge Eppendorf, Germany 
Model 680 Microplate Reader Bio-Rad, USA 
Nikon A1Si confocal microscope Nikon, Japan 
Nikon Eclipse 50i Upright Microscope Nikon, Japan 
POLARstar® OPTIMA Spectrofluorometer BMG Labtech, Australia 

Scanscope® XT Slide Scanner Aperio, Leica Biosystems Imaging, 
USA 

Sterile-Cycle CO2 Incubator Thermo Fisher Scientific, USA 
Skyscan 1176 μCT Scanner Bruker Corporation, USA 
Thermomixer Comfort Eppendorf, Germany 
Tissue Processor - TP1020 Leica Microsystems, Germany 
Tissue-Tek® TEC III Embedding Console Miles Scientific, USA 
Tissue-Tek® optimum cutting temperature 
(O.C.T.) compound VWR international, Australia 

Tomy MicroOne Mini Centrifuge Quantum Scientific, Japan 
ViiA™ 7 Real-Time PCR System Applied Biosystems, USA 
Vortex Mixer PV-1 Quantum Scientific, UK 

 

4.1.2 Chemicals 

The chemicals are summarised in Table 4.2. 

Table 4.2 
Reagent Manufacturer 
30% Acrylamide/Bis solution Bio-Rad, USA 
Agar Powder Promega Corporation, USA 
Agarose Promega Corporation, USA 
Alizarin Red S Solarbio® Life Sciences, China 
Ammonium Persulfate (APS) Bio-Rad, USA 
Ampicillin sodium salt Sigma-Aldrich, USA 
Ascorbic acid Sigma-Aldrich, USA 
Bio-Rad Protein Assay Bio-Rad, USA 
Bovine Serum Albumin (BSA) Sigma-Aldrich, USA 
Bromophenol Blue Sigma-Aldrich, USA 
Calcein Solarbio® Life Sciences, China 
Calcium chloride Sigma-Aldrich, USA 
Citric acid Sigma-Aldrich, USA 
Chloroform Sigma-Aldrich, USA 
Dexamethasone Sigma-Aldrich, USA 
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Dimethyl sulfoxide (DMSO) Sigma-Aldrich, USA 

DePeX mounting media BDH Laboratory Supplies, Poole, 
Dorset, England 

Eosin Y disodium salt Sigma-Aldrich, USA 
Ethanol Sigma-Aldrich, USA 
Ethylene Diamine Tetra-acetic Acid (EDTA) Acros, USA 

Glacial acetic acid BDH Laboratory Supplies, Poole, 
Dorset, England 

Glutaraldehyde Thermo Fisher Scientific, USA 
Glycine Sigma-Aldrich, USA 
Haematoxylin Sigma-Aldrich, USA 
Hexadimethrine bromide (polybrene) Sigma-Aldrich, USA 
Hydrochloric Acid (HCl) BDH Laboratory Supplies, France 
Isopropanol Sigma-Aldrich, USA 
L-Glutathione (GSH) reduced Sigma-Aldrich, USA 
Magnesium chloride (MgCl2) Sigma-Aldrich, USA 
Methanol Thermo Fisher Scientific, USA 
N,N,N′,N′-Tetramethylethylenediamine 
(TEMED) Sigma-Aldrich, USA 

Paraformaldehyde (PFA) Sigma-Aldrich, USA 
Phenylmethylsulfonyl Fluoride (PMSF) Boehringer Mannheim Corp, USA 
Prolong Gold Antifade Reagent Invitrogen, USA 
Protease Inhibitor Cocktail Roche Diagnostics, Germany 
Polyethylenimine (PEI), linear MW 25 kDa Polysciences, USA 
Polyvinylpyrrolidone (PVP) AJAX chemicals, Australia 
Puromycin dihydrochloride Sigma-Aldrich, USA 
Skim Milk Powder Woolworth, Australia 
Sodium Chloride (NaCl) Sigma-Aldrich, USA 
Sodium Dodecyl Sulphate (SDS) Sigma-Aldrich, USA 
Sodium Hydroxide (NaOH) Sigma-Aldrich, USA 
Sodium Orthovanadate (Na3VO4) Sigma-Aldrich, USA 
Sodium phosphate dibasic (Na2HPO4) Sigma-Aldrich, USA 
Sodium phosphate monobasic (NaH2PO4) Sigma-Aldrich, USA 
Sodium tartrate dihydrate AJAX chemicals, Australia 
Sucrose AJAX chemicals, Australia 
SYBR safe DNA stain Invitrogen, Australia 
Triton X-100 Acros, USA 
Trizma Base Thermo Fisher Scientific, USA 
Trizma Hydrochloride Thermo Fisher Scientific, USA 
Trizol Thermo Fisher Scientific, USA 
Tween-20 Sigma-Aldrich, USA 
Ultramount Aqueous Permanent Mounting 
Medium Dako, USA 
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Xylene Sigma-Aldrich, USA 
β-glycerophosphate Sigma-Aldrich, USA 
β-mercaptoethanol Sigma-Aldrich, USA 

 

4.1.3 Molecular biology reagents 

The information of molecular biology reagents is summarised in Table 4.3. 

Table 4.3 
Products Manufacturer 
100 bp DNA ladder Promega Corporation, USA 
1 kb DNA ladder Promega Corporation, USA 
2xGoTaq Green Master Mix DNA 
polymerase Promega Corporation, USA 

dNTPs: dATP, dGTP, dTTP, dCTP Promega Corporation, USA 
M-MLV RT buffer (5x) Promega Corporation, USA 
Moloney Murine Leukaemia Virus 
Reverse Transcriptase (M-MLV RT) Promega Corporation, USA 

M-MLV RT Buffer (5x) Promega Corporation, USA 
Oligo dT Geneworks, Australia 
Precision Plus Protein™ Standards Bio-Rad, USA 
RNasin® RNase inhibitor Promega Corporation, USA 
SYBR Green Master Mix DNA polymerase Promega Corporation, USA 

 

4.1.4 Cell culture products 

The reagents used for cell culture are shown in Table 4.4. 

Table 4.4 
Product Manufacturer 

BMP-2, recombinant 
Kindly provided by Prof. Vicki Rosen 
(Harvard School of Dental Medicine, 
USA) 

Cell Dissociation Solution, Non-
enzymatic Sigma-Aldrich, USA 

Cell Scrapers Thermo Fisher Scientific, USA 
Collagen-coated plates Corning, USA 
Collagenase II Gibco, Australia 
Cryogenic Vials (2 ml) Corning, USA 
Dulbecco's-Modification of Eagle's 
Medium (DMEM), 4.5g/l glucose Gibco, Australia 

Dulbecco's-Modification of Eagle's Gibco, Australia 
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Medium (DMEM), 1 g/l glucose 
Falcon Cell Strainer (100 μm) BD Biosciences, USA 
Fetal Bovine Serum (FBS), US origin Gibco, Australia 
GlutaMAX™, 100 X Gibco, Australia 

GST-rRANKL Produced in the laboratory (Xu et al., 
2000) 

Hanks’ Balanced Salt Solution Gibco, Australia 

M-CSF 
Produced in the laboratory using 
conditioned media from CMG 14-12 
cells 

M-CSF, recombinant R&D system 
MSLN, full length Origene, USA 
MSLN, mature R&D Systems, USA 
MPF Sino biological Inc., China 
Mr. FrostyTM freezing container Thermo Fisher Scientific, USA 
Opti-MEM Reduced Serum Medium Gibco, Australia 
Osteo Assay Stripwell Plates Corning, USA 
Penicillin/Streptomycin Gibco, Australia 
Tissue Culture Flask: 25 cm2 and 75 cm2 Thermo Fisher Scientific, USA 
Tissue Culture Plates: 6-, 12-, 24-, 48-, 
and 96 wells Corning, USA 

TrypLE™ Express Gibco, Australia 
Trypsin-EDTA (pH 7.0) Gibco, Australia 
α-Modification of Eagle's Medium (α-
MEM) Gibco, Australia 

 

4.1.5 Commercial kits 

The commercial kits used in this thesis are demonstrated in Table 4.5. 

Table 4.5 
Product Manufacturer 

BCA Protein Assay Kit Pierce Biotechnology Inc., 
USA 

BCIP/NBT liquid substrate system Sigma-Aldrich, USA 
CellTiter 96 Aqueous One Solution Cell 
Proliferation Assay Promega Corporation, USA 

Dichlorodihydrofluorescein diacetate (H2DCFDA) Thermo Fisher Scientific, 
USA 

Dihydroethidium (DHE) ApexBio, USA 
Fluo-4 AM calcium molecular probe (F14201) Invitrogen, Australia 
In Situ Cell Death Detection kit Sigma-Aldrich, USA 
Luciferase assay system (Substrate) Promega Corporation, USA 
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Mini-prep plasmid extraction kit Qiagen, Germany 

NE-PER nuclear extraction kit Thermo Fisher Scientific, 
USA 

RNeasy Mini Kit Qiagen, Germany 
Western Lighting Ultra (Detection kit- 
chemiluminescence substrate) Perkin Elmer, USA 

 

4.1.6 Cell lines and bacterial strain 

Cell lines used in this study were summarised in Table 4.6. 

Table 4.6 
Cell line Cell nature/use Source 

E. coli DH5α Bacteria Invitrogen, Australia 
MC3T3-E1 Osteoblastic ATCC, USA 
RAW 264.7 Macrophage ATCC, USA 

KusaO Mouse stromal cell 
Provided by Dr. Julian M W 
Quinn, Melbourne 
University 

 

4.1.7 qPCR primer sequence 

All qPCR primers are shown in Table 4.7. All primers were purchased from Sigma 

Aldrich (USA). The primers were diluted in nuclease-free water to a concentration of 

100 mM and stored at -20°C. Upon use, the primers were further diluted using nuclease-

free water to a working concentration of 10 mM. 

Table 4.7 

Genes Forward (5'-3') Reverse (5'-3') Product 
Size (bp) 

Acp5 TGTGGCCATCTTTATG GTCATTTCTTTGGGGC
TT 101 

Actb CACCCGCGAGCACAGCT
TCTT 

CCACCATCACACCCTG
GTGCCT 179 

Alpl CAGGCCGCCTTCATAAG
CA 

AATTGACGTTCCGATC
CTGC 186 
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Atp6v0d
2 

GTGAGACCTTGGAA 
GACCTGAA 

GAGAAATGTGCTCAGG
GGCT 110 

Bcl6 CCTGAGGGGTTTTGCAT
CCT 

TCTGCTTCACTGGCCTT
GAT 155 

Ctsk GGGAGAAAAACCTGAA
GC 

ATTCTGGGGACTCAGA
GC 350 

Dzap1 CCCAGACATGAGCAAAC
CCC 

GTCCTGCCCGTAACCA
TATTGA 72 

Hmbs AAGGGCTTTTCTGAGGC
ACC 

AGTTGCCCATCTTTCA
TCACTG 175 

Hnrnpk GAGAAAGGAGGAGGGC
GCTA 

AATGGATCCACCAATA
GGCCG 124 

Hprt1 ATCAGACTGAAGAGCTA
CTGTG 

TTTATGTCCCCCGTTG
ACTGA 208 

Matr3 TTGAGAAAAAGAGGGG
CGGCT 

TCGACGACTGTGACTT
GCTC 158 

Msln CCTTGGTCGCCTGCTAT
CTT 

CCAACCAGCCACATGA
CACT 145 

Neat1_1 AGGAGAAGCGGGGCTA
AGTA 

TAGGACACTGCCCCCA
TGTA 192 

Neat1_2 GGGGAACACTCACTTGG
AGG 

CCTGCTCACGTTCGTT
CTCT 187 

Nudt21 AGCTCTGTTGCAGCCAG
ATT 

GGGTTAAGTTCCCCAC
CAGG 169 

Rbmx AGGTCCGGTCGGCGAG TCAAAAGAACTTCCAC
TATTCGTCC 195 

 

4.1.8 Anti-sense oligonucleotides (ASOs) 

All ASOs listed in Table 4.8 were purchased from Sigma Aldrich (USA). The ASOs 

were diluted in nuclease-free water to a stock concentration of 100 mM and stored at -

20°C until use. 

Table 4.8 
Gene Sequence 
Neat1_1 TAGATTAAGACGAGGC 
Neat1_2 AAGATGCAGCAGTCGA 
Control CCTTCCCTGAAGGTTCCTCC 
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4.1.9 Antibodies 

All the antibodies used in this study are listed in Table 4.9. 

Table 4.9 
Antibody Manufacturer Catalogue No. 

