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SCIENTIFIC ABSTRACT 

Bone is a highly vascularised living tissue that forms our skeletal system. It is 

continuously being shaped, moulded and repaired to maintain structural and mechanical 

integrity in a process known as bone remodelling. The vasculature is critical for the 

transportation of oxygen, nutrients, various growth factors and differentiation factors in 

the bone to facilitate skeletal development, postnatal growth and bone remodelling. 

Bone remodelling takes place in a specialised structure known as the bone remodelling 

compartment (BRC) and involves two key processes, bone resorption by osteoclasts 

followed by new bone matrix formation by osteoblasts. Importantly, the BRC is closely 

associated with blood vessels formed by angiogenesis and play a pivotal role in 

supporting the bone remodelling process. 

 

The regulation of angiogenesis in the bone microenvironment is highly complex and 

orchestrated by intercellular crosstalk between bone cells and endothelial cells. 

Osteoclasts, osteoblasts and osteocytes are capable of producing angiogenic factors to 

mediate angiogenesis and osteogenesis. In recent years, many epidermal growth factor 

(EGF)-like family members, which are characterised by differing EGF repeat domains 

and vary in amino acid lengths, have been implicated to have a role in bone biology and 

angiogenesis. In addition, our group has identified several new EGF-like factors that are 

expressed in the bone microenvironment, including EGFL6, EGFL7 and nephronectin 

(NPNT). As many EGF-like proteins are known to regulate angiogenesis and bone 

homeostasis, it was hypothesised that EGFL6, EGFL7 and NPNT may regulate 

angiogenesis and homeostasis via autocrine/paracrine mechanisms. 

 

In this study, EGFL7 was found to be expressed in both osteoclast and osteoblast 

lineages. By using conditioned medium containing EGFL7, it was found that EGFL7 

promoted SVEC (simian virus 40-transformed mouse microvascular endothelial cell 

line) cell migration and tube-like structure formation in vitro. Moreover, recombinant 

EGFL7 promoted angiogenesis, characterised by the formation of web-like structures, 

in ex vivo foetal mouse metatarsal angiogenesis assay. By using Western blot analysis, it 

was revealed that EGFL7 induced the phosphorylation of extracellular signal-regulated 

kinase 1/2 (ERK1/2), signal transducer and activator of transcription 3 (STAT3), and 

focal adhesion kinase (FAK) in SVEC cells. Furthermore, inhibition of ERK1/2 and 
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STAT3 signalling impaired EGFL7-induced endothelial cell migration and 

angiogenesis. Bioinformatics analyses indicated that EGFL7 contains a conserved 

integrin-binding region, RGD/QGD motif. It was found that EGFL7-induced 

endothelial cell migration was significantly reduced in the presence of RGD peptides, 

suggesting its potential to interact with integrin. Finally, EGFL7 gene expression was 

significantly upregulated during rat growth plate injury repair. Together, these results 

show that EGFL7 expressed by bone cells regulates endothelial cell activities through 

integrin-mediated signalling.  

 

Next, the roles of NPNT on endothelial cell activities and angiogenesis were 

investigated. NPNT was found to be expressed and secreted by osteoblasts. By using 

similar experimental methods, it was found that recombinant NPNT promoted 

endothelial cell migration, tube-like structure formation and angiogenesis in foetal 

mouse metatarsal angiogenesis assay. Further investigations revealed that NPNT 

induced the activation of ERK1/2 and p38 signalling pathways. Furthermore, inhibition 

of ERK1/2 impaired endothelial cell migration, tube-like structure formation and 

angiogenesis. Finally, NPNT gene expression was found to be regulated during rat 

growth plate injury repair. Together, these results demonstrate that NPNT regulates 

angiogenesis through ERK1/2-mediated signalling. 

 

Finally, this study investigated the physiological role of EGFL6, a known angiogenic 

factor secreted by osteoblasts. Two genetically modified mouse models were generated 

in this study; knockout (KO) mice with EGFL6 deficiency, and mice overexpressing 

EGFL6 (TG). Firstly, microCT characterisation revealed that the trabecular bone mass 

in the primary spongiosa of 18 week-old male EGFL6 KO mice was significantly higher 

compared to the WT mice, with no difference observed in the secondary spongiosa. 

Subsequently, histological analysis of bone sections revealed that the osteoclast number 

in the EGFL6 KO mice showed a trend of reduction compared to the WT mice. 

Moreover, it was revealed that there was no significant difference in the trabecular bone 

phenotypes of 18-week old EGFL6 TG mice compared to the WT mice. Collectively, 

these results indicated that EGFL6 might be a novel regulator of bone homeostasis.  
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In conclusion, these studies highlight the important roles that EGFL6, EGFL7 and 

NPNT might play in regulating bone remodelling and angiogenesis within the bone 

microenvironment. Importantly, these exciting findings may potentially facilitate the 

design of novel EGF-like factor-based therapeutic approaches for the treatment of bone 

fractures and bone disorders. 
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1.1 INTRODUCTION 

Bone is a connective tissue that is characterised by a mixture of organic collagen and 

inorganic hydroxyapatite. It is composed of 50 to 70% mineral, with most of the content 

being hydroxyapatite (Ca10(PO4)6(OH)2), as well as 20 to 40% organic matrix, 5 to 10% 

water and less than 3% lipids (Clarke, 2008). It continuously undergoes adaptation to 

maintain skeletal size, shape and structural integrity via a process termed bone 

remodelling. The remodelling process involves continuous moulding, shaping and 

repairing of bone (Kular et al., 2012). This process occurs within the bone remodelling 

compartment (BRC), where osteoblasts, osteoclasts and osteocytes are actively 

maintaining the homeostasis of bone. One component of the BRC is the vasculature, 

which supplies oxygen, nutrients, hormones, cytokines, as well as osteoblast and 

osteoclast precursor cells to the remodelling site. More importantly, the bone cells 

within the BRC could regulate the initiation of sprouting angiogenesis from existing 

bone vasculature toward the BRC and maintain the newly formed vessels via production 

of angiogenic factors (Chim et al., 2013). Similarly, the endothelium could contribute 

osteogenic and growth factors to regulate the activity of bone cells. This complex, 

tightly regulated intercellular communication between bone cells and endothelial cells 

via autocrine, paracrine and/or endocrine mechanisms in the bone microenvironment is 

critical in maintaining the homeostasis of bone. Disruption of this process could result 

in bone homeostatic imbalance and lead to various bone diseases such as osteoporosis 

and osteopetrosis, the leading causes of morbidity and mortality. Therefore, an 

understanding of the cellular and molecular mechanisms involved in bone remodelling, 

as well as the complex inter-relationship between angiogenesis and osteogenesis is 

critically important and may provide insights into potential treatment of bone diseases. 

 

In this review chapter, different cell types in the BRC, with an emphasis on the 

osteoclasts, osteoblasts and endothelial cells and the regulation of their functions are 

discussed. This is then followed by a summary focusing on the role of vasculature 

during bone development, and then subsequently a review of the expression of 

angiogenic factors in the bone microenvironment. 
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1.2 BONE REMODELLING COMPARTMENT 

As previously mentioned, bone is a rigid tissue which is characterised by a mixture of 

organic and inorganic elements. In order to maintain structural and mechanical integrity, 

bone is continuously shaped and repaired via the remodelling process. It is the 

predominant metabolic process regulating bone structure and function during adult life 

(Boyle et al., 2003). This process occurs within the BRC and is accomplished by two 

important steps which form the basis of the bone remodelling cycle- bone resorption by 

osteoclasts followed by new bone formation by osteoblasts.  

 

1.2.1 Bone remodelling cycle 

The remodelling cycle consists of different sequential phases: activation, resorption, 

reversal, formation, and termination (Raggatt and Partridge, 2010). In the activation 

phase, an initiating remodelling signal such as direct mechanical strain on the bone 

results in bone damage. This leads to the recruitment and differentiation of osteoclast 

precursors into mature osteoclasts, which then initiate bone resorption during the 

resorption phase. Following osteoclast-mediated resorption is the reversal phase, 

whereby osteoclastic bone resorption is inhibited and osteoclasts undergo apoptosis 

whilst osteoblast progenitors are recruited to the remodelling site. The osteoblast 

progenitors then differentiate into mature osteoblasts and initiate the formation phase by 

depositing mineral and collagen to replace the resorbed bone. This process concludes 

with the final termination phase, whereby mature osteoblasts undergo apoptosis, revert 

back to a bone-lining phenotype, or become embedded in the newly mineralised matrix 

and differentiate into osteocytes (Kular et al., 2012; Raggatt and Patridge, 2010). 

Studies have found that the average bone formation period is 145 days while median 

resorption period is 48 days, and the entire remodelling period is about 200 days 

(Eriksen et al., 1984a; Eriksen et al., 1984b). 

 

Apart from osteoclasts and osteoblasts, the bone remodelling process also involves 

other cell types such as osteocytes, osteomacs and bone lining cells in the bone 

microenvironment (Kular et al., 2012). Furthermore, as mentioned previously, the 

vasculature plays an important role during bone remodelling by maintaining essential 
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supplies of osteoblast and osteoclast precursors, nutrients, growth factors and 

differentiation factors (Brandi and Collin-Osdoby, 2006).  

 

1.2.2 Biology of osteoclasts 

Osteoclasts are terminally differentiated macrophage polykaryons that are uniquely 

adapted to remove mineralised bone matrix. They are formed by the fusion of 

macrophage/monocyte precursors and are located at or near the bone surface. During 

bone remodelling, osteoclasts exist in 2 functional states: the motile state and the 

resorptive state. Motile osteoclasts are flattened, non-polarised cells which move and 

spread on the bone surface via formation of membrane protrusions called lamellipodia 

(Li et al., 2006). Once reaching the resorptive site, the osteoclasts become polarised 

through cytoskeletal reorganisation and are marked by changes in the organisation of 

various plasma membrane domains, a ruffled border, sealing zone, functional secretory 

domain and a basolateral membrane (Kular et al., 2012). The sealing zone is an 

osteoclast-specific structure which borders the rest of the cell away from the resorptive 

lacuna, where bone resorption activity takes place. 

 

1.2.2.1 Regulation of osteoclast differentiation and function 

The formation and differentiation of osteoclasts (osteoclastogenesis) is regulated by two 

main haematopoietic factors: macrophage colony-stimulating factor (M-CSF) and 

receptor for activation of nuclear factor kappa B (NF-κB) (RANK) ligand (RANKL) 

(Teitelbaum, 2000). Both of these cytokines are critical for osteoclastic bone resorption, 

as the in vivo mutation or deletion of csf-1 (gene for M-CSF) and Tnfs11 (gene for 

RANKL) in mice results in a dense bone (osteopetrotic) phenotype caused by an 

absence of osteoclasts (Kong et al., 1999; Yoshida et al., 1990). M-CSF, which is 

produced by osteoblasts and stromal cells, binds to its receptor, c-fms, thereby 

promoting the survival and proliferation of osteoclast precursors (Felix et al., 1994; 

Hodge et al., 2007). The interaction of M-CSF and c-fms receptor leads to signal 

transduction through multiple pathways, such as mitogen-activated protein (MAP) 

extracellular signal-regulated kinase (ERK), phosphoinositide-3-kinase (PI3K)/Akt and 

p90RSK (He et al., 2012; Palacio and Felix, 2001). On the other hand, RANKL, which 

is expressed on the surface of osteoblasts, T cells and endothelial cells, binds to RANK 



20 
 

on the osteoclast precursors and induces commitment to become mature osteoclasts 

(Burgess et al., 1999; Kular et al., 2012). Together, the action of M-CSF and RANKL 

induces the expression of osteoclast marker genes that are essential in regulating fusion 

and resorption activity of osteoclasts, such as tartrate-resistant acid phosphatase 

(TRAcP), cathepsin K (CTSK), calcitonin receptor (CTR) and DC-STAMP (Hu et al., 

2007; Kukita et al., 2004; Luchin et al., 2000; Matsumoto et al., 2004). Furthermore, the 

activity of RANKL can be antagonised by the presence of an osteoblast-secreted soluble 

decoy receptor Osteoprotegerin (OPG) to regulate the activity of osteoclasts (Lacey et 

al., 1998). 

 

Following the completion of bone resorption, the osteoclasts undergo apoptosis. This is 

followed by the next phase of bone remodelling, which involves the osteoblasts 

depositing minerals to form new bone matrix. 

 

1.2.3 Biology of osteoblasts 

Osteoblasts are cuboidal mononuclear cells which are responsible for the formation of 

mineralised matrix during bone remodelling. They originate from mesenchymal stem 

cells (MSCs) and share the same lineage as chondrocytes, adipocytes and myoblasts 

(Dennis et al., 1999). Under the right stimulatory conditions, they undergo 

differentiation through 4 maturational stages: preosteoblasts, osteoblasts, osteocytes and 

bone-lining cells (Kular et al., 2012).  

 

1.2.3.1 Regulation of osteoblast differentiation and function 

Preosteoblasts (also known as osteoprogenitor cells) are cells in the early-stage of the 

differentiation process. They stain positive for alkaline phosphatase (ALP) but lack the 

ability to produce mineralised bone. Under continuous differentiation stimuli, 

preosteoblasts differentiate into osteoblasts, which stain strongly for ALP and play a 

role in mineral deposition. The expression of ALP is critical for osteoblast function, as 

impairment of ALP leads to growth defects and diminished mineralisation in growth 

plate cartilage and bone matrix (Anderson et al., 2004; Narisawa et al., 1997). In 

addition, they also express matrix proteins such as type I collagen, which forms the 
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most abundant matrix protein in bone and provides strength and elasticity to the bone 

(Brodsky and Persikov, 2005). Mutations in type I collagen are known to cause 

osteogenesis imperfecta (OI), a heritable bone disease characterised by bone fragility 

and low bone mass (Glorieux, 2008; Myllyharju and Kivirikko, 2001). Furthermore, 

they express a range of non-collagenous proteins such as osteocalcin (OCN), 

osteopontin (OPN), and bone sialoprotein (BSP). Studies have shown that OCN-

deficient mice have an increased bone formation phenotype, while deficiencies in OPN 

and BSP in mice lead to bone fragility and impaired primary bone formation, 

respectively (Ducy et al., 1996; Thurner et al., 2010; Wade-Gueye et al., 2012).  

 

The regulation of osteoblastic genes and subsequent effects on bone formation are 

known to be controlled by the canonical Wnt/-catenin signalling pathway, one of the 

most important pathways in bone formation. For instance, Wnt3a protein is known to 

induce ALP and OPN expression in mesenchymal cells, while Wnt10b induces the 

expression of transcription factors runx2 and osterix, resulting in the promotion of 

osteoblastogenesis and increased serum OCN level (Bennett et al., 2005; Hu et al., 

2005; Milat and Ng, 2009). Apart from regulating the osteoblast formation, the 

canonical Wnt/-catenin signalling pathway can also promote OPG expression by 

osteoblasts, which in turns negatively modulates osteoclast differentiation in a paracrine 

manner (Glass et al., 2005). In contrast, Wnt5a, a non-canonical Wnt signalling pathway 

protein, promotes osteoclastogenesis through interaction with receptor tyrosine kinase-

like orphan receptor (Ror) proteins expressed on osteoclast progenitors (Maeda et al., 

2012). 

 

It is important to note that osteoclasts can also regulate the activities of osteoblasts. For 

instance, Semaphorin 4D is expressed by osteoclasts and inhibits osteoblast 

differentiation (Negishi-Koga et al., 2011). On the other hand, Ephrin B2, an osteoclast 

membrane-bound ligand, interacts with its receptor EphB4 on osteoblasts and promotes 

osteoblast differentiation and bone formation (Martin et al., 2010). More recently, our 

group has found that high temperature requirement protease A (HtrA1) is secreted 

during osteoclast differentiation and negatively regulates osteoblast differentiation by 

inhibiting bone morphogenic protein 2 (BMP2)-induced Smad1/5/8, ERK1/2 and p38 

signalling pathways (Wu et al., 2014).  
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Although the “two-way” relationship between osteoblasts and osteoclasts is known to 

play a central role in bone formation and remodelling, many other cell types are also 

involved in this process. One important cell type is vascular endothelial cells, which 

forms the basis of the vasculature in the bone microenvironment. 

 

1.2.4 Biology of endothelial cells 

Endothelial cells are responsible for the formation of vasculature in various tissues and 

organs, including bone. They form endothelium, a monolayer of endothelial cells in the 

interior wall of blood vessels, which is responsible for the transportation of 

haematopoietic cells, stem cells, nutrients, minerals and various cytokines into the bone. 

Endothelial cells are differentiated from angioblasts in the embryo and from endothelial 

progenitor cells (EPCs), mesoangioblasts and multipotent adult progenitor cells in adult 

bone marrow (Ribatti, 2007; Schmidt et al., 2007a). In general, peripheral blood and 

bone marrow EPCs are CD133+ (an early haematopoietic stem cell marker), CD34+, 

vascular endothelial growth factor (VEGF) receptor-2 (VEGFR2+) and VE-cadherin+ 

(Rafii and Lyden, 2003). Upon differentiation, the EPCs gradually lose CD133 

expression, which is absent in mature endothelial cells, while expressing high levels of 

CD34, VEGFR2, VE-cadherin and von Willebrand factor (vWF) (Zammaretti and 

Zisch, 2005).  

 

1.2.4.1 Role of endothelial cells in vasculogenesis and angiogenesis  

During embryonic development, hemangioblasts, which derive from mesodermal stem 

cells, differentiate into angioblasts (Schmidt et al., 2007a). These angioblasts 

differentiate into mature endothelial cells and assemble into a primitive vascular plexus 

in the absence of pre-existing vasculature, a process known as vasculogenesis (Figure 

1.1) (ten Dijke and Arthur, 2007; Yoder, 2012). This primitive plexus of capillaries 

remodel and grow by angiogenesis, where new blood vessels expand from existing 

capillaries. There are two types of angiogenesis- intussusceptive, known as splitting 

angiogenesis, and sprouting angiogenesis (ten Dijke and Arthur, 2007). Intussusceptive 

angiogenesis involves the extension of the wall of an existing blood vessel into the 

lumen to split a single vessel into two. In contrast, sprouting angiogenesis involves the 

migration and proliferation of an existing vessel into the surrounding matrix to form 
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new vessel, a process that is regulated by angiogenic factors. Both forms of 

angiogenesis require smooth muscle cells (SMCs) to stabilise the nascent vessels. 

Endothelial cells are known to produce platelet-derived growth factor (PDGF), a potent 

chemoattractant that induces MSC migration (Fiedler et al., 2002). In response to 

transforming growth factor- (TGF-), the MSCs would differentiate into vascular 

smooth muscle cells (vSMCs) (Kurpinski et al., 2010). The endothelial cells continue to 

associate with vSMCs via sustained TGF- activation, leading to mutual inhibition of 

proliferation (ten Dijke and Arthur, 2007). Defective TGF- signalling pathway is 

known to cause impaired smooth muscle differentiation and angiogenesis (Carvalho et 

al., 2004). The process of vasculogenesis and angiogenesis is summarised in Figure 1.1. 

 

1.2.4.2 Endothelial cell migration 

A major mechanism that is essential to both vasculogenesis and angiogenesis is the 

migration of endothelial cells. During embryogenesis, the angioblasts emerge from 

mesoderm and migrate into the extraembryonic yolk sac to initiate the formation of 

vascular structures (Yoder, 2012). In addition, the migration of endothelial cells and 

EPCs are also required for the formation of blood vessels (Iwami et al., 2004; Lamalice 

et al., 2007). Angiogenic factors such as VEGF, basic fibroblast growth factor (bFGF)  

and angiopoietin are known to mediate endothelial cell migration (Lamalice et al., 

2007). Furthermore, many angiogenic factors are also produced in the bone 

microenvironment and regulate endothelial cell migration and angiogenesis (discussed 

in detail in Chapter 2).  

 

1.2.4.3 Role of integrins in angiogenesis 

The migration of endothelial cells is triggered through interaction with the extracellular 

matrix (ECM) proteins. Integrins are a family of heterodimeric transmembrane adhesion 

receptors that bind to ECM proteins, allowing the endothelial cells to adhere to the 

ECM and modulate angiogenesis. Studies have shown that integrins such as αv3, αv5 

and α51 play an important role in angiogenesis (Brooks et al., 1994; Francis et al., 

2002; Friedlander et al., 1995). Integrin-mediated angiogenesis is initiated by 

interactions of an integrin with its ligand. For instance, interaction between fibronectin 

and its main receptor, α51 integrin is required for successful vasculogenesis and 
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angiogenesis in the embryo (Serini et al., 2006). Furthermore, inhibition of α51 is 

known to block tumour angiogenesis (Kim et al., 2000). 

 

The process of angiogenesis forms the basis of the vasculature in different organs and 

tissues during embryonic development, including bone. The role of angiogenesis during 

bone development is further discussed in section 1.3. 
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Figure 1.1: The processes of vasculogenesis, intussusceptive and sprouting 

angiogenesis. Endothelial precursor angioblasts differentiate into endothelial cells to 

form a primitive plexus of capillaries, which remodel and grow by angiogenesis. 

Intussusceptive angiogenesis involves the splitting and growing of vessels via the 

formation of translumen pillars (arrowheads) in situ. It is found, for example, in the 

developing yolk sac and lung. In sprouting angiogenesis, endothelial cells proliferate 

behind the tip cell of a growing branch in response to various angiogenic factors. Both 

forms of angiogenesis require the recruitment of smooth muscle cells (SMCs) (in blue) 

to stabilize the nascent vessels. Neighbouring mesenchymal cells migrate towards the 

neovessel in response to platelet-derived growth factor (PDGF) and then differentiate 

into vascular SMCs (vSMCs) in response to transforming growth factor- (TGF-) 

signalling. The continued tight intercellular connection between ECs and vSMCs 

promotes sustained TGF- activation and mutual inhibition of cell proliferation.  

(Image adapted and modified from ten Dijke and Arthur, 2007)  
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1.3 THE ROLE OF VASCULATURE IN BONE 

As mentioned previously, endothelial cells are crucial in the process of embryonic 

development as they undergo vasculogenesis and angiogenesis to form the vasculature 

in different tissues and organs. More importantly, the vasculature is crucial for prenatal 

embryonic development of bone, and continues to support bone growth and remodelling 

during postnatal life. Embryonic bone develops via two distinct processes- 

intramembraneous and endochondral ossification, both of which involve capillaries as 

the key regulator in bone formation.  

 

1.3.1 Role of angiogenesis in the mechanisms of embryonic bone development 

Intramembraneous ossification is characterised by an initial invasion of capillaries into 

the mesenchymal zone to allow the recruitment and differentiation of mesenchymal 

cells into mature osteoblasts that produce bone matrix (Kanczler and Oreffo, 2008). 

This leads to the formation of bone spicules, which eventually form trabeculae by 

fusing with other spicules. As the trabeculae increase in size and number they become 

interconnected, forming woven bone, a bone structure that is disorganised and weak. 

This woven bone is eventually replaced by lamellar bone, which is more organised and 

stronger. Intramembraneous ossification is involved in the development of cranium, 

facial bones, parts of the mandible and clavicle, and bone bridge formation during 

growth plate injury (Kanczler and Oreffo, 2008; Xian et al., 2004).  

 

In contrast, endochondral ossification involves the initial formation of a cartilage 

template, followed by angiogenesis and bone formation within the cartilaginous matrix. 

During foetal development, mesenchymal precursors condense and differentiate into 

chondrocytes, resulting in the formation of cartilage in a process known as 

mesenchymal precartilage condensation (Figure 1.2) (Gerber and Ferrara, 2000). As the 

chondrocytes undergoing differentiation, they become hypertrophic and secrete VEGF, 

leading to the invasion of blood vessels (Dai and Rabie, 2007). This is followed by the 

recruitment of osteoblasts, osteoclasts and haematopoietic cells, resulting in the 

formation of a primary ossification centre. As hypertrophic chondrocytes undergo 

apoptosis and the hypertrophic matrix degrades, the recruited osteoblasts replace the 

degraded cartilage with trabecular bone, forming the bone marrow. Simultaneously, the 
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cortical bone is formed by the osteoblasts at the perichondrium in the middle portion 

(diaphysis) of the cartilage template, while chondrocytes continue to proliferate at both 

ends (epiphyses) of the cartilage. This leads to the formation of the bone shaft, which 

lengthens in a coordinated manner. Eventually, secondary ossification centres develop 

at both ends of the bone, and the growth plate is formed by the chondrocytes, separating 

the epiphysis and diaphysis. Endochondral ossification is involved in the formation of 

bones of load bearing joints (Kanczler and Oreffo, 2008). The process of endochondral 

ossification is summarised in Figure 1.2.  

 

As previously discussed, the mechanisms of intramembraneous and endochondral 

ossifications are different, whereby the former does not require chondrogenesis while 

the later requires coordinated coupling between chondrogenesis and osteogenesis. 

Despite this difference, one major common regulator in developing bone tissues is the 

formation of vasculature, as this would lead to the recruitment of osteoblast and 

osteoclast precursors, nutrients, oxygen, various growth factors and differentiation 

factors. Importantly, the vasculature continues to play an essential role in maintaining 

bone homeostasis in postnatal bone development and remodelling. 

 

1.3.2 Vasculature in the bone structure 

Angiogenesis is an integral part of bone remodelling, taking place at different regions 

within the bone (Figure 1.3). The trabecular bones within the epiphysis and diaphysis 

are both associated with vascularisation (Chim et al., 2013). In the cartilage, 

vascularisation is inhibited due to the presence of anti-angiogenic protease inhibitors 

and high expression of the anti-angiogenic factor, chondromodulin-1 (ChM-1) (Franses 

et al., 2010; Hayami et al., 2003). However, at the cartilage-subchondral bone interface, 

vascular invasion is driven by expression of pro-angiogenic factors and decreased 

expression of ChM-1 (Hayami et al., 2003; Wang et al., 2012a). Abnormal angiogenesis 

in the cartilage-subchondral interface may play a role in the progression of osteoarthritis 

(Wang et al., 2012a). In the cortical bone, capillaries can be found in the endosteum and 

periosteum surfaces, with a network of intracortical canals consisting of longitudinal 

Haversian canals and transverse Volkmann canals connecting the vascular networks of 

the two surfaces together (Pazzaglia et al., 2010). The vascular networks of the bone are 

summarised in Figure 1.3. 
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In conclusion, osteoclasts, osteoblasts and endothelial cells play a critical role in bone 

development and remodelling. More importantly, they are capable of engaging in 

intercellular crosstalk which eventually leads to the process of angiogenesis in bone.  
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Figure 1.2. The process of endochondral ossification. (A) Mesenchymal cells 

condense and (B) differentiate into chondrocytes, forming an avascular cartilage model 

of the future bone. (C) At the centre of the cartilage, the chondrocytes cease 

proliferating and become hypertrophic. (D) The hypertrophic chondrocytes release 

angiogenic factors to attract blood vessels to form the primary ossification centre. 

Perichondral cells adjacent to the hypertrophic chondrocytes differentiate into 

osteoblasts forming a bone collar. (E) The invasion of blood vessels leads to the 

recruitment of osteoblast precursors, which differentiate into osteoblasts and form 

mineralised matrix. Osteoblasts coordinate with vascular invasion to form the primary 

spongiosa. The chondrocytes continue to proliferate with concomitant vascularisation 

resulting in a coordinated process that lengthens the bone. Osteoblasts of the bone collar 

eventually form cortical bone; while osteoblasts located in the primary spongiosa 

eventually form trabecular bone. (F) At the ends of the bone, secondary ossification 

centres develop through the same cycles as primary ossification. Columns of 

proliferating chondrocytes form the growth plate beneath the secondary ossification 

centre. Finally, expansion of stromal cells and hematopoietic marrow take place in the 

marrow space. (Image created with reference to Kanczler and Oreffo, 2008)  
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Figure 1.3. Vascular supply in different regions of bone. Blood vessels provide 

nutrients and hormones required for development and remodelling at (A) trabecular 

bone within epiphysis, (B) cartilage-subchondral bone interface, (C) trabecular bone 

within diaphysis, and (D) cortical bone. (Image adapted from Chim, Kuek et al., 2013) 
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2.1 COUPLING OF ANGIOGENESIS AND OSTEOGENESIS 

It is well established that the vasculature plays a significant role for skeletal 

development and growth (section 1.3), as well as maintaining homeostatic “health” of 

living bone via remodelling process. In the event of vasculature disruption, bone tissue 

dies and cannot be repaired or rejuvenated (Brandi and Collin-Osdoby, 2006). Inhibition 

of angiogenesis results in the suppression of callus and periosteal woven bone 

formation, indicating that angiogenesis and osteogenesis are intimately coupled 

(Hausman et al., 2001). In fact, recent publications highlighted the importance of a 

specific H-type blood vessel subset (CD31hiEndomucinhi endothelial cells) in mediating 

osteogenesis in bone (Kusumbe et al., 2014; Ramasamy et al., 2014). These 

CD31hiEndomucinhi endothelial cells could mediate local growth of the vasculature and 

provide niche signals for perivascular osteoprogenitors via the enhancement of hypoxia-

inducible factor (HIF) and Notch signalling. More importantly, these studies highlighted 

the role of these cells in the loss of bone mass during ageing, where the angiogenesis-

osteogenesis interrelationship is disrupted (Kusumbe et al., 2014). 

 

In addition, increasing evidence indicates that the process of angiogenesis and 

osteogenesis coupling may be regulated by different cell types via crosstalk (Kusumbe 

and Adams, 2014).  A recent study has demonstrated that preosteoclasts, which give rise 

to bone resorbing osteoclasts, produce PDGF-BB to modulate angiogenesis, MSC 

migration and osteoblast function (Xie et al., 2014). Furthermore, this study has showed 

that PDGF-BB has implications for the therapeutic treatment of bone diseases such as 

osteoporosis by targeting the processes of angiogenesis and osteogenesis. Therefore, 

unravelling the molecular communication between different cell types and 

understanding their roles in regulating angiogenesis and osteogenesis in the bone is 

critical, and may facilitate development of therapeutic treatments for bone diseases such 

as osteoporosis and delayed fracture repair. 

 

2.2 ANGIOGENIC PROCESSES IN BONE REMODELLING COMPARTMENT 

As previously mentioned (section 1.2), many different cell types such as osteoblasts and 

osteoclasts are involved in the bone remodelling process. In addition, it is well accepted 

that angiogenesis, which is associated with the BRC, can couple osteogenesis and 
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provides nutrients, oxygen, cytokines and facilitate the transport of osteoblast and 

osteoclast precursors to the bone remodelling site. It has been suggested that the 

capillaries and BRC associate through the penetration of a canopy of osteoblast-lineage 

cells called bone lining cells, which express typical osteoblast markers like OCN and 

ALP (Hauge et al., 2001; McGee-Lawrence and Westendorf, 2011). Furthermore, the 

canopy also includes resident bone tissue macrophages called osteomacs, which express 

macrophage surface marker F4/80 and may regulate osteoblast activity (Chang et al., 

2008; Pettit et al., 2008). The association of capillaries with the BRC via the canopy of 

cells is thought to be necessary to provide a vascular supply for the cells in the BRC and 

regulate the coupling between bone resorption and formation (Chim et al., 2013). 

Disruption of the canopies may contribute to deficient bone formation in pathological 

diseases such as Cushing’s syndrome and multiple myeloma (Andersen et al., 2010; 

Jensen et al., 2012). 

 

The bone lining cells, together with the osteocytes, play a pivotal role in the initiation of 

bone remodelling. In the event of a mechanical stress such as microdamage, the 

mechanical signal is transmitted to the lining cells through the gap junctions. The lining 

cells are capable of releasing paracrine factors such as insulin-like growth factors (IGFs) 

and prostaglandins (PGs) to stimulate proliferation and differentiation of 

osteoprogenitors cells (Duncan and Turner, 1995). Furthermore, microdamage and 

osteocyte apoptosis in bone could initiate bone remodelling (Martin and Seeman, 2008). 

Studies have shown that osteocyte apoptosis could promote angiogenesis and adhesion 

of osteoclast precursor cells to endothelial cells, thereby facilitating their migration into 

the BRC (Cheung et al., 2011; Cheung et al., 2012). Once in the BRC, the osteoclast 

precursors differentiate into osteoclasts which then initiate bone resorption. This is then 

followed by the recruitment, differentiation and bone formation by osteoblasts. In 

addition, osteoblasts, osteoclasts and osteocytes are capable of secreting angiogenic 

factors to support angiogenesis during bone remodelling (section 2.2.1). It has been 

postulated that the BRC allows the concentration of cytokines and preventing them 

from dispersing within the marrow, and at the same time protecting the cells within the 

BRC from interference with cytokine and growth factors from the marrow space (Chim 

et al., 2013; Eriksen et al., 2007). The angiogenic process during bone remodelling is 

summarised in a hypothetical model in Figure 2.1. 
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Figure 2.1. Schematic diagram showing hypothetical model of angiogenic processes 

regulated by osteocytes, osteoclasts and osteoblasts in BRC. (A) Bone remodelling is 

initiated by stimuli such as microdamage.  This leads to the production of angiogenic 

factors by damaged osteocytes, followed by angiogenic sprouting towards bone 

remodelling site. (B) Osteoclast precursors are recruited into the BRC from the blood 

vessels and (C) differentiate into mature osteoclasts to resorb bone.  Osteoclasts also 

secrete angiogenic factors to further induce angiogenesis which leads to the recruitment 

of osteoblast precursors into the BRC. (D) Osteoblasts precursors differentiate into 

osteoblasts, followed by synthesis of osteoid to replace area resorbed by osteoclasts. 

They also produce angiogenic factors to regulate angiogenesis. (E) Following bone 

resorption, osteoclasts undergo apoptosis while osteoblasts continue to modulate 

angiogenesis. Meanwhile, some osteoblasts differentiate into osteocytes and embedded 

in mineralised osteoid. (F) Finally, bone microdamage is healed. (Image adapted and 

modified from Chim, Kuek et al., 2013)  
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2.2.1 Angiogenic factors in bone remodelling compartment 

Local bone microenvironment-produced angiogenic factors are crucial for bone 

remodelling. As previously mentioned (section 2.1), osteoblasts, osteoclasts and 

osteocytes are capable of regulating angiogenesis during remodelling by secreting 

various angiogenic factors. This section reviews the various angiogenic factors and their 

biological functions in the BRC. 

 

2.2.1.1 Vascular endothelial growth factor 

VEGF is a potent angiogenic factor and its function in promoting angiogenesis in 

skeletal growth and endochondral bone formation are well documented (Ferrara et al., 

2003; Kanczler and Oreffo, 2008). VEGF engages with two receptor tyrosine kinases, 

VEGFR1 and VEGFR2 to regulate endothelial cell activities (Ferrara et al., 2003). In 

developing embryonic bones, hypertrophic chondrocytes express VEGFR2 and 

synthesise a number of VEGF isoforms (VEGFA, B, C and D) to mediate endochondral 

ossification (Bluteau et al., 2007; Dai and Rabie, 2007). VEGF is also expressed during 

osteoblast differentiation. Studies have shown that VEGF expression in differentiating 

osteoblasts is regulated by osterix, and the expression can be enhanced by IGF and 

Vitamin D3 (Akeno et al., 2002; Schlaeppi et al., 1997; Tang et al., 2012). Furthermore, 

VEGF can also modulate osteoblast differentiation, suggesting an autocrine action by 

VEGF on osteoblasts (Deckers et al., 2000; Zhang et al., 2014). In addition, VEGF acts 

as a chemoattractant for both osteoblasts and osteoclasts (Henriksen et al., 2003; Mayr-

Wohlfart et al., 2002). Osteoclasts are known to express VEGFRs and directly respond 

to VEGF by enhancing osteoclastic bone resorption and osteoclast survival (Nakagawa 

et al., 2000; Yang et al., 2008). Furthermore, it is possible that VEGF expression in 

endothelial cells and osteoclasts can be regulated by TGF-1, a major cytokine that is 

involved in bone remodelling (Chim et al., 2013).  

 

VEGF is also known to play a major role in modulating angiogenesis and osteogenesis 

during the healing of pathological bone conditions such as bone fractures and growth 

plate injuries (Chung et al., 2014; Wang et al., 2011). As previously mentioned, 

osteocytes, which comprising 90% to 95% of all the bone cells, are the major initiators 

of bone remodelling (Kular et al., 2012; Schaffler and Kennedy, 2012). Therefore, it is 
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likely that they are the main contributor of VEGF in the event of microdamage to the 

bone. In fact, studies have shown that VEGF is released by MLO-Y4 osteocytes in 

response to mechanical loading by pulsatile fluid shear stress and apoptosis (Cheung et 

al., 2011; Juffer et al., 2012). In addition, bone fractures and other pathological diseases 

such as cancer skeletal metastases can lead to oxygen deprivation known as hypoxia, a 

major trigger for the release of VEGF by bone cells. For instance, local hypoxia can 

stimulate the secretion of VEGF induced by HIF expression in both osteoclasts and 

osteoblasts, which then leads to the regulation of osteoclastogenesis (Knowles and 

Athanasou, 2008). Furthermore, a recent study showed that activating transcription 

factor 4 (ATF4) regulates HIF-1α/VEGF expression in hypoxic osteoblasts (Zhu et al., 

2013). Taken together, these studies suggest that VEGF is a critical regulator of bone 

remodelling. 

 

2.2.1.2 Basic fibroblast growth factor 

bFGF (FGF-2) is a member of the FGF family which has multipotent effects on 

different cells and organ development (Chim et al., 2013). It is produced by different 

cell types, such as fibroblasts, osteoblasts and endothelial cells. As a potent angiogenic 

factor, bFGF is known to stimulate endothelial cell proliferation, migration, and 

expression of integrins involved in angiogenesis (Klein et al., 1993; Lindner et al., 

1990; Moscatelli et al., 1986). Furthermore, it can modulate VEGF expression in 

endothelial cells through autocrine and paracrine mechanisms (Seghezzi et al., 1998). 

bFGF is known to interact with its receptors FGFR1, FGFR2, FGFR3 and FGFR4 to 

modulate endothelial cell activities (Chim et al., 2013; Presta et al., 2005). This 

interaction can lead to the activation of signalling cascades, including RAS/MAPK and 

PI3K/Akt pathways (Teven et al., 2014). Furthermore, the FGF/FGFR signalling is an 

important regulator of prenatal and postnatal skeletal development (Marie, 2012). In 

osteoblasts, the activation of ERK1/2, p38 and protein kinase C (PKC) signalling 

pathways by bFGF results in increased osteogenic gene marker Runx2 expression, 

proliferation and osteoblastogenesis (Kim et al., 2003b; Marie, 2003, 2012). Moreover, 

the production of bFGF by osteoblasts can also be regulated in response to 

prostaglandins and TGF- (Sabbieti et al., 1999; Sobue et al., 2002). Interestingly, 

bFGF has also been shown to regulate the activities of osteoclasts. Studies have shown 

that bFGF is capable of stimulating osteoclast recruitment, development, and bone pit 

resorption in association with angiogenesis (Collin-Osdoby et al., 2002). Furthermore, 



37 
 

bFGF can induce osteoclastogenesis by regulating the production of osteoclast 

differentiation factors such as RANKL and COX-2 (Hurley et al., 1998; Kawaguchi et 

al., 2000; Nakagawa et al., 1999). 

 

In conclusion, these studies suggest that bFGF, similar to VEGF, is critically important 

for the regulation of angiogenesis as well as the functions of both osteoclasts and 

osteoblasts. Indeed, disruption of bFGF results in decreased bone mass and impaired 

bone formation (Montero et al., 2000).  

 

2.2.1.3 Receptor activator of nuclear factor kappa-B ligand and osteoprotegerin 

RANKL is a master regulator of osteoclast precursor cells and mature osteoclasts, and 

its role on regulating osteoclast differentiation and activation is well documented 

(section 1.2.2.1) (Burgess et al., 1999; Lacey et al., 1998, Xu et al., 2000). 

RANKL/RANK interaction is dependent on trimerisation of both molecules and can be 

antagonised by decoy receptor OPG (Kular et al., 2012). However,  its roles in 

angiogenesis has also been implicated (Chim et al., 2013). RANKL is known to bind 

RANK on endothelial cells and regulate endothelial cell survival through the PI3K/Akt 

signalling pathway (Kim et al., 2003a). In addition, RANKL is shown to induce 

angiogenesis in vitro and in vivo through the activation of ERK1/2 and focal adhesion 

kinase (FAK) (Kim et al., 2002). Interestingly, the role of OPG in angiogenesis has also 

been studied. A study has demonstrated that OPG stimulates the proliferation and 

migration of human microvascular endothelial cells (HMVECs) through the activation 

of ERK1/2 and integrins αv3/αv5 interaction (Kobayashi-Sakamoto et al., 2008). 

Furthermore, OPG can also act as a survival factor for endothelial cells (Malyankar et 

al., 2000; Pritzker et al., 2004). Moreover, it is possible that osteocytes, a major 

producer of RANKL, are involved in RANKL-mediated angiogenesis in bone. 

Damaged MLO-Y4 osteocytes are known to secrete RANKL after mechanical 

scratching, suggesting that they may regulate both angiogenesis and osteoclastogenesis 

during bone damage (Kurata et al., 2006). 
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2.2.1.4 Epidermal growth factor-like family members 

Epidermal growth factor-like (EGF-like) proteins are proteins which contain single or 

multiple EGF-like repeats. Structurally, their domains contain 30-40 amino acid 

residues characterised by a consensus sequence consisting of six spatially conserved 

cysteine residues forming three disulphide bonds, which share significant homology to 

EGF (Appella et al., 1988; Chim et al., 2013). The EGF-like family consists of members 

including EGF, herapin-binding EGF-like growth factor (HB-EGF), betacellulin (BTC), 

transforming growth factor alpha (TGF-α), Epigen (EPGN), amphiregulin (AREG), 

epiregulin (EREG) and neuregulins (NRGs) (Chim et al., 2013; Sanderson et al., 2006). 

As shown in Figure 2.2, the EGF-like family members vary in amino acid length and 

contain differing number of EGF domains. Some members such as EGF, HB-EGF, BTC 

and TGF-α contain transmembrane domains and can initiate cell activities in a 

juxtacrine manner by binding to their receptors on adjacent cells (Dong et al., 2005; 

Tada et al., 1999; Xiao and Majumdar, 2001). However, the extracellular domain 

(ectodomain) of transmembrane EGF-like factors can also be cleaved by 

metalloproteases, resulting in the shedding of the soluble ectodomains which then bind 

to their receptors in an autocrine or paracrine fashion (Sanderson et al., 2006). Other 

EGF-like members lacking transmembrane domains such as EGFL6 and 7 are predicted 

or confirmed to be secreted factors (Chim et al., 2011; Fitch et al., 2004).  

 

EGF-like factors bind to a group of four structurally similar tyrosine kinase receptors 

(EGFR, ErbB2, ErbB3 and ErbB4) which are expressed by various cells, resulting in the 

regulation of development, proliferation and differentiation of the cells (Singh and 

Harris, 2005). More importantly, some of the EGF-like members are angiogenic factors 

which are involved in paracrine and autocrine regulation of endothelial cells. EGF and 

HB-EGF are known to promote angiogenesis via activation of PI3K and MAPK 

signalling pathways (Mehta and Besner, 2007). Furthermore, studies have shown that 

BTC induces activation of MAPK and PI3K pathways in endothelial cells and is 

involved in wound angiogenesis (Kim et al., 2003c; Schneider et al., 2008). In addition, 

BTC and AREG have been implicated to be playing a role during tumour angiogenesis 

(Desruisseau et al., 2004; Moon et al., 2006). Similarly, TGF-α has been shown to be a 

potent chemoattractant for endothelial cells and induce blood vessel formation during 

brain injury (Grotendorst et al., 1989; Leker et al., 2009). 
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Interestingly, there is increasing evidence on the involvement of EGF-like proteins and 

EGF receptors in bone remodelling process. The expression of EGF-like family 

members has been detected in osteoblasts, osteoclasts and endothelial cells (Chim et al., 

2013). Studies have shown that overexpression of EGF in transgenic mice results in 

growth retardation, while AREG knockout mice showed reduced trabecular bone (Chan 

and Wong, 2000; Qin et al., 2005). In addition, it has been demonstrated that osteoclast 

recruitment was impaired in EGFR-deficient mice, thus lead to delayed primary 

endochondral ossification (Wang et al., 2004). Furthermore, studies have also shown 

that EGFR regulates osteoclast differentiation via crosstalk with RANK and crucial for 

the remodelling of growth plate ECM into bone during endochondral ossification (Yi et 

al., 2008; Zhang et al., 2011). More recently, our group has identified that EGFL6 is 

expressed by osteoblasts and promotes endothelial cell migration and angiogenesis in 

vitro (Chim et al., 2011). 

 

Figure 2.3 summarises some of the angiogenic factors being produced in BRC. More 

importantly, accumulating evidence suggests that EGF-like family members could play 

an important role in facilitating the crosstalk between osteoclasts, osteoblasts and 

endothelial cells during bone remodelling process. 
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Figure 2.2. Schematic representations of domain structures of EGF-like family 

members. EGF-like family members contain differing number of EGF domains and 

vary in amino acid length (Image adapted and modified from Chim, Kuek et al., 2013).  
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EGFL2 2920aa

600aaEGFL5

EGFL9 382aa
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Figure 2.3. Angiogenic factors produced in the BRC. BRC is associated with blood 

vessels, which provide essential nutrients, oxygen, hormones and precursors of 

osteoblast and osteoclast to the bone remodelling site. Angiogenic factors such as 

VEGF, bFGF, RANKL, and EGF-like family members (e.g. EGF, HB-EGF, EGFL6) 

are produced by osteoclasts and osteoblasts, and regulate endothelial cell activities 

above the BRC canopies.  

(Image adapted and modified from Chim, Kuek et al., 2013)  
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2.2.2 Differential expression of EGF-like family members in bone 

microenvironment 

As mentioned previously (section 2.2.1.4), EGF-like family members were found to be 

essential in regulating angiogenesis and the crosstalks between bone cells. More 

recently, a published study from our group has examined the gene expression of some 

of the novel EGF-like family members previously not being reported in osteoblasts and 

osteoclasts (Chim et al., 2011). In this study, a murine macrophage cell line (RAW264.7) 

was cultured in the presence of RANKL for up to 7 days to form osteoclasts, and mouse 

primary calvarial cells were stimulated with osteoblast differentiation medium for up to 

21 days to differentiate into osteoblasts. The mRNA was then extracted and subjected to 

RT-PCR using primers specific for EGF-like family members and a house-keeping 

gene, 36B4. It has been demonstrated that a number of EGF-like genes such as EGFL2, 

EGFL3, EGFL5, EGFL6, EGFL7, EGFL8 and EGFL9 were expressed during the 

differentiation of the mouse RAW264.7 cells-derived osteoclasts and mouse primary 

calvarial osteoblasts in a different pattern (Supplementary Figure 1) (Chim et al., 2011). 

Interestingly, this study showed that EGFL3, EGFL5, EGFL6 and EGFL9 were 

preferentially expressed in osteoblasts, while EGFL2, EGFL7 and EGFL8 were 

expressed in both osteoclasts and osteoblasts. Although the expression patterns of 

different EGF-like proteins appeared to vary between osteoblasts and osteoclasts, Chim 

et al., ( 2011) demonstrated that the expression of EGFL6 was the highest compared to 

all the other EGF-like family members in osteoblast during differentiation 

(Supplementary Figure 1A), while the expression of EGFL7 appears to be the highest in 

osteoclasts (Supplementary Figure 1B). 

 

In addition, microarray analysis from our group has identified that nephronectin 

(NPNT), a homologue of EGFL6, had been expressed on day 7 during primary calvarial 

osteoblast differentiation, along with the expression of osteoblast markers ALP, OCN, 

BSP and HtrA1, a common osteoblast/osteoclast marker (Wu et al., 2014) 

(Supplementary Figure 2A). However, NPNT expression was not detected on day 5 

during RANKL-induced osteoclast differentiation from BMM, which was followed by 

osteoclast-associated marker genes CTR, CTSK, DC-STAMP and HtrA1. The 

expression of NPNT in osteoblasts but not osteoclasts was further confirmed by RT-

PCR analysis (Supplementary Figure 2B). This suggests that EGFL6, EGFL7 and 

NPNT could be playing an important role in the bone microenvironment. 



43 
 

2.2.2.1 Epidermal growth factor-like 6 

EGFL6, also known as MAM and EGF-containing gene (MAEG) protein, was 

previously mapped to human Xp22 chromosome (Buchner et al., 2000b; Yeung et al., 

1999). EGFL6 contains five EGF-like repeats, an Arg-Gly-Asp (RGD)-containing 

linker segment, and a MAM domain (Buchner et al., 2000b). It was initially found to be 

expressed in various developing foetal tissues such as dermis of the trunk, mesenchyme 

of the cranio-facial region and hair follicles, suggesting a role of EGFL6 in foetal 

development (Buchner et al., 2000a; Osada et al., 2005). In addition, other studies have 

revealed that EGFL6 is expressed in meningioma tumours and ovarian cancer, 

suggesting its potential role in the development of tumours and possible biomarker for 

certain types of cancer (Buckanovich et al., 2007; Wang et al., 2012c; Yeung et al., 

1999). More recently, a study has demonstrated that EGFL6 could enhance the 

proliferation and adhesion of human adipose tissue-derived stromal vascular cells (AD-

SVC) as a secreted protein (Oberauer et al., 2010). Importantly, our group has 

demonstrated that EGFL6 expression is increased during osteoblast differentiation and 

mediates angiogenesis through the activation of ERK1/2 pathway in vitro (Chim et al., 

2011).  

 

2.2.2.2 Epidermal growth factor-like 7 

EGFL7 is an EGF-like family member which contains an N-terminal signal peptide and 

two centrally located EGF-repeats (Fitch et al., 2004). Previously, the expression of 

EGFL7 has been identified in EPCs, endothelial cells and neurons (Fitch et al., 2004; 

Parker et al., 2004; Schmidt et al., 2009). Studies have demonstrated that EGFL7 

regulates vascular tubulogenesis during embryogenesis, migration of endothelial cells 

and spatial organisation in angiogenic sprouts (Campagnolo et al., 2005; Parker et al., 

2004; Schmidt et al., 2007b). In addition, EGFL7 is known to mediate vascular 

development by antagonising Notch receptors on endothelial cells, resulting in the 

regulation of ligand-mediated Notch signalling (Nichol et al., 2010; Nichol and 

Stuhlmann, 2012). Similarly, EGFL7 could regulate the proliferation and differentiation 

of subventricular zone-derived adult neural stem cells (NSCs) by modulating the Notch 

signalling (Schmidt et al., 2009). Furthermore, studies have demonstrated that EGFL7 

could be involved in the progression of tumours such as human hepatocellular 
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carcinoma (HCC) and malignant glioma, possibly by enhancing tumour cell motility 

(Huang et al., 2010; Wu et al., 2009).  

 

2.2.2.3 Nephronectin 

NPNT, also termed POEM (preosteoblast EGF repeat protein with MAM domain) is a 

70-90 KDa extracellular matrix protein originally identified in the embryonic kidney 

(Brandenberger et al., 2001). Structurally, it contains five EGF-like repeats, a region 

containing a RGD sequence and a C-terminal MAM domain, which shares very similar 

homology to EGFL6 (Morimura et al., 2001). Previous studies reported that NPNT is 

required for mouse kidney development and forelimb formation in western clawed frog 

(Abu-Daya et al., 2011; Linton et al., 2007). Furthermore, NPNT has also been reported 

in mediating the adhesion of cardiomyocyte and atrioventricular canal differentiation in 

Zebrafish, suggesting its critical role in heart development (Patra et al., 2011; Patra et 

al., 2009). Importantly, NPNT is known to interact with integrins via RGD motif 

(Sanchez-Cortes and Mrksich, 2011; Sato et al., 2009). In particular, NPNT has a 

specific high-affinity binding on α81 integrins, which are crucial during kidney 

development (Linton et al., 2007). Interestingly, the role of NPNT in regulating the 

functions of bone cells has been reported in in vitro studies. NPNT was found to 

promote osteoblast differentiation via EGF-like repeats in MC3T3-E1 osteoblastic cells, 

which was regulated by TGF- (Fang et al., 2010; Kahai et al., 2010). This suggests that 

NPNT could potentially be involved in the regulation of bone remodelling within the 

BRC. 

 

2.2.2.4 Conclusion 

In conclusion, angiogenic factors are critical in regulating the activities of endothelial 

cells and vascular formation by activating cellular signalling pathways involved in 

angiogenesis. However, many angiogenic factors can exert multiple functions on 

different cell types within the bone microenvironment, such as osteoblasts and 

osteoclasts, thus acting as coupling factors of angiogenesis and osteogenesis. More 

recently, accumulating evidence suggests that many EGF-like family members are 

differentially expressed in osteoclasts and osteoblasts. Importantly, our group has 

demonstrated that EGFL6, EGFL7 and NPNT are abundantly expressed by osteoblasts 
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and osteoclasts, thus warrant further investigations into their biological roles in 

facilitating the communication between osteoblasts, osteoclasts and endothelial cells in 

vitro and in vivo. 
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3.1 HYPOTHESIS 

Bone is continuously remodelled throughout life to maintain structural integrity and 

skeletal shape in a process known as bone remodelling. This process is governed by a 

number of specialised cells in the bone remodelling BRC, namely bone-forming 

osteoblasts, bone-resorbing osteoclasts, mechano-sensing osteocytes and lining cells in 

a tightly coordinated manner. During bone remodelling, these cells initiate 

communication via different modes of signalling, such as juxtacrine, autocrine and 

paracrine signalling. The cells in the BRC release a host of cytokines and growth factors 

that are capable of regulating cellular activities and angiogenesis to form vascular 

supply, a critical component that supports the bone remodelling process. More 

importantly, numerous skeletal pathologies are strongly linked to changes in 

vascularisation, such as avascular necrosis, multiple myeloma, osteopetrosis, 

osteoporosis, Paget’s disease of bone and metastatic bone disease (Carulli et al., 2013). 