Alexa Fluor 488 (anti-
mouse) Secondary antibody Abcam, USA Ab150113 

Alexa Fluor 568 (anti-
rabbit) Secondary antibody Abcam, USA Ab175473 

Alexa Fluor 647 (anti-
mouse) Secondary antibody Abcam, USA Ab150115 

Anti- phospho-JNK Cell Signalling 
Technology, USA 9251 

Anti-ATP6v0d2 Santa Cruz Technology, 
USA Sc-517031 

Anti-c-fos Cell Signalling 
Technology, USA 2250 

Anti-Cathepsin K Santa Cruz Technology, 
USA Sc-48353 

Anti-ERK 1/2 Santa Cruz Technology, 
USA Sc-81457 

Anti-Integrin αV Santa Cruz Technology, 
USA Sc-376156 

Anti-IκBα Santa Cruz Technology, 
USA Sc-1643 

Anti-JNK Cell Signalling 
Technology, USA 9252 

Anti-mouse IgG Peroxidase 
antibody Sigma-Aldrich, USA A0168 

Anti-mouse β-actin Santa Cruz Technology, 
USA Sc47778 

Anti-NFATc1 Santa Cruz Technology, 
USA Sc-7294 

Anti-P38 Cell Signalling 
Technology, USA 8690 

Anti-phospho-ERK Santa Cruz Technology, 
USA Sc-7383 

Anti-phospho-P38 Cell Signalling 
Technology, USA 9215 

Anti-rabbit IgG Peroxidase 
Conjugate Sigma-Aldrich, USA A0545 

4,6-diamidino-2-
phenylindole (DAPI) 

Life Technologies, 
Australia D1306 
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Rhodamine-conjugated 
Phalloidin 

Life Technologies, 
Australia R415 

Anti-MSLN Santa Cruz Technology, 
USA Sc-33672 

Anti-phospho-Smad1/5/9 Cell Signalling 
Technology, USA 13820 

Anti-Smad1 Cell Signalling 
Technology, USA 9743 

Anti-phospho-Smad2/3 Cell Signalling 
Technology, USA 18338 

Anti-Smad2/3 Cell Signalling 
Technology, USA 5678 

Anti-phospho-GSK3β Cell Signalling 
Technology, USA 9323 

Anti-GSK3β Cell Signalling 
Technology, USA 9315 

Anti-hnRNPK Santa Cruz Technology, 
USA Sc-28380 

Anti-MSLN (29E3-24) Produced in lab  
Anti-Ki67 Produced in lab  

 

4.1.10 Solutions and buffers 

The compositions of the solutions and buffers used in all experiments are detailed in 

Table 4.10. 

Table 4.10 
Solution Composition and preparation 

1% Triton X-100 1% (v/v) Triton X-100, dissolved in ddH2O. 
Stored at room temperature. 

10% Ammonium persulphate 
(APS) 

10% (w/v) ammonium persulphate dissolved 
in ddH2O. Stored at 4°C. 

10% Neutral Buffered Formalin 
(NBF) 

10% (v/v) formaldehyde, 45 mM Na2HPO4 
and 33 mM NaH2PO4, dissolved in ddH2O. 

Stored at room temperature. 

10% SDS 10 g of SDS dissolved in ddH2O. Stored at 
room temperature. 

14% EDTA 
14% (w/v) EDTA dissolved in ddH2O was 
adjusted to pH 7.4 with NaOH. Stored at 

room temperature. 
4% Paraformaldehyde (PFA) 4% (w/v) paraformaldehyde dissolved in 
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PBS. Aliquoted and stored at -20°C. 

4× SDS-PAGE Loading Buffer 

240 mM Tris-HCl (2.4 ml), 8% (w/v) SDS 
(0.8 g), 40% (v/v) glycerol (4 ml), 0.04% 

(w/v) bromophenol blue (4 mg), and 5% β-
mercaptoethanol (0.5 ml), dissolved in 10 ml 
of ddH2O and adjusted to pH 6.8. Stored at 

4°C. 

BSA 0.2% (w/v) BSA dissolved in 1× PBS. Stored 
at 4°C. 

Calcium Oscillation Assay Buffer 2% FBS, 1 mM Probenecid solution, 
dissolved in Hank's buffer. 

Cryoprotectant (CPT) solution 
200 g of sucrose and 20 g PVP, dissolved in 

700 mL of PBS. Stored at 2-8 ℃ for 2 
months. 

Embedding Media (EBM) 

8 g of gelatin, 2 g of PVP, and 20 g of 
sucrose in 80 mL of PBS, dissolved in 100 
mL PBS by slowly stirring at 65℃ on a hot 

plate 

Eosin 

Eosin stock solution: 1% (w/v) Esoin Y 
dissolved in ddH2O. 

Phloxine Stock solution: 1% (w/v) Phloxine 
B dissolved in ddH2O. 

Eosin staining working solution: 100 ml 
eosin stock solution, 10 ml Phloxine stock 

solution, 780 ml 95% ethanol and 4 ml 
glacial acetic acid. Stored at room 

temperature. 

Fluo4-AM 50 µg Fluo4-AM dissolved in 45.8 µL of 
Pluronic. Protect from light. 

Glutaraldehyde (2.5%) 

25% stock solution diluted with ddH2O to 
produce 2.5% working solution, filter 

sterilised. 
Stored at room temperature. 

Goldner’s Solution A 
0.075 g of ponceau 2R, 0.025 g acid fuchsin, 

0.01 g azophloxine and 0.2 ml acetic acid 
dissolved in 100 ml ddH2O 

Goldner’s Solution B 
2 g Orange G and 4 g phosphomolybdic acid 

dissolved in 100 ml distilled water. Filter 
before use.  

Goldner’s Solution C 0.2 g light green and 0.2 ml acetic acid 
dissolved in 100 ml ddH2O. 

Hanks Buffer Purchased from Sigma Aldrich (USA). 
Haematoxylin (Gill’s) 

 
Stock solution: 250 ml ethylene glycol 

dissolved in 750 ml ddH2O, 6 g 
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haematoxylin, 0.6 g sodium iodate, 80 g 
aluminium sulphate and 20 ml glacial acetic 

acid. 
Working solution: Dilute 1:5 of stock 

solution with ddH2O. 
Filtered and stored at room temperature 

before use. 

LB broth 

4 g tryptone, 4 g NaCl, 4 g yeast extract, 
dissolved in 400 ml ddH2O. Autoclaved and 
stored at room temperature. When required, 

ampicillin was added to the broth to a 
concentration of 100 μg/ml. 

LB agar 

4 g bacteriological agar added to 400 ml LB 
broth. Autoclaved and stored at room 

temperature. When required, ampicillin was 
added to the broth to a concentration of 100 

μg/ml. 

Luciferase Lysis Buffer 
1.51 g of Tris-HCl (pH 7.8), 0.37 g of EDTA, 
50 ml of glycerol, and 5 ml of Triton X-100 

dissolved in ddH2O. Stored at 4°C. 

PBS 
 

Stock solution (10×): 70 mM Na2HPO4, 30 
mM NaH2PO4, 1.3 M NaCl dissolved in 

ddH2O. 
1× PBS: 10 times dilution of stock solution 

and adjusted to pH 7.4. Autoclaved and 
stored at room temperature. 

PMSF 17.4 mg/ml dissolved in isopropanol. 
Aliquoted and stored at -20°C. 

Probenecid (stock solution) 500 mM Probenecid, dissolved in 1M NaOH. 

Radioimmunoprecipitation (RIPA) 
Lysis Buffer 

 

50 mM Tris-HCl, 0.5% sodium 
deoxycholate, 0.1% SDS, 150 mM NaCl, 1% 
NP-40. Adjusted to pH 7.5 and stored at 4°C. 

A proper amount of 100 ug/ml PMSF, 1× 
complete protease inhibitor, 1mM sodium 
orthovanadate and 500 ug/ml DNase I is 
added to the lysis buffer just before use. 

SDS-PAGE Running Buffer 
 

10× stock solution: 25 mM Trizma base, 1.92 
M Glycine and 1% (w/v) SDS, dissolved in 

ddH2O. Stored at room temperature. 
1× working solution: Ten times dilution of 

stock solution. 
SDS-PAGE 1 M Tris buffer 

 
48.46 g of Trizma base dissolved in ddH2O, 
adjusted to pH 6.8 and made up to 400 ml. 
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SDS-PAGE 1.5 M Tris buffer 
 

72.66 g of Trizma base dissolved in ddH2O, 
adjusted to pH 8.8 and made up to 400 ml. 

TBS-Tween 1× TBS with 0.1% (v/v) Tween-20. Stored at 
room temperature. 

TRAP stain (complete) 
 

5 mg Naphthol AS-MX dissolved in 250 μl 
2-Ethoxyethanol (EGME) and 30mg Fast 
Red-Violet LB salt, dissolved in 50 ml of 
TRAP stain solution A. Filtered, aliquoted 

and stored at -20°C. 

TRAP Stain Solution A 
 

100 mM sodium acetate trihydrate, 50 mM 
sodium tartrate dihydrate and 0.22% glacial 
acetic acid, dissolved in ddH2O and adjusted 

to pH 5.0. 

Tris Buffered Saline (TBS) 

10× stock solution: 0.5 M Trizma base and 
1.5 M NaCl, dissolved in ddH2O and pH 

adjusted to 7.4. Stored at room temperature. 
1× TBS: 10 times dilution of stock solution. 

Tris-acetate EDTA (TAE) 

50× stock solution: 2 M Trizma base, 5.71% 
(v/v) glacial acetic acid and 500mM EDTA, 

dissolved in ddH2O. Stored at room 
temperature. 

1× TAE solution: 50 times dilution of stock 
solution. 

Washing Buffer for Binding Assay 0.2% BSA-PBS 

Weigert’s Iron haematoxylin 
5 ml of 10% haematoxylin in absolute 

alcohol (aged for 12 months), 25 ml of 4% 
iron alum and 20 ml ddH2O 

Western Blot Membrane Stripping 
Buffer 

 

62.5 mM Trizma base and 2% (w/v) SDS, 
dissolved in ddH2O and adjusted to pH 6.7. 
100 mM β-mercaptoethanol was then added. 

Stored at room temperature. 

Western Blot Transfer Buffer 
 

25 mM Trizma base, 192 mM glycine and 
10% (v/v) methanol, dissolved in ddH2O. 

Stored at 4°C. 
 

4.1.11 Other materials 

Other materials used in this thesis are summarised in Table 4.11. 

Table 4.11 
Product Manufacturer 

Carbon steel surgical blade sterile Swann Morton, UK 
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Centrifuge tubes: 5, 15, and 50 ml Sarstedt, Germany 
Filter paper Whatmans, GE Healthcare, USA 

MicroAmp® optical 384-Well plate 
with barcode Applied Biosystems, USA 

Microcentrifuge tubes: 0.5, 1.5, and 2 
ml Sarstedt, Germany 

Needle, 23G BD Biosciences, USA 
Neubauer haemocytometer Optik Labor, USA 
Nitrocellulose membrane Sigma-Aldrich 

PAP pen Dako, Denmark 
PCR tubes (0.2 ml) Sarstedt, Germany 

Petri dishes: 50 and 90 mm Nunc, Denmark 
Pipette tips Sarstedt, Germany 

Serological pipettes: 10 and 25 ml Sarstedt, Germany 
SuperFrost Ultra Plus™ adhesion 

slides ThermoFisher Scientific, USA 

Syringe (5 cc/ml) BD Biosciences, USA 
Transfer pipette (3 ml) Sarstedt, Germany 

 

4.1.12 Computer software 

Computer software used for data analysis is shown in Table 4.12. 

Table 4.12 
Name Manufacturer 

Bioquant Osteo Version 13.2.60 Bioquant, USA 
CT Analyser (version 1.15.4.0) Bruker, USA 

CTvol: Realistic 3D-Visualisation 
(version 2.3.1.0) Bruker, USA 

Dataviewer (version 1.5.2.4) Bruker, USA 
EndNote X8 Thomson Reuters, USA 

Graphpad Prim 7 GraphPad Software Inc, USA 
ImageJ 1.50i National Institutes of Health, USA 

NIS-Elements Basic Research Nikon Instruments Inc, USA 
NRecon (version 1.6.9.4) Bruker, USA 

ViiATM 7 software (version 1.2.1) Applied Biosystems, ThermoFisher 
Scientific, USA 

4.2 Cell culture 

4.2.1 Extraction and culture of mouse bone marrow macrophages (BMMs) 
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BMMs were extracted from female 12-week-old C57BL/6 mice. The hind limbs of the 

mice were acquired by dissection and kept in cold PBS. The bone marrow was flushed 

from the femur and tibia, using a syringe and a 23G needle, after carefully removing 

the surrounding soft tissues. The crude suspension of bone marrow cells was then 

filtered through a 100 μm strainer, followed by centrifugation at 1500 rpm for 5 min at 

room temperature. The cell pellet was resuspended in α-MEM containing 10% FBS, 

100 U/ml penicillin, 100 ug/ml streptomycin and 50 ng/ml M-CSF, then cultured in T75 

flasks at 37°C with 5% CO2. The media was changed every two days until the cell 

became confluent. The cells were then detached using TrypLETM Express reagent and 

used for other experiments.  