Therefore, identifying novel angiogenic factors that are crucial in bone angiogenesis 

could have an enormous impact on our understanding of bone developmental pathology 

and osteopathology, and could potentially lead to the design of more efficient 

angiogenesis-based therapeutic treatments of bone diseases. 

 

Despite extensive research on the cellular biology of osteoblasts, osteoclasts and 

endothelial cells, as well as their involvement in promoting angiogenesis, the precise 

molecular mechanisms and time dependent regulation of angiogenesis in bone is not 

fully understood. In fact, cumulative evidence suggests that angiogenesis and 

osteogenesis are closely coupled, and that this coupling process can be controlled by a 

host of angiogenic factors (chapter 2). While well-studied angiogenic factors such as 

VEGF and bFGF are known to be involved in the intercellular crosstalk between 

osteoblasts, osteoclasts and endothelial cells, there may be other unknown angiogenic 

factors that are produced within the BRC which could regulate the bone remodelling 

process.  

 

Recently, our group has identified several genes from the EGF-like family, including 

EGFL6, EGFL7, and NPNT, that were differentially expressed during osteoblast and 

osteoclast differentiation (section 2.2.2). As previously described, many EGF-like 

family members are known to regulate angiogenesis and bone homeostasis (section 
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2.2.1.4). In fact, a previous publication from our group showed that osteoblast-secreted 

EGFL6 is an angiogenic factor (Chim et al., 2011). Therefore, the central hypothesis is 

that novel EGF-like proteins secreted by osteoblasts and osteoclasts regulate 

angiogenesis and bone homeostasis via autocrine/paracrine mechanisms. 

 

3.1.1 Specific hypotheses 

1) EGFL7 regulates endothelial cell proliferation, migration and tube-like structure 

formation and angiogenesis. 

2) NPNT regulates endothelial cell proliferation, migration and tube-like structure 

formation and angiogenesis. 

3) EGFL6 regulates bone homeostasis in vivo. 

 

3.2 AIMS 

To address this, the specific aims of this thesis are: 

1) To characterise the expression of EGFL7 and NPNT in osteoblasts and osteoclasts. 

2) To investigate the in vitro effects of EGFL7 and NPNT on endothelial cell 

migration, tube-like structure formation and angiogenesis. 

3) To investigate the signalling pathways involved in EGFL7 and NPNT-induced 

endothelial cell activities. 

4) To investigate the physiological importance of EGFL6 through the characterisation 

of bone phenotypes in: 

i) Transgenic mice overexpressing EGFL6. 

ii) Knockout mice lacking EGFL6. 
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4.1 MATERIALS 

4.1.1 Cell lines and bacterial strains 

Cell Line  Description Supplier 

COS-7 African green monkey kidney, 

Simian CV-1 fibroblast-like 

cells 

Kindly provided by Dr. Karen 

Kroeger, Harry Perkins Institute 

of Medical Research. 

SVEC Simian virus 40-transformed 

mouse microvascular 

endothelial cell line 

Kindly provided by Dr. May 

Lai, Lions Eye Institute, 

University of Western Australia. 

MC3T3-E1 Mouse fibroblast-

like/preosteoblast cells 

Kindly provided by Dr. Vicky 

Kartsogiannis, St Vincents 

Institute, Fitzroy, Victoria. 

Bacterial strains Description Supplier 

DH5α cDNA insert cloning host, 

propagation of plasmid DNA 

Invitrogen, Australia 

 

4.1.2 Chemical reagents 

All experiments conducted in this thesis used chemical reagents that were of analytical 

grade unless otherwise indicated and were purchased from the following manufacturers: 

Chemical Reagents Manufacturer 

Acrylamide, 30% Bio-Rad Laboratories, USA 

Agarose Promega Corp, USA 

Agar powder Oxoid, UK 

Alizarin Red Sigma-Aldrich, USA 

Aluminium sulphate Sigma-Aldrich, USA 

Ammonium persulfate (APS) Bio-Rad Laboratories, USA 

Ampicillin Sigma-Aldrich, USA 

Ascorbic acid Sigma-Aldrich, USA 

-glycerophosphate  Sigma-Aldrich, USA 

BactoYeast Extract Difco Laboratories, USA 

BactoTryptone Difco Laboratories, USA 

BIS (N, N’-methylene-bis-acrylamide) Bio-Rad Laboratories, USA 
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Bovine Serum Albumin (BSA)  Hyclone, USA 

Bromophenol Blue Sigma-Aldrich, USA 

Calcium acetate Sigma-Aldrich, USA 

Calcium chloride (CaCl2) Sigma-Aldrich, USA 

Chloroform Sigma-Aldrich, USA 

Complete Protease Inhibitor Cocktail 

Tablets 

Roche Diagnostics Gmbh, Germany 

Dexamethasone Sigma-Aldrich, USA 

Dextran Sigma-Aldrich, USA 

Dimethyl sulphoxide (DMSO) Sigma-Aldrich, USA 

Ethanol (100%) Thermo Fisher Scientific, USA 

Ethylene Diamine Tetra-acetic acid (EDTA) Acros, USA 

Ethylene Glycol Sigma-Aldrich, USA 

Ethylene Glycol Monoethyl Ether (EGME) Sigma-Aldrich, USA 

Fast Red-Violet-LB Sigma-Aldrich, USA 

Glacial Acetic Acid Thermo-Fisher Scientific, USA 

Glycerol Thermo-Fisher Scientific, USA 

Glycine Sigma-Aldrich, USA 

Glutaraldehyde Thermo-Fisher Scientific, USA 

Haematoxylin  Sigma-Aldrich, USA 

Hydrochloric acid (HCl) VWR International, Australia 

Hydrogen Peroxide (H2O2) Sigma-Aldrich, USA 

Isopropanol (Propan-2-ol) Thermo Fisher Scientific, USA 

Isopropyl--D-thiogalactopyranoside 

(IPTG) 

Promega Corp, USA 

-mercaptoethanol Sigma-Aldrich, USA 

Methanol Thermo-Fisher Scientific, USA 

Naphthol AS-MX phosphate Sigma-Aldrich, USA 

Paraformaldehyde  Sigma-Aldrich, USA 

Phenylmethylsulfonyl fluoride (PMSF) Boehringer Mannheim Corp, USA 

Skim Milk Powder Coles, Australia 

 Sodium acetate trihydrate 

 (CH3COONa·3H2O) 

Sigma-Aldrich, USA 

Sodium tartrate dehydrate                    Thermo-Fisher Scientific, USA 
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(C4H4Na2O6·2H2O) 

Sodium chloride (NaCl) Thermo Fisher Scientific, USA 

Sodium dodecyl sulphate (SDS) AppliChem, Germany 

Sodium hydroxide (NaOH) Sigma-Aldrich, USA 

Sodium iodate Sigma-Aldrich, USA 

Sodium phosphate, dibasic, anhydrous 

(Na2HPO4) 

Sigma-Aldrich, USA 

Sodium phosphate, monobasic, anhydrous 

(NaH2PO4) 

Sigma-Aldrich, USA 

TEMED (N, N, N’, N’-tetra-methyl-

ethylenediamine) 

Bio-Rad Laboratories, USA 

Trizma Base Sigma-Aldrich, USA 

Tris Hydrochloride Thermo Fisher Scientific, USA 

Tri-sodium-citrate (dihydrate) Sigma-Aldrich, USA 

Triton X-100 Thermo Fisher Scientific, USA 

Trizol Sigma-Aldrich, USA 

Trypsin  Gibco, Australia 

Tryptone Oxoid, Australia 

Tween-20 Acros, USA 

Xylene Thermo Fisher Scientific, USA 

X-gal Promega Corp, USA 

Zinc acetate Sigma-Aldrich, USA 

Zinc chloride Sigma-Aldrich, USA 

 

4.1.3 Tissue culture reagents 

Description Supplier 

α-MEM (α-Modification of Eagle’s 

Medium) 

Gibco, Australia 

D-MEM (Dulbecco’s-Modification of 

Eagle’s Medium) 

Gibco, Australia 

Foetal Bovine Serum (FBS) Gibco, Australia 

Glutamax Supplement Gibco, Australia 

Gentimycin (G418) Gibco, Australia 
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Opti-MEM (Opti-MEM 1 reduced serum 

medium) 

Gibco, Australia 

Penicillin-Streptomycin Gibco, Australia 

TrypLE™ Express (With EDTA) Gibco, Australia 

 

4.1.4 Cytokines 

Description Supplier 

Human Fibroblast Growth Factor- basic 

(bFGF) 

PeproTech, USA 

Human Vascular Endothelial Growth Factor 

(VEGF) 

PeproTech, USA 

M-CSF Produced in the laboratory in the form of 

conditioned media of CMG 14-12 cells 

RANKL-GST Produced in the laboratory as described 

previously (Xu et al., 2000) 

 

4.1.5 Recombinant proteins and signalling inhibitors 

Description Supplier 

Human recombinant epidermal growth 

factor-like domain 7 (EGFL7)   

Origene, MD 

Mouse recombinant nephronectin (NPNT) R&D Systems, Australia 

RGD peptide Sigma-Aldrich, USA 

STAT3 inhibitor (Stattic) Sigma-Aldrich, USA 

MEK1/2 inhibitor (U0126) Promega Corp, USA 

 

4.1.6 Enzymes and enzyme reaction buffers 

Description Supplier 

Collagenase Sigma-Aldrich, USA 

DNase I Sigma-Aldrich, USA 

2xGoTaq Green Master Mix DNA 

polymerase 

Promega Corp, USA 
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M-MuLV Reverse Transcriptase  Promega Corp, USA 

5x M-MulV Reverse Transcriptase Buffer Promega Corp, USA 

Restriction enzymes-  HindIII, XhoI Promega Corp, USA 

RNAs inhibitor Promega Corp, USA 

SYBR Green Master Mix DNA Polymerase Promega Corp, USA 

T4 DNA Ligase Promega Corp, USA 

 

4.1.7 Antibodies 

Description Supplier Dilution  

Anti-mouse () actin  Calbiochem 1:5000 (WB 1 Ab) 

Anti-Akt Cell Signalling, USA 1:1000 (WB 1 Ab) 

Anti-p-Akt Cell Signalling, USA 1:1000 (WB 1 Ab) 

Anti-p-EGFR Cell Signalling, USA 1:1000 (WB 1 Ab) 

Anti-ERK 1/2  Promega Corp, USA 1:5000 (WB 1 Ab) 

Anti-p-ERK 1/2  Santa Cruz, USA 1:200   (WB 1 Ab) 

Anti-FAK Cell Signalling, USA 1:1000 (WB 1 Ab) 

Anti-p-38 Cell Signalling, USA 1:1000 (WB 1 Ab) 

Anti-p-p-38 Santa Cruz, USA 1:200   (WB 1 Ab) 

Anti-STAT1 Cell Signalling, USA 1:1000 (WB 1 Ab) 

Anti-p-STAT1 Cell Signalling, USA 1:1000 (WB 1 Ab) 

Anti-STAT3 Cell Signalling, USA 1:1000 (WB 1 Ab) 

Anti-p-STAT3 Cell Signalling, USA 1:1000 (WB 1 Ab) 

Anti-CD31 Abcam, Australia 1:50     (IHC) 

Anti-c-myc Sigma-Aldrich, USA 1:5000 (WB 1 Ab) 

Anti-EGFL7 R&D Systems, 

Australia 

1:1000 (WB 1 Ab) 

Anti-NPNT Santa Cruz, USA 1:200   (WB 1 Ab) 

Anti-mouse IgG Peroxidase 

Conjugate 

Sigma-Aldrich, USA 1:5000 (WB 1 Ab) 

Anti-rabbit IgG Peroxidase Conjugate Sigma-Aldrich, USA 1:5000 (WB 1 Ab) 

Anti-goat IgG Peroxidase Conjugate Sigma-Aldrich, USA 1:5000 (WB 1 Ab) 
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4.1.8 Vectors 

Description Supplier 

pcDNA3.1-c-myc/His Invitrogen, Australia 

pGEM-T Easy Vector Promega Corp, USA 

 

4.1.9 Purchased kits and systems 

Description Supplier 

Aurum Total-RNA mini-kit Bio-Rad Laboratories, USA 

CellTiter 96 Aqueous One Solution Cell 

Proliferation Assay (MTS) 

Sigma-Aldrich, USA 

Cignal STAT3 Reporter Assay Kits QIAGEN, Australia 

Dual-Luciferase Reporter Assay kit Promega Corp, USA 

Geltrex matrix Invitrogen, Australia 

IScript cDNA synthesis kit Bio-Rad Laboratories, USA 

Lipofectamine-2000 Transfection Reagent Invitrogen, Australia 

QIAEXII Gel Extraction Kit (500) QIAGEN, Australia 

Qiagen Plasmid plus midi kit QIAGEN, Australia 

QIAprep spin miniprep QIAGEN, Australia 

RNeasy RNA Extraction Kit QIAGEN, Australia 

Western Lightning Ultra (Detection kit-

chemiluminescence substrate) 

Perkin Elmer, USA 

 

 

4.1.10 Oligonucleotide primers 

Oligonucleotide primers used in PCR reactions were purchased from GeneWorks, 

Australia. Upon receipt in freeze-dried form, the oligos were resuspended in the 

recommended amount of double-distilled water (ddH2O) to make up 100μM stock 

concentration. Each stock primer was further diluted by 1 in 5 to make a working 

concentration of 20μM. Both stock and aliquot primers were stored at -20 until use. The 

following primers were used for semi-quantitative reverse transcription (RT) PCR and 

quantitative PCR (qPCR) of total cellular RNA extracted from cultured cells: 
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Primers Forward Sequence (5’ to 3’) Reverse Sequence (5’ to 3’) 

EGFL6 AAGCTTGGATCCGAATTCA

GTATGCAGCCGCCCTGG 

CTCGAGTCTAGAAGATCTAC

CTTCTACAGATAAAAAGT 

EGFL7 AGTGGGGATCCCCACTTAC

AATGCAGAC  

TCTTCTAGAAGATCTTTTTT

GCAGGAGCAG 

EGFL7 

(HindIII, XhoI) 

AAGCTTGCCACCATGCAGA

CCATGTGGGGCTC 
CTCGAGTCACAGATCTTTTT

TGCAGG 

NPNT TGGGGACAGTGCCAACCTT

TCT 

TGTGCTTACAGGGCCGAGG

CT 

NPNT  

(HindIII, XhoI) 

AAGCTTGCCACCATGGCTG

TGCTCCTAGCGGC 

CTCGAGGCAGCGACCTCTTT

TCAAGC 

DC-STAMP CTTGCAACCTAAGGGCAAA

G 

TCAACAGCTCTGTCGTGACC 

CTR CGGACTTTGACACAGCAGA

A 

CAGCAATCGACAAGGAGTG

A 

Acp5 (TRAcP) CAGCAGCCAAGGAGGACT

AC 

ACATAGCCCACACCGTTCTC 

ALP AACTGCTGGCCCTTGACCC

CT 

TCCTGCCTCCTTCCACCAGC

A 

ALP (qPCR) AACCCAGACACAAGCATTC

C 

GCCTTTGAGGTTTTTGGTCA 

Col1A1 (qPCR) CTGGCGGTTCAGGTCCAAT TCCAAACCACTGAAGCCTCG 

Bglap (OCN) GCGCTCTGTCTCTCGTGAC

CT 

ATAGATGCGTTTGTAGGCGG 

Bglap (OCN) 

(qPCR) 

GCGCTCTGTCTCTCTGACCT ACCTTATTGCCCTCCTGCTT 

18S ACCATAAACGATGCCGACT TGTCAATCCTGTCCGTGTC 

18S (qPCR) ACCATAAACGATGCCGACT TGTCAATCCTGTCCGTGTC 
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In addition, the following primers were used for qPCR of total RNA extracted from 

injured growth plate in rat (Refer to section 4.5.6.3): 

Primers Forward Sequence (5’ to 3’) Reverse Sequence (5’ to 3’) 

EGFL7  TGTGGGATGGCAGGGAGATA GGCACCAGTAACTTCCCACA 

NPNT AGAGACTAGCAAGGATAAGGTG AGGCCACACTCGTTTAAATCTTG 

OCN ATTGTGACGAGCTAGCGGAC TCGAGTCCTGGAGAGTAGCC 

VEGFA  ATCTTCAAGCCGTCCTGTGTG ATCTTCAAGCCGTCCTGTGTG 

CycA  GAGCTGTTTGCAGACAAAGTTC CCCTGGCACATGAATCCTGG 

 

To perform mouse tail genotyping PCR (refer to section 4.6.3), the following primers 

were used: 

EGFL6 

Primers 

Forward Sequence (5’ to 3’) Reverse Sequence (5’ to 3’) 

TG CATACTAGATCTAGTATGCAG

CCGCCCTGG 

AGGTCTAGACCTTCTACAGAT

AAAAAGTCA 

KO P1 GTGAGTCTGCATCAAACCTGC 

KO P2 CTCAAACCTTGCTGCTGATGC 

KO P3 GACCTGAAATGACCCTGTGC 

 

4.1.11 Other materials 

Description Supplier 

Avidin-biotin complex reagent Dako, Australia 

DNA Ladders- 100bp, 1kb Promega Corp, USA 

6x DNA Blue/Orange Loading Dye Promega Corp, USA 

Baxter ddH2O Baxter, Australia 

Carbon dioxide (CO2) gas, food grade BOC, Australia 

Carbon steel surgical blade sterile Swann Morton, UK 

Cell culture Flask- T25, T75 Nunc, Denmark 

Cell culture plates: 6-, 12-, 24-, 48-, and 96-

wells 

Nunc, Denmark 

Cell Scraper Sarstedt, Germany 

Cell Strainer BD Biosciences, USA 
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Centrifuge Tubes: 5, 15 and 50ml Sarstedt, Germany 

Cryogenic Vials (2ml) Simport, USA 

DePeX mounting media BDH Laboratory, UK 

Filter paper Whatmans, GE Healthcare, USA 

Hybond C Nitrocellulose Membrane Amersham Biosciences, USA 

Isolectin B4 (biotinylated) Vector Labs, UK 

Liquid DAB Plus Dako, Australia 

Liquid Nitrogen(N2) BOC, Australia 

Microcentrifuge tubes- 0.5, 1.5, and 2ml Sarstedt, Germany 

Needle 23Gx1.25 (0.65x32mm) BD Biosciences, USA 

Neubauer Haemocytometer Optik Labor, USA 

Optical Bottom Plate Polymer (black base) Nunc, Denmark 

Parafilm American National, USA 

PCR tubes- 0.2ml Sarstedt, Germany 

Petri dishes (90mm) Nunc, Denmark 

Pipette tips Sarstedt, Germany 

Precision Plus Protein Standard  Bio-Rad Laboratories, USA 

Protein Assay Dye Reagent concentrate Bio-Rad Laboratories, USA 

Serological Pipettes- 5, 10ml, 25ml Sarstedt, Germany 

SYBR safe DNA stain Invitrogen, Australia 

Transfer pipette- 1ml Sarstedt, Germany 

 

4.1.12 Softwares 

Description Supplier 

BioQuant® Osteo 2013 (version: 13.2.60 

ME) 

BIOQUANT® Image Analysis 

Corporation, USA 

CT analyser (version 1.13.11.0) Bruker, Belgium 

CTvol (version: 2.2.3.0) Bruker, Belgium 

Dataviewer (version: 1.5.0) Bruker, Belgium 

ImageJ (version: 1.47) National Institutes of Health, USA 

Microsoft Office 2007 Microsoft Corp, USA 

NIS-Elements Basic Research (version: 

3.22.14) 

Nikon, USA 
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NRecon (vVersion: 1.6.9.8)5.1.4 SkyscanBruker, Belgium 

ViiA 7 Real-Time PCR Software (version 

1.2.1) 

Thermo Fisher ScientificApplied 

Biosystems, USA 

 

4.1.13 Equipments 

Description Supplier 

A&D HT-500 balance A&D Corp, Korea 

Agarose Gel Comb Bio-Rad Laboratories, USA 

Beckman J-6B centrifuge Beckman Instruments, USA 

Binder 37C incubator (not for cell culture) VWR International, Australia 

Bio-Rad Gel Tray Bio-Rad Laboratories, USA 

Bio-Rad power pack HC for Western Blot Bio-Rad Laboratories, USA 

Bio-Rad Spectrophotometer Plus Bio-Rad Laboratories, USA 

Canon Camera Canon, Japan 

Class II biological safety cabinet Gelaire, Australia 

Clemco fume hood Oliphant Pty Ltd, Australia 

Clifton Cerasir (magnetic stirrer) Lomb Scientific, Australia 

Eppendorf Biophotometer Plus Eppendorf, Germany 

Eppendorf 5430R Centrifuge (including for 

4C centrifugation) 

Eppendorf, Germany 

Eppendorf 5810R Centrifuge (for cell 

culture) 

Eppendorf, Germany 

Eppendorf MiniSpin Plus Microcentrifuge  Eppendorf, Germany 

Eppendorf Pipettes: 0.2-2μl, 2-20μl, 20-

200μl, 200-1000μl, multichannel 

Eppendorf, Germany 

Eppendorf Thermocycler Eppendorf, Germany 

Forma Steri-cycle CO2 incubator Thermo Fisher Scientific, USA 

FujiFilm ImageQuant LAS-3000 FujiFilm, Japan 

FujiFilm ImageQuant LAS-4000 FujiFilm, Japan 

Gelman Biological Safety Cabinet Class II Gelman, Singapore 

Grant W14 water bath Selby Scientific and Medical, USA 

Invitrogen Safe Imager 2.0 Invitrogen, Australia 

LabServ Incubator Biolab, Australia 
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Liquid nitrogen bucket Nalgene, USA 

MaxQ4450 shaking incubator Thermo Fisher Scientific, USA 

MilliQ Advantage A10 Millipore, USA 

Mini-PROTEAN III Cell Electrophoresis Bio-Rad Laboratories, USA 

Mini Trans-Blot Electrophoretic Transfer 

Cell 

Bio-Rad Laboratories, USA 

Model 680 Microplate Reader Bio-Rad Laboratories, USA 

Mr. Frosty Freezing Container Thermo Fisher Scientific, USA 

Nikon Eclipse 50i (microscope) Nikon, Japan 

Nikon Eclipse Ti (microscope) Nikon, Japan 

PV-1 benchtop vortex Grant-bio Quantum Scientific, USA 

Ratek Orbital Mixer Incubator Ratek Instruments, Australia 

Ratek Rocking Platform Mixer Ratek Instruments, Australia 

Bruker 1072 microCT scanner Bruker, Belgium 

Bruker 1174 microCT scanner Bruker, Belgium 

Thermomixer Comfort Eppendorf, Germany 

Tomy MicroOne mini centrifuge Tomy Tech, USA 

TPS digital pH meter TPS, Australia 

UV Bench-Top Transilluminator UVP, USA 

 

4.1.14 Centrifugation 

Centrifugation of 0.2ml PCR tubes was performed at room temperature using Tomy 

MicroOne mini centrifuge. Centrifugation of other microcentrifuge tubes (0.5, 1.5, 2ml) 

was performed using Eppendorf MiniSpin Plus Microcentrifuge. Centrifugation at 4C 

was conducted using Eppendorf 5430R Centrifuge. All centrifugations were carried out 

according to the centrifugation instructions. 

 

4.2 BUFFERS AND SOLUTIONS 

All solutions were prepared using highly purified MilliQ ddH2O. The solutions were 

sterilized either by autoclaving or filter sterilization where applicable. All chemicals 

were weighed using A&D HT-500 balance. The adjustment of pH was carried out using 

TPS digital pH meter, calibrated with appropriate pH standards. 
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4.2.1 General solutions 

Solutions Composition and Preparation 

10% Ammonium persulphate 10% (w/v) ammonium persulphate 

dissolved in ddH2O. Wrapped in 

aluminium foil and stored at 4C. 

1% Alizarin Red 1% (w/v) Alizarin Red solution was made 

using ddH2O and pH was adjusted to 4.2. 

Ampicillin 100mg/ml stock. Dissolved in ddH2O and 

aliquoted to 1ml. Stored at -20C. 

Ascorbic acid 10mg/ml stock prepared in ddH2O, filter-

sterilised and stored at -20C in 0.5ml 

aliquots. Working concentration of 

50μg/ml (1/200 dilution). 

1% BSA-TBS 1% BSA (w/v) dissolved in 1x TBS. 

Stored at 4C. 

-Glycerophosphate 0.4M stock prepared in PBS, filter-

sterilised and stored at -20C in 5ml 

aliquots. Working concentration of 10mM 

(1/40 dilution). 

Dexamethasone 100μM stock prepared in ethanol, and 

stored at -20C in 200μl aliquots. Working 

concentration of 10nM (1/10000 dilution). 

dNTPs 100mM stock solution for each dNTP 

(dCTP, dATP, dTTP, dGTP). 25% (v/v) 

of each constituent was mixed together to 

yield a 25mM combined stock of dNTPs, 

which was then diluted to 5mM with 

ddH2O and stored as 200μl aliquots at 

20C. 

14% EDTA pH7.4 14% (w/v) EDTA dissolved in ddH2O, 

adjusted to pH 7.4 with NaOH. 

Autoclaved and stored at room 

temperature. 
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Eosin (containing phloxine) Stock solution: 1% (w/v) of eosin Y 

dissolved in ddH2O. Phloxine stock 

solution: 1% (w/v) phloxine B dissolved 

in ddH2O. Working stock staining (per 

litre) composed of 100ml of Eosin stock 

solution, 10ml of phloxine stock solution, 

780ml 95% ethanol and 4ml glacial acetic 

acid. 

Haematoxylin (Gill’s) 250ml of ethylene glycol dissolved in 

750ml of ddH2O, with 6g of 

haematoxylin, 0.6g of sodium iodate, 80g 

of aluminium sulphate and 20ml of glacial 

acetic acid added to the mixture and 

stirred for an hour at room temperature. 1 

in 5 of stock solution used as working 

concentration. Filtered and stored at room 

temperature. 

IPTG Prepared at a concentration of 100mM, 

filtered, and stored in 1ml aliquots at -

20C. 

10% Neutral Buffered Formalin (NBF) 33mM NaH2PO4 (4g), 45mM Na2HPO4 

(6.5g) dissolved in 900ml of ddH2O and 

100ml of formaldehyde (10% v/v) to 

make up a total of 1L stock. Autoclaved 

and stored at room temperature. 

4% Paraformaldehyde (PFA) 4% (w/v) in 1x PBS. Stored as 10ml 

aliquots at -20C. 

1 X PBS (pH 7.4) 100ml stock solution mixed with 900ml of 

ddH2O to give 1x concentration, filter 

sterilised and stored at room temperature. 

10 X  PBS 10x stock solution was prepared from: 80g 

NaCl, 2g KCl, 14.4g Na2HPO4 and 2.4g 

KH2PO4 in 800ml ddH2O, adjusted to 1L. 

Stored at room temperature.  
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PMSF 17.6mg/ml stock was prepared in 

isopropanol. Stored as 1ml aliquots at -

20C. 

RIPA Buffer A mixture of 50mM Tris-HCl pH 7.5 

(25ml), 150mM NaCl (15ml), 1% Nonidet 

P (NP)-40 (5ml), 0.5% sodium 

deoxycholate (2.5g), 0.1% SDS (0.5g), 

adjusted to 500ml with ddH2O. 

Autoclaved and stored at 4C. 

 

During cell lysis, lysis buffer is further 

added with the following as final 

concentrations: 100µg/ml of PMSF, 1x 

cocktail protease inhibitor, 1mM Sodium 

orthovanadate, and 500µg/ml of DNaseI. 

10% SDS 10% (w/v) SDS dissolved in ddH2O. 

Stored at room temperature. 

4 X SDS-PAGE Loading Buffer 4x stock solution composed of: 240mM 

Tris-HCl (2.4ml), pH adjusted to 6.8, 8% 

(w/v) SDS (0.8g), 40% glycerol (4ml), 

0.04% bromophenol blue (4mg), and 5% 

-mercaptoethanol (0.5ml), adjusted to 

10ml with ddH2O. Stored at 4C. 

10 X SDS-PAGE Running Buffer 10x stock solution consisted of: 25mM 

Trizma base (30.28g), 1.92M Glycine 

(144.13g), and 1% (v/v) of 10% SDS 

(100ml). Adjusted to 1L with ddH2O. 

Stored at room temperature. 

SDS-PAGE Separating Gel Buffer Consisted of: 1.5M Trizma base, 0.4% 

SDS, prepared in ddH2O with pH adjusted 

to 8.8 prior to the addition of SDS. Stored 

at room temperature. 

SDS-PAGE Stacking Gel Buffer Consisted of: 1M Trizma base, 0.4% SDS, 

prepared in ddH2O with pH adjusted to 
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6.8 prior to the addition of SDS. Stored at 

room temperature. 

Sodium Citrate Buffer (for antigen 

retrieval) 

Prepared by dissolving 5.88g of tri-

sodium-citrate (dihydrate) in 2L of 

ddH2O, with pH adjusted to 6.0. 1ml of 

Tween-20 was added after pH adjustment. 

Made up fresh and stored at room 

temperature prior to use. 

Tail Buffer 50ml of tail buffer consisted of: 5ml of 

10% SDS, 0.5ml of 1M Tris-HCl 

(pH=7.5), 5ml of 0.5M EDTA (pH=8.0), 

1.5ml of 5M NaCl, and topped up to 50ml 

with ddH2O. Stored at room temperature. 

50 X Tris-acetate EDTA (TAE) 50x stock solution made of 2M Trizma 

base (242g), 5.71% (v/v) glacial acetic 

acid (57.1ml) and 0.5M EDTA (100ml), 

adjusted to 1L with ddH2O. Stored at 

room temperature. 

 

1x TAE was prepared from 1/50 dilution 

of the 50x stock solution. 

10 X Tris-buffered saline (TBS) 10x stock solution consisted of: 0.5M 

Trizma base (60.57g), 1.5M NaCl 

(87.66g) dissolved in ddH2O, and pH 

adjusted to 7.4 with concentrated HCl and 

volume adjusted to 1L. Stored at room 

temperature. 

 

1x TBS was prepared from 1/10 dilution 

of the 10x stock solution. 

Tris-HCl buffers 1M Tris stock solutions were prepared at 

various pHs between 7.3 and 8.0. 

Adjustment of the pH to the desired value 

was achieved by adding appropriate 

amounts of concentrated HCl. Autoclaved 
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and stored either at room temperature or 

4C. 

1 X TBS/Tween 1x TBS with addition of 0.1% (v/v) 

Tween-20. Stored at room temperature. 

1X TBS/Triton X-100 0.025% (v/v) solution was made and 

stored at room temperature. 

TRAcP Stain Solution A Stain solution composed of: 100mM 

sodium acetate trihydrate (6.8g), 50mM 

sodium tartrate dihydrate (5.8g), 0.22% 

glacial acetic acid (1.1ml), pH adjusted to 

5 and volume adjusted to 500ml with 

ddH2O. 

TRAcP Stain (Complete) 5mg of Naphthol AS-MX phosphate, 

250µl of EGME and 30mg of Fast Red-

Violet-LB salt dissolved in 50ml of 

TRAcP stain solution A. Stored as 10ml 

aliquots at -20C. Filtered before use. 

Triton X-100/PBS 0.1% stock solution made by dissolving 

50µl of 100% Triton X-100in 50ml PBS. 

Filter-sterilised and stored at room 

temperature. 

Western Blot Stripping Buffer Consisted of 62.5mM Tris-HCl (3.79g), 

2% SDS (10g), pH adjusted to 6.7, and 

then 100mM -mercaptoethanol (3.5ml) 

was then added. Volume adjusted to 

500ml with ddH2O. Autoclaved and stored 

at room temperature. 

Western Blot Transfer Buffer Consisted of 25mM Trizma base (6.06g), 

192mM glycine (28.8g), and 10% 

methanol (200ml). Volume adjusted to 2L 

with ddH2O and stored at room 

temperature. 

X-Gal 50mg/ml stock solution prepared by 

dissolving X-Gal powder in N,N-
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dimethylformamide. Wrapped in 

aluminium foil to prevent damage by 

light. Stored at -20C. 

Zinc-Macrodex formalin fixative  Solution composed of 0.1M Tris acetate 

(pH 4.5), 0.5% ZnCl2, 0.5% zinc-acetate, 

5% dextran and 10% formalin. Solution 

stored at room temperature. 

 

4.2.2 Media and agar 

Media and agar Composition and preparation 

Luria Bertoni (LB) Broth Composed of 10g/L Bacto-Tryptone, 5g/L 

yeast extract, and 5g/L NaCl dissolved in 

ddH2O. Autoclaved and stored at room 

temperature 

LB/Ampicillin (Amp) Stock LB was supplemented with 

100μg/ml Ampicillin. Ampicillin was 

added into the LB following autoclaving 

and when the temperature drop below 

70C. 

LB/Amp Agar Plates Stock LB was mixed with agar at 15g/L 

and autoclaved. Ampicillin was added into 

the LB following autoclaving and when 

the temperature drop below 70C, and 

poured into petri dishes and solidify. 

Stored at 4C until use. 

LB/Amp/IPTG/X-gal Agar Plates IPTG (0.012%) and X-gal (40μg/ml) were 

spread onto LB/Amp plates and allowed 

to dry prior to use. 
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4.3 CELL CULTURE 

4.3.1 Cell lines 

MC3T3-E1 cells were routinely cultured and maintained in T-75 culture flasks in alpha-

modified MEM (α-MEM) supplemented with 10% heat inactivated FBS (Gibco), 1% 

Glutamax Supplement (Gibco), 100U/ml penicillin and 100μg/ml streptomycin 

(Gibco) (Complete Media) in a humidified CO2 incubator   with 5% CO2 and 95% air at 

37C. COS-7 cells and SVEC cells were cultured in Dulbecco’s-Modification of 

Eagle’s Medium (D-MEM), with the addition of supplements as above. Culture medium 

was replenished every two to three days with fresh complete medium. Upon reaching 

confluence, cells were passaged as follows: Media was aspirated from the flask, the cell 

monolayer washed with 1x PBS and incubated with 1-2 ml of TrypLE™ Express 

(Gibco) at 37C for 5 mins. Following cell dissociation, non-adherent cells were 

harvested and centrifuged at 1500rpm/448 x g for 5 mins at room temperature to pellet 

the cells. Subsequently, supernatant was removed and the cell pellet was then 

resuspended in fresh complete media. An appropriate amount of cells were then 

returned to a new flask containing fresh culture medium, with the rest being used for 

experimentation or cryopreservation (section 4.3.2). 

 

4.3.2 Cryopreservation of cell lines 

For long term storage, cryopreservation of cell lines was performed. The cells (in media 

suspension) were centrifuged at 1500rpm/448 x g for 5 mins at room temperature. 

Supernatant was then removed and the cells were resuspended in 92% FBS and 8% 

DMSO and aliquoted into 1ml per sterile cryovial. Cryovials were then stored at -80C 

in ethanol/isopropanol-equilibrated Mr. Frosty freezing container before being 

transferred to liquid nitrogen tank for long term storage. 

 

4.3.3 Isolation and culture of mouse bone marrow cells for osteoclastogenesis 

Primary mouse bone marrow macrophages (BMM) were isolated from the marrow 

cavity of femora and tibia of C57BL/6J mice. First, the long bones were dissected out 

from the mice on a sterile bench and placed in a 5ml tube containing complete α-MEM. 

Following dissection, the BMMs were isolated by flushing the bone marrow cavity with 
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complete α-MEM using a 23G needle. Cells were then filtered through a 100μm cell 

strainer on top of a 50ml tube. The cell suspension was then centrifuged at 1500rpm/448 

x g for 5 mins to pellet the cells, followed by resuspension in complete α-MEM, 

supplemented with 10ng/ml M-CSF and cultured in a T75 flask. Upon reaching 

confluence, the cells were trypsinised with 1x trypsin for 15-20 mins in a 37C, 5% CO2 

incubator. Cells were then scraped with a cell scraper and collected, followed by 

centrifugation (1500rpm/448 x g, 5 mins) and resuspension in fresh complete α-MEM 

with M-CSF. Finally, the cells were seeded onto cell culture plates at required cell 

densities: 5x104 cells/well in a 6-well plate for RNA extraction (section 4.4.1), or 4x103 

cells/well in a 96-well plate for TRAcP staining (section 4.3.6). Following cell 

attachment to the bottom of the well, the cells were stimulated with 100ng/ml RANKL. 

Culture medium was fully changed every two days until osteoclasts were formed. 

 

4.3.4 Isolation and culture of mouse primary calvarial osteoblasts 

Primary calvarial osteoblasts were isolated from the calvariae of embryonic or neonatal 

C57BL/6J mice. Following the removal of skin and dura mater, calvariae were washed 

with serum-free α-MEM and subjected to four sequential, 15 mins digestions in an 

enzyme mixture containing 0.05% trypsin and 1.5U/ml collagenase at 37C with 

shaking. All fluids containing released cells were collected and enzyme activity was 

inhibited with the addition of FBS. Cells were centrifuged and the pellets resuspended 

in complete α-MEM. Cells were maintained in T25 or T75 culture flasks for 

experimentation. Cells were passaged no more than 4 times to ensure the retainment of 

osteoblast phenotype. 

 

4.3.5 Differentiation of mouse primary calvarial osteoblasts and MC3T3-E1 cells 

The calvarial osteoblasts were plated at a density of 1x105 cells/well in a 6-well plate 

for RNA extraction (section 4.4.1) or 2x104 cells/well in a 24-well plate for alizarin red 

staining (section 4.3.7). Upon reaching confluence, cell medium was replaced with 

differentiation medium containing 10nM dexamethasone, 10mM -glycerophosphate 

and 50µg/ml ascorbic acid. For MC3T3-E1 osteoblastic cells, differentiation medium 

without dexamethasone was used. Full medium change was performed every 3-4 days 

for 3 weeks. 
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4.3.6 In vitro osteoclast TRAcP staining  

For osteoclastogenesis, mouse BMMs were isolated and cultured in complete α-MEM 

supplemented with M-CSF and RANKL in 96-well plates as previously described in 

section 4.3.3. Following osteoclast formation at 5-7 days, culture medium was discarded 

and the cells were washed with 1xPBS, followed by fixation in 4% PFA for 20 mins at 

room temperature. The fixed cells were then washed with 1xPBS, followed by TRAcP 

staining at 37C for 30 mins to induce TRAcP activity. When TRAcP stain colour was 

fully developed, the stain solution was discarded and the stained cells were washed in 

1xPBS twice. Magnified osteoclast images (stained purple) were captured using Nikon 

Eclipse Ti microscope. 

 

4.3.7 In vitro osteoblast bone nodule formation staining 

For osteoblast bone nodule formation, mouse primary calvarial osteoblasts were isolated 

and cultured in differentiation medium as described previously (section 4.3.4 and 4.3.5), 

for 3 weeks. The medium was then discarded and the cells were washed with 1xPBS, 

followed by fixation in 2.5% glutaraldehyde for 10 mins at room temperature. After 

fixation, the cells were washed twice with 1xPBS, followed by three times 70% ethanol 

and left to dry at room temperature. Alizarin Red (1%) staining was then carried out for 

5 mins, followed by three washes with 50% ethanol. The plates were then allowed to 

dry at room temperature. Magnified bone mineralisation images (calcium deposition 

stained red) were captured using Nikon Eclipse Ti microscope. 

 

4.4 GENERAL METHODS 

4.4.1 RNA extraction 

General aseptic techniques were employed when carrying out RNA extraction. All 

implements (e.g. micropipette tips, microcentrifuge tubes) were sterilised by 

autoclaving prior to use. Buffers involved in RNA extraction were prepared and 

maintained in a fume hood. 
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4.4.1.1 RNA extraction for monolayer cells cultured in vitro 

RNA extraction was carried out using Trizol RNA isolation protocol. Culture medium 

was removed from cells grown in monolayer (e.g. osteoblasts and osteoclasts). Cells 

were washed once with 1xPBS and then lysed with 1ml of trizol reagent. Sample 

suspension containing lysed cells were pipetted up and down to completely homogenise 

the sample. Homogenised sample was then transferred to a 1.5ml tube, followed by 

centrifugation at 12000 x g, 4C for 10 mins to pellet cell debris. The supernatant was 

then transferred to a new 1.5ml tube, and mixed with 0.2ml of chloroform. The sample 

was vigorously mixed by shaking, followed by incubation at room temperature for 2-3 

mins. Centrifugation (12000 x g, 4C) was then performed for 15 mins to separate the 

sample into aqueous phase, interphase and organic phase. The aqueous phase (which 

contained RNA) was transferred to a new 1.5ml tube and precipitated by the addition of 

0.5ml isopropanol. The sample was incubated at room temperature for 10 mins and 

centrifuged (12000 x g, 4C) for 10 mins to pellet RNA. The supernatant was then 

discarded, leaving RNA pellet at the bottom of the tube. RNA pellet was washed with 

1ml of 75% ethanol and centrifuged at 7500 x g, 4C for 5 mins. Supernatant was 

discarded and the washing procedure was repeated again. Finally, the RNA pellet was 

air-dried for 10 mins in sterile fume hood, followed by resuspension in 30μl of RNase-

free water and incubated in heat block at 55C for 10 mins. RNA samples were then 

stored at -80C until required for reverse transcription (RT) reactions. 

 

4.4.1.2 RNA extraction for tissues or organs 

To isolate and extract RNA from tissues/organs, a C57BL/6J mouse was sacrificed and 

various organs (e.g. kidney, heart, lung, liver, spleen) were collected and placed in an 

individual sterile mortar. The extracted organ was snap frozen in liquid nitrogen and 

crushed by grinding with a pestle until the frozen organ turned into powder-form. Next, 

1ml of trizol reagent was added to obtain a homogenous trizol mixture. Finally, the 

sample was processed in the same way as described previously (section 4.4.1.1) to 

obtain RNA.  
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4.4.1.3 RNA concentration measurement 

RNA concentration was measured using Eppendorf Biophotometer Plus before RT 

reaction. RNA samples were taken out from -80C storage and thawed on ice. RNA 

samples (1μl each) were measured in concentration unit of ng/μl. After measurement, 

RT reactions were commenced (section 4.4.2.1). 

 

4.4.2 Reverse Transcription-Polymerase Chain Reaction (RT-PCR) 

4.4.2.1 RT reactions 

RT reaction was performed using Promega enzymes. Each RNA concentration was 

standardised to 1μg in 2μl with nuclease-free water. For the first reaction, 2μl of dNTP 

mix (5mM), 0.25μl of OligoDT first strand primer (100μM), 10.75μl of nuclease-free 

water and 2μl of RNA sample (1μg) for a total reaction volume of 15μl. The samples 

were mixed well, followed by short centrifugation with Tomy MicroOne centrifuge and 

then heated in Eppendorf thermocycler at 75C for 3 mins to disrupt the formation of 

secondary structures. Subsequently, the reaction mixtures were returned to ice to 

promote primer annealing, followed by the addition of 4μl of 5xRT buffer (Promega 

Corp), 0.5μl of RNase inhibitor (Promega Corp) and 0.5μl of M-MuLV RT (Promega 

Corp) to each reaction tube to yield a final reaction volume of 20μl. The samples were 

centrifuged briefly for 5 secs, and placed in Eppendorf thermocycler for 1 hr incubation 

at 42C. Finally, the samples were heated at 92C for 10 mins to inactivate the RT. All 

cDNAs were stored at -20C. 

 

4.4.2.2 Polymerase Chain Reaction (PCR) amplification 

Briefly, each PCR reaction tube contained 7μl of 2x GoTaq green reaction mix, 0.5μl of 

each 20μM primer (forward and reverse), 5μl of nuclease-free water, and 1μl of each 

cDNA sample to yield a final reaction volume of 14μl. The standard PCR cycling 

profiles comprises of an initial denaturation at 94C for 5 mins, 94C for 40 secs, an 

annealing temperature (varied with each primer), and extension at 72C for 40 secs for 

30 cycles. The reactions were subjected to final extension step at 72C for 7 mins. 
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4.4.2.3 Quantitative PCR (qPCR) 

For qPCR, 10μl reaction consists of: 5μl of 2x SYBR green reaction mix (Promega 

Corp), 0.2μl of a mixture of 20μM forward and reverse primers (for each gene), 1μl of 1 

in 5 diluted cDNA, and 3.8μl of nuclease-free water. The standard PCR cycling profiles 

(section 4.4.2.2) applies to qPCR reactions. Each gene at one time point had triplicate 

wells to obtain average Ct value. Ct values of test genes were normalised against the 

house keeping gene to get Ct. The fold induction of each gene was calculated using 

the Livak relative gene quantification method (shown in the equation below), where the 

Ct of the test gene at each time point was normalised to the Ct of the test gene at day 

0 (during the differentiation of primary calvariae osteoblast).  

=2-(Ct-Ct(Day 0)) 

=2-Ct 

 

4.4.2.4 DNA agarose gel electrophoresis 

Agarose gel (1.5%) was used for PCR product gel electrophoresis. Briefly, 1.5g of 

agarose powder (Promega Corp) was melted in 100ml 1xTAE buffer using a microwave 

oven. Molten agarose gel solution was allowed to cool in room temperature for 3 mins, 

followed by the addition of 5μl of SYBR safe DNA stain and mixed well. The molten 

agarose gel solution was then poured into the Bio-Rad mini- or wide-sub cell apparatus 

and then allowed to solidify at room temperature for 30 mins. DNA samples and 4μl of 

100bp/1kb DNA ladder were loaded into the wells. DNA fragments were separated by 

electrophoresis in 1x TAE buffer at 100V for 20-30 mins. Separated DNA samples were 

visualised using FujiFilm LAS-4000.  

 

4.4.3 Cloning method 

4.4.3.1 DNA extraction and purification from agarose gels 

DNA fragment (after amplification by PCR) was extracted from agarose gels using 

QIAEX II Gel purification kit (Qiagen). The DNA was excised from the gel using a 

sterile surgical blade and transferred to a clean 1.5ml microcentrifuge tube. DNA 

purification was performed according to the manufacturer’s instructions. DNA elution 
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was performed using sterile ddH2O and used immediately for plasmid cloning or stored 

at -20C. 

 

4.4.3.2 pGEM-T Easy cloning reactions 

Purified DNA fragment was ligated into pGEM-T Easy vector (Promega Corp) (Figure 

4.1) according to the following reaction mix in a 1.5ml microcentrifuge tube: 

PCR product 5μl 

T4 Ligase 1μl 

10x Ligase Buffer 1μl 

pGEM-T Easy Vector 1μl 

Autoclaved ddH2O 2μl 

Final volume 10μl 

 

The ligation mixture was mixed gently, followed by incubation at 14C waterbath in 

4C cold room overnight. Following ligation, the DNA was transformed into DH5α 

competent cells. 
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A 

 

B 

 

Figure 4.1 pGEM-T Easy cloning vector. (A) Multiple cloning sequence of pGEM-T 

Easy Cloning in multiple cloning region. Position of T7 and SP6 promoters were 

shown. (B) Vector map and sequence reference points. 
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4.4.3.3 Transformation and plating of competent cells 

DH5α competent cells (100μl aliquot) were thawed on ice, followed by the addition of 

10μl of ligation mixture (section 4.4.3.2) to the cells. Sample was mixed gently and 

incubated on ice for 30 mins, followed by heat shock at 42C for 90 secs and 

immediately cooled on ice for 2 mins. One ml of LB broth was added to the cells and 

incubated at 37C at 225rpm in an orbital mixer/incubator (RATEK) for an hour.  Cells 

were then pelleted by centrifugation at 13400 x g at room temperature for 1 min and 

resuspended in 100µl of fresh LB medium. LB/Amp/IPTG/Xgal plates were spread with 

50-100µl of transformed cells, dried and incubated overnight at 37C. 

 

4.4.3.4 Bacterial culture and maintenance 

Single white colonies were picked from the plates with sterile yellow tips and 

inoculated into 4ml LB medium containing a final concentration of 100µg/ml 

Ampicillin. Cultures were incubated at 37C overnight for 16-20 hrs in an orbital 

shaker/incubator (RATEK) and 225rpm. The next day, plasmid extraction (section 

4.4.3.5) was performed. For long term storage, an aliquot of the bacterial cells (~1ml) 

were resuspended in LB medium supplemented with 15% glycerol and aliquoted into 

sterile 1.5ml microcentrifuge tubes and stored at -80C. Culture plates were stored at 

4C for up to 2 months. 

 

4.4.3.5 Isolation and purification of plasmid DNA 

Small-scale (miniprep) isolation and purification of plasmid DNA was performed using 

the QIAprep spin miniprep (Qiagen). Overnight LB/Amp bacterial cultures (~3ml) 

(section 4.4.3.4) were pelleted for 5 mins at 12000rpm in room temperature, and 

collected into 2ml tubes. Plasmid DNA was extracted according to the manufacturer’s 

protocol. Miniprep purified plasmid DNA was eluted from the mini column using 100µl 

of nuclease-free H2O and stored at -20C until further use.  

 

For medium-scale (midiprep) preparation of plasmid DNA, 50-100µl of a small-scale 

overnight culture of transformed bacteria (section 4.4.3.4)  was further inoculated into 
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100ml of fresh LB media (100µg/ml Ampicillin) and further incubated at 37C 

overnight for 16-20 hrs in an orbital shaker/incubator (RATEK) and 225rpm. Following 

incubation, 100ml of culture was transferred to 50ml centrifuge tubes and pelleted by 

centrifugation at 12000 x g for 10 mins at 4C. Extraction of plasmid DNA was 

performed using Qiagen Plasmid plus midi kit, in accordance with the manufacturer’s 

instructions. Midiprep purified plasmid DNA was eluted with 300µl of nuclease-free 

H2O and stored at -20C until further use. 

 

Both miniprep and midiprep purified plasmids were subjected to restriction enzyme 

digestions to confirm the correct DNA inserts (section 4.4.3.6). For long term storage of 

bacterial cultures, glycerol-bacteria mixtures were prepared (section 4.4.3.4) and stored 

at -80C. 

 

4.4.3.6 Restriction enzyme digestion of DNA 

Restriction enzymes cleave double-stranded DNA at the restriction site to release the 

DNA from plasmid. This method can be used for an intermediate step to release DNA 

insert for the subsequent ligation reactions with other vectors, for DNA sequence 

analysis, or for confirmation that the DNA insert is correct. To carry out a small 

digestion reaction to check the correct DNA insert, 3µl of purified plasmid DNA was 

mixed in a reaction in 1.5ml microcentrifuge tube containing: 

Plasmid DNA                                    3μl 

Restriction enzyme A   0.2μl 

Restriction enzyme B 0.2μl 

10x restriction enzyme buffer      1μl 

Autoclaved ddH2O             5.6μl 

Final volume  10μl 

 

To release DNA insert from plasmid and subsequent re-ligation with other vectors (such 

as pcDNA3.1A-c-myc/His), a large digestion reaction mix was prepared: 

Plasmid DNA                                 10μl 



77 
 

Restriction enzyme A     1μl 

Restriction enzyme B   1μl 

10x restriction enzyme buffer     3μl 

Autoclaved ddH2O             15μl 

Final volume 30μl 

 

To linearise pcDNA3.1A-c-myc/His plasmid, the following digestion reaction mix was 

prepared: 

pcDNA3.1A-c-myc/His                                   1μl 

Restriction enzyme A     1μl 

Restriction enzyme B   1μl 

10x restriction enzyme buffer     3μl 

Autoclaved ddH2O             24μl 

Final volume 30μl 

 

Restriction digestion was performed for 3 hours (small digestion) or overnight (large 

digestion) at 37C, followed by agarose gel electrophoresis to separate the DNA insert 

(corresponding to the predicted size) from the plasmid DNA. 

 

4.4.3.7 Cloning strategy and ligation of plasmid DNA to pcDNA3.1A expression vector 

DNA insert was excised from the plasmid via restriction enzyme digestion (section 

4.4.3.6) and ligated into linearised mammalian expression vector, pcDNA3.1A-c-

myc/His in the following reactions: 

DNA insert 6μl 

T4 Ligase 1μl 

10x Ligase Buffer 1μl 

pcDNA3.1A-c-myc/His 2μl 

Final volume 10μl 

 

Expression construct was transformed into DH5α competent cells and plated, followed 

by colony picking and culture as previously described. Subsequently, the process of 
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miniprep and midiprep plasmid extractions was performed as previously described to 

obtain purified expression construct in preparation for transfection into COS-7 cells. 

 

4.4.4 Protein isolation and quantitation 

4.4.4.1 Protein extraction from cultured cells and organs 

For protein extraction from culture cells, cell medium was aspirated and transferred into 

1.5ml microcentrifuge tubes, and cell monolayers were lysed directly in 6-well plates 

(250µl) or 12-well plates (200µl) using RIPA lysis buffer, followed by 20 mins 

incubation on ice. The cells were scrapped off the bottom of the plate using a pipette tip 

and the cell lysate suspension were transferred into 1.5ml microcentrifuge tubes. 

Centrifugation was performed at 12000 x g at 4C to pellet cellular debris. Both the 

cleared cell lysates (in lysis buffer) and cell medium (not in lysis buffer) were then 

transferred to fresh 1.5ml microcentrifuge tubes and stored at -80C until further use. 

For protein extraction from organs, mice were dissected and organs were snap frozen in 

liquid nitrogen. Frozen organ samples were grounded using a mortar and pestle. 