4.2.2 Cryopreservation, thawing and recovery of the cells 

Cells, cultured in T75 flasks until 70% confluency, were harvested using TrypLETM 

Express reagent. The cells were resuspended in FBS containing 8% DMSO and divided 

into 1 ml aliquots in cryotubes. The cryotubes were then transferred to a Mr. FrostyTM 

freezing container filled with 250 ml isopropanol and placed in a -80°C freezer 

overnight. The following day, the cells were transferred to liquid nitrogen for long-term 

storage. 

To recover cells from cryopreservation, the frozen cells were retrieved from the liquid 

nitrogen and thawed in a 37°C water bath. After thawed completely, 4 ml of prewarmed 

media was added to the cells. The cells were then centrifuged at 1500 rpm, for 5 min at 

room temperature. After centrifugation, the cells were resuspended in appropriate 
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media and cultured at 37°C with 5% CO2. 

4.2.3 In vitro osteoclastogenesis assay 

BMMs were used to form mature osteoclasts. BMMs, harvested in Section 5.2.1, were 

seeded at a density of 5 × 103 cell/well in 96-well plates, with complete α-MEM 

supplemented with 50 ng/ml M-CSF. Starting the following day, the cells were 

stimulated with 50 ng/ml GST-rRANKL (Xu et al., 2000). The media was refreshed 

every 2 days until osteoclasts were formed on day 6. The cells were then washed with 

PBS before fixed with 2.5% glutaraldehyde for 10 min at room temperature. After a 

thorough wash with PBS, the cells were stained for tartrate resistant acid phosphatase 

(TRAcP) activity using TRAcP staining solution at 37°C for 30-40 minutes. Images 

were taken using an inverted microscope. TRAcP positive cells with more than 3 nuclei 

were counted as osteoclasts. 

4.2.4 Osteoclast resorption assay 

BMMs acquired from Section 5.3.1 were cultured onto collagen-coated 6-well plates at 

a density of 8 × 104 cells/well. After overnight incubation, the cells were stimulated 

with 50 ng/ml GST-rRANKL until small osteoclasts were beginning to form. The cells 

were then detached using cell disassociation solution (non-enzymatic), resuspended in 

complete α-MEM and transferred to 96-well hydroxyapatite plates at the same density. 

The cells were then treated with 50 ng/ml GST-rRANKL along with different treatments 

for an additional 48 hours. After 48 hours, the wells were washed with PBS, fixed with 

2.5% glutaraldehyde. Half of the wells were washed with 10% bleach for 15 min at 
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room temperature to remove the cells. The remaining half of the wells were stained 

with TRAcP staining solution at 37°C for 30 min. Images were taken using inverted 

microscope and analysed using Image J software.  

4.2.5 Scratch-wound assay using MC3T3-E1 

MC3T3-E1 cells were recovered from liquid nitrogen storage by warming in 37 °C 

water bath. The cells were resuspended in 10 ml of complete growth media (α-MEM, 

10% FBS, 100 U/ml penicillin and 100 ug/ml streptomycin) and cultured in a T75 flask. 

After the cells reached 70% confluence, the cells were harvested and seeded onto 24-

well plates at a density of 2 × 104 cells/well. The cells were further cultured for 24 hours 

to reach 90% confluence. Then the cells were serum-starved with Opti-MEM for at 

least 24 hours. After starvation, scratch wounds were made using a p200 pipette tip by 

gently scratching across the wells. The cells were washed once, with warm Opti-MEM, 

followed by being imaged using inverted light microscope. The cells were then treated 

with different treatments and cultured at 37°C. After 24 hours, the cells were washed 

with 1 × PBS and fixed with 2.5% glutaraldehyde. Finally, the cells were imaged using 

inverted light microscope and the healing of the scratch wound was analysed using 

ImageJ software.  

4.3 Real-time PCR 

4.3.1 RNA extraction 

BMMs were seeded into 6-well plates at a density of 8 × 104 cells/well. The cells were 

then stimulated with 50 ng/ml GST-rRANKL for the stated days. After the end point 
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had been reached, the cells were washed twice with PBS and then lysed with 1 ml 

TRIzol reagent in each well, which was stored at -80°C until use. Then the total RNA 

was extracted using PurelinkTM RNA mini kit as per manufacturer’s instruction. After 

purification, the concentration of RNA was determined using Nanodrop. The purified 

RNA was stored at -80°C until use. 

4.3.2 Reverse transcription 

To synthesise single stranded cDNA, 1 μg of purified total RNA was reverse-

transcribed with M-MLV reverse transcriptase. Each reaction contained 200 units of M-

MLV reverse transcriptase, 10 mM of dNTP, 25 units of RNasin® Ribonuclease 

inhibitor, 125 ng of Oligo(dT)15 primer and 5 μl of 5X reaction buffer made up to 25 μl 

using nuclease-free water. The reaction was achieved by first incubating the tubes at 

72°C for 10 min to allow the random primer binding, followed by an incubation at 42°C 

for 1 hour. The resulting cDNA was further diluted to a final volume of 250 μl with 

nuclease-free water and stored at -20°C until use. 

4.3.3 Quantitative PCR 

After single-stranded cDNA was synthesised, it was used as template for real-time PCR. 

The qPCR was achieved using a Viia7TM system. The qPCR was run in 12 μl reactions, 

containing 5.4 μl of the diluted cDNA, 300 nM of the forward primer, 300 nM of the 

reverse primer and 6 μl of the Power Up SYBR Green Master mix. The qPCR was run 

with the following condition, 94°C for 3 min, 40 cycles of [94°C for 15 sec, 60 °C for 

60 sec], followed by a melt curve cycle of [95°C for 15 sec, 60°C for 1 min and 95°C 
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for 15 sec]. The qPCR results were analysed using ΔΔCT method (Ganger et al., 2017), 

where the amplifications of the genes were normalised to the average expression of 

Hbms, H2d and Actb (Stephens et al., 2011).  

4.3.4 Agarose gel electrophoresis 

DNA was visualised by agarose gel electrophoresis. Agarose gels were made by 

dissolving stated concentrations (m/v) of agarose into 1 × TAE buffer to a final volume 

of 100 ml while being heated up. Gels were pre-stained using SYBR® Safe DNA Gel 

Stain. The gel was allowed to rest in moulds for 20 min before completely solidified 

and transferred to a Bio-rad miniprep gel apparatus. The gel tank was filled with 1 × 

TAE buffer until the gel was 2-5 mm below the surface of buffer. DNA samples were 

loaded to the wells with either 100 bp DNA ladder or 1 kb DNA ladder. Gel was run at 

100 V for 30 min and was visualised using a LAS-4000 imaging system.  

4.4 Western blot 

4.4.1 Sample preparation 

Western blot samples were prepared from whole cell lysates. The cells were seeded 

onto 6 wells plates, with densities of 1 × 105 cells/well for BMMs and 5 × 104 cells/well 

for MC3T3-E1 cells. The cells were then stimulated with the stated molecules until the 

desired time point. After the time point had been reached, the cells were washed twice 

with PBS and lysed with RIPA buffer on ice by scratching the bottom of the well 

vigorously. The lysed cells were then collected and centrifuged at 8,000 × g for 15 min 

at 4°C. The pellet was discarded, and 4 × loading buffer was added to the supernatant 
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before being boiled at 100°C for 10 min. The samples were stored at -20°C until use. 

4.4.2 Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 

Polyacrylamide gels was prepared as described in Table 4.13.  

Table 4.13 
Separation gel reagents Volume per gel 

(10%) 
Volume per gel 

(12.5%) 
30% Acrylamide/Bis Solution 2.5 mL 3.125 mL 

1.5 M Tris-HCL, pH=8.8 1.875 mL 1.875 mL 
10% SDS 75 μL 75 μL 

10% ammonium persulfate 
(APS) 

25 μL 75 μL 

TEMED 6 μL 6 μL 
Milli-Q water 2.97 mL 2.345 mL 
Total volume 7.5 mL 7.5 mL 

The gel mixture was then added into the space between the 0.5 cm glass gel plates. The 

separating gel was then left on the bench at room temperature to solidify, with 1 ml of 

isopropanol added on top to prevent the contact between the gel and air. After the gel 

was set, stacking gel was prepared as described in Table 4.14.  

Table 4.14 
Stacking gel reagents Volume per gel 

30% Acrylamide/Bis Solution 0.5 mL 
1.0 M Tris-HCL, pH=6.8 375 μL 

10% SDS 30 μL 
10% APS 30 μL 
TEMED 3 μL 

Milli-Q water 2.062 mL 
Total volume 3 mL 

Isopropanol was carefully removed with filter paper, before the 4% stacking gel was 

poured on top of the separating gel. With a comb (15 wells) inserted, the gel was left at 

room temperature for 30 min to allow the stacking gel to polymerise. After assembly of 
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the electrophoresis apparatus (Mini-protean III cell Electrophoresis system), the inner 

chamber of the gel apparatus was filled with running buffer, and the running buffer was 

also added to the marked level on the apparatus. Total protein was loaded onto the gel 

and separated by SDS-PAGE with Precision Dual Colour Marker. The electrophoresis 

was run at 80 V for 20 min, then 100 V for 45 min.  

4.4.3 Transferring 

After electrophoresis, the separating gel was retrieved and placed into cold transfer 

buffer. Transfer cassettes were assembled as per manufacturer’s instruction, from black 

side of the cassette to the white side were: a fibre pad, 2 pieces of filter paper, gel, 

nitrocellulose membrane, 2 pieces of filter paper and another fibre pad. It was made 

sure that no air bubbles were generated between the gel and the membrane. The cassette 

was then placed into the transfer apparatus and filled with ice-cold transfer buffer. An 

ice block was inserted into the apparatus and the transfer was run on ice to ensure low 

temperature. The transfer was carried out at a constant current of 300 mA for 90 min.  

4.4.4 Immunoblotting 

After the protein was transferred onto the membrane, 5% skim milk was used to block 

unspecific binding for 90 min, followed by 3 washes in 1 × TBS-tween for 10 min each. 

The membrane was then incubated with appropriate primary antibodies, diluted in 1% 

skim milk at 4°C overnight. The following morning, the primary antibodies were 

aspirated. The membrane was washed 3 times with 1 × TBS-tween and incubated with 

appropriate secondary antibodies for 90 min at room temperature. After the incubation 
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with secondary antibody, the membrane was washed thoroughly with TBS-tween for 3 

times and visualised by ESL chemiluminescence reagent utilising a LAS 4000 imaging 

system. The intensities of the protein bands were analysed using Image J software.  

4.5 Immunofluorescent staining 

BMMs were seeded onto glass coverslips in 24-welll plates at a density of 5 × 104 cells/ 

well. Before seeding the cells, the coverslips were soaked in 70% ethanol for 24 hours 

to remove any endotoxins and further washed excess PBS to remove any ethanol. After 

overnight culture, the cells were then stimulated with 50 ng/ml GST-rRANKL for the 

indicated time. Then the cells were fixed with 4% PFA at room temperature for 10 min. 

Fixed cells were washed with PBS for 4 times, and permeabilised with 0.25% Triton-

100X in PBS for 10 min at room temperature. The cells were then blocked with 3% 

BSA in PBS for 30 min at room temperature. After blocking, the cells were washed 

thoroughly with 0.2% BSA in PBS for 3 times of 2 min each. To visualise the target 

protein, the cells were incubated with dedicated primary antibodies diluted in 0.2% 

BSA in PBS at 4°C overnight. The following day, the cells were washed, and secondary 

antibodies conjugated with fluorochromes were used to probe the primary antibody. 

After 90 min incubation with secondary antibody at room temperature in dark, the cells 

were washed again and stained with rhodamine conjugated phalloidin for 20 min in 

dark. Finally, the cells were stained with DAPI for 5 min in dark to visualise the nuclei. 

The coverslips were then mounted onto slides with Diamond gold anti-fade mounting 

solution. The slides were then visualised using Nikon A1 Si confocal microscopes.  
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4.6 Knockdown of NEAT1 lncRNA by ASO 

To knockdown NEAT1 lncRNA, two distinct ASOs were used. The BMMs were 

transfected with the ASO using Lipofectamine 3000 transfection kit as per 

manufacturer’s instruction. For each well, 100 ng of ASO was transfected into the 

BMMs for 6 hours, followed by induction by 50 ng/ml RANKL for 6 days. After 5 days, 

the cells were stained for TRAcP activities. The cells were imaged under an inverted 

light microscope. The number of TRAcP-positive multi-nucleated cells was analysed 

using Image J software. 

4.7 In vivo study 

4.7.1 Animal ethical approval 

Animal study and experimental procedures were approved by UWA animal ethics 

committee, Shanghai Jiaotong University ethic committee, and Guangxi Medical 

University ethics committee. Global MSLN knock-out mice were provided by Dr. I 

Pastan from NIH (Bera & Pastan, 2000). Conditional knockout mice samples were 

provided by Prof. An Qin, Shanghai Jiaotong University. 