Proteins were then extracted using RIPA lysis buffer in the same way and stored at -

80C until further use. 

 

4.4.4.2 Quantitation of protein concentration 

Protein concentrations were determined using the Bio-Rad Protein Assay. The Bio-Rad 

protein dye reagent was diluted 1 in 5 using ddH2O, while protein samples were diluted 

1 in 10 using 1xPBS. Dye reagent was pipette into a 96-well plate, with each well 

containing 200µl. This was followed by the addition of 10µl BSA/PBS protein 

standards (with various concentrations of 0, 0.05, 0.1 to 0.5mg/ml in increments of 

0.1mg/ml) and 10µl of protein samples, all in duplicates. The samples were mixed 

gently, followed by incubation at room temperature for 5 mins to allow development of 

colour. The absorbance was read at 595nm wavelength using the Model 680 Microplate 

Reader (Bio-Rad). 
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4.4.5 Western Blot (WB) SDS-PAGE system 

Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) is a common 

method for separating proteins based on their size. SDS is an anionic detergent which 

consists of a highly charged sulfate group and a hydrophobic dodecyl end. It linearises 

the proteins and imparts negative charges to the linearised protein structures, causing 

them to be strongly attracted towards an anode (positively charged electrode) in an 

electric field. A reducing agent, -Mercaptoethanol, was added to protein samples to 

reduce disulfide bonds within or between molecules, and thereby denatures the proteins. 

During SDS-PAGE, polyacrylamide gels would restrain larger molecules from 

migrating at the same speed as smaller molecules, resulting in the separation of proteins 

based on their sizes. Therefore, by running protein molecular marker in parallel with 

protein samples, relative molecular weight of these proteins can be estimated. 

 

4.4.5.1 Preparation of the SDS-PAGE system 

Electrophoresis of the SDS-PAGE system was performed using Mini-Protean III Cell 

Electrophoresis System (Bio-Rad) casting apparatus. The 10% and 12.5% separating 

gels were prepared as follows: 

Separating Gel components 10% 12.5% 

MilliQ ddH2O 2.97ml 2.345ml 

1.5M Tris-HCl, pH 8.8 1.875ml 1.875ml 

10% SDS 75µl 75µl 

30% Acrylamide/Bis 2.5ml 3.125ml 

10% Ammonium persulfate (APS) 75µl 75µl 

TEMED 6µl 6µl 

Total Volume 7.5ml 7.5ml 

 

The separating gel final mixture was carefully poured into a pre-assembled glass plate 

sandwich to about 1cm below the level of the gel comb. The surface of the gel was 

overlaid with 20% ethanol to remove any bubbles and to avoid oxidation of the gel. The 

gel was allowed to polymerise at room temperature for 20-30 mins. Once the gel was 

polymerised, a 5% stacking gel was then prepared as follows: 
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Stacking gel components Volume 

MilliQ ddH2O 2.062ml 

1M Tris-HCl, pH 6.8 375µl 

10% SDS 30µl 

30% Acrylamide/Bis 500µl 

10% Ammonium persulfate (APS) 30µl 

TEMED 3µl 

Total Volume 3ml 

 

The 20% ethanol was removed from the cast and the remaining gel space (above the 

separating gel) was filled with 5% stacking gel. A 10 or 15-well comb was carefully 

inserted into the stacking gel mixture and the gel was allowed to polymerise at room 

temperature for 15-30 mins. Following stacking gel polymerisation, the comb was 

carefully removed and the wells were rinsed with milliQ ddH2O to remove 

unpolymerised acrylamide residues. The glass-gel sandwich was transferred into the 

SDS-PAGE tank system and filled with 1x SDS-PAGE running buffer. Protein samples 

were prepared by adding 4x SDS-PAGE loading dye (containing 5% -mercaptoethanol 

to break down disulfide bonds) and boiled at 99C using Eppendorf Thermomixer 

comfort for 5 mins to denature the proteins. Each protein sample was briefly centrifuged 

before being loaded into the wells. A 10µl volume of Precision Plus protein standard 

(Bio-Rad) was also loaded and run in parallel with the protein samples for molecular 

weight analysis. Electrophoresis was performed at 100V for 2 hrs.  

 

4.4.5.2 Protein transfer to nitrocellulose membrane 

The Mini Trans-Blot Electrophoretic Transfer Cell (Bio-Rad) apparatus was assembled 

according to the manufacturer’s instructions. Briefly, for the transfer of one gel, two 

scotch pads and six Whatman 3MM papers were pre-soaked in WB transfer buffer. 

Nitrocellulose membranes were soaked in WB transfer buffer for 10 mins. Following 

electrophoresis, the glass-gel sandwich was removed from the tank. One soaked scotch 

pad was placed onto the clear side of the gel holder cassette, which was then overlaid by 

3 pieces of the soaked Whatman papers and a nitrocellulose membrane. The gel was 

released from the sandwich and the stacking gel was carefully discarded from the 

separating gel. The separating gel was then carefully placed on top of the nitrocellulose 
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membrane, followed by another 3 pieces of soaked Whatman papers and the second 

scotch pad. All air bubbles between the gel and the membrane were removed by rolling 

with an empty 50ml tube before the gel cassette was closed. Closed gel cassette was 

then placed in the WB transfer tank filled with WB transfer buffer and an ice block, 

with the gel facing the black terminal (cathode) and the membrane facing the red 

terminal (anode). Proteins were transferred at a constant current of 0.03A overnight. 

 

4.4.5.3 Western blot reaction 

Following transfer of proteins to nitrocellulose membranes, the transfer apparatus was 

disassembled and the membrane was carefully released from the gel. Membrane was 

rinsed briefly in 1x TBS-Tween (TBST) to remove gel residues, followed by blocking 

in 5% skim milk in TBST (1 hour, room temperature) on the RATEK rocking platform 

mixer to reduce non-specific antibody binding. After blocking, the membrane was 

washed once with TBST (5 mins, room temperature), followed by overnight incubation 

of primary antibody (refer to antibody list on section 4.1.7) in 1% skim milk/TBST at 

4C with mixing. The next day, membrane was washed 3 times with TBST for 5 

mins/wash at room temperature, followed by 1 hour incubation with secondary 

peroxidase-conjugated antibody (refer to antibody list on section 4.1.7) at a dilution of 

1:5000 in 1% skim milk/TBST on the RATEK rocking platform mixer. After 

incubation, secondary antibody was removed and the membrane was washed twice with 

TBST for 5 mins/wash, followed by 2 washes with 1xTBS each for 5 mins. The 

detection of proteins by immune-reaction was achieved using Western Lightning Ultra 

Extra Sensitivity (Perkin Elmer) kit. Solution A and B from (from the detection system) 

were pre-warmed at room temperature and combined in a 1.5ml microcentrifuge tube at 

1:1 ratio. The detection reagent mixture was then incubated with the membrane in the 

dark for 1 min at room temperature. Finally, the excess detection reagent was removed 

from the membrane, and chemiluminescence detection was performed using FujiFilm 

LAS-4000. 
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4.4.5.4 Stripping used WB membranes 

Briefly, the stripping buffer was pre-warmed to 55C. The used membranes were 

washed once with TBST for 5 mins. Wash solution was discarded and the stripping 

buffer was then added to the membranes, followed by incubation at 55C with gentle 

shaking for 20-30 mins. The membranes were then washed twice with TBST for 5 

min/wash, before being blocked with 5% skim milk in TBST and reprobed using the 

WB reaction (section 4.4.5.3). 

 

4.5 EXPERIMENTAL METHODS 

4.5.1 DNA micro-array analysis 

DNA micro-array employs a collection of spotted cDNA representing specific genes on 

a solid surface for the purpose of expression profiling, monitoring expression levels for 

the thousands of genes simultaneously, or for comparative genome hybridisation. In this 

study, BMM cells were treated with 100ng/ml RANKL for 5 days, while MC3T3-E1 

cells were cultured in differentiation medium for 7 days, followed by the isolation of 

mRNAs and subsequent generation of cDNAs as described in sections 4.4.1 and 4.4.2. 

The expression of the genes of interest during in vitro osteoclast and osteoblast 

differentiation was detected by cDNA microarray according to the manufacturer’s 

instructions (Research Genetics). Microarray analysis was performed by Dr Ee Cheng 

Khor. 

 

4.5.2 Construction of EGFL7 and NPNT expression vectors  

To construct pcDNA3.1-EGFL7-c-myc/His and pcDNA3.1-NPNT-c-myc/His, PCR was 

performed to amplify the sequences using EGFL7 and NPNT forward (HindIII) and 

reverse (XhoI) primers (section 4.1.0), as described in section 4.4.2. The amplified PCR 

fragment was cloned into pGEM-T Easy vector as described in section 4.4.3. The 

EGFL7 and NPNT fragments were removed by restriction digests with HindIII/XhoI 

restriction enzymes, and ligated into HindIII/XhoI site of pcDNA3.1A-c-myc/His 

mammalian expression vector. The resulting construct expressed EGFL7/NPNT 

proteins with c-myc/His-tagged at the C terminal. All constructs were verified for 

correct sequence by restriction digest with the appropriate restriction enzymes. 
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4.5.3 Cell transfection and collection of conditioned medium expressing EGFL7 

and NPNT proteins 

Confluence COS-7 cells were transfected with either empty pcDNA3.1A plasmid 

(control), pcDNA3.1A-EGFL7-c-myc/His or pcDNA3.1A-NPNT-c-myc/His expression 

vectors using Lipofectamine 2000 transfection reagent in accordance with the 

manufacturer’s instructions. DNA and lipofectamine mixes were prepared as follows: 

  

Both the DNA and lipofectamine mixes were incubated at room temperature for 5 mins. 

After incubation, both mixes were combined to form complexes and incubated at room 

temperature for 20 mins. Each DNA-lipofectamine complex was then added dropwise to 

the corresponding plate/flask using a transfer pipette. The plate/flask was then swirled 

gently to ensure even distribution of complexes before being incubated in a 37C, 5% 

CO2 incubator. After 6 hours of incubation, the transfection medium was discarded and 

the cells were washed twice with sterile 1xPBS, followed by further incubation with the 

appropriate volume of Opti-MEM. Conditioned medium expressing EGFL7 and NPNT 

was collected and replaced daily for up to 5 days for experimental purposes. On the day 

of collection, conditioned medium was collected, transferred to a clean 15ml tube and 

centrifuged at 3000rpm/1721 x g for 10 mins to pellet any dead cells. The clean 

conditioned medium was then transferred to a new 15ml tube. A 50µl aliquot of each 

medium was collected for western blot analysis to confirm protein expression. All 

conditioned media were stored at -80C until further use. 

 

4.5.4 Angiogenic activity assays 

4.5.4.1 Scratch-wound healing assay 

SVEC cells were seeded in 24-well plate at a density of 1.5 × 104 cells/well in complete 

D-MEM and cultured to confluence, followed by serum starvation with Opti-MEM 

overnight. The confluent cell monolayer was then scraped with a yellow pipette tip to 

 DNA MIX LIPOFECTAMINE MIX 

 Plasmid DNA Opti-MEM Lipofectamine 2000 Opti-MEM 

6 –well plate 4µg 250µl 10µl 250µl 

T75 flask 24µg 1.5ml 60µl 1.5ml 
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generate scratch wounds and washed twice with Opti-MEM to remove cell debris. Cells 

were incubated at 37C for 16 hr with Opti-MEM containing EGFL7, NPNT or empty 

vector (vehicle control). Human bFGF (PeproTech, Inc.) (50ng/ml) was used as a 

positive control. Time-lapse images were captured at 0 and 16 hr time points in the 

same position using a Nikon Eclipse Ti microscope. At least five selected fields of view 

were captured in each sample, followed by quantification of wound area using Nikon 

NIS-Elements computer software. For scratch-wound healing assay with MEK1/2 

inhibitor U0126 (Promega), STAT3 inhibitor Stattic (Sigma Aldrich) and RGD peptide 

(Sigma Aldrich), SVEC monolayers were treated with inhibitors for 1 hr prior to 

wounding. 

 

4.5.4.2 Tube formation assay 

Geltrex Reduced Growth Factor Basement Membrane matrix (Invitrogen) was thawed 

at 4C overnight before use. The next day, Geltrex™ matrix was added to wells of a 24-

well plate (180μl/well), followed by incubation at 37ºC for 30 mins to allow 

polymerisation. SVEC cells were serum starved overnight in Opti-MEM before starting 

the experiment. Cells were seeded onto the layer of Geltrex™ matrix and incubated at 

37ºC for 30 mins with Opti-MEM. Medium was then removed and replaced with 

conditioned medium containing EGFL7, NPNT or empty vector (vehicle control), and 

incubated at 37ºC for 24 hrs. Five random selected fields of view were captured using a 

Nikon Eclipse Ti microscope. Tube formation was quantified by measuring the length 

of tube-like structures by Nikon NIS-Elements computer software. 

 

4.5.4.3 Mouse foetal metatarsal angiogenesis assay 

Metatarsal angiogenesis assay was performed according to procedures approved by the 

UWA animal ethics committee (RA/3/100/1331). Briefly, metatarsals were dissected 

from E17.5 mouse embryos and cultured in 24-well plates in complete α-MEM for 72 

hrs to allow attachment to the bottom of the wells. The explants were cultured with 

EGFL7 or NPNT, in the presence or absence of U0126 or Stattic for 14 days, followed 

by fixation and immunohistochemical (IHC) staining with anti-CD31 rabbit polyclonal 

antibody (Abcam) as described in section 4.5.4.4. Human VEGF (PeproTech, Inc.) was 
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used as a positive control. Images were captured using a Nikon Eclipse Ti microscope 

and quantified by NIH imageJ software.  

 

4.5.4.4 IHC staining of CD31 endothelial cell marker 

Sodium citrate buffer was heated up to 90C in water bath incubator. Meanwhile, plates 

containing metatarsal samples were fixed for 15 mins at room temperature using Zinc-

Macrodex formalin fixative. Following fixation, the samples were gently rinsed in 

ddH2O and then immersed into the heated sodium citrate buffer for 20 mins to retrieve 

antigens. Following immersion, plates were removed and cooled down (with the buffer 

remaining in the wells) for 30 mins. The samples were then washed with ddH2O to 

remove the sodium citrate buffer, followed by blocking with 10% FBS in 1% BSA TBS 

(blocking buffer) for 2 hours at room temperature. The blocking buffer was then 

discarded, and CD31 primary antibody (1/50 dilution in 1% BSA TBS) was then 

applied to the samples and incubated at 4C overnight. Following incubation, samples 

were washed twice with 0.025% TritonX-100 in 1x TBS washing buffer. Samples were 

then incubated with secondary antibody (1/200 dilution in 1% BSA TBS) at room 

temperature in dark for an hour to avoid photobleaching. The samples were then washed 

with 1x TBS, followed by staining with DAKO chromagen solution (2% chromagen in 

DAKO substrate buffer) for 10 mins. Images of the stained metatarsals were captured 

using Nikon Eclipse Ti microscope and quantified by NIH imageJ software.  

 

4.5.5 Signal transduction analysis 

4.5.5.1 Analysis of signal transduction by western blot 

SVEC cells were cultured overnight in a 6-well plate at a density of 3 × 105 cells/well in 

complete D-MEM. Cells were serum-starved overnight in Opti-MEM, followed by 

stimulation with medium containing EGFL7, NPNT or empty vector (vehicle control) at 

various time points. Cell lysates were separated on SDS-PAGE and subjected to WB 

analysis. 
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4.5.5.2 Analysis of signal transduction by luciferase assay 

STAT3-responsive luciferase kit (Qiagen) was used to measure the activity of STAT3 

following stimulation of SVEC cells with EGFL7. Briefly, SVEC cells were transfected 

with STAT3 Firefly luciferase reporter plasmid and control Renilla luciferase plasmid 

using Lipofectamine 2000. Twenty-four hours after transfection, cells were treated with 

EGFL7 for an additional 24 hours. Luciferase activity was determined using a Dual-

Luciferase Reporter Assay kit (Promega) in accordance with the manufacturer’s 

protocol. Firefly luciferase activity was normalized to Renilla luciferase activity. The 

STAT3-responsive activity was presented as fold change against controls. 

 

4.5.6 Rat growth plate injury-repair  

The growth plate injury-repair model was performed to investigate the expression of 

EGFL7 and NPNT following injury at the growth plate in rats. The experiments were 

kindly performed by Dr Yu-Wen Su and Dr Rosa Chung. The following protocols were 

provided by Dr Su and Dr Chung in the growth plate injury-repair trial. 

 

4.5.6.1 Growth plate injury repair time course 

Eight-week-old male Sprague Dawley rats were subjected to experimental growth plate 

injury in the proximal tibia of both hind legs as previously described (Xian et al., 2004). 

All protocols followed the Australian code of practice for the care and use of animals, 

and were approved by the Animal Ethics Committee of the SA Pathology, South 

Australia. Under anaesthesia, an incision was made to expose the anterior-medial aspect 

of the proximal tibial bone of both hind-limbs. A 2-mm surgical drill was then used to 

make a cortical window in the metaphyseal bone on the medial side. A central 

disruption of the growth plate (about 30% area) was then induced by inserting the drill 

through the cortical window and perpendicular through the growth plate cartilage. Rats 

(n=8 per group and per time point) were sacrificed for specimen collection at days 6, 14 

and 28 post-surgery, three time-points found suitable to observe the fibrogenic, 

osteogenic and remodelling repair phases respectively (Xian et al., 2004). A normal 

group of rats (n=8) were sacrificed on day 14 and used as non-injured controls. Both 

tibias were dissected, cleared of soft tissue and samples collected, with the left tibia 

fixed, decalcified and paraffin-embedded for collecting 4-μm sections for histological 
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studies and the right tibia used to collect the repair tissue within the growth plate injury 

site only for gene expression studies as described (Chung et al., 2013). 

 

4.5.6.2 Isolectin-B4 labelling of endothelial cells 

To investigate vascularisation during growth plate injury repair, Isolectin-B4 labelling – 

(a known marker for endothelial cells) was conducted (Grossmann et al., 2002). Briefly, 

sections were deparaffinised and endogenous peroxidase quenched using 0.3% H2O2 in 

methanol. Sections were blocked for 30 mins with 1% BSA/PBS solution and then 

incubated with biotinylated isolectin-B4 (Vector Labs) (1:100 in PBS) for 30 mins. 

After washes, sections were incubated with avidin-biotin complex reagent (Dako) for 30 

mins and then liquid DAB Plus (Dako) for colour development. Replacement of 

biotinylated isolectin-B4 with 1% BSA in PBS was used as a negative control.  

 

4.5.6.3 Gene expression of EGFL7, NPNT, OCN and VEGF at the injured growth plate 

Real-time quantitative RT-PCR assays were carried out to examine expression of 

EGFL7, NPNT, osteocalcin (OCN) and VEGFA in injured growth plate in rat, 

respectively. Total RNA from growth plate injury site samples was extracted using the 

Aurum Total-RNA mini-kit (Bio-Rad) and purified through a column (with on-column 

DNase treatment). cDNA was then synthesized from 1μg RNA using iScript cDNA 

synthesis kit (Bio-Rad). Relative real-time PCR was carried out using gene specific 

primer pairs (refer to section 4.1.10) for EGFL7, NPNT, OCN, VEGFA and 

Cyclophilin-A (CycA). CycA was used as an internal control (Zhou et al., 2004). Gene 

expression analysis was expressed as fold change against non-injured controls.   

 

4.6 ANIMALS 

4.6.1 Generation of EGFL6 knockout (KO) mice  

All animal procedures were approved by the UWA animal ethics committee 

(RA/3/300/070). Briefly, a mutant mouse ES cell line with an insertion of UPA gene 

trap vector downstream of CMHD-GT-485H8 sequence tag in the EGFL6 genome was 

injected into C57BL/6J blastocysts. The blastocysts were then implanted into the uterus 
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of a female recipient mouse. Subsequently, the male chimeras were mated with female 

C57BL/6J mice to generate female mice heterozygous for EGFL6 deletion. EGFL6 

heterozygous mice were then inter-crossed to produce EGFL6 KO homozygous mice. 

Mice heterozygous for EGFL6 deletion were purchased from the Australian Phenomics 

Networks (Monash University, Vic, Australia) and housed at the biomedical research 

facility (Shenton Park) for breeding purposes. 

 

4.6.2 Generation of EGFL6 transgenic (TG) mice overexpressing EGFL6 

In brief, EGFL6 transgenic construct was generated by cloning EGFL6 into 

pcDNA3.1A-c-myc/His expression construct. The EGFL6 expression construct was 

then linearised via restriction enzyme digestion with Stu1, followed by microinjection 

into C57BL/6J blastocysts and subsequent implantation into the uterus of a recipient 

mouse. The resulting EGFL6 transgenic positive founder mice were mated with wild-

type C57BL6/J mice to establish transgenic lines. Transgenic mice overexpressing 

EGFL6 was purchased from The Transgenic Animal Service of Queensland (University 

of Queensland) and housed at the biomedical research facility (Shenton Park) for 

breeding purposes. 

 

4.6.3 Mouse tail tip DNA genotyping 

DNA was extracted from mice for genotyping. Briefly, a mastermix of 300µl Tail 

Buffer (section 4.2.1) was added to 7.5µl of Proteinase K per sample. The tail samples 

were then briefly centrifuged to the bottom of the tube, followed by addition of 300µl 

Tail buffer-proteinase K mastermix to each sample tube and placed in heating block at 

55C overnight with occasional shaking (800-900rpm, 1min shaking, 5 mins stop). The 

following day, tubes were collected from heating block and mixed with 300µl of 100% 

isopropanol to each sample and mixed. Samples were centrifuged (14000g) at room 

temperature for 5 mins. Supernatant was then discarded and the pellet was washed with 

300µl of 70% ethanol, followed by centrifugation (14000g) at room temperature for 5 

mins. The supernatant then was discarded by inversion once and the pellets were 

allowed to air-dry in the fume-hood for 30 mins to an hour. Finally, the samples were 

added with 50µl of nuclease-free H2O and PCR was performed using the appropriate 

genotyping primers (refer to section 4.1.10). 
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4.6.4 MicroCT analysis 

MicroCT analysis was performed using 1174 microCT scanner (Bruker, Belgium). 

Femurs were imaged using an X-ray tube with settings: 50kV, 800µA, with a 0.5mm 

aluminium filter, and 983ms exposure time. Scanning angular rotation of 180 and 

angular increment step of 0.4 were used. The scanned images were reconstructed using 

NRecon Bruker software and trabecular bone distal to the proximal growth plate was 

selected for analysis. For the analysis of the primary spongiosa, a region of 0.5mm 

below the growth plate was analysed. For the analysis of the secondary spongiosa, a 

region of 1.5mm below the growth plate and 1mm in height was analysed. The 

parameters included trabecular bone volume over tissue volume (BV/TV), trabecular 

number (Tb.N), trabecular separation (Tb.Sp), and trabecular thickness (Tb.Th). 

  

4.6.5 Histology on hindlimbs 

4.6.5.1 Fixation, decalcification (for hindlimbs), tissue processing, tissue embedding 

and sectioning 

Hindlimbs from mice were dissected out and fixed in 10% NBF for 24 hours. The bones 

were then washed twice with 1xPBS and were kept in PBS overnight. The next day, 

bones were transferred into 70% ethanol and stored at 4C until ready for 

decalcification and tissue processing. Prior to decalcification, all non-bone tissues were 

removed from the bone samples and bones were kept in PBS overnight. The 

decalcification process began by resuspending the bones in excess of 14% EDTA 

(pH7.4) and placed in 37C incubator for 5 days, with fresh EDTA media change every 

day. When the bones became soft and flexible, they were washed with PBS and then 

70% ethanol, followed by tissue processing using the Leica TP1020 tissue processor as 

shown in the table below: 

 

Station Reagent Time (minutes) 

1 70% Ethanol 30 

2 95% Ethanol 30 

3 95% Ethanol 45 

4 100% Ethanol 60 
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5 100% Ethanol 60 

6 100% Ethanol 60 

7 Ethanol/Xylene 60 

8 Xylene 90 

9 Xylene 120 

10 Paraffin wax 90 

11 Paraffin wax 120 

12 Paraffin wax 120 

 

The processed bone was then paraffin-embedded and cut into 5μm thick sections by Mr 

Jacob Kenny from The School of Pathology and Laboratory Medicine. Sections were 

adhered to microscopy glass slides and dried overnight at 37C. 

 

4.6.5.2 Dewaxing and H&E staining 

The sections were dewaxed by three changes with fresh xylene for 2 mins each. 

Sections were then dehydrated in 3 changes of 100% ethanol for a min each, followed 

by 95% and 70% ethanol for a min each. Sections were then washed in running 

deionised ddH2O or about a min, followed by staining with Gill’s haematoxylin stain 

for 3 mins. Excess stain was washed off by rinsing in ddH2O, followed by a min wash 

in Scott’s tap water to balance pH. The sections were then briefly washed in running 

deionised ddH2O, followed by 2 changes of ethanol (70% followed by 95%) for a min 

each. One % eosin staining was used to counterstain the section for a min each. Sections 

were then immersed in 50:50 ethanol/xylene for 2 mins, followed by 3 changes of 

xylene for 2 mins each. Sections were mounted with DPX mounting medium, and 

images were taken using 4x objective magnification of Nikon Eclipse Ti microscope. 

 

4.6.5.3 Dewaxing and TRAcP staining 

Sections were dewaxed and rehydrated as described above. After washing in ddH2O, 

excess liquid was removed from the sections (but not completely left dried). Filtered 

TRAcP stain was added onto the sections and slides were incubated at 37C in the dark 

for 1-2 hrs. Following the development of TRAcP stain, the sections were rinsed in 



91 
 

ddH2O and counterstained with Gill’s haematoxylin for 10 secs. The sections were then 

rinsed in ddH2O for a min to remove excessive counterstain, followed by a min wash in 

Scott’s tap water to balance pH. The sections were then briefly washed in running 

deionised ddH2O before being immersed into 2 changes of ethanol (70% followed by 

95% ethanol) for a min each. Sections were then briefly washed in running deionised 

ddH2O, followed by mounting in DAKO aqueous mounting medium and DPX for long 

term storage. Images were taken using 10x objective magnification of Nikon Eclipse Ti 

microscope. 

 

4.7 STATISTICAL ANALYSIS 

Experimental data are presented as mean ± SD of 3 independent experiments (n=3), 

except where otherwise stated. Each individual experiment was performed with at least 

3 technical replicates in all the experimental groups. Statistics were performed using 

two-tailed Student’s t-test with significance taken at P<0.05. All the charts were 

prepared in Microsoft Excel and Microsoft PowerPoint softwares. 
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5.1 INTRODUCTION 

The development of healthy bone through the bone remodelling process, which governs 

the state of bone homeostasis, is achieved by the balancing act of bone cells such as 

osteoclasts, osteoblasts and vascular endothelial cells. These cells play a critical role in 

contributing regulatory factors that control the cellular activities within the BRC, a 

specialised vascularised structure that is central to bone remodelling. The vasculature is 

crucial to maintain blood supply within the bone, thus providing nutrients, oxygen, 

cytokines and osteoblast/osteoclast precursor cells to the remodelling site (Chim et al., 

2013). Furthermore, angiogenesis is known to couple with osteogenesis (section 2.1). 

The important interrelationship between these two aspects significantly affects bone 

growth and homeostasis. For instance, aging-related loss of vasculature in bone 

correlated with a decrease in bone mass (Kusumbe et al., 2014). More importantly, 

many growth factors such as VEGF, bFGF and PDGF-BB are known to control 

vascularisation and osteogenesis (Dai and Rabie, 2007; Presta et al., 2005; Teven et al., 

2014; Xie et al., 2014). Therefore, identifying additional signalling factors involved in 

bone remodelling is crucial in enhancing our knowledge of angiogenesis and 

osteogenesis within the bone microenvironment. 

 

Recently, in search of potential genes of interest that may be playing a role in mediating 

bone remodelling, several genes from the EGF-like family were identified to be 

expressed by osteoblasts and osteoclasts during differentiation (Chim et al., 2011). 

EGF-like family members are characterised by a consensus sequence consisting of six 

spatially conserved cysteine residues, forming three disulfide bonds in the same pattern 

as EGF (Harris et al., 2003; Xian, 2007).  Furthermore, it is suggested that these highly 

homologous domains share some common functional features (Appella et al., 1988; 

Carpenter and Cohen, 1990). Previously, it has been shown that EGF-like family 

members are capable of regulating cellular processes, proliferation, migration and 

apoptosis (Singh and Harris, 2005). In addition, EGF-like family members have been 

implicated in playing an essential role in regulating angiogenesis and bone homeostasis 

(Chim et al., 2013; Qin et al., 2005; Yarram et al., 2004; Zhu et al., 2007). Therefore, it 

is conceivable that the novel EGF-like genes identified during osteoblast and osteoclast 

differentiation could act as important regulators of bone angiogenesis and/or 

osteogenesis. 
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Interestingly, the expression of EGFL7 in osteoclasts was found to be the highest 

compared to the other EGF-like members EGFL2, EGFL3, EGFL5, EGFL6, EGFL8 

and EGFL9 (Chim et al., 2011). Therefore, based on these initial data, a major aim of 

this thesis is to characterise the role of EGFL7 in angiogenesis and the cellular 

mechanisms involved in EGFL7-induced endothelial cell activities.  

 

5.2 EXPERIMENTAL RESULTS 

5.2.1 Characterisation of EGFL7 protein sequence using web-based Universal 

Protein Resource (UniProt) 

Firstly, sequence alignment analysis was performed using web-based Universal Protein 

Resource (UniProt, http://www.uniprot.org). UniProt allows the alignment of peptide 

sequences, generation of a phyletic tree, as well as the identification and annotation of 

different domains, including signalling, transmembrane domain, functional residues and 

functional class. The amino acid sequences of mouse, rat and human EGFL7 were 

aligned, showing a sequence identity of 74.2% (Figure 5.1A). All three EGFL7 protein 

sequences contained a signal peptide sequence (pink) at the N-terminus and lack a 

transmembrane domain, a characteristic of being a secreted protein. As expected, all 

three EGFL7 protein sequences showed cysteine residues which form disulfide bonds 

(light blue), a characteristic of an EGF-like domain. Interestingly, an integrin binding 

motif, RGD/QGD had been identified (red arrow), indicating the potential of EGFL7 to 

interact with integrins. Further guide tree analysis from UniProt revealed that mouse 

and rat EGFL7 were more closely related compared to human EGFL7 (Figure 5.1B). 

These results from bioinformatics analysis suggest that the sequences of EGFL7 are 

highly conserved across different species. 

 

 

 

 

 

 

http://www.uniprot.org/
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Figure 5.1: EGFL7 protein sequence analysis from various species. (A) Multiple 

alignment of EGFL7 protein sequences from human, mouse and rat was performed 

using Uniprot program (Uniprot, http://www.uniprot.org). Signal peptide (pink), domain 

(yellow) and disulfide bond (light blue) were highlighted. Asterisk indicates identical 

residues. QGD/RGD motif is outlined by triangular arrow. (B) Dendrograms of EGFL7 

among different species generated using Uniprot.  
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5.2.2 Expression profiles of EGFL7 

In a previous study, EGFL7 gene expression was detected in both osteoblast and 

osteoclast lineages, with higher expression observed in osteoclasts formed by RANKL-

induced RAW264.7 cells (Chim et al., 2011). Therefore, the expression of EGFL7 in 

primary osteoclasts and osteoblasts was further confirmed in this study. BMM cells 

were isolated from 12-week old C57BL/6J mice and treated with RANKL for 5 days to 

form osteoclasts. In parallel, primary calvarial cells were isolated and differentiated into 

mature osteoblasts via culture in differentiation medium. RNA was extracted from both 

the osteoclasts and osteoblasts and subjected to semi-quantitative RT-PCR for the 

expression of EGFL7. As shown in Figure 5.2A, EGFL7 expression was detected in 

BMM cells prior to treatment with RANKL (day 0), as well as during differentiation 

into mature osteoclasts (day 1 to 5); mature osteoclasts stained positive for TRAcP on 

day 5. Osteoclast differentiation was followed using the osteoclast marker genes CTR, 

TRAcP and DC-STAMP, which were upregulated during the differentiation process. 

EGFL7 expression was also detected in osteoblasts prior to culture with differentiation 

medium (day 0) and during differentiation (day 7 to 21), with mineralised nodules 

stained by Alizarin Red on day 21. Osteoblast differentiation was followed using 

osteoblast marker genes ALP, OCN and EGFL6, known to be upregulated by 

osteoblasts (Chim et al., 2011). The expression level of EGFL7 in both osteoclasts and 

osteoblasts appeared to be similar throughout the differentiation process, in contrast to 

their markers which were upregulated, respectively (Figure 5.2A). Furthermore, 

Western blot analyses showed that EGFL7 protein expression was detected from 

prenatal (E18.5) through to postnatal (week 1 to week 16) bone development (Figure 

5.2B). In addition, tissue distribution of EGFL7 was also examined in different mouse 

organs by semi-quantitative RT-PCR. It was revealed that EGFL7 appeared to be highly 

expressed in muscle, kidney, heart, lung and liver (Figure 5.2C).  
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Figure 5.2: The gene and protein expression of EGFL7 in bone microenvironment. 

(A) RT-PCR amplification showing that EGFL7 was expressed during osteoclast and 

osteoblast differentiation. Primers specific for osteoclast marker genes CTR, TRAcP 

and DC-STAMP were included as markers for osteoclast differentiation. EGFL6, ALP 

and OCN were used as markers for osteoblast differentiation. TRAcP staining for 

osteoclasts and alizarin red staining for osteoblast mineralisation were also included in 

parallel experiments. Scale bar, 100 µm. (B) Western blot analyses showing that EGFL7 

protein expression was present in developing and mature long bones. (C) Tissue 

expression profile of EGFL7 determined by RT-PCR analysis. 

(Figure was adapted with modification from Chim, Kuek et al., 2015) 
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5.2.3 Generation of EGFL7 expression vector and production of conditioned 

medium containing EGFL7 

Previously, it has been reported that EGFL7 is a secreted protein (Parker et al., 2004). 

Therefore, for further functional studies, conditioned medium containing exogenous 

mouse recombinant EGFL7 proteins was produced, as purified mouse recombinant 

EGFL7 protein is not commercially available. An expression construct of mouse full 

length EGFL7, pcDNA3.1-EGFL7-c-myc/His was generated. As shown in Figure 5.3A, 

the expression construct contains two restriction enzyme digest sites (HindIII and XhoI) 

flanking the EGFL7 site, as well as a downstream c-myc/His sequence. Further 

restriction enzyme digestion of three pcDNA3.1-EGFL7-c-myc/His plasmid clones 

using HindIII and XhoI resulted in 840bp (EGFL7) and 5.5kb (pcDNA 3.1) DNA 

products, confirming the insertion of EGFL7 gene (Figure 5.3B). The EGFL7 

expression constructs were then transfected into COS-7 cells, resulting in the production 

of conditioned medium containing mouse recombinant EGFL7, with two EGF-like 

repeats, a QGD motif and c-myc/His tag (Figure 5.4A). The presence of recombinant 

EGFL7 proteins in the conditioned medium was further confirmed by Western blot 

analysis. As shown in Figure 5.4B, a major 34kDa and a minor 68kDa protein were 

detected by antibodies specifically reactive to c-myc (left) and EGFL7 (right) in both 

the medium and cell lysates. As expected, the vehicle transfected samples did not 

contain EGFL7 recombinant protein. Interestingly, the 68kDa protein has not been 

previously reported, suggesting that this might represent a homodimer or post-modified 

form of the major 34kDa EGFL7 protein. 

 

Following the successful generation of conditioned medium containing EGFL7, 

quantification of the protein concentration was performed using Western blot analysis. 

The intensity of EGFL7 in conditioned medium (20μl) was measured against a standard 

generated by different concentrations of recombinant human EGFL7 (Origene) which 

shared similar molecular weight with EGFL7 (Figure 5.5A). A standard curve of 

EGFL7 protein quantification was generated, and the concentration of EGFL7 in 

conditioned medium was calculated to be approximately 211ng/ml (Figure 5.5B). 
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Figure 5.3: The cloning of mouse full length pcDNA3.1-EGFL7-c-myc/His 

expression vector. (A) Schematic diagram showing EGFL7 expression construct, 

pcDNA3.1-EGFL7-c-myc/His containing CMV promoter and restriction enzyme 

cleavage sites, Hind III and XhoI. (B) Confirmation of EGFL7 gene insertion via 1.5% 

agarose gel electrophoresis following restriction enzyme digestion of pcDNA3.1-

EGFL7-c-myc/His with HindIII and XhoI.  
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Figure 5.4: Production of conditioned medium containing EGFL7 protein. (A). 

EGFL7 expression vector pcDNA3.1-EGFL7-c-myc/His was transfected into COS-7 

cells, and conditioned medium containing secreted c-myc/His-tagged EGFL7 was 

collected. (B) Detection of EGFL7 proteins using anti-c-myc (left) and anti-EGFL7 

(right) antibodies, in COS-7 cells transfected with empty vector or expression vector 

encoding c-myc/His-tagged EGFL7. EGFL7 was detected in both medium and cell 

lysate. Black arrows indicate the EGFL7 proteins at the positions of 34 and 68 kDa 

respectively. 

(Figure was adapted with modification from Chim, Kuek et al., 2015) 
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Figure 5.5: Quantification of EGFL7 protein in conditioned medium. (A). EGFL7 

conditioned medium (20μl) and known amounts of human EGFL7 were detected by 

Western blot using the anti-EGFL7 antibodies. The concentration of EGFL7 in 

conditioned medium was estimated to be ~211ng/ml. (B) Standard curve of EGFL7 

protein quantification was generated following intensity quantification with ImageJ 

using Microsoft Excel.  
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5.2.4 EGFL7 promotes endothelial cell migration 

Previously, it has been reported that EGFL7 act as a chemoattractant for endothelial 

cells (Campagnolo et al., 2005). Therefore, to confirm the functionality of EGFL7 and 

to further investigate the role of EGFL7 in angiogenesis, scratch-wound healing assay 

was carried out. In brief, a Simian virus 40-transformed mouse microvascular 

endothelial cell line (SVEC) was cultured to confluence, followed by scraping of the 

cell monolayer with a narrow pipette tip to generate a “gap” wound. The cells were then 

incubated with conditioned medium containing vehicle or EGFL7 for 16 hours, 

allowing migration of the cells into the denuded area. In this study, PBS control was 

given an arbitrary value of 100% and all the results were expressed as a percentage 

relative to the PBS control. As shown in Figures 5.6A and B, EGFL7 significantly 

enhanced endothelial cell migration compared to the vehicle control. Furthermore, there 

was also a significant increase in the migration of endothelial cells following treatment 

with 50ng/ml of bFGF as a positive control. Therefore, as EGFL7 conditioned medium 

was shown to be active and functional, it was used for subsequent studies. 

 

5.2.5 EGFL7 promotes tube formation on growth factors reduced Matrigel 

To further investigate the angiogenic effect of EGFL7, a Matrigel tube formation assay 

was performed to examine the organisation of endothelial cells into a three-dimensional 

tube-like structure, an assay which has been widely used in angiogenesis studies (Chim 

et al., 2011; Wang et al., 2013; Xie et al., 2014). Briefly, SVEC cells were serum-

starved overnight and seeded on the GeltrexTM matrix. Cells were then stimulated with 

conditioned medium containing vehicle control or EGFL7 for 24 hours. As shown in 

Figures 5.7A and B, EGFL7 significantly enhanced tube-like structure formation 

compared to vehicle and PBS controls, with bFGF used as a positive control. This result 

was consistent with the migratory effect of EGFL7 observed previously (section 5.2.4). 

 

5.2.6 EGFL7 promotes angiogenesis in metatarsal explants 

As previous results demonstrated the angiogenic activity of EGFL7 in vitro, the next 

study examined the effect of EGFL7 in the bone environment using an ex vivo foetal 

mouse metatarsal angiogenesis assay, which has previously been used to study the 

angiogenic effects of secreted proteins such as VEGF and LRG1 (Wang et al., 2013; 
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Zhu et al., 2013). Briefly, metatarsals were isolated from E17.5 mouse embryos and 

cultured in the presence or absence of EGFL7 for 14 days, followed by fixation and 

CD31 staining. As shown in Figures 5.8A and B, human recombinant EGFL7 

(200ng/ml) significantly induced angiogenesis compared to the PBS control. 

Interestingly, the effect of EGFL7 on cultured metatarsals was comparable to the VEGF 

(50ng/ml) positive control, featuring web-like structures formed by the outgrowth and 

sprouting of blood vessels.  
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Figure 5.6: EGFL7 promotes endothelial cell migration. (A) Representative 

microscopic views of scratch wound healing assays performed in SVEC cells treated 

with conditioned medium containing EGFL7 or vehicle control for 0 or 16 hours. Scale 

bar, 100μm. (B) Quantitative analysis of cell migration area after 16 hours showing 

EGFL7 enhanced endothelial cell migration. PBS and bFGF were used as a negative 

and positive control respectively. Bar charts represent mean ± SD. **P<0.01, 

***P<0.001. (n=3)  

(Figure was adapted with modification from Chim, Kuek et al., 2015) 
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Figure 5.7: EGFL7 promotes tube-like structure formation. (A) Representative 

photographs showing tube formation by SVEC cells treated with conditioned medium 

containing EGFL7 or vehicle control for 24 hours. Scale bar, 100μm. (B) Quantitative 

analysis of tube length showing EGFL7 promoted tube-like structure formation. PBS 

and bFGF were used as a negative and positive control respectively. Bar charts 

represent mean ± SD. **P<0.01, ***P<0.001. (n=3)  

(Figure was adapted with modification from Chim, Kuek et al., 2015) 
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Figure 5.8: EGFL7 promotes angiogenesis in metatarsal explants. (A) 

Representative images showing that recombinant human EGFL7 (200ng/ml) induced 

blood vessel growth from metatarsals dissected from E17.5 embryos. Scale bar, 250μm. 

(B) Quantitative analysis of vessel sprouting. PBS and VEGF (50ng/ml) were used as a 

negative and positive control respectively. Bar charts represent mean ± SD. 

***P<0.001. (n=3) 

(Figure was adapted with modification from Chim, Kuek et al., 2015) 
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5.2.7 EGFL7 activates ERK1/2, STAT3 and FAK signallings in endothelial cells 

Previously, it has been reported that EGFL7 modulates notch signalling in endothelial 

cells, and binds to EGFR in hepatocellular carcinoma (Nichol et al., 2010; Wu et al., 

2009). However, the detailed intracellular signalling mechanisms of EGF7 are not fully 

understood. Therefore, to examine the mechanism of action of EGFL7 on endothelial 

cells, SVEC cells were stimulated with conditioned medium containing EGFL7 or 

vehicle control for 0, 5, 10, 20, 30 and 60 minutes. Cell lysates were collected and 

Western blotting was performed to detect the level of phosphorylation of key signalling 

molecules involved in cell migration. Compared to the phosphorylation level at pre-

stimulation (0 min), EGFL7 induced ~4-fold increase in the phosphorylation of ERK1/2 

at 5 and 10 mins (Figure 5.9A). In addition, EGFL7 was also found to induce the 

phosphorylation of STAT3 by ~3-fold at 30 and 60 mins. Interestingly, vehicle control 

also appeared to induce the phosphorylation of STAT3, albeit at a lower level compared 

to EGFL7. Furthermore, FAK phosphorylation was found to be increased by almost 2-

fold at 30 and 60 mins following treatment with EGFL7 conditioned medium. However, 

EGFL7 did not appear to affect the phosphorylation of ERK5, STAT1 and EGFR.  

 

In addition, a STAT3-responsive luciferase assay was performed to examine the role of 

EGFL7 on STAT3 transcriptional activity. In brief, STAT3 luciferase reporter plasmid 

was transfected into SVEC cells, followed by treatment with EGFL7 protein for 24 

hours. This assay revealed that conditioned medium containing EGFL7 induced a 

STAT3-responsive luciferase activity by ~2-fold compared to the vehicle control 

(Figure 5.9B). Furthermore, STAT3-responsive luciferase activity was also significantly 

induced by human recombinant EGFL7 in a dose dependent manner (Figure 5.9C). 

 

 

 

 

 

 



108 
 

 

Figure 5.9: EGFL7 induced phosphorylation of ERK1/2, STAT3 and FAK. (A) 

Conditioned medium containing EGFL7 induced the phosphorylation of ERK1/2 at 5 

and 10 minutes, STAT3 and FAK at 30 and 60 minutes compared to vehicle control. 

EGFL7 did not induce phosphorylation in ERK5, STAT1 and EGFR. -actin was used 

as loading control. Signal intensities were quantified by ImageJ software. Induction 

ratios at each time point were compared to 0 minutes, with p-ERK1/2 normalised to 

ERK1/2, p-STAT3 normalised to STAT3 and p-FAK normalised to -actin. (B) EGFL7 

conditioned medium significantly induced STAT3-responsive luciferase activities. (C) 

Recombinant human EGFL7 significantly induced STAT-3 responsive luciferase 

activities in a dose-dependent manner. Luciferase activity was compared to vehicle or 

PBS. Bar charts represent mean ± SD. *P<0.05, **P<0.01. (n=3) 

(Figure was adapted with modification from Chim, Kuek et al., 2015) 
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5.2.8 EGFL7-induced endothelial cell migration and angiogenesis are mediated 

through the activation of ERK1/2 and STAT3 

To further elucidate the role of ERK1/2 and STAT3 in regulating EGFL7-induced 

endothelial cell migration and angiogenesis, U0126 (MEK1/2 inhibitor) and Stattic 

(STAT3 inhibitor) were used to inhibit ERK1/2 and STAT3 activities, respectively. 

SVEC cells were cultured to confluence, followed by treatment with conditioned 

medium containing EGFL7 or vehicle control with inhibitors for 16 hours. As shown in 

Figures 5.10A and B, EGFL7-induced endothelial cell migration was significantly 

inhibited by U0126 and Stattic. In contrast, the migration of endothelial cells treated 

with conditioned medium containing vehicle control was not significantly affected by 

the presence of the inhibitors and comparable to the PBS control. 

 

Having demonstrated that EGFL7 affected the migration of endothelial cells through 

ERK1/2 and STAT3 signalling, an ex-vivo foetal mouse metatarsal angiogenesis assay 

was performed to examine if EGFL7 regulates angiogenesis via similar mechanisms. 

Mouse foetal metatarsals were treated with human EGFL7 (200ng/ml) in the presence 

or absence of U0126 and Stattic for 14 days. As shown in Figures 5.11A and B, 

EGFL7-induced blood vessel outgrowth was significantly blocked by U0126 and 

Stattic. Consistent with the endothelial cell migration assay as described above, 

treatment with U0126 and Stattic alone had no significant effect on angiogenesis as 

compared to PBS control. 
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Figure 5.10: EGFL7-induced endothelial cell migration was blocked by U0126 and 

Stattic. (A) Representative microscopic images of scratch wound healing assays 

showing EGFL7-induced endothelial cell migration was inhibited in the presence of 

U0126 (5μM) and Stattic (1μM). Scale bar, 100μm. (B) Quantitative analysis of cell 

migration area after 16 hours showing U0126 and Stattic significantly inhibited EGFL7-

induced endothelial cell migration. PBS and bFGF were used as a negative and positive 

control, respectively. Bar charts represent mean ± SD. *P<0.05. (n=3) 

(Figure was adapted with modification from Chim, Kuek et al., 2015) 
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Figure 5.11: EGFL7-induced angiogenesis was blocked by U0126 and Stattic. (A) 

Representative images showing that EGFL7-induced angiogenesis was inhibited in the 

presence of U0126 (5μm) and Stattic (1μm). Inhibitors alone at these concentrations had 

no effects on angiogenesis as compared to PBS control. Scale bar, 250μm. (B) 

Quantitative analysis of vessel sprouting. Bar charts represent mean ± SD ***P<0.001. 

(n=3) 

(Figure was adapted with modification from Chim, Kuek et al., 2015) 
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5.2.9 RGD peptides impaired EGFL7-induced endothelial cell migration 

Bioinformatics analysis revealed that mouse and rat EGFL7 contains a conserved QGD 

motif, while human EGFL7 contains an RGD motif (Figure 5.1A). RGD motif is known 

to bind integrin, and previous studies reported that the change of RGD to QGD 

maintains signal binding ability (Erb et al., 2001; Gresham et al., 1992). Therefore, to 

investigate the possibility of EGFL7 mediating endothelial cell activities through its 

RGD/QGD domain, SVEC cells were pre-treated with RGD peptides to block integrin 

binding prior to performing scratch wound healing assays. As shown in Figure 5.12, 

EGFL7-induced endothelial cell migration was significantly reduced in the presence of 

RGD peptides (250 and 500ng/ml). In contrast, bFGF-induced endothelial cell 

migration was not significantly affected by the presence of RGD peptides. 

 

5.2.10 EGFL7 is expressed during growth plate injury repair 

As EGFL7 gene is expressed by osteoblasts and osteoclasts during differentiation, it is 

plausible that they could mediate vascularisation by secreting EGFL7 into the 

extracellular bone microenvironment during bone remodelling. To examine this, a rat 

model of tibial growth plate injury repair was performed. This model has been used 

previously to study the role of growth factors such as VEGF and PDGF-BB during bony 

repair of injured growth plate (Chung et al., 2014; Chung et al., 2009). Haematoxylin 

and eosin (H&E) and alcian blue staining revealed an infiltration of mesenchymal like 

tissues on day 6 following initial injury (Figure 5.13A). By day 14 post-injury, bone 

trabeculae could be clearly observed in the injury site, with osteoblasts and osteoclasts 

on the newly formed bone (Figure 5.13B). To visualise the vascular structures in the 

injury sites, isolectin B4 labelling was conducted. Isolated from Griffonia simplicifolia 

(Bandeiraea), isolectin-B4 has previously been employed to identify neovascular 

structures in tumor networks (Niethammer et al., 2002). In this study, isolectin B4 

labelling revealed the presence of vessels on day 6 post-injury (Figure 5.13C). By day 

14, the vessel number and size appeared to increase compared to day 6 (Figure 5.13D). 

Further qRT-PCR analysis of the injured site showed an upregulation of EGFL7 

expression following injury, with the expression peaking at day 14 before being 

significantly reduced at day 28 (Figure 5.13E). There was no significant change in the 

OCN expression level on day 6 and 14, however a significant increase (~30-fold) was 

observed on day 28 compared to the uninjured controls (Figure 5.13F). There was a 
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significant reduction in the expression level of VEGFA on day 6 and 14 in comparison 

to the uninjured controls, followed by a significant increase on day 28 compared to day 

6 and 14 (Figure 5.13G). 
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Figure 5.12: EGFL7-induced endothelial cell migration was blocked by RGD 

peptides. (A) Scratch wound healing assays performed with the conditioned medium 

containing EGFL7 or vehicle control in the presence or absence of RGD peptides for 16 

hours showing that EGFL7-induced endothelial cell migration was reduced by RGD 

peptide at 500ng/ml (250ng/ml not shown). Scale bar, 100μm. (B) Quantitative analysis 

of cell migration area after 16 hours showing that RGD EGFL7-induced endothelial cell 

migration was significantly inhibited by RGD peptides (250ng/ml and 500ng/ml). PBS 

and bFGF were used as a negative and positive control respectively. Bar charts 

represent mean ± SD. *P<0.05. (n=3)  

(Figure was adapted with modification from Chim, Kuek et al., 2015) 
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Figure 5.13: EGFL7 is upregulated during growth plate injury repair. (A) 

Histology revealed a majority of mesenchymal repair tissue (Mes) at the injury site on 

day 6 post-growth plate injury. (B) By day 14, bone trabeculae repair tissue (Bt) 

surrounded by osteoblasts (OB) and osteoclasts (OC) is visible. (C,D) Isolectin-B4 

positive endothelial cells are detected at the growth plate injury site on (C) day 6 and 

(D) day 14 post-injury. Scale bar = 125μm. (E-G) Quantitative real-time RT-PCR 

expression data for (E) EGFL7, (F) OCN and (G) VEGFA are expressed as fold-change 

to non-injured controls. Bar charts represent mean ± SEM. **P<0.01. (n=3) 

(Figure was adapted with modification from Chim, Kuek et al., 2015) 
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5.3 DISCUSSION 

Bone growth, remodelling and homeostasis are maintained by crosstalk involving cells 

associated with the BRC such as osteoblasts, osteoclasts and endothelial cells in a 

tightly regulated fashion (Brandi and Collin-Osdoby, 2006; Chim et al., 2013). These 

cells are capable of regulating the formation of vasculature in bone, which is a critical 

component in the transportation of osteoblast and osteoclast precursor cells, hormones, 

growth factors, nutrients and oxygen to the BRC. The process of vascular formation is 

governed by a range of angiogenic factors expressed by cells within the BRC, including 

VEGF, bFGF, and RANKL (Brandi and Collin-Osdoby, 2006). Recently, many novel 

EGF-like genes that have angiogenic potential were found to be expressed by 

osteoblasts and osteoclasts (Chim et al., 2011; Chim et al., 2013). Thus, identifying 

important angiogenic factors in the bone microenvironment could further expand our 

knowledge of the bone remodelling process, as well as understanding the potential roles 

of these newly identified factors in the development of bone disorders such as 

osteoporosis, osteonecrosis and bone injury.  