4.7.2 Ovariectomy (OVX)-induced osteoporosis in conditional knockout mouse 

model 

The Mslnfl/fl, Ctsk-cre+/+ (cKO) mice and Mslnfl/fl, Ctsk-cre-/- (WT) mice were housed in 

Guangxi Medical University with a fixed temperature, a 12-hour bright-dark cycle, and 

sufficient food and water. Eight female WT and cKO mice were randomly chosen at 

the age of 20 weeks old. Bilateral ovariectomy was carried out under chloral hydrate 
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anesthesia for the mice in the OVX group. This procedure was done with the help from 

Prof. An Qin’s lab in Shanghai Jiaotong University. All mice were monitored after the 

operation and were kept under standard housing condition for 2 more weeks before 

being sacrificed. The femurs of each mouse were acquired and excess soft tissue was 

carefully removed. The bone samples were then fixed in 10% neutral buffered formalin 

at room temperature for 48 hours, then washed excessively in PBS and were kept in 70% 

ethanol at 4°C until use. 

4.7.3 Micro computed tomography (μCT) scanning and analysis 

For μCT scanning, the bone samples were removed from 70% ethanol and washed in 

PBS for 3 times. The samples were then individual wrapped in wet tissue to stabilise 

the samples in 2 ml centrifuge tubes. The μCT scanning was performed using a Skyscan 

1176 μCT system at centre for Microscopy Characterisation and Analysis, UWA. All 

tubes containing samples were fixed onto the scanning bed using a foam tray. After 

white field acquisition, the bone samples were scanned under the following conditions, 

AI 0.5 mm filter; source voltage, 50 kV; source current, 500 μA; pixel size 9 μm; 

rotation step, 0.4 degree. Only 180° of the samples were scanned to decrease the file 

size.  

The images were reconstructed using NRecon software with fixed settings, ring artefact 

correction, 9; smoothing, 2; beam hardening correction, 20%. With the images modified 

to the illustration, where the distal femur is positioned up right, images were then 

analysed using CTAn software. Secondary spongiosa was used for the analysis of 
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skeletal parameters, which was defined manually to be 0.5 mm above the growth plate 

of distal femur with a height of 1 mm. The trabecular bone region of interest (ROI) was 

chosen manually within a constant threshold 50-255. The following skeletal parameters 

were calculated using specific program, bone volume per tissue volume (BV/TV), 

trabecular number (Tb.N), trabecular separation (Tb.Sp), connectivity density 

(Conn.Dn), and trabecular thickness (Tb.Th). Cortical bone analysis was performed in 

the mid shaft (4 mm below the growth plate with a height of 1 mm) and a constant 

threshold (100~255) for binarization was used. Cortical bone related parameters, 

including cortical thickness (Ct.Th), total cross-sectional area (Tt.Ar), cortical bone 

area (Ct.Ar), and cortical area fraction (Ct.Ar/Tt.Ar), were analyzed. 3D images of μCT 

scanning were generated in CTvol software (Bruker, Kontich, Belgium). 

4.7.4 Paraffin embedding 

The fixed mouse bone samples were removed from 70% ethanol were washed 3 times 

in PBS. Then the samples were transferred into 14% EDTA at 37°C for 7 days for 

decalcification. The decalcification solution was changed daily. After decalcification, 

the bone samples were placed into embedding cassettes and transferred immediately 

into a programmed tissue processor with settings summarised in Table 4.15 for 

dehydration.  

Table 4.15 
Step Contents Time (hours) 

1 70% Ethanol 1.5 
2 95% Ethanol 1.5 
3 95% Ethanol 1.5 
4 100% Ethanol 1.5 
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5 100% Ethanol 1.5 
6 100% Ethanol 1.5 

7 50% Ethanol and 50% 
Xylene 2 

8 Xylene 2 
9 Xylene 2 
10 Paraffin wax (60 ℃) 2 
11 Paraffin wax (60 ℃) 2 
12 Paraffin wax (60 ℃) 2 

After dehydration, the samples were embedded using a Tissue-Tek III Embedding 

Console. Briefly, the bone samples were placed into the metal moulds filled with molten 

paraffin with desired orientation. Holding the sample in place using forceps, the moulds 

were moved to the cooling plate to allow the paraffin to solidify. A labelled plastic 

cassette was placed on top of the mould and more paraffin was topped up. Then, the 

whole mould was transferred onto the cryo-plate (4°C) until the paraffin completely 

solidified. The metal moulds were carefully removed and the embedded the samples 

were sectioned using a Leica RM 2035 Biocut Microtome into 5 μm thick sections. 

Collected using glass slides, the samples were dried at 37°C overnight prior to staining.  

4.7.5 TRAcP Staining 

TRAcP staining was used to visualise mature osteoclasts. The staining protocol is 

shown in Table 4.16. 

Table 4.16 
Step Contents Time (minutes) 

1 Xylene 2 
2 Xylene 2 
3 Xylene 2 
4 100% Ethanol 1 
5 100% Ethanol 1 
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6 100% Ethanol 1 
7 95% Ethanol 1 
8 70% Ethanol 1 
9 Tap water Wash 
10 TRAcP staining at 37 ℃ 40 
11 Tap water wash 
12 Haematoxylin 3 seconds 
13 Tap water wash 
14 Scott’s tap water 1 
15 Tap water wash 

The stained slides were mounted with a coverslip using Ultramout Aqueous Permanent 

mounting medium and left in the fume hood to dry.  

4.7.6 Haematoxylin and eosin (HE) staining 

HE stain was utilised to visualise tissue, including cell nuclei and connective tissue. 

The staining procedure is summarised in Table 4.17. 

Table 4.17 
Step Contents Time (minutes) 

1 Xylene 2 
2 Xylene 2 
3 Xylene 2 
4 100% Ethanol 1 
5 100% Ethanol 1 
6 100% Ethanol 1 
7 95% Ethanol 1 
8 70% Ethanol 1 
9 Tap water Wash 
10 Haematoxylin 3 
11 Tap water wash 
12 Scott’s tap water 1 
13 Tap water wash 
14 70% Ethanol 1 
15 95% Ethanol 1 
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16 Eosin 1 
17 100% Ethanol 1 
18 100% Ethanol 1 
19 100% Ethanol 1 

20 50% Ethanol and 50% 
Xylene 2 

21 Xylene 2 
22 Xylene 2 
23 Xylene 2 

The stained slides were mounted with DPX mounting medium.  

4.7.7 Bone histomophometric analysis 

The bone sections were scanned with Scanscope XT digital slide scanner at 20 × 

magnification. Bone histomophometric analysis was performed using BioQuant osteo 

software.  

4.8 Statistical analysis 

Each experiment was repeated three times unless otherwise stated. The data are 

presented as mean ± standard deviation (SD). Statistical analyses were performed using 

GraphPad Prism 7. Comparison between 2 groups were analysed using Student’s t-test 

with equal variance assumption. The comparison among more than 3 groups were 

determined using one-way ANOVA test, with Dunnett’s multiple comparison. A p-value 

of less than 0.05 was considered to be statistically significant (95% confidence interval). 

p ≤ 0.05, *; p ≤0.01, **; p ≤ 0.001, ***; p ≤ 0.0001, ****. 
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CHAPTER 5

NEAT1 IS A NOVEL REGULATOR OF 
RANKL-INDUCED 

OSTEOCLASTOGENESIS
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5.1 Introduction 

Bone is a rigid and dynamic tissue, the structural integrity of which is maintained by 

skeletal remodelling. Bone remodelling is balanced by the activities of osteoclasts and 

osteoblasts (Rucci, 2008). Osteoblasts are bone forming cells, secreting bone matrix 

protein that form the basis for the mineralisation of bone. Osteoclasts are multi-

nucleated cells, responsible for bone resorption. RANKL is the essential cytokine to 

initiate the differentiation of osteoclasts and the resorbing activity (Park et al., 2017). 

The signalling network governing the formation of osteoclasts is complicated and is yet 

to be fully understood (Kim & Kim, 2016). During recent years, various molecular 

targets have been identified to have regulatory functions in osteoclasts. In a previous 

study, we have identified a new target, heterogeneous ribonucleoprotein K (hnRNPK). 

By immunofluorescent microscopy, hnRNPK was found to be retained in the nucleus 

of RAW 264.7 cells and upon RANKL stimulation, hnRNPK translocates into the 

cytoplasm. Further, we found that knockdown of hnRNPK in RAW 264.7 cell abrogates 

RANKL-induced formation of osteoclasts. Based on these results, hnRNPK is essential 

for the formation of osteoclasts (Fan et al., 2015). But the mechanism remains unclear.  

It came to our attention that hnRNPK is also essential for the synthesis of the long 

isoform of NEAT1 lncRNA (Naganuma et al., 2012). NEAT1 lncRNA has two isoforms, 

6.7 kb short isoform (NEAT1_1) and 23 kb long isoform (NEAT1_2). The long isoform 

NEAT1_2 is the backbone of the subnuclear organelle paraspeckles. Theoretically, 

knocking down of NEAT1 in cells would eliminate the paraspeckles at the same time. 

Therefore, we hypothesised that NEAT1 lncRNA and NEAT1 containing paraspeckles 
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are important in the formation of osteoclasts. The majority of the study of the function 

of NEAT1 and paraspeckles focused on their involvement in cancer and the neural 

system. The present study investigated the role of NEAT1 and NEAT1 containing 

paraspeckles in RANKL-induced osteoclast differentiation.  

5.2 Results 

5.2.1 Expression pattern of paraspeckle proteins in RANKL-induced 

osteoclastogenesis 

To examine the potential functions of paraspeckles, we first examined the expression 

profiles of the paraspeckle proteins in 3 pairs of mouse BMMs and osteoclasts using 

microarray. The microarray data from Jiake Xu’s lab were previously reported (Khor et 

al., 2013). A total of 41 paraspeckle proteins were selected to be examined according to 

Hennig et al. (2015) and a heatmap was generated according to the expression profile 

(Figure 5.1A). The expressions of Ctsk, Mmp9 and Acp5 were used as positive controls, 

which are known highly upregulated genes in osteoclastogenesis.  

Genes with highest prevalence in osteoclasts (Bcl6, Nudt21, Rbmx, Matr3, Zfp335, 

Nono, Hnrnpk) were selected and further verified using qPCR. To do this, mouse 

BMMs were stimulated with RANKL and M-CSF for 0 and 5 days. Total RNAs were 

collected and used for RT-qPCR. The expressions of Ctsk and Acp5 were used as 

positive control. The results were shown in Figure 5.1B. Among the selected genes, 

Bcl6 and Hnrnpk were downregulated upon RANKL induction. Nudt21 was slightly 

upregulated while Zfp335 was highly upregulated. The relative expression of Nono 
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A

B

Figure 5.1 Expression pattern of paraspeckle proteins. (A) Heat map illustration
of paraspeckle protein expressions in mouse BMMs and OCs. The expressions of
Ctsk, Mmp9 and Acp5 were used as differentiation marker control of osteoclasts. (B)
Expression pattern of selected paraspeckle proteins and NEAT1 in RANKL-induced
osteoclastogenesis using mouse BMMs. (*p<0.05, **p<0.01, ***p<0.001,
****p<0.0001).
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remained stable.  

The expression profiles of the paraspeckle proteins were also examined in humans. A 

total of 8 individuals were examined using RNA sequencing (RNA-seq). The 

expression of the genes was compared in the peripheral blood mononuclear cells 

(PBMCs) and osteoclasts. The data were provided by Jiake Xu’s lab. The results were 

presented in Figure 5.2. The relative expressions of ACP5, CTSK and MMP9 were used 

as positive controls, which are highly upregulated in osteoclasts. The structural 

backbone of paraspeckles, NEAT1 lncRNA, was found to be upregulated in osteoclasts 

compared to PBMCs. The expressions of HNRNPK, MATR3 and NUDT21 were 

downregulated in osteoclastogenesis. The relative expressions of BCL6 and NONO 

remained steady.  

5.2.2 NEAT1 is increased during RANKL-induced osteoclastogenesis 

To further determine the change of paraspeckles in osteoclastogenesis, we performed 

RT-qPCR to examine the expressions of both isoforms of NEAT1 during 

osteoclastogenesis. To do this, BMMs were stimulated for 0, 1, 3, and 5 days until 

mature osteoclasts were formed, and the total RNA was collected and used for RT-qPCR. 

Two sets of primer pairs were designed to amplify fragments from different locations 

on the NEAT1 transcripts (Figure 5.3A). Thus, the qPCR result from primer set 1 

represents the expression of both isoforms and primer set 2 detects the long isoform 

only. As a result, the expression of NEAT1_1 was highly upregulated at day 3 of 

RANKL induction, however, the NEAT1_1 level had a decrease compared to day 3 but 
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Figure 5.2 Expression of paraspeckle components in human. Expression of
paraspeckle components in PBMC and OCs of human origin is examined by RNA-
seq. The genes, ACP5, CTSK and MMP9 were used as differentiation maker. PBMC,
peripheral blood mononuclear cell; OC, osteoclast; CPM, copy per million.(*p<0.05,
**p<0.01, ***p<0.001, ****p<0.0001).
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Figure 5.3 The number of paraspeckles is increased by the stimulation of
RANKL. (A) Illustration of the binding site of designed primer pairs. (B) Mouse
BMMs were stimulated with RANKL for 0, 1, 3, and 5 days and the expression of
NEAT1 was determined using qPCR. (*p<0.05, **p<0.01, ***p<0.001,
****p<0.0001) (C) Mouse BMMs were stimulated with different cytokines for the
stated times. NEAT1-containing paraspeckles were visualised using fluorescent in
situ hybridisation (FISH) by probing NEAT1 (red). (D) The number of paraspeckles
was increased by the stimulation of RANKL and LPS.
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still significantly higher than day 0 (Figure 5.3B). On the other hand, the expression of 

NEAT1_2 was increased as osteoclasts formed.  

We then verified the change of NEAT1 transcription under the stimulation of different 

cytokines using fluorescence in situ hybridisation (FISH). To do this, BMMs were 

stimulated with 100 ng/ml RANKL, or 10 ng/ml IL-1β, or 10 ng/ml LPS for 0, 1, 3, and 

5 days. Then the cells were fixed and stained to detect NEAT1. The FISH experiment 

was performed with the help of A/Prof. Archa Fox and her team at UWA. The 

fluorescent signal of NEAT1 was found to be increased when stimulated with LPS and 

RANKL (Figure 5.3C). Stimulation by RANKL for 5 days resulted in significant 

increase of the number of NEAT1 transcripts (Figure 5.3D).  

5.2.3 Paraspeckle protein NONO disassociated with NEAT1 lncRNA upon 

RANKL stimulation 

To confirm the fluorescent signal shown in the previous figure was paraspeckles, we 

performed an additional immunofluorescent microscopy probing both NEAT1 and 

paraspeckle protein NONO. As shown in Figure 5.4, the NEAT1 expression was 

increased when induced with RANKL for 5 days. NEAT1 was found to be retained in 

nuclei. NONO co-localised with NEAT1 in the unstimulated cells and was also mostly 

retained in the nucleus. However, when the cells were stimulated with RANKL, NONO 

began to disassociate with NEAT1 lncRNA, which also translocated to the cytoplasm. 

5.2.4 Depletion of NEAT1 abrogated RANKL-induced osteoclastogenesis 

To further investigate the roles of NEAT1 and NEAT1 containing paraspeckles in 
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NEAT1 NONO DAPI Overlay

Day 0

Day 3

Day 5

Figure 5.4 Visualisation of paraspeckles by targeting NEAT1 and NONO.
Mouse BMMs were stimulated with RANKL for 0, 3, and 5 days. To visualise
paraspeckles, both NEAT1 (red) and NONO (green) were probed. The expression of
NEAT1 is increased, but the paraspeckle protein, NONO, disassociated with NEAT1
and translocated into the cytoplasm as RANKL induction.



RANKL-induced osteoclastogenesis, we used ASOs targeting both isoforms to 

knockdown NEAT1 (Figure 5.5A).  

BMMs were transfected with either control ASO or NEAT1 ASOs and incubated for 6 

hours before being stimulated with 100 ng/ml RANKL. After being cultured for 5 days, 

the cells were fixed and stained for TRAcP activity. In the control group, multinucleated 

TRAcP-positive osteoclasts were seen as a result of RANKL stimulation (Figure 5.5B). 

In the groups transfected with NEAT1 ASOs, the number of TRAcP-positive osteoclasts 

were significantly reduced compared to the control group (Figure 5.5BC). The 

viabilities of the cell after transfection were also examined by MTS. The transfection 

did not cause any cell death or reduce the cell viability (Figure 5.5D). In parallel 

experiments, the knockdown of NEAT1 was verified using qPCR (Figure 5.5E). The 

expression of osteoclastogenesis marker genes, Acp5, Ctsk, and Atp6v0d2 were 

examined using qPCR. As a result, depletion of NEAT1 using NEAT1 ASOs 

significantly abrogated the induction of these genes by RANKL (Figure 5.5F).  

5.3 Discussion 

The differentiation of osteoclasts is regulated by a complicated signalling network, 

which is yet to be fully understood. Studying the signalling pathways in 

osteoclastogenesis helps us better understand the pathophysiology of skeletal disorders. 

NEAT1 is a lncRNA, which has two isoforms, NEAT1_1 and NEAT1_2. The long 

isoform NEAT1_2 is closely related to the formation of subnuclear paraspeckles. The 

cellular functions of NEAT1 and paraspeckles are still unclear but is thought to be 
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related to the cellular stress response. Studies have correlated NEAT1 and paraspeckles 

to cancer biology. In the present study, we were able to demonstrate that NEAT1 and 

NEAT1 containing paraspeckles are important in RANKL-induced osteoclastogenesis. 

In this study, we first performed bioinformatic studies to examine the expression pattern 

of paraspeckle proteins in osteoclast precursor cells compared to osteoclasts. We further 

investigated the expressions of the most abundant paraspeckle proteins in osteoclasts. 

We found that the paraspeckle proteins had different expression patterns. Among these 

paraspeckle proteins, the roles of some proteins have already been identified in 

osteoclast differentiation. Bcl6 is a protooncogene, which was found to suppress 

osteoclast formation. Our result agreed with previous findings where Bcl6 expression 

is supressed during osteoclastogenesis (Miyauchi et al., 2010). Mutations in MATR3 

gene may result in PDB indicating its potential involvement in bone remodelling 

(Ralston & Taylor, 2019). HnRNPK has been found to be essential for osteoclast 

differentiation in RAW 264.7 cells (Fan et al., 2015). However, the functions of MATR3, 

NONO and NUDT21 in osteoclastogenesis are still unknown.  

The changes of NEAT1 and NEAT1-containing paraspeckles were then examined. The 

results of qPCR showed that the expression of both isoforms increased on day 3 and 

had a decrease on day 5 of RANKL stimulation, while the expression of the long 

isoform continued to increase through day 0 to day 5. This could be explained by the 

fact that during NEAT1 biosynthesis, a phase separation occurs to switch the isoform 

from NEAT1_1 to NEAT1_2 (Yamazaki et al., 2018). The increased expression of 

NEAT1_2 indicates elevated formation of paraspeckles during osteoclastogenesis. 
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Interestingly, we found the paraspeckle protein NONO to disassociate with NEAT1 

lncRNA and translocate to the cytoplasm. This observation was similar to the findings 

where hnRNPK also translocates into the cytoplasm during osteoclastogenesis (Fan et 

al., 2015).  

We then found that NEAT1 and NEAT1 containing paraspeckles were essential for the 

formation of osteoclasts. Knockdown of NEAT1 using ASO resulted in abrogation of 

osteoclast formation. The results suggested that formation of mature osteoclasts 

required the long isoform of NEAT1, ie., paraspeckles. It is proposed that NEAT1 

lncRNA regulates gene expression through protein sequestration within paraspeckles 

under cellular stress and to release some proteins in circadian gene expression (Hirose 

et al., 2014; Torres et al., 2017). This could be the possible role of paraspeckles in 

RANKL-induced osteoclastogenesis. 

Collectively, we have identified a novel regulator during osteoclastogenesis, 

paraspeckles. Knocking down paraspeckles by depleting the expression of NEAT1 

lncRNA inhibited the formation of mature osteoclasts. This suggested that NEAT1 and 

NEAT1-containing paraspeckles were essential for the formation of mature osteoclasts. 
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CHAPTER 6

OSTEOCLAST-DERIVED MSLN IS
IMPORTANT IN 

OSTEOCLASTOGENESIS
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6.1 Introduction 

The bone remodelling cycle proceeds following well-defined sequences, which 

maintains the bone homeostasis. Bone remodelling is balanced by osteoblastic bone 

formation and osteoclastic bone resorption. The coordination of the activities of 

osteoblasts and osteoclasts is achieved by complex signalling networks involving 

different cells in the BMUs and outside the BMUs (Crockett et al., 2011). Imbalance of 

bone remodelling leads to skeletal disorders, such as osteoporosis. Many genes are also 

involved in the regulation of bone remodelling. Identification of novel factors and 

associated pathways helps a better understanding of the pathophysiology of bone 

diseases.  

MSLN is a surface antigen first identified in mesothelioma cells and ovarian cancer 

cells (Chang et al., 1992). Transcription of the MSLN gene results in a 71-kDa precursor 

protein attached to the cell surface via a GPI-anchor. The full length MSLN is then 

cleaved by furin into an N-terminal soluble protein, MPF, and a C-terminal cell surface 

protein, mature MSLN. Further, mature MSLN can also be released into the 

surrounding microenvironment by tumor necrosis factor converting enzyme (TACE) 

(Awuah et al., 2016; Chang et al., 1992). Since discovery, MSLN has been associated 

with cancer biology. Although the exact function of MSLN remains unknown, it has 

been shown by numerous studies that overexpression of MSLN in cancer is related to 

the adhesion and migration of cancer cells (He et al., 2017).  

It was reported before that MSLN-deficient mice breed and develop normally (Bera & 
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Pastan, 2000). Interestingly, the previous study in our lab discovered that global 

deletion of MSLN caused a decrease in bone volume and an increase in osteoclast 

numbers compared to the wild-type ones (Yang, 2016). In this study, we further 

investigated the function of MSLN in osteoclasts using a conditional knockout mouse 

model, Mslnfl/fl, Ctsk-cre+, which enabled specific deletion of MSLN in osteoclasts. 

This mouse model was provided by Prof. An Qin, Shanghai Jiaotong University.  

6.2 Results 

6.2.1 Male Mslnfl/fl, Ctsk-cre+ mice had decreased trabecular bone volume 

Male Mslnfl/fl, Ctsk-cre- mice (WT) and Mslnfl/fl, Ctsk-cre+ (cKO) mice were culled at 

the age of 24 weeks old. The hind limbs were extracted and fixed in 4% PFA for 48 

hours. The femurs were separated from tibias to be used to determine the bone volume. 

MicroCT analysis of the femurs showed that the 24-week-old male cKO mice had 

decreased bone volume (Figure 6.1A). Quantitative analysis revealed that the MSLN 

cKO mice had decreased trabecular bone volume fraction, trabecular number and 

increased trabecular space compared to the WT mice. Deletion of MSLN in osteoclasts 

did not affect the trabecular thickness (Figure 6.1B). Comparing the cortical bone 

between WT and cKO mice, there was no significant difference in the cortical bone 

parameters including total cross-sectional area, cortical bone area, percentage cortical 

bone area and cortical bone thickness were not statistically significant between the WT 

and cKO mice (Figure 6.2).  

The bone phenotype was then confirmed by histology. To do so, PFA-fixed femurs from 

135



WT cKO

W T c K O
1 0

1 5

2 0

2 5

B
V

/T
V

 (
%

)

* * *

W T c K O
2 .0

2 .5

3 .0

3 .5

4 .0

T
b

.N
 (

1
/m

m
) * * * *

W T c K O
0 .1 0

0 .1 5

0 .2 0

0 .2 5

0 .3 0

T
b

.S
p

 (
µ

m
) * * *

W T c K O
0 .0 4

0 .0 5

0 .0 6

0 .0 7

0 .0 8

T
b

.T
h

 (
m

m
)

A

B

Figure 6.1 Male 24-week-old conditional knockout mice showed reduced
trabecular bone volume. (A) Representative image of reconstructed μCT image
showed lower trabecular bone volume in male Mslnfl/fl, Ctsk-cre+ mice (cKO). (B)
Statistical analysis of the trabecular bone parameters (n=8). The box and the
whiskers represents the minimum to maximum values with each points represent
each data. ***p<0.001, ****p<0.0001. BV/TV, bone volume/tissue volume; Tb.N
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Figure 6.2 Deficiency of Msln in osteoclast did not affect cortical bone. (A)
Representative image of reconstructed μCT image showed no significant difference
in cortical bone between male WT and Mslnfl/fl, Ctsk-cre+ mice (cKO). (B) Statistical
analysis of the cortical bone parameters (n=8). The box and the whiskers represents
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both WT and cKO mice were decalcified using EDTA solution and embedded in 

paraffin. The samples were then sectioned and stained with H&E and TRAcP stains. 

Agreeing with the microCT results, H&E staining showed a reduced bone volume in 

the male cKO mice (Figure 6.3A). Increased number of osteoclasts were found by 

TRAcP staining (Figure 6.3B). Statistical analysis of the histomorphometric parameters 

revealed that male cKO mice had a significant reduction in the percentage bone volume, 

trabecular number, and a significant increase in trabecular space (Figure 6.3C). 

Quantitative analysis of TRAcP staining showed increased osteoclast numbers on 

trabecular bone surface in male cKO mice (Figure 6.3D).  

6.2.2 Deficiency of MSLN in osteoclasts resulted in decreased bone mass in 

estrogen-deficient mice 

For female WT and cKO mice, ovariectomy was performed at the age of 18 weeks old 

and were kept until being sacrificed at the age of 24 weeks old. The hind limbs were 

extracted and fixed in 4% PFA. The bone phenotype was analysed using microCT. 