 

In this study, EGFL7 was found to be expressed by primary BMM-derived osteoclasts 

and calvariae-derived osteoblasts. Interestingly, the expression of EGFL7 was also 

observed in BMM cells prior to treatment with RANKL (day 0). In addition, expression 

of EGFL7 was also observed in primary calvarial osteoblastic cells prior to treatment 

with osteogenic differentiation medium (day 0). It is possible that bone cells of early 

lineages could regulate angiogenesis by producing angiogenic factors. For instance, pre-

osteoclasts were shown to regulate angiogenesis by secreting PDGF-BB (Xie et al., 

2014). In addition, some studies have also demonstrated that bone marrow-derived 

mesenchymal stem cells (BMSCs) could enhance angiogenesis by expressing MMP, 

VEGF and IL-6 (Ghajar et al., 2006; Novotny et al., 2008; Zhang et al., 2013). 

Therefore, it is very likely that osteoblast and osteoclast progenitor cells could regulate 

angiogenesis by expressing EGFL7. Future studies should include qRT-PCR to validate 

the expression patterns of EGFL7 in both osteoblasts and osteoclasts. 

 

EGFL7 is known to be expressed during mouse embryogenesis in various tissues and 

organs, such as the vascular endothelium of the embryo proper and yolk sac, primordial 

germ cells, and the placenta (Campagnolo et al., 2008; Fitch et al., 2004; Lacko et al., 
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2014). In the current study, the expression of EGFL7 was detected in murine prenatal 

(E18.5) and postnatal (week 1 to 16) long bone via Western blot analysis. This result 

has not been previously reported and indicates for the first time, that EGFL7 could be 

playing a crucial role in embryonic and mature bone development. Further RT-PCR 

analysis revealed that EGFL7 expression was also detected in various tissues such as 

muscle, kidney, heart, lung and liver. These results are partly in agreement with a study 

which found that EGFL7 expression is localised around the vessels in the heart, lung 

and liver (Campagnolo et al., 2005). Future studies may include immunofluorescence 

analysis to detect EGFL7 expression in embryonic and developing long bones using 

anti-EGFL7 antibody, as shown by Campagnolo et al. (2005). 

 

Following the characterisation of EGFL7 expression profile in osteoblasts, osteoclasts 

and various organs, the functional effects of EGFL7 were further investigated. COS-7 

cells were transfected with the expression construct pcDNA3.1-EGFL7-c-myc/His, 

followed by Western blot analysis which detected mouse recombinant EGFL7 proteins 

in the conditioned medium. Interestingly, a 68kDa EGFL7 protein was detected, which 

might represent a homodimer or post-modified form of EGFL7 protein. Previously, the 

dimerization of EGF has been reported (Lu et al., 2001). Therefore, future studies will 

be required to investigate the protein modification of EGFL7 and functions of the 

isoforms. The conditioned medium containing EGFL7 successfully induced endothelial 

cell migration and tube-structure formation, and the angiogenic effect was further 

confirmed using human recombinant EGFL7 in mouse metatarsal angiogenesis assay. 

As this study demonstrated that EGFL7 was expressed by osteoclasts and osteoblasts, it 

is plausible that EGFL7 could regulate angiogenesis, as well as the association of 

capillaries with the BRC by a paracrine mechanism. Future studies could include the 

silencing of EGFL7 expression in osteoblasts/osteoclasts with siRNA, followed by 

collection of the supernatants and subsequent examination of the functional efficacy of 

the supernatants on endothelial cells. 

 

The functions and activities of endothelial cells can be triggered by a range of signalling 

cascades. For instance, VEGFA is known to induce the activation of ERK1/2, PI3K and 

FAK signalling pathways in endothelial cells to mediate migration, cell survival and 

angiogenesis (Matsumoto and Claesson-Welsh, 2001; Taimeh et al., 2013). Previously, 
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EGFL7 has been reported to mediate cellular activities of neural stem cells and 

endothelial cells by antagonising Notch signalling (Nichol et al., 2010; Schmidt et al., 

2009). In this study, recombinant EGFL7 has been shown to induce the phosphorylation 

of ERK1/2, STAT3 and FAK in endothelial cells for the first time. However, EGFR 

phosphorylation by EGFL7 was not detected in this study, in contrast to previous 

reports which showed that EGFL7 mediates migration of human hepatocellular 

carcinoma and gastric cancer by EGFR activation (Luo et al., 2014; Wu et al., 2009). It 

is important to note that the signalling pathways and expression of cell surface receptors 

in tumour cells are physiologically different from normal cells, which could lead to their 

metastatic ability. In fact, increase in EGFR expression is correlated with numerous 

cancer types (Nicholson et al., 2001).  

 

Bioinformatics analysis revealed that EGFL7 contained an RGD/QGD motif, thus 

raising the possibility that it might interact with integrins. Indeed, EGFL7-mediated 

endothelial cell migration was significantly reduced in the presence of RGD peptides, 

which inhibit integrin-ligand interaction. This result demonstrated that EGFL7 could 

function via a RGD/QGD motif. Moreover, a recent study showed that EGFL7 interacts 

specifically with integrin αv3 and regulates endothelial cell motility, confirming the 

hypothesis that EGFL7 could interact with integrins (Nikolic et al., 2013). Integrins are 

known to mediate intracellular signalling cascades, such as MAPK/ERK, STAT and 

FAK (Behera et al., 2010; Chen et al., 2009; Guo and Giancotti, 2004; Parsons, 2003). 

In this study, it was demonstrated that U0126 and Stattic inhibited EGFL7-mediated 

endothelial cell migration and metatarsal angiogenesis. This indicates that EGFL7 may 

promote endothelial cell activities, possibly through the activation of integrin-mediated 

ERK1/2 and STAT3 signallings. 

 

In this study, EGFL7 was found to be upregulated during growth plate injury repair. 

There are four phases associated with growth plate injury repair, namely the 

inflammatory phase (day 1-3), fibrogenic phase (day 3-7), osteogenic phase (day 7-14) 

and remodelling phase (day 14 onwards) (Chung and Xian, 2014). Initially, the 

inflammation phase (day 1-3) involves the infiltration of inflammatory cells into the 

growth plate injury site and up-regulation of inflammatory cytokines and mediators 

(Arasapam et al., 2006; Chung et al., 2006; Zhou et al., 2004). This is followed by 
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fibrogenic phase, which involves the infiltration of mesenchymal cells and it’s observed 

on day 3-7 post-injury. On day 7, bone formation can be observed with the appearance 

of bony trabeculae. By day 14, bone remodelling is evident with the appearance of bone 

marrow cells in between bony trabeculae (Xian et al., 2004). In this study, histological 

analyses revealed mesenchymal infiltration on day 6-post growth plate injury, and 

active bone remodelling on day 14 with the presence of osteoblasts and osteoclasts near 

the bone trabeculae, in confirmation with a previous report by Chung and Xian, 2014. 

At the same time, an increase in the vessel number and size could be observed on day 

14 compared to day 6, which may indicate angiogenesis-osteogenesis coupling during 

the growth plate injury repair process. The upregulation of EGFL7 expression in the 

injury site from day 6 to 14 indicated that EGFL7 might be crucial in regulating 

angiogenesis early on in the repair process, as opposed to VEGFA which appeared to be 

more important in the late phase of repair. It is possible that EGFL7 and VEGFA might 

regulate intussusceptive angiogenesis and vessel sprouting separately during growth 

plate injury repair. It has been demonstrated that inhibition of Notch signalling induces 

intussusceptive angiogenesis, and given that EGFL7 is an antagonist of Notch 

signalling, it could mediate intussusceptive angiogenesis (Dill et al., 2012; Dimova et 

al., 2013; Schmidt et al., 2009). On the other hand, the role of VEGFA in regulating 

sprouting angiogenesis has been implicated previously (Gerhardt et al., 2003). 

However, as the current study and Nikolic et al. (2013) presented evidence that EGFL7 

is capable of stimulating sprouting angiogenesis in vitro, questions remain as to whether 

EGFL7 can independently regulate intussusceptive and sprouting angiogenesis by 

mediating Notch and integrin signalling, respectively. Future studies should elucidate 

this possibility and the mechanisms involved. 

 

In conclusion, the results from this chapter showed that EGFL7 is expressed by 

osteoblasts and osteoclasts, and plays a role in promoting endothelial cell migration, 

tube-like structure formation and angiogenesis through ERK, STAT3 and integrin 

signalling cascades. This study highlights the important role that EGFL7 might play in 

regulating angiogenesis in bone development, remodelling and also during the healing 

of bone-related injuries such as growth plate injury.  
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6.1 INTRODUCTION 

As reviewed previously, the vasculature network is an essential component in the 

skeletal system, which maintains bone development, growth and the homeostatic state 

of bone by providing a variety of nutrients, growth factors and hormones. 

Vascularisation during bone injury and repair facilitates the recruitment of osteoblast 

and osteoclast precursors from the circulation (Brandi and Collin-Osdoby, 2006). 

Angiogenesis involves a cascade of complex and tightly regulated processes, including 

endothelial cell migration, proliferation, adhesion and organisation into tube structures. 

More importantly, the association between changes in vascularisation and skeletal 

pathologies has been reported in bone diseases such as Paget’s disease of bone (Mundy, 

1999), osteoporosis (Alagiakrishnan et al., 2003), osteopetrosis (Aharinejad et al., 

1999), osteoarthritis (Ashraf et al., 2011; Ashraf and Walsh, 2008), and metastatic bone 

disease (Bauerle et al., 2012; Peyruchaud et al., 2003; Pluijm et al., 2000). Therefore, 

understanding the communication between bone endothelium and bone cells is critical 

for the development of new therapeutic treatment for bone diseases. 

 

Angiogenesis is controlled by a myriad of angiogenic factors which are produced by 

cells associated with the BRC such as osteoblasts, osteoclasts and osteocytes (Chim et 

al., 2013). For instance, osteoblasts are known to produce angiogenic factors such as 

VEGF and BMP7 to mediate angiogenesis in the bone microenvironment (Deckers et 

al., 2000; Ramoshebi and Ripamonti, 2000). Osteoclasts and preosteoclasts have also 

been implicated in bone formation and angiogenesis by secreting MMP-9 and PDGF-

BB; respectively (Cackowski et al., 2010; Xie et al., 2014). Recently, some novel EGF-

like protein family members were found to be expressed by osteoblasts and osteoclasts 

(Chim et al., 2011). More importantly, these EGF-like proteins contain signal peptide, 

implying that they are either membrane-bound or secreted, and thus could be playing a 

crucial role in regulating intercellular crosstalk between bone cells during bone 

remodelling (Chim et al., 2013). Previously, this study has reported that EGFL7, which 

was expressed by both osteoblasts and osteoclasts, promotes endothelial cell migration, 

tube formation and metatarsal angiogenesis via activation of ERK, STAT3 and FAK 

signalling pathways (Chapter 5).  However, the role of other members of the EGF-like 

protein family in regulating angiogenesis in the bone microenvironment is not clear. 
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Preliminary data from microarray and semi-quantitative RT-PCR analysis indicated that 

nephronectin (NPNT), an EGF-like protein which shares similar homology to EGFL6 

(Morimura et al., 2001), was expressed by osteoblasts and not osteoclasts 

(Supplementary Figure 2). Previously, our group has reported that EGFL6 promotes 

angiogenesis by activation of ERK signalling pathways via a paracrine mechanism of 

action (Chim et al., 2011). Here, it was hypothesised that NPNT has the potential to 

regulate angiogenesis through similar mechanisms. Therefore, characterising the role of 

NPNT on endothelial cell activities and signalling mechanisms forms a major objective 

of this thesis. 

 

6.2 EXPERIMENTAL RESULTS 

6.2.1 Characterisation of NPNT protein sequence using web-based Universal 

Protein Resource (UniProt) 

First, the sequence of NPNT was characterised using UniProt (http://www.uniprot.org) 

in the same way as EGFL7 (Chapter 5). In this analysis, The NPNT sequences of 

mouse, human and orangutan (PONAB) were aligned and showed an identity of 86.5%, 

indicating that the sequences of NPNT are very well conserved (Figure 6.1A). Further 

analysis showed that all three NPNT sequences contained signal peptides (pink) at the 

N-terminus and two different domain sequences (yellow) - the first from position 52 to 

254 and the second from position 420 to 561/563. According to UniProt analysis, the 

first domain sequence which contained cysteine residues that form disulfide bonds (light 

blue) was identified as a region containing EGF-like repeats, while the second sequence 

was identified as a meprin, A5 protein, and receptor protein-tyrosine phosphatase μ 

(MAM) domain. Further analysis revealed that NPNT proteins contained integrin-

binding RGD motifs (red). Tree guide analysis also revealed that human and orangutan 

NPNT are more closely related compared to mouse NPNT (Figure 6.1B). The results 

from bioinformatics analysis showed that NPNT is highly conserved across different 

species, thus indicating that their functions may be well conserved. 

 

 

 

http://www.uniprot.org/
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Figure 6.1: NPNT protein sequence analysis from various species. (A) Multiple 

alignment of NPNT protein sequences from human, mouse and Sumatran Orangutan 

(Pongo abelii, PONAB) was performed using UniProt program (UniProt, 

http://www.uniprot.org). Signal peptide (pink), domain (yellow), disulfide bond (light 

blue) and RGD motif (red) were highlighted. Asterisk indicates identical residues. (B) 

Dendrograms of NPNT among different species generated using UniProt.  
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6.2.2 Gene and protein expression of NPNT in osteoblasts 

To further elucidate the pattern of NPNT gene expression during osteoblast 

differentiation, RNAs were extracted from primary calvarial osteoblasts cultured in 

osteogenic differentiation media and subjected to RT-qPCR analysis. As shown in 

Figure 6.2A, the gene expression of NPNT was significantly higher at 7, 14 and 21 days 

following osteoblast differentiation compared to day 0. There was no significant 

difference in NPNT gene expression observed between day 7, 14 and 21 during 

differentiation. Osteoblast differentiation was confirmed by the observed upregulation 

of established osteogenic markers ALP, OCN and alpha 1 type 1 collagen (Col1A1) 

(Figure 6.2A). To validate the protein expression of NPNT during osteoblast 

differentiation, supernatants were collected and analysed via Western blot analysis. As 

shown in Figure 6.2B, NPNT was present in the supernatant and appeared to be 

upregulated, indicating that NPNT was secreted by osteoblasts. HtrA1, a secreted factor 

that is known to be upregulated during osteoblast differentiation was included as a 

control (Wu et al., 2014).  

 

6.2.3 Generation of NPNT expression vector and production of conditioned 

medium containing NPNT 

Following confirmation that NPNT was secreted by primary calvarial osteoblasts, an 

NPNT expression construct was generated. A full length NPNT insert was ligated into 

pcDNA3.1-c-myc/His plasmid to generate pcDNA3.1-NPNT-c-myc/His construct, with 

the insert flanked by HindIII and XhoI restriction enzyme sites (Figure 6.3A). Further 

restriction enzyme digestion of five pcDNA3.1-NPNT-c-myc/His plasmid clones yield 

a 5.5kb DNA product which was consistent with the size of the pcDNA3.1A-c-myc/His 

vector, and a 1.7kb DNA product which was consistent with the size of NPNT insert 

(Figure 6.3B). Next, the NPNT expression construct was sequenced to confirm its 

identity and then transfected into COS-7 cells to generate conditioned medium 

containing mouse recombinant NPNT tagged with c-myc/His (Figure 6.4A). 

Conditioned media was collected at 24 and 48 hours post-transfection and subjected to 

Western blot analysis. As shown in Figure 6.4B, c-myc antibody reacted to two 

proteins, a major protein above 75kDa and a minor protein which was ~20kDa.  The 

minor protein appeared to be a cleaved product of NPNT. 
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Figure 6.2: NPNT expression is upregulated during osteoblast differentiation. (A) 

NPNT is significantly upregulated during primary calvarial osteoblast differentiation. 

Gene expression was examined by qPCR analysis using primers specific for NPNT and 

the osteoblast specific genes osteocalcin (OCN), ALP (alkaline phosphatase) and 

collagen, type 1 alpha 1 (Col1A1). Gene expression was normalised to 18S and 

compared to the expression at day 0. (B) The protein levels of NPNT were detected in 

the medium during differentiation of osteoblasts. Bar charts represent mean ± SD. 

*P<0.05, **P<0.01, ***P<0.001. (n=3) 
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Figure 6.3: The cloning of mouse full length pcDNA3.1-NPNT-c-myc/His 

expression vector. (A) Schematic diagram showing NPNT expression construct, 

pcDNA3.1-NPNT-c-myc/His. It contains CMV promoter and restriction enzyme 

cleavage sites, HindIII and XhoI. (B) Confirmation of NPNT gene insertion via 1.5% 

agarose gel electrophoresis following restriction enzyme digestion of pcDNA3.1-

NPNT-c-myc/His with HindIII and XhoI.  
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Figure 6.4: Production of conditioned medium containing NPNT protein. (A). 

NPNT expression vector pcDNA3.1-NPNT-c-myc/His was transfected into COS-7 

cells, and conditioned medium containing secreted c-myc/His-tagged NPNT was 

collected. A conserved RGD motif is located between EGF and MAM domains. (B) 

Detection of NPNT proteins using anti-c-myc in COS-7 cells transfected with empty 

vector or expression vector encoding c-myc/His-tagged NPNT. NPNT was detected in 

medium at 24 and 48 hours, confirming the secretory nature of NPNT. Black arrows 

indicate the NPNT protein above 75kDa (predicted size to be 70-90kDA) and possible 

cleaved NPNT product at ~20kDa.  
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6.2.4 NPNT promotes endothelial cell migration, tube formation and angiogenesis 
in metatarsal explants 

Previously, it has been reported that NPNT has sequence homology with EGFL6, an 

angiogenic factor of the EGF-like family that is also secreted by osteoblasts (Chim et 

al., 2011; Morimura et al., 2001). In view of the similarity between EGFL6 and NPNT, 

the role of NPNT on endothelial cell activities and angiogenesis was investigated in this 

study. To examine the role of NPNT on endothelial cell migration, a SVEC scratch 

wound healing assay was performed. As shown in Figures 6.5A and B, conditioned 

medium containing NPNT significantly enhanced endothelial cell migration compared 

to vehicle control, with bFGF (50ng/ml) as positive control and PBS as negative 

control. Furthermore, MTS assay showed that endothelial proliferation was not 

significantly affected by the treatment with different doses (100, 250 and 500ng/ml) of 

commercially purchased recombinant mouse NPNT (R&D) (Figure 6.5C). 

 

In addition, a tube-like structure formation assay was performed using Matrigel as 

described previously for EGFL7 (section 5.2.5). As shown in Figure 6.6A, NPNT 

significantly enhanced tube-like structure formation after 24 hours in culture with 

recombinant mouse NPNT (500ng/ml), with increased branch points and tube lengths 

observed compared to PBS control (Figures 6.6B and C). However, the effect is 

significantly less than the bFGF positive control.  

 

To validate the role of NPNT on angiogenesis, an ex vivo foetal mouse metatarsal 

angiogenesis assay was performed. Metatarsals were dissected from E17.5 embryos and 

cultured in the presence or absence of mouse recombinant NPNT. As shown in Figures 

6.7A and B, NPNT (200ng/ml) significantly promoted the formation of web-like 

structures in cultured metatarsals compared to the PBS control.  Furthermore, the effects 

of NPNT-induced angiogenesis appeared to be comparable to the VEGF positive 

control (50ng/ml). 
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Figure 6.5: NPNT promotes endothelial cell migration. (A) Representative 

microscopic views of scratch wound healing assays performed in SVEC cells treated 

with conditioned medium containing NPNT or vehicle control for 0 or 16 hours. Scale 

bar, 100μm. (B) Quantitative analysis of cell migration area after 16 hours showing 

NPNT enhanced endothelial cell migration. PBS and bFGF were used as a negative and 

positive control respectively. (C) MTS assay showing recombinant mouse NPNT at 

different concentrations did not affect the proliferation rate of SVEC cells. Bar charts 

represent mean ± SD. ***P<0.001. (n=3) 
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Figure 6.6: NPNT promotes tube-like structure formation. (A) Representative 

images showing tube-like structure formation by SVEC cells treated with recombinant 

mouse NPNT (500ng/ml) (R&D) for 24 hours. Scale bar, 100μm. (B, C) Quantitative 

analysis of branch points and tube length showing NPNT promoted tube-like structure 

formation. PBS and bFGF were used as a negative and positive control respectively. Bar 

charts represent mean ± SD. *P<0.05, **P<0.01, ***P<0.001. (n=3) 
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Figure 6.7: NPNT promotes angiogenesis in metatarsal explants. (A) Representative 

images showing that recombinant mouse NPNT (200ng/ml) (R&D) induced blood 

vessel growth from metatarsals dissected from E17.5 embryos. Scale bar, 250μm. (B) 

Quantitative analysis of vessel sprouting. PBS and VEGF (50ng/ml) were used as a 

negative and positive control respectively. Bar charts represent mean ± SD. *P<0.05, 

***P<0.001. (n=3) 
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6.2.5 NPNT induces activation of ERK1/2 and p38 signalling pathways in 

endothelial cells 

The mechanism of action of NPNT on endothelial cells and angiogenesis has not been 

reported. In an effort to address the key signalling pathways involved, SVEC cells were 

stimulated with recombinant mouse NPNT for 0, 5, 10, 20, 30 and 60 minutes, followed 

by Western blotting to detect the phosphorylation of key signalling molecules such as 

ERK1/2, p38 and Akt. As shown in Figure 6.8A, NPNT induced the phosphorylation of 

ERK1/2 and p38, whereas Akt remained constant. The NPNT-induced phosphorylation 

of ERK1/2 and p38 appeared to be significantly upregulated compared to pre-

stimulation at 0 minutes, with the levels peaking at 20 minutes (Figures 6.8B and C). 

 

6.2.6 NPNT promotes endothelial cell migration, tube formation and angiogenesis 

through ERK1/2 activation 

Having demonstrated that exogenous addition of NPNT on endothelial cells resulted in 

the phosphorylation of the ERK1/2 pathway, the effect of U0126 (MEK1/2 inhibitor) on 

NPNT-mediated endothelial cell migration was further investigated. As shown in 

Figures 6.9A and B, NPNT-induced endothelial cell migration was significantly 

inhibited in the presence of U0126 (5μM). Furthermore, the effect of ERK1/2 inhibition 

on NPNT-induced tube-like structure formation was investigated. As shown in Figure 

6.10A, NPNT-induced tube-like structure formation was significantly inhibited in the 

presence of U0126, with both branch points and tube lengths significantly reduced 

(Figure 6.10B and C). Treatment with U0126 alone appeared to have no significant 

effect on the migration or tube formation of endothelial cells.  

 

Following confirmation that NPNT influenced endothelial cell activities through 

ERK1/2 signalling, the mechanism of ERK1/2 in NPNT-induced angiogenesis was 

examined using mouse foetal metatarsal angiogenesis assay. Metatarsals were cultured 

with mouse NPNT (200ng/ml) in the presence or absence of U0126. As shown in 

Figures 6.11A and B, NPNT-induced vessel formation was significantly inhibited in the 

presence of U0126. Treatment with U0126 alone did not have a significant effect on 

angiogenesis compared to PBS control, as shown by the results from chapter 5 (section 

5.2.8). 
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Figure 6.8: NPNT induced phosphorylation of ERK1/2 and p38. (A) Recombinant 

mouse NPNT induced cellular phosphorylation of ERK1/2 and p38. NPNT did not 

induce phosphorylation of Akt. (B,C) Densitometry on the phosphorylation levels of 

ERK1/2 and p38. Each time point was compared to 0 minutes, with p-ERK1/2 

normalised to ERK1/2 and p-p38 normalised to p38.  The induction pattern shows that 

NPNT induced increasing phosphorylation of ERK1/2 and p38, peaking at 20 minutes. 

Bar charts represent mean ± SD. *P<0.05, **P<0.01, ***P<0.001. (n=2)  
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Figure 6.9: NPNT-induced endothelial cell migration was blocked by U0126. (A) 

Representative microscopic images of scratch wound healing assays showing NPNT-

induced endothelial cell migration was inhibited in the presence of U0126 (5μM). Scale 

bar, 100μm. (B) Quantitative analysis of cell migration area after 16 hours showing 

U0126 significantly inhibited endothelial cell migration compared to PBS control, but 

treatment with recombinant mouse NPNT did not reverse the inhibition. PBS and bFGF 

were used as a negative and positive control, respectively. Bar charts represent mean ± 

SD. **P<0.01, ***P<0.001. (n=3) 
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Figure 6.10: NPNT-induced tube-like structure formation was blocked by U0126. 

(A) Representative images showing NPNT-induced tube-like structure formation was 

inhibited in the presence of U0126 (5μM). Scale bar, 100μm. (B,C) Quantitative 

analysis of branch points and tube length after 24 hours showing U0126 significantly 

inhibited NPNT-induced tube-like structure formation. PBS and bFGF were used as a 

negative and positive control, respectively. Bar charts represent mean ± SD. *P<0.05, 

**P<0.01, ***P<0.001. (n=3) 
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Figure 6.11: NPNT-induced angiogenesis was blocked by U0126. (A) Representative 

images showing that NPNT-induced angiogenesis was inhibited in the presence of 

U0126 (5μM). (B) Quantitative analysis of vessel sprouting. Scale bar, 250μm. Bar 

charts represent mean ± SD. ***P<0.001. (n=3)  

(Figures were contributed by Dr Shek Man Chim) 
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6.2.7 NPNT is expressed during growth plate injury repair 

In this study, the potential role of NPNT in rat growth plate injury repair was 

investigated. This model was previously used to examine the role of EGFL7 (section 

5.2.10), as well as various growth factors expressed during the healing of injured 

growth plate (Chung et al., 2014; Chung et al., 2009). The mRNA expression of NPNT, 

OCN and VEGF at different stages of injury responses at the growth plate injury site 

was analysed by RT-qPCR. In addition, histological features of growth plate injury 

repair were also observed by H&E and alcian blue staining. As shown in Figure 6.12A, 

extensive bone bridge formation was observed at day 14 post-injury, with abundant 

bone marrow cells in the marrow cavity between bony trabeculae. Osteoclasts and 

osteoblasts were observed, suggesting that they were lining the bone trabeculae and 

actively involved in mediating bone formation and resorption. By day 28, the size of 

bone trabeculae appeared to have increased, with osteoblasts and osteoclasts still 

observed on the surfaces of bony trabeculae, suggesting continued active bone 

remodelling within the growth plate injury site (Figure 6.12B). Further isolectin-B4 (I-

B4) staining of the tissue sections of injury sites on day 14 revealed the presence of 

positive I-B4 stained endothelial cells and vessel-like structures (Figure 6.12C). In 

addition, some I-B4 positive cells and vessel-like structures were also observed in the 

newly formed marrow cavity. By day 28, the number of I-B4 positive endothelial cells 

and vascularity appeared to have increased within the bone marrow space (Figure 

6.12D). This observation appeared to coincide with more bony trabeculae on day 28. 