There was a significant reduction of bone volume in the female cKO mice (Figure 6.4A). 

Statistical analysis revealed that the bone volume/tissue volume and trabecular number 

were significantly lower in the female cKO mice while the trabecular space was 

significantly larger in female cKO mice compared to WT mice (Figure 6.4B). Similar 

to male mice, the cortical bone of female cKO mice did not exhibit any significant 

difference compared to WT mice (Figure 6.5).  

Histological analysis was used to confirm the results of microCT of female cKO mice. 

136



W T c K O
0

1 0

2 0

3 0

4 0

B
V

/T
V

 (
%

)

* * *

W T c K O
2 .0

2 .5

3 .0

3 .5

4 .0

T
b

.N
 (

1
/m

m
)

* * * *

W T c K O
0 .1 4

0 .1 6

0 .1 8

0 .2 0

0 .2 2

0 .2 4

T
b

.S
p

 (
µ

m
)

* * * *

W T c K O
0 .0 4 5

0 .0 5 0

0 .0 5 5

0 .0 6 0

0 .0 6 5

0 .0 7 0

0 .0 7 5

T
b

.T
h

 (
m

m
)

W T c K O
1 0

1 2

1 4

1 6

1 8

2 0

O
c

.N
/B

S
 (

1
/m

m
)

* * *

W T c K O
8

1 0

1 2

1 4

1 6

O
c

.S
/B

S
 (

%
)

* *

Figure 6.3 Histological analysis of male 24-week-old WT and conditional
knockout mice. The femurs of WT and conditional knockout mice were decalcified
and stained for (A) Haematoxylin & Eosin (H&E) stains and (B) TRAcP stains.
Trabecular bone (TB) and bone marrow (BM) were labelled in the figures. Arrows
highlight osteoclasts in TRAcP staining. (C-D) Quantitative analysis of the
histomorphometric parameters. All figures presented as bars and whiskers showing
the minimum to maximum with all data points (n=8). **p<0.01, ***p<0.001,
****p<0.0001. BV/TV, bone volume/tissue volume; Tb.N trabecular number; Tb.Sp,
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Figure 6.4 Female 24-week-old conditional knockout mice with ovariectomy
displayed more trabecular bone loss. (A) Representative image of reconstructed
μCT image showed lower trabecular bone volume in female Mslnfl/fl, Ctsk-cre+ mice
(cKO), which received ovariectomy at 22 weeks old. (B) Statistical analysis of the
trabecular bone parameters (n=8). All data presented as boxes and whiskers showing
minimum to maximum with mean. Each data point was also shown.
*p<0.05,**p<0.01, ***p<0.001. BV/TV, bone volume/tissue volume; Tb.N
trabecular number; Tb.Sp, trabecular space; Tb.Th, trabecular thickness.
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Figure 6.5 Cortical bone was not affected by deleting Msln in osteoclasts. (A)
Representative image of reconstructed μCT image showed no significant difference
in cortical bone between female WT and Mslnfl/fl, Ctsk-cre+ mice (cKO). (B)
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The femurs of female cKO mice were decalcified and sectioned before being stained 

with H&E staining and TRAcP staining (Figure 6.6A and B). Low bone volume was 

observed in the female cKO mice with reduced bone volume portion and trabecular 

number compared to those in WT mice. Trabecular space was also found to be elevated 

in the female cKO mice (Figure 6.6C). These results correlated with the results of 

microCT. Statistical analysis of the TRAcP staining found that the osteoclast numbers 

were significantly higher in the female cKO mice.  

6.2.3 The osteoblast and osteoclast marker genes were dysregulated in cKO mice 

Additionally, we performed qPCR to examine the gene expressions in cKO and WT 

mouse tissue. To do so, 3 pairs of male cKO and WT mice were randomly chosen, and 

the tibias of these mice were used to extract total tissue RNA. The total RNA was then 

reverse transcribed into cDNA and used for qPCR analysis. Genetic expressions were 

normalised against the average expression of Gapdh and Actb. As the results show in 

Figure 6.7, the osteoblast marker genes, Col1a1, Runx2 and Ocn were downregulated 

in the cKO mice. Osteoclast marker genes, Mmp9, Ctsk and Acp5 were upregulated in 

the cKO mice compared to those in WT mice. Moreover, the ratio of Rankl/Opg was 

found to be higher in cKO mice.  

6.3 Discussion 

Regulation of the bone homeostasis is tightly controlled by biochemical pathways, 

which consists of many molecules. Identification of novel factors regulating bone 

remodelling is beneficial for a better understanding of the mechanism underlying bone 
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Figure 6.6 Histological analysis of female 24-week-old WT and conditional
knockout mice. The femurs of WT and conditional knockout mice were decalcified
and stained for (A) Haematoxylin & Eosin (H&E) stains and (B) TRAcP stains.
Trabecular bone (TB) and bone marrow (BM) were labelled in the figures. Arrows
highlight osteoclasts in TRAcP staining. (C-D) Quantitative analysis of the
histomorphometric parameters. All figures presented as bars and whiskers showing
the minimum to maximum with all data points (n=8). *p<0.05, **p<0.01,
***p<0.001. BV/TV, bone volume/tissue volume; Tb.N trabecular number; Tb.Sp,
trabecular space; Tb.Th, trabecular thickness.



Figure 6.7 Genetic expression of osteoblast and osteoclast marker genes in
skeletal tissue. Male cKO mice bone tissue (tibia) was used to extract tissue total
RNA, which was then reverse transcribed into cDNA and used for qPCR analysis.
The bars show the mean and standard deviation of relative gene expression.
Osteoblast marker genes, Col1a1, Runx2 and Ocn were analysed. Osteoclast marker
genes, Mmp9, Ctsk and Acp5 were examined. In addition, the Rankl/Opg ratio was
calculated. n=3; *p<0.05, **p<0.01.
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remodelling control and skeletal disorders. In our previous study, through bioinformatic 

study, we were able to identify MSLN to be highly upregulated in osteoclastogenesis. 

Further, we found that global knockout of MSLN in mice resulted in an osteoporotic 

phenotype compared to the wild-type controls. These preliminary results suggested the 

potential regulatory role of MSLN in bone homeostasis (Yang, 2016).  

In addition to the global knockout mouse model, we developed a conditional knockout 

mouse model, Mslnfl/fl, Ctsk-cre, to further determine the mechanism by which MSLN 

regulates bone remodelling. The bone phenotypes of WT and cKO mice were analysed 

using microCT and histology. Deletion of MSLN in osteoclasts resulted in a reduced 

trabecular bone volume in male cKO mice compared to the WT mice. This bone 

phenotype was then confirmed with histology using H&E staining. TRAcP staining of 

the bone tissue sections also found that the number of osteoclasts was significantly 

higher in the cKO mice. Estrogen-deficiency caused bone destruction is the major cause 

of postmenopausal osteoporosis (Ji & Yu, 2015). In the ovariectomised female mice, 

cKO mice had more bone destruction compared to the WT mice. These results were in 

line with the histological analysis. Collectively, the bone phenotype of the cKO mice 

was similar to the bone phenotype of the global knockout mice, indicating osteoclast 

expressed MSLN is important to the bone remodelling (Yang, 2016).  

The excessive number of osteoclasts found in the cKO mouse bone tissue could be the 

potential reason for the lower bone volume in cKO mice. As proven in our previous 

study, MSLN inhibits the formation and function of osteoclasts. The present results of 

the cKO mice further confirmed the inhibitory effect of MSLN on osteoclasts. However, 
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the regulatory role of MSLN is not limited to the inhibition of osteoclast differentiation 

and function, as the osteoblast marker genes in the cKO mouse tissue were also 

downregulated. MSLN has been shown to be shed into the surrounding 

microenvironment and serum by TACE (Burt et al., 2017). The putative receptor of 

MSLN, CA125, is an ovarian cancer marker, which has been shown to be positively 

related to the BMD in healthy women (Ahn et al., 2010). Given that the expression of 

MSLN in osteoblast is only minimal, this suggests potential regulation of osteoblast by 

osteoclasts through MSLN either by direct contact or in a paracrine manner.  

Overall, osteoclast derived MSLN is important in the regulation of bone remodelling. 

Deficiency of MSLN in osteoclasts resulted in decreased trabecular bone volume. The 

upregulation of osteoclasts and downregulation of osteoblast are the reasons for the 

reduction in trabecular bone volume.  
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CHAPTER 7

MSLN PROMOTES OSTEOBLAST 
DIFFERENTIATION AND MIGRATION
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7.1 Introduction 

Bone remodelling is important, which continuously renews the cortical and trabecular 

bone throughout the life of mammals. Bone remodelling consists of multiple steps 

occurring in the BMUs, beginning with the recruitment and fusion of the osteoclast 

precursor cells. These cells then differentiate into mature bone-resorbing osteoclasts 

under the stimulation of essential cytokines. Mature osteoclasts attach to the bone 

surface and secrete proteolytic enzymes and acids to dissolve the bone matrix. After 

bone resorption, osteoblasts are derived from MSCs and secrete mineralised bone 

matrix on the resorbing site. At the end of the life span of osteoblasts, they either 

differentiate into osteocytes, undergo apoptosis, or become bone lining cells.  

It is important in bone remodelling that the bone resorption by osteoclasts and bone 

formation by osteoblasts are regulated tightly, so that the “newly” synthesised bone 

could replace the “old” bone that is removed by osteoclasts. The strict coordination of 

osteoclast and osteoblast functions is referred as coupling (Matsuo, 2009). Coupling is 

key to maintain the balance of bone resorption and formation, which is regulated by 

massive signalling networks, including systematic hormones, matrix-derived factors, 

secreted factors, and membrane-bound molecules (Nakahama, 2010). Initially, 

systematic hormones were thought to be the primary regulators of bone remodelling. It 

has been clear that the locally generated cytokines coordinate the communication of 

bone cells hence regulate bone remodelling. Better understanding of the mechanisms 

involved in the crosstalk between bone cells is necessary and the coupling factors may 

be potential targets for the treatment of skeletal disorders (Kim & Kim, 2020).  
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In Chapter 6, we found that conditional knockout of MSLN in osteoclasts resulted in 

reduced trabecular bone mass compared to the WT mice. This bone phenotype in the 

cKO mice was similar to that of the global knockout. In previous study, our lab found 

that MSLN inhibits osteoclastogenesis and bone resorption by inhibiting MAPK 

pathway and Ca2+ signalling (Yang, 2016). However, the effect of MSLN on osteoblasts 

was not determined. In this chapter, we investigated the potential role of MSLN on 

osteoblasts.  

7.2 Results 

7.2.1 MSLN promoted BMP2-induced bone nodule formation 

We first investigated the effect of MSLN on osteoblast differentiation in vitro. Neonatal 

calvarial osteoblasts were extracted and cultured in osteoblast differentiation media 

with recombinant human BMP2 and MSLN proteins (full length and mature MSLN). 

After being stimulated for 3 days, the neonatal calvarial osteoblasts were stained for 

ALP stain (Figure 7.1A) and examined for ALP activity (Figure 7.1B). As the results 

show, BMP2 significantly enhanced the ALP activity, however, MSLN proteins alone 

had no significant effect on the ALP activity of the neonatal osteoblasts. For bone 

nodule formation, neonatal osteoblasts were stimulated for 8 days. The cells were then 

fixed and stained with 1% (v/v) Alizarin red (Figure 7.1C). By 8 days, bone nodules 

were observed, however, stimulation by both forms of MSLN had no effect on bone 

nodule formation. Interestingly, the addition of MSLN proteins enhanced the effect of 

BMP2, resulting with more bone formation (Figure 7.1D).  

143



C o n tro
l 

M
S L N  (F

L )

M
S L N  

B M
P 2

M
S L N  (F

L )  +
 B

M
P 2

M
S L N  +

 B
M

P 2

0

1 0 0

2 0 0

3 0 0

4 0 0

A
L

P
 a

c
ti

v
it

y
 (

%
 r

e
la

ti
v

e
 t

o
 C

o
n

tr
o

l)

* * *

C o n tro
l

M
S L N  (F

L )

M
S L N  

B M
P 2

M
S L N  (F

L )  +
 B

M
P 2

M
S L N  +

 B
M

P 2

0

2 0 0

4 0 0

6 0 0

8 0 0

1 0 0 0

A
li

za
ri

n
 r

e
d

 i
n

te
n

s
it

y
(%

 r
e

la
ti

v
e

 t
o

 c
o

n
tr

o
l)

*

* *
*

A B

D

Figure 7.1 MSLN promoted mineralisation of neonatal osteoblast. (A) MSLN
had no effect on ALP activities of osteoblasts. (B) Statistical analysis of ALP
activities of osteoblast with different treatments. ALP activities are presented as
mean ± standard deviation. n=3, ***p<0.001. (C) Alizarin red stain shows the
mineralisation of osteoblast with different treatments. (D) The bars show mean ±
standard deviation of alizarin red intensities. n=3, *p<0.05, **p<0.01.
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7.2.2 MSLN promoted migration of MC3T3-E1 and KusaO cells 

Scratch wound assay was used to examine the migration of osteoblastic cell line 

MC3T3-E1 and stromal cell line KusaO. After being stimulated for 24 hours, the area 

taken by the migrated cells were calculated. As a result, full length MSLN and mature 

MSLN significantly promoted the migration of MC3T3-E1 cells compared to the 

negative control (Figure 7.2A). The percentage area taken by migrated cells was 

significantly higher when the cells were stimulated with MSLN proteins (Figure 7.2B). 

Further, similar stimulatory effect by MSLN on migration was observed in KusaO cells. 

The migration of KusaO cells were promoted by the stimulation of both full-length 

MSLN and mature MSLN.  

7.2.3 Osteoclast derived MSLN stimulated directional movement of MC3T3-E1 

cells 

To determine the chemotactic effect of MSLN on osteoblasts, trans-well assay was 

performed. First MC3T3-E1 cells were seeded into the trans-well inserts with α-MEM 

containing 0.2% FBS, which were then placed into 24-well plates. In the lower chamber, 

adequate amount of MSLN proteins were diluted in α-MEM containing 0.2% FBS 

(Figure 7.3A). After 24 hours, the cells attached to the upper side of the insert were 

mechanically removed and the cells were stained with crystal violet (Figure 7.3B). The 

results showed that full-length MSLN and mature MSLN were both able to stimulate 

the migration of MC3T3-E1 cells across the membrane (Figure 7.3B).  

Then, an in vitro co-culture model of osteoclast and MC3T3-E1 was created using the 
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Figure 7.2 MSLN promoted migration of MC3T3-E1 and KusaO cells. (A) The
effect of MSLN on MC3T3-E1 cells migration was examined using scratch wound
assay. PC= bFGF (100 ng/ml) + hVEGF (100 ng/ml). (B) Statistical analysis of the
area occupied by migrated cells between the created gap. Bars represent mean ±
standard deviation. n=3, **p<0.01, ***p<0.001. (C) The effect of MSLN on KusaO
cells migration was examined using scratch wound assay. PC=5% FBS. (D)
Statistical analysis of the migration of KusaO cells. Results present as mean ±
standard deviation. n=3, ****p<0.0001.
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trans-well insert, where BMMs isolated from WT or KO mouse were seeded into 24-

well plates and stimulated with RANKL and M-CSF for 0, 1, 3, or 5 days. After mature 

osteoclasts were observed in the culture, the media was changed to α-MEM containing 

0.2% FBS and MC3T3-E1 cells were seeded into the top chamber of the trans-well 

inserts (Figure 7.4A). After co-culturing for an additional 24 hours, the insert was fixed 

and the cells inside the insert were mechanically removed. The cells were then stained 

with crystal violet and the number of cells migrated to the bottom side of the insert was 

counted (Figure 7.4B). As BMMs differentiate into osteoclasts, MC3T3-E1 cells were 

attracted to the bottom side of the insert. Notably, the number of migrated MC3T3-E1 

cells was significantly lower when co-cultured with KO osteoclasts (Figure 7.4C).  

7.2.4 MSLN activated Smad signalling 

To understand the molecular mechanism by which MSLN promoted the differentiation 

and migration of osteoblasts, we first analysed the SMAD signalling pathways using 

western blot. MC3T3-E1 cells were stimulated with TGF-β1, BMP2, MSLN (FL) or 

MSLN for 0, 30, and 60 min. The total protein was then separated with SDS-PAGE and 

transferred onto a nitrocellulose membrane. Specific antibodies were used to detect 

different proteins (Figure 7.5A). As a result, TGF-β1 and BMP2 stimulated 

phosphorylation of Smad2/3 and Smad1/5/9 at 30 min respectively. However, MSLN 

proteins had a delayed activation of both Smad2/3 and Smad1/5/9 signalling, where the 

phosphorylation of Smad2/3 and Smad1/5/9 occurred at 60 min after stimulation by 

MSLN proteins (Figure 7.5B). Then, we performed luciferase assay using MC3T3-E1 

cells stably transfected with Smad binding element (SBE) driven luciferase reporter 
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Figure 7.4 MSLN deficiency resulted decrease in osteoblast migration. (A)
Schematic presentation of transwell experiment. WT or KO BMMs were seeded into
the bottom chamber. After the BMMs were stimulated for 0, 1, 3, or 5 days, MC3T3-
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Figure 7.5 MSLN activated Smad signalling pathways. MC3T3-E1 cells were
stimulated with different treatments for 0, 30, and 60 min. The cells were then lysed
and the phosphorylation of (A) Smad2/3 and (B) Smad1/5/9 were examined using
western blot with specific antibodies. (C) Statistical analysis of the western blot
results. n=3, *p<0.05. (D) MC3T3-E1 cells, stably transfected with SBE response
construct, were stimulated with different treatments. The cells were then lysed and
examined for luciferase activity. n=3, ****p<0.0001.



gene construct. After being stimulated with BMP2, TGF-β1, MSLN (FL), or MSLN for 

6 hours, luciferase activity was measured. Smad signalling pathways was activated by 

MSLN proteins, which was in line with the western blot result (Figure 7.5C).  

7.2.5 MSLN induced phosphorylation of ERK, p38, AKT and GSK3β 

To further investigate the signalling induced by MSLN, MC3T3-E1 cells were 

stimulated with BMP2, MSLN (FL) or MSLN for the stated time and the 

phosphorylation of ERK1/2, p38, AKT and GSK3β was examined (Figure 7.6A). The 

result showed that BMP2 activated the phosphorylation of ERK and p38 MAPK after 

being stimulated for 1 and 2 hours. Meanwhile, MSLN protein, including full length 

and mature MSLN showed prolonged activation of ERK MAPK, where the 

phosphorylation of ERK lasted until being stimulated for 5 hours (Figure 7.6B). The 

activation of p38 MAPK by MSLN was in the same pattern with BMP2 (Figure 7.6C). 

The AKT/GSK3β pathway was also activated by BMP2 in MC3T3-E1 cells. When 

stimulated with BMP2 for 2 and 5 hours, AKT and GSK3β were phosphorylated (Figure 

7.6D). AKT and GSK3β were also activated by MSLN in a similar manner to BMP2 

(Figure 7.6E).  

7.3 Discussion 

The communication between bone cells is essential for maintaining the balance of bone 

remodelling. Recent studies have identified many factors and pathways mediating the 

coupling between osteoclast and osteoblast. Identifying new factors involved in the 

crosstalk between osteoclast and osteoblast helps a better understanding of bone 
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Figure 7.6 MSLN activated MAPK signalling and AKT/GSK3β signalling. (A)
MC3T3-E1 cells were stimulated with BMP2, MSLN (FL) or MSLN for 0, 1, 2, and
5 hours. The cells were then lysed and examined by Western blot with antibodies
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western blot results. Bars represent mean ± standard deviation. n=3, *p<0.05.



remodelling.  

In Chapter 6, the Mslnfl/fl, Ctsk-cre+ mice were characterised to have an osteoporotic 

phenotype. In combination with the tissue gene expression, we investigated the effect 

of MSLN on osteoblasts. In this chapter, we found that MSLN promoted BMP2-

induced bone nodule formation of neonatal osteoblasts. We also found that osteoclast 

derived MSLN has a chemo-attractive effect on osteoblasts. 

We found that MSLN promoted bone nodule formation, but not ALP activities, of 

osteoblasts in the presence of BMP2. This result indicated that the osteogenic effect of 

MSLN is to promote the differentiation and mineralisation of osteoblasts at the late 

stage rather than early stage. The expression of ALP is found to be essential for the 

mineralisation of osteoblasts, which is an early maker of osteoblast differentiation 

(Golub & Boesze-Battaglia, 2007). The stimulation of mineralisation but not ALP 

activities by MSLN suggested that MSLN did not affect the early phase of osteoblast 

differentiation but had stimulatory effect at late stage.  

In addition to the effect on mineralisation, we found that MSLN promoted directional 

movement of osteoblasts in vitro. First, we found that MSLN can promote the migration 

in both osteoblasts (MC3T3-E1) and mouse bone marrow stomal cells (KusaO). Then, 

we found that MSLN exhibited chemo-attractive effects on osteoblasts, where MSLN 

stimulated movements of MC3T3-E1 cells across the transwell insert. Finally, we found 

that osteoclast derived MSLN was important for the directional migration of osteoblasts. 

Osteoclasts from MSLN deficient mice attracted fewer osteoblasts. Migration of 
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osteoblasts and osteoblast precursor cells is critical for osteoblasts to navigate to the 

site of resorption and deposit new bone matrix in bone remodelling. Also, in the case 

of fracture healing, osteoblasts migrate to the area of bone deposition (Thiel et al., 2018). 

The chemo-attractants of osteoblasts can originate from degraded bone matrix and 

osteoclasts. The results of the current study indicated that MSLN is a chemo-attractant 

for osteoblasts. 

Activation of both TGF-β and BMP signalling pathways were observed in our study. 

Interaction of MSLN with MUC16 on the surface of portal fibroblasts is required for 

the activation of TGFβRII by TGF-β1 (Koyama et al., 2017). However, there are no 

previous studies linking MSLN with BMP signalling. Both TGF-β and BMP signalling 

pathways are important for the differentiation of osteoblasts (Rutkovskiy et al., 2016).  

MSLN induced p38 and ERK MAPK signalling in osteoblasts. It was first demonstrated 

by Gallea et al. (2001) that activation of ERK and p38 in C2C12 is required for the 

osteogenic differentiation mediated by BMP2. Downstream of p38 and ERK MAPKs 

are some key osteogenic transcription factors. ERK and p38 MAPKs can target RUNX2, 

the key osteogenic transcription factor, favouring the transcriptional activities of 

RUNX2 (Aouadi et al., 2006; Gamell et al., 2008; Gregory et al., 2005). Furthermore, 

it has been shown that the interaction between RUNX2 and OSX requires the action of 

p38 and ERK MAPKs, which is important for the maturation of osteoblasts (Artigas et 

al., 2014). MSLN has been known to activate p38 and ERK MAPKs in other cell types. 

It has been shown that MSLN can activate p38 phosphorylation by binding to CA125, 

the only know interactor to MSLN, on the surface of pancreatic cancer cells (Chen et 
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al., 2013). Ovarian cancer cells treated with MSLN express elevated levels of MMP7 

via the activation of ERK1/2 (Chang et al., 2012). Our results were in line with these 

studies. Activation of p38 and ERK could also contribute to the migration of osteoblasts. 

ERK and p38 phosphorylation have been shown to be essential for migration of many 

cell types. In a previous study, the activation of p38 was shown to be essential for the 

migration of MC3T3-E1 cells (Mehrotra et al., 2004). Activation of ERK is also 

favourable for the migration of umbilical cord MSCs (Ryu et al., 2010).  

Activation of AKT and GSK3-β could also contribute to the differentiation and 

migration of osteoblasts. Activation of AKT is required for the differentiation of 

MC3T3-E1 cells (Suzuki et al., 2014). Activation of AKT could result in the activation 

of GSK3β, which leads to the activation of β-catenin pathway and hence induces the 

differentiation of osteoblasts (Day et al., 2005). Another outcome of the activation of 

GSK3β is to regulate the re-arrangement of cytoskeleton and microtubules to control 

cell migration (Sun et al., 2009).  

Based on our results, MSLN is derived from osteoclasts and mediates the functions of 

osteoblasts. This indicates that MSLN could be a coupling factor between osteoclasts 

and osteoblasts. Combining previous results, MSLN regulates bone remodelling by 

inhibiting osteoclast differentiation and resorption as well as promoting osteoblast 

differentiation and migration (Figure 7.7).  
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Figure 7.7 The role of MSLN in bone remodelling. MSLN is secreted by
osteoclasts, which inhibits the differentiation of osteoclasts and bone resorption.
Secreted MSLN also promotes the differentiation of MSCs to osteoblasts and the
migration of osteoblasts towards the resorption site.
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CHAPTER 8

GENERAL DISCUSSION AND FUTURE 
DIRECTION
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8.1 Summary and general discussion 

Bone is a rigid organ, which constantly undergoes remodelling to maintain its structural 

integrity. The bone remodelling cycle is coordinated by the activities of different bone 

cells, importantly, osteoclasts and osteoblasts (Crockett et al., 2011). Osteoclasts are 

multinucleated cells formed by the fusion of mononuclear haematopoietic precursor 

cells, which degrade the bone matrix. Osteoblasts are originated from the mesenchymal 

stem cells, which produce the organic bone matrix and mediate its mineralisation. The 

remodelling process is precisely regulated, so that the amount of bone resorbed by 

osteoclasts is equal to the amount of bone deposited by osteoblasts. Thus, the bone 

volume remains unchanged in the process of bone remodelling (Sims & Martin, 2014). 

Dysregulation of bone remodelling leads to skeletal disorders. To date, many of the 

crucial proteins and associated pathways have been identified to regulate both types of 

cells. Better understanding of the regulatory network governing bone remodelling 

results in novel treatment and diagnosis methods for bone diseases. This network of 

signalling pathways is involved in the differentiation, function, survival and apoptosis 

of bone cells, and the coupling between osteoclasts and osteoblasts (Crockett et al., 

2011). In this study, we have studied the role of two factors, NEAT1 and MSLN in the 

regulation of bone remodelling. 

NEAT1 is a long non-coding RNA playing important role in neural development and 

cancer biology. It has two isoforms, a 6.7 kb short isoform (NEAT1_1) and a 23 kb long 

isoform (NEAT1_2), which are regulated by alternative 3’ splicing (Naganuma et al., 

2012). The long isoform, NEAT1_2 attracts proteins with nucleic acid binding 
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capacities and sequesters these proteins forming a subnuclear organelle, paraspeckles. 

Although the exact function of NEAT1 and NEAT1 containing paraspeckles remains 

unknown, it is recognised that NEAT1_2 and paraspeckles function through 

sequestering and releasing constituent proteins under different cellular conditions (Fox 

et al., 2018). The roles of NEAT1 and paraspeckles in RANKL-induced 

osteoclastogenesis are yet to be determined. In our study, we found that both isoforms 

of NEAT1 are essential for the differentiation and maturation of osteoclasts. First, the 

expressions of NEAT1 and paraspeckle proteins during mouse osteoclast differentiation 

were examined using microarray and RT-qPCR. As a result, NEAT1 was found to be 

highly upregulated during RANKL-induced osteoclastogenesis. We then determined 

the expression of NEAT1 and other selected genes in human osteoclasts using RNAseq. 

The expression of NEAT1 was also elevated in osteoclast differentiation. Increased 

expression of NEAT1 was also confirmed by FISH experiment. By knocking down the 

expression of NEAT1 in BMMs, the osteoclasts failed to form when stimulated with 

RANKL, indicating that NEAT1 is required for the formation of mature osteoclasts.  

The molecular mechanism of NEAT1 in osteoclastogenesis could be through the 

interaction with NF-κB and MAPK signalling pathways. It was established by several 

studies that NEAT1 is a regulatory factor or is involved in the NF-κB and MAPK 

signalling pathways, where deficiency of NEAT1 resulted in failure of activation of 

these pathways (Du et al., 2019; Shen et al., 2020; Zhang et al., 2016; Zhang et al., 

2019). NF-κB and MAPK signalling pathways are the critical signalling pathways 

activated by RANKL. Further, based on the result that paraspeckle protein NONO 

154



disassociated with NEAT1 and translocated into the cytoplasm, we hypothesise that 

NEAT1, in the context of paraspeckles, could also regulate osteoclastogenesis by 

sequestering and releasing different proteins upon RANKL induction. Our results 

indicated that both isoforms of NEAT1 are essential for the formation of mature 

osteoclasts, however, the precise molecular mechanisms of NEAT1 in 

osteoclastogenesis and bone remodelling are yet to be determined.  

Mesothelin (MSLN) is a surface antigen first discovered on ovarian cancer cells and 

mesothelioma (Chang et al., 1992). MSLN is expressed as a 71 kDa full-length 

precursor and is cleaved into an N-terminal fragment, MPF (31 kDa) and a C-terminal 

fragment, mature MSLN (40 kDa). The N-terminal MPF is soluble and mature MSLN 

is found to attach to the cells via GPI anchor, which can be released into the surrounding 

microenvironment via multiple proteases (Liu et al., 2020). The function of MSLN 

remains unclear as global knockout of this gene in mice does not result in any defects 

in breeding and survival (Bera & Pastan, 2000). However, recent studies have found 

that MSLN is overexpressed in various types of solid tumours. Elevated level of MSLN 

are related to the adhesion, migration, and proliferation of cancer cells (Chen et al., 

2013). With limited expression in normal tissue, MSLN has been proposed as a target 

for immunotherapy for some cancers (Morello et al., 2016). In a previous study in our 

lab, the MSLN global knockout mice was found to have an osteoporotic phenotype, 

with elevated number of osteoclasts. MSLN had an inhibitory effect on osteoclast 

formation and function, where MSLN knockout BMMs resulted in more osteoclasts 

compared to the wild-type (WT) BMMs when stimulated with RANKL. Osteoclasts 
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derived from MSLN knockout mice also had more bone resorption than those from WT 

mice (Yang, 2016). In this thesis, we further investigated the role of MSLN in bone 

remodelling by investigating the bone phenotype of Mslnfl/fl, Ctsk-cre+ (cKO) mice and 

the effect of MSLN on osteoblasts.  

The bone phenotype of the MSLN cKO and WT mice were examined using microCT 

and histology. The male MSLN cKO mice had lower bone volume compared to the WT 

mice and the number of osteoclasts in the cKO mice was significantly higher than the 

WT mice. These results were consistent to the previous findings in MSLN global 

knockout mice. The female ovariectomised MSLN cKO mice had lower bone volume 

than WT mice, which indicated that MSLN had protective effect on estrogen deficiency 

induced bone loss. Although it seemed that the reduction of bone volume in MSLN 

cKO mice was a result of the elevated osteoclast number and activity, the effect of 

MSLN on osteoblasts still needed to be examined using histological methods.  

MSLN has already been shown to have an inhibitory effect on osteoclasts. This study 

further elucidated the effect of MSLN on osteoblasts. First, it was found that MSLN 

promoted bone nodule formation only in the presence of BMP2. Then, we found that 

MSLN stimulated directional migration of osteoblasts. Further, in a co-culture system 

using a transwell assay, we found that osteoclast derived MSLN is important to the 

chemotaxis of osteoblasts. Using western blot, we found that the stimulatory effect of 

MSLN on osteoblasts was through the activation of both TGF-β and BMP signalling, 

p38 and ERK MAPK signalling, and AKT/GSK3β signalling pathways. These 

signalling pathways are all important to the differentiation and migration of osteoblasts. 
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These results indicated that MSLN could be a coupling factor originated from 

osteoclasts, which also stimulates the activities of osteoblasts during bone remodelling 

via a paracrine mechanism. 

The signalling network of bone remodelling is massive and complicated. In this study, 

we have identified NEAT1 as a novel regulator of RANKL-induced osteoclastogenesis. 

This also indicates the importance of subnuclear bodies in the formation of osteoclasts, 

providing a new perspective to study the signalling network of osteoclasts. We have 

also confirmed the importance of MSLN in bone remodelling and found MSLN to be a 

coupling factor between osteoclasts and osteoblasts. Thus, MSLN could be a potential 

therapeutic target for skeletal disorders. However, there are still some issues to be 

addressed in the future.  

8.2 Future directions 

What is the bone phenotype of NEAT1 deficiency mice? 

As the result of our study showed, deficiency of NEAT1 in osteoclast precursor cells in 

vitro resulted in abrogation of RANKL-induced osteoclastogenesis. However, the effect 

of NEAT1 knockdown/knockout in vivo was not examined. Deficiency of NEAT1 

abolished the formation of corpus luteum and also results in defects in mammary gland 

(Nakagawa et al., 2014; Standaert et al., 2014). No skeletal deficiencies have been 

reported in NEAT1 knockout mice. It is valuable to investigate the effect of NEAT1 

deficiency in vivo utilising global knockout or Cre-LoxP based conditional knockout 

mice. To do so, microCT combined with histological analysis should be done, which 
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helps elucidate the bone phenotype of NEAT1 deficiency in mice and the changes to 

osteoclasts and osteoblasts. Moreover, as the functions of NEAT1 and paraspeckles are 

proposed to be important under cellular stress (Fox et al., 2018), for the bone phenotype 

to be apparent, it is beneficial to examine the bone phenotypes of NEAT1 knockout 

mice under some pathological conditions, such as ageing, estrogen deficiency 

(ovariectomy), and infection (LPS injection). 

What are the functions of paraspeckle proteins and what are the changes to 

paraspeckle proteins in osteoclasts after NEAT1 knockdown? 

It is hypothesised that NEAT1 functions by sequestering and releasing proteins under 

different cellular conditions to regulate gene expression (Fox et al., 2018). NEAT1 

mediates the RNA/protein and protein/protein binding of these proteins. Lack of 

NEAT1 usually affects the abundance and localisations of these proteins (Naganuma et 

al., 2012; Yamazaki et al., 2018). In our study, we examined the expression change of 

different paraspeckle proteins during osteoclastogenesis, including some proteins 

known to be important to osteoclast formation, such as hnRNPK and BCL6 (Fan et al., 

2015; Miyauchi et al., 2010). After knockdown, changes to these proteins could be the 

mechanism of the abrogation of osteoclastogenesis. To elucidate this further, 

bioinformatic studies, such as microarray, RNAseq, or proteomic studies could be 

performed to investigate the changes to paraspeckle proteins and how these changes 

affected the signalling pathways to form osteoclasts.  

Is the osteoclast formation in vitro altered in the Mslnfl/fl, Ctsk-cre+ mouse? 
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Given that the bone phenotype of the MSLN cKO mice was similar to that of the global 

knockout mice, it is also essential to investigate the bone formation by the BMMs 

derived from the cKO mice. Experiments, including osteoclast formation assay, bone 

resorption assay and qPCR and western blot of osteoclast-specific genes are to be 

performed. 

Is the skeletal system and immune system affecting each other? 

In a preliminary experiment, we profiled the bone marrow cells derived from WT and 

MSLN KO mice (Results shown in Supplementary Result 1). It was found that in 

MSLN KO mice, the percentages of myeloid cells and T cells are significantly lower in 

the KO mice while the percentage of B cells was significantly higher in the KO mice 

compared to WT. These results raised a question, whether the change of the lymphocyte 

composition is a result of the bone phenotype change or vice versa. To answer this 

question, a flow cytometry experiment will be performed using the bone marrow cells 

extracted from the Mslnfl/fl, Ctsk-cre+ mice. If similar results with the global knockout 

mice were seen, it would mean that the reduction in bone volume resulted from MSLN 

deficiency in osteoclasts could result in changes in the composition of lymphocytes. 

Further, using flow cytometry, the difference of the populations of the haematopoietic 

and mesenchymal stem cells can be determined, which could define further roles of 

MSLN in bone remodelling and the interactions between skeletal system and other 

systems.  

Receptor hunting of MSLN in both osteoclasts and osteoblasts 
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As our results showed, deficiency of MSLN in osteoclasts caused an osteoporotic bone 

phenotype with increased number of osteoclasts in mice. Also, osteoclast derived 

MSLN resulted in directional movement of osteoblasts. However, the targets by which 

MSLN interacts and modulates the signalling in osteoclasts and osteoblasts are still 

unknown. To select target, pull-down assay is to be performed using recombinant 

MSLN protein. Some potential targets include mannose receptor and CA125 (MUC16). 

GPI-anchored MSLN has been shown to bind to mannose receptor on macrophages 

(Dangaj et al., 2011). A previous study demonstrated that that mannose receptor and its 

associated signalling could be important in the cell-cell fusion of osteoclast precursor 

cells (Morishima et al., 2003). The potential target of MSLN on osteoclasts could be 

mannose receptor. In osteoblast, CA125/MUC16 is well known to interact with MSLN. 

Binding of MSLN to CA125 has been shown to be important for the activation of TGF-

β1 receptor (Koyama et al., 2017). In pancreatic cancer cells, binding of MSLN to 

CA125 also has been shown to activate downstream ERK and p38 (Chen et al., 2013). 

In addition, a positive association between CA125 and BMD has been observed in 

healthy women (Ahn et al., 2010). Thus, CA125 could be the potential receptor of 

MSLN in osteoblast. The interactions between MSLN and these proteins can be verified 

using co-immunoprecipitation in osteoclast and osteoblast. Knockdown of the target 

genes could provide evidence of the protein-protein interactions.  

Drug discovery targeting NEAT1 and MSLN 

Further studies are required for the translation of this study into clinical use. Inspired 

by cancer studies, NEAT1 could be a valuable target for therapy (Dong et al., 2018). 
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Given the results of our study that NEAT1 is essential for the formation of osteoclast, 

NEAT1 lncRNA could be a potential therapeutic target in osteolytic diseases. Although 

therapeutic strategies to target lnRNAs are still in infancy, many approaches could be 

applied to deplete NEAT1 (Dong et al., 2018). More research is needed to address issues 

such as drug delivery and toxicity. MSLN is a potential therapeutic target for osteolytic 

diseases. One of the treatment methods is to target MSLN by antibodies. A monoclonal 

mouse antibody against MSLN was developed and further testing would be essential to 

confirm the therapeutical effect of MSLN antibody in osteolytic diseases.  
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Supplementary figure 1. Population compositions of haematopoietic linage in WT and
MSLN KO mice. The bone marrow of the hindlimbs of WT and MSLN KO mice was analysed
using flow cytometry. It was found that the percentage of B cells, myeloid cells and T cells were
significantly lower in MSLN KO mice compared to WT mice.
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