 

Quantitative analysis of mRNA expression for NPNT showed a non-significant trend of 

suppression at days 6 and 14 (Figure 6.12E). However, a significantly distinct increase 

in NPNT expression was observed at day 28 compared to days 6 and 14. The expression 

level of OCN mRNA was significantly higher compared to uninjured control, days 6 

and 14 (Figure 6.12F). Initially, VEGF mRNA expression was significantly 

downregulated at days 6 and 14 post-operation (Figure 6.12G). However, the expression 

level was significantly increased at day 28.  
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Figure 6.12: NPNT is expressed during growth plate injury repair in rat proximal 

tibia. (A) Histology (H&E alcian blue staining) revealed bone trabeculae formation and 

enlargement at the growth plate injury site on day 14 post-injury along with osteoblasts 

(OB) and multi-nucleated osteoclasts (OC) lining the newly formed bone trabeculae 

(BT). (B) On day 28 post-injury, bony bridge was matured with formation of bone 

marrow (BM) between bone trabeculae. (C, D) Endothelial cells and some bone marrow 

cells were labeled with isolectin B4 (brown) on day 14 and day 28 post-injury. Black 

arrows in C and D indicate isolectin B4-positive endothelial cells and vessel-like 

structures at the growth plate injury site. The remaining adjacent area of the growth 

plate is indicated by open arrows. Original scale bar = 200 µm. (E) NPNT, (F) OCN and 

VEGFA (G) were expressed relative to cyclophillin A. Bar charts represent mean ± 

SEM. *P<0.05. (n=3)  

(Figure was contributed by Dr Yu-Wen Su and Dr Rosa Chung) 
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6.3 DISCUSSION 

The process of bone remodelling is tightly coordinated by various cytokines and growth 

factors that regulate cellular activities of osteoblasts, osteoclasts, endothelial cells and 

other cell types within the BRC (Kular et al., 2012). Crucially, many EGF-like protein 

family members which are angiogenic factors are known to be expressed by cells in the 

bone microenvironment (Chim et al., 2013). For instance, EGF is known to be 

expressed by both osteoblasts and osteoclasts, and promote endothelial cell 

proliferation, migration and tube formation (Bertrand-Duchesne et al., 2010; Mehta and 

Besner, 2007; Qin et al., 2005; Yi et al., 2008). More recently, our group has 

demonstrated that EGFL6 was expressed by osteoblasts and promotes endothelial cell 

migration and angiogenesis through the ERK signalling pathway (Chim et al., 2011). In 

this study, NPNT, a homologue of EGFL6, was also found to be expressed and secreted 

during the differentiation of primary calvarial osteoblasts. This result was consistent 

with a previous study which showed that NPNT is expressed by MC3T3 osteoblastic 

cell line during differentiation (Kahai et al., 2010). In addition, the transient transfection 

of COS-7 cells with pcDNA3.1A-NPNT-c-myc/His expression vector resulted in the 

expression and secretion of recombinant mouse NPNT, as detected via Western 

blotting. This was consistent with various studies which showed the secretory nature of 

NPNT (Abu-Daya et al., 2011; Inagaki et al., 2013; Linton et al., 2007). 

 

Initially, conditioned medium containing mouse NPNT from COS-7 cells transfected 

with pcDNA3.1-NPNT-c-myc/His was used to perform scratch wound healing assay, 

which potentiated the migration of SVEC cells, thus suggesting the potential of NPNT 

as a mitogen. However, NPNT has previously been shown to interact with kidney 

tissues and regulate nephrogenesis (Brandenberger et al., 2001; Linton et al., 2007). As 

COS-7 is a monkey kidney-derived fibroblastic cell line, NPNT may show binding 

affinity towards COS-7 cells during the process of transfection. This could potentially 

lead to the regulation of growth factors expression in COS-7 cells and thus, 

undermining the results of functional assays in this study. Therefore, a commercial 

mouse recombinant NPNT was purchased for subsequent functional assays. In this 

study, mouse recombinant NPNT was found to enhance the migration and tube-

structure formation of endothelial cells, as well as blood vessel growth from mouse 

foetal metatarsals. Although NPNT has been previously shown to recruit CD4+ T cells 
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and NK cells during hepatitis (Inagaki et al., 2013), this is the first time that NPNT was 

shown to have a migratory effect on endothelial cells.  

 

A previous study has demonstrated that NPNT was able to regulate osteoblast activities 

through ERK1/2 signalling pathways (Kahai et al., 2010). However, the signalling 

mechanism of NPNT on other cells, including endothelial cells, is not fully understood. 

This study revealed that exogenous addition of NPNT induced the phosphorylation of 

ERK1/2 and p38 in endothelial cells, and that the effects of NPNT-induced endothelial 

migration, tube-structure formation and angiogenesis were inhibited by U0126, an 

ERK1/2 inhibitor. This suggests that NPNT could regulate endothelial cell activities and 

angiogenesis through the activation of ERK1/2 and p38 MAPK signalling pathways. In 

fact, many EGF-like family members such as EGF, HB-EGF and EGFL6 could mediate 

angiogenesis through activation of MAPK pathways (Chim et al., 2011; Mehta and 

Besner, 2007). Furthermore, NPNT did not appear to affect the phosphorylation of Akt, 

which plays a crucial role in cell survival and suppression of apoptosis (Fujio and 

Walsh, 1999; Gerber et al., 1998; Majumdar and Du, 2006). This result was similar to 

our previous study which demonstrated that EGFL6 activates ERK1/2, but not Akt 

signalling pathways in endothelial cells (Chim et al., 2011). As NPNT shares structural 

homology with EGFL6, it is possible that both molecules could regulate endothelial cell 

functions through similar mechanisms and signalling pathways.  

 

Although this study presented evidence that NPNT could regulate the intracellular 

signalling pathways of endothelial cells, its receptor is yet to be identified. Moreover, 

the effect of NPNT on endothelial cell migration and tube-like structure formation 

appeared to be less than the bFGF positive control, although a much higher dose was 

used (500ng/ml for NPNT compared to 50ng/ml for bFGF). Bioinformatics analysis 

revealed that NPNT contained an RGD motif. Indeed, NPNT is known to be a major 

ligand for α81 integrin, and that NPNT-α81 interaction via RGD motif is critical in 

kidney development (Brandenberger et al., 2001). However, the data regarding the 

presence of α81 integrin on endothelial cells is still currently lacking. The same study 

from Brandenberger et al. (2001) also reported that NPNT interacts with other integrins 

at a much lower affinities compared to α81, including αv3, αv5, αv6 and α47. A 

previous study has reported that αv1 and α51 integrin receptors are highly expressed in 
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quiescent endothelial cells, while αv3 integrin receptor is expressed during active 

angiogenesis (Brooks et al., 1994). Therefore, it is possible that NPNT could bind 

directly to these vascular integrin receptors and regulate endothelial cell functions, 

albeit at a lower efficacy compared to bFGF which is a very potent angiogenic factor 

used in this study. Future studies could examine whether NPNT regulates endothelial 

cell activities through the RGD domain by using RGD peptides to block integrins, as 

well as explore the types of integrins that NPNT may interact with on endothelial cells 

via immunoprecipitation experiments.  

 

Apart from the RGD motif, bioinformatics analysis also revealed that NPNT contained 

two other domains- a domain consisting of EGF-like repeats and an MAM domain. A 

previous study has demonstrated that the EGF-like repeats in NPNT are essential to 

promote osteoblast differentiation, and that their deletion resulted in a loss of function 

(Kahai et al., 2010). This suggests that EGF-like repeats in NPNT could also modulate 

the activities of endothelial cells, possibly through EGFR-dependent signalling 

pathways. A recent study showed that the MAM domain could be involved in 

interacting with heparan sulfate proteoglycans (HSPGs) which are localised at the 

basement membrane of cells, thus allowing the deposition of NPNT onto basement 

membrane once secreted (Sato et al., 2013). This suggests that the MAM domain could 

be critical in mediating extracellular matrix deposition of NPNT. 

 

To investigate the potential role of NPNT in the bone microenvironment in vivo, a rat 

growth plate injury repair study (similar to Chapter 5) was performed to examine the 

expression of NPNT during the bony repair time course. On day 14 and 28 post-injury, 

osteoclasts and osteoblasts were observed lining the bone trabeculae, indicating their 

involvement in the bone remodelling process. In addition, the increase in bony 

trabeculae from day 14 to 28 appeared to coincide with the increase in I-B4 positive 

endothelial cells, indicating that growth factor-regulated angiogenesis-osteogenesis 

coupling could be occurring during this period of injury repair. Previously, several 

angiogenic factors that have been implicated in regulating osteogenesis and 

angiogenesis were shown to be expressed during growth plate injury repair, including 

PDGF-BB, VEGF, and FGF2 (Chung et al., 2009; Chung and Xian, 2014; Fischerauer 

et al., 2011; Zhou et al., 2004). In this study, NPNT expression in the growth plate area 
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appeared to be altered following injury, thus suggesting its potential role in regulating 

bone remodelling during the injury repair process. In fact, the expression levels of both 

NPNT and VEGF appeared to be the highest on day 28, which correlated to the day 28 

expression peak of the osteoblastic marker, OCN. This indicates the possibility that the 

osteoblasts could be mediating angiogenesis and osteogenesis by secreting both NPNT 

and VEGF into the bone microenvironment. 

 

In conclusion, the results presented in this chapter showed, for the first time, that NPNT 

could be playing a role in mediating endothelial cell migration, tube-like structure 

formation and angiogenesis through ERK and p38 signalling pathways. This study 

highlights the potential role of NPNT in mediating angiogenesis in the bone local 

environment, as well as the bone remodelling process during injury repair. 
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7.1 INTRODUCTION 

Previously, the role of EGFL7 (Chapter 5) and NPNT (Chapter 6) in endothelial cell 

activities and angiogenesis were characterised in vitro. As aforementioned, EGFL7 and 

NPNT belong to a broader EGF-like protein family, which also includes EGFL2, 

EGFL3, EFGL5, EGFL6, EGFL8 and EGFL9 (Chim et al., 2013). Previously published 

data revealed that EGFL6, a homologue of NPNT, was expressed during osteoblast 

differentiation but not during osteoclast differentiation (supplementary Figure 1A). 

Furthermore, EGFL6 has been demonstrated to be a paracrine regulator of endothelial 

cell migration, tube-like structure formation and angiogenesis in a recent publication by 

our group (Chim et al., 2011). However, the role of EGFL6 on bone physiology in vivo 

remains to be elucidated. To address this aim, two EGFL6 genetically modified mouse 

models were employed: 

(1) EGFL6 knockout (KO) mice with a global deletion of EGFL6 gene expression 

(2) EGFL6 transgenic (TG) mice overexpressing EGFL6 

 

7.2 EXPERIMENTAL RESULTS 

7.2.1 Characterisation of EGFL6 protein sequence and expression using web-based 

tools 

As an initial step to characterise the role of EGFL6 in mice, a sequence alignment 

analysis was performed using web-based UniProt, (http://www.uniprot.org). Human and 

mouse EGFL6 amino acid sequences were aligned, showing a sequence identity of 77% 

(Figure 7.1A). In addition, UniProt analysis revealed that EGFL6 contains a signal 

peptide, a domain containing EGF-like repeats (with cysteine residues forming disulfide 

bonds), an RGD motif and an MAM domain, as shown in Figures 7.1A and B. The 

presence of a signal peptide indicates that EGFL6 is a secreted protein, as reported in 

previous studies (Chim et al., 2011; Oberauer et al., 2010). An EGFL6 tissue expression 

profile was generated using GeneAtlas BioGPS (http://biogps.org), an online gene 

annotation portal which has been used for bioinformatics analysis in various studies 

(Shinohara et al., 2012). The analysis revealed that EGFL6 is very highly expressed by 

osteoblasts, along with lesser expression observed in the lung, salivary gland, umbilical 

cord and uterus (Figure 7.1C). 

http://www.uniprot.org/
http://biogps.org/#goto=welcome
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Figure 7.1: Bioinformatics analysis of EGFL6 protein. (A). Multiple alignment of 

EGFL6 protein sequences from human and mouse was performed using UniProt 

program (UniProt, http://www.uniprot.org). Signal peptide (pink), domain (yellow), 

disulfide bond (light blue) and RGD motif (red) are highlighted. Asterisk indicates 

identical residues. (B) Protein structure of EGFL6. (C) BioGPS analysis 

(http://biogps.org) showed the high specificity of EGFL6 expression in osteoblast 

lineage cells.  
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7.2.2 Generation of knockout mice with EGFL6 deficiency 

To investigate the physiological role of EGFL6 on bone phenotypes in vivo, KO mice 

with EGFL6 deficiency were generated using the UPATrap approach to inactivate the 

genomic transcription and expression of EGFL6 mRNA. The UPATrap strategy has 

previously been reported to provide an unbiased gene trapping in mouse embryonic 

stem cells (ES) (Shigeoka et al., 2005). Briefly, a mutant mouse ES cell line with an 

insertion of UPA gene trap vector downstream of CMHD-GT-485H8 sequence tag in 

the EGFL6 genome was injected into C57BL/6J blastocysts. This was followed by 

implantation into the uterus of a female recipient mouse. The male chimeras were mated 

with female C57BL/6J mice to generate heterozygous female mice, which were then 

subsequently crossed with male mice to produce wild type (WT) and KO littermates. As 

EGFL6 is mapped to the murine X chromosome, male WT and EGFL6 KO littermates 

were generated and formed the basis of this study (Buchner et al., 2000b).  

 

To identify the genotypes of the mice, primers P1, P2 and P3 were used to perform PCR 

genotyping of offspring (Figure 7.2A). Primers P1 and P2 amplify a region of mouse 

genomic EGFL6 sequence, while primers P1 and P3 amplify a region from the 

UPATrap vector sequence. As shown in Figure 7.2B, PCR genotyping analysis of mice 

revealed the presence of only the 224bp DNA product amplified from EGFL6 genomic 

sequence in WT mice, only the ~400bp PCR product amplified from UPATrap vector 

sequence in KO mice (KO), and both products heterozygous (Het) mice. To confirm the 

deletion of EGFL6 from the KO mice, primary calvarial cells were extracted from the 

mice and cultured in osteogenic differentiation medium for 14 days, followed by RNA 

extraction and RT-PCR analysis to examine EGFL6 expression. As shown in Figure 

7.2C, the presence of EGFL6 mRNA was confirmed in the WT osteoblasts on day 14, 

together with osteoblastic marker OCN. However, EGFL6 expression was absent in the 

EGFL6 KO osteoblasts, indicating the successful deletion of EGFL6 in the osteoblasts. 
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Figure 7.2: Generation of EGFL6 KO mice. (A). EGFL6 KO mice were generated 

using UPATrap strategy to inactivate EGFL6. Primers P1 and P2 amplify an area of 

mouse genomic EGFL6 sequence, while primers P1 and P3 amplify UPATrap vector 

sequence. (B) PCR genotyping results showing the presence of the expected 224bp PCR 

product amplified from EGFL6 genomic DNA in littermates 1 and 2 (identified as WT), 

~400bp PCR product amplified from UPA gene trap vector in littermates 3 and 4 

(identified as KO), and both products in littermate 5 (identified as Het). (C) RT-PCR 

analysis confirming the presence of EGFL6 mRNA expression in WT, but not KO mice, 

on day 14 during the differentiation of primary calvarial osteoblasts, with OCN as a 

positive differentiation marker.  
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7.2.3 EGFL6 knockout mice have increased trabecular bone volume in the primary 

spongiosa 

Having established the mouse EGFL6 KO line, the phenotype of the mice was 

characterised. Preliminary observation of the KO mice indicated that they were viable, 

fertile, showed no observable difference in body size as compared to their WT 

littermates, and did not exhibit any sign of sickness or distress. To characterise the bone 

phenotype, femurs of 18-week old male WT and EGFL6 KO mice were dissected, fixed 

and analysed by micro-computed tomography (microCT). Representative 2D and 3D 

microCT images indicated that the EGFL6 KO mice appeared to exhibit an increased 

bone mass phenotype in the primary spongiosa (Figure 7.3A). Quantitative analysis of 

the primary spongiosa region revealed a significant increase in bone volume/tissue 

volume (BV/TV) and trabecular number (Tb.N) for the EGFL6 KO mice compared to 

the WT mice (Figure 7.3B). Furthermore, the EGFL6 KO mice showed a significant 

reduction in the trabecular separation (Tb.Sp) compared to their WT littermates, with no 

significant difference observed in the trabecular thickness (Tb.Th) between the two 

groups. However, the EGFL6 KO mice appeared to exhibit no observable difference in 

bone mass phenotype in the secondary spongiosa (Figure 7.4A), with quantitative 

analysis showing that there was no significant difference in BV/TV, Tb.N, Tb.Sp and 

Tb.Th between the WT and EGFL6 KO mice (Figure 7.4).  

 

7.2.4 EGFL6 knockout mice exhibit a trend of reduction in osteoclast numbers 

The increased bone volume in EGFL6 KO mice warranted further investigation into the 

osteoclast phenotype in vivo using histological assessment. In brief, femurs of 18-week 

old male WT and EGFL6 KO mice were fixed, processed, sectioned and stained with 

TRAcP staining solution and Gill’s haematoxylin. Interestingly, histological assessment 

of the femur sections revealed a trend of reduction in the TRAcP staining of the EGFL6 

KO mice compared to the WT mice (Figure 7.5A). Further quantitative analysis 

indicated that the number of osteoclasts/bone perimeter (N.Oc/B.Pm) in the EGFL6 KO 

mice showed a trend of reduction compared to the WT mice (Figure 7.5B), while no 

difference was observed in the osteoclast surface/bone surface (Oc.S/BS) between the 

WT and EGFL6 KO mice (Figure 7.5C). 
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Figure 7.3: EGFL6 KO mice exhibit an increased bone mass phenotype in the 

primary spongiosa. (A). Representative coronal and 3D cross sectional microCT 

images of distal femurs from 18-week old male WT and EGFL6 KO mice showed that 

the primary spongiosa bone volume in KO mice appeared to be higher compared to the 

WT mice. (B) Quantitative microCT analysis revealed a significant increase in the bone 

volume/trabecular volume (BV/TV) and trabecular number (Tb.N), a significant 

decrease in the trabecular separation (Tb.sp), and no significant difference for the 

trabecular thickness (Tb.Th) in the primary spongiosa of EGFL6 KO mice compared to 

the WT mice. Bar charts represent mean ± SD. **P<0.01. n.s.= no significance. (9 mice 

per group)  
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Figure 7.4: EGFL6 KO mice exhibit a normal bone mass phenotype in the 

secondary spongiosa. (A). Representative coronal and 3D cross sectional microCT 

images of distal femurs from 18-week old male WT and EGFL6 KO mice showed that 

the bone volume in the secondary spongiosa of KO mice appeared to be comparable to 

the WT mice. (B) Quantitative microCT analysis revealed no significant difference in 

the bone volume/trabecular volume (BV/TV), trabecular number (Tb.N), trabecular 

separation (Tb.sp) and trabecular thickness (Tb.Th) in the secondary spongiosa of 

EGFL6 KO mice compared to the WT mice. Bar charts represent mean ± SD. n.s.= no 

significance. (9 mice per group)  

 



151 
 

 

 

Figure 7.5: EGFL6 KO mice exhibit a trend of reduction in osteoclast number. (A). 

TRACP staining of femurs from 18-week old male WT and EGFL6 KO mice. 

Histomorphometric analysis revealed that (B) the number of osteoclasts (N.Oc/B.Pm) 

showed a trend of reduction in osteoclast numbers (P=0.06). (C) Osteoclast 

surface/bone surface (OC.s/BS) showed no significant difference between the WT and 

EGFL6 KO mice. Bar charts represent mean ± SD. n.s.=no significance (P>0.05). (5 

mice per group)  
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7.2.5 Generation of transgenic mice overexpressing EGFL6 

As described previously, EGFL6 KO mice were demonstrated to have a lower bone 

mass phenotype in the primary spongiosa compared to the WT mice. To further 

elucidate the physiological role of EGFL6 in bone, TG mice overexpressing EGFL6 

were generated. Previously, an EGFL6 expression construct, pcDNA3.1-EGFL6-c-

myc/His, was generated and successfully expressed in COS-7 cells (Chim et al., 2011). 

As shown in Figure 7.6A, the full length EGFL6 cDNA was inserted downstream of a 

CMV promoter and upstream of polyadenylation (PA) sequence. The EGFL6 transgene 

was linearised, purified and microinjected into blastocysts to generate EGFL6 TG mice. 

The mice which express EGFL6 transgene were mated with WT C57BL/6J mice to 

establish a transgenic line. To confirm the transgene expression, primers were designed 

to amplify a region of the EGFL6 transgene (Figure 7.6A, arrows). As shown in Figure 

7.6B, genotyping by PCR analysis showed the expected ~1500bp DNA product in 

transgenic mice (EGFL6 TG) and no product was amplified in WT littermates.  

 

7.2.6 EGFL6 transgenic mice do not exhibit an obvious bone phenotype 

Having successfully established the EGFL6 TG line, the mouse phenotype was 

characterised in the same way as EGFL6 KO mice. Similar to the EGFL6 KO mice, 

these TG mice were viable, fertile and did not show observable difference in body size 

compared to their WT littermates. Furthermore, these mice did not appear to be sick or 

in distress. To characterise the bone phenotypes of the EGFL6 TG mice, the femurs of 

18-week old WT and EGFL6 TG littermates were extracted, fixed and subjected to 

microCT analysis. Representative 2D and 3D microCT images of the primary spongiosa 

showed no observable difference in bone phenotypes between the WT and EGFL6 TG 

mice in both males (Figure 7.7A) and females (Figure 7.7B). Further quantitative 

analysis revealed no significant difference in the BV/TV, Tb.N, Tb.Sp and Tb.Th 

between the WT and EGFL6 TG mice in both males and females at the primary 

spongiosa (Figure 7.7C). In addition, microCT analysis of the secondary spongiosa also 

revealed no significant difference in the BV/TV, Tb.N, Tb.Sp and Tb.Th between the 

two experimental groups (Figures 7.8A-C). These results indicated that the bone mass 

phenotype in primary and secondary spongiosa of EGFL6 TG mice is comparable to 

their WT littermates. 
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Figure 7.6: Generation of transgenic mice overexpressing EGFL6. (A) EGFL6 

transgene construct. Arrows indicate the location of the primers used to amplify 

transgenic DNA during the process of genotyping. (B) PCR genotyping results showed 

the presence of a DNA product (~1500bp) in mice 4, 5, and 6, indicating the successful 

integration of EGFL6 transgene in these mice (transgenic positive).  
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Figure 7.7: EGFL6 transgenic mice exhibit a normal bone phenotype in the 

primary spongiosa.  Representative coronal and 3D cross sectional microCT images of 

distal femurs from 18-week old (A) male and (B) female WT and EGFL6 TG mice, 

showing the primary spongiosa regions in bone. (C) Quantitative microCT analysis 

revealed no significant difference in the bone volume/trabecular volume (BV/TV), 

trabecular number (Tb.N), trabecular separation (Tb.Sp) and trabecular thickness 

(Tb.Th) in the primary spongiosa of EGFL6 TG mice compared to the WT mice. Both 

male (8 mice per group) and female (5 mice per group) mice were analysed. Bar charts 

represent mean ± SD. n.s.= no significance.   
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Figure 7.8: EGFL6 transgenic mice exhibit a normal bone phenotype in the 

secondary spongiosa.  Representative coronal and 3D cross sectional microCT images 

of distal femurs from 18-week old (A) male and (B) female WT and EGFL6 TG mice, 

showing the secondary spongiosa regions in bone. (C) Quantitative microCT analysis 

revealed no significant difference in the bone volume/trabecular volume (BV/TV), 

trabecular number (Tb.N), trabecular separation (Tb.Sp) and trabecular thickness 

(Tb.Th) in the secondary spongiosa of EGFL6 TG mice compared to the WT mice. 

Both male (8 mice per group) and female (5 mice per group) mice were analysed. Bar 

charts represent mean ± SD. n.s.= no significance.   
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7.3 DISCUSSION 

Genetically modified mice with either gain-of-function or loss-of-function mutations are 

crucial in dissecting and understanding the functions of genes in vivo. Within the EGF-

like family for instance, transgenic mice overexpressing EGF were shown to have 

stunted growth, with abnormal accumulation of osteoblasts in the periosteum and 

endosteum and a reduction in the thickness of the cortical bone (Chan and Wong, 2000). 

Furthermore, a study has shown that triple null mice lacking EGF, AREG and TGF-α 

displayed growth retardation and defective gastrointestinal features (Troyer et al., 

2001). Interestingly, recent studies have demonstrated that transgenic mice 

overexpressing BTC exhibit an increased cortical bone phenotype and increased wound 

angiogenesis (Schneider et al., 2008; Schneider et al., 2009). This implies that EGF-like 

family members are capable of regulating bone development and angiogenesis, and thus 

may be critical in maintaining skeletal homeostasis. 

 

Previously, Chim et al. (2011) from our group has reported that EGFL6 induces 

angiogenesis via ERK1/2 activation. However, to date, there is no published in vivo data 

demonstrating a physiological role for EGFL6 in bone development and homeostasis. 

Therefore, a major aim of this study was to elucidate the functional role of EGFL6 in 

bone using genetically modified mice with EGFL6 deficiency (KO) and EGFL6 

overexpression (TG) mice models. One approach is to characterise the bone phenotype 

using microCT, a high resolution 3D imaging tool that is being widely used in 

orthopaedic research to examine the in vivo phenotype of bones (Bouxsein et al., 2010). 

Furthermore, this approach has been previously used by our group to assess the cortical 

and trabecular bone morphology in genetically modified mice (Khor et al., 2013; Kular 

et al., 2015).  

 

Assessment of trabecular bone phenotypes of EGFL6 KO mice revealed a conspicuous 

increase in bone volume within the primary spongiosa below the growth plate. 

Interestingly, there was no quantifiable difference in bone volume detected within the 

secondary spongiosa between the EGFL6 KO mice and WT mice. It is important to note 

that the primary spongiosa and secondary spongiosa are two functionally distinct 

regions. The primary spongiosa has been reported to have a higher hard tissue turnover 

rate compared to the secondary spongiosa, due to a higher number of osteoblasts and 
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osteoprogenitor cells (Kimmel and Jee, 1980). In addition, a recent study has 

demonstrated that Runx2+/Osterix+ osteoprogenitors and collagen type 1α+ osteoblastic 

cells are abundant in the metaphyseal region adjacent to the growth plate and in close 

proximity to blood vessels, but distinctly absent in the diaphyseal region of mouse tibias 

(Kusumbe et al., 2014). As bioinformatics analysis (BioGPS) revealed that EGFL6 

expression was highly upregulated by osteoblasts, it is possible that the bone 

remodelling adjacent to the growth plate was altered in mice with EGFL6 deficiency. 

Subsequent histological analysis revealed that EGFL6 KO mice showed a trend of 

reduction in the number of osteoclasts, suggesting for the first time that osteoclasts 

could be affected by the loss of EGFL6 in these mice. Although this preliminary data is 

exciting, a more comprehensive histological examination on mice with different age 

groups is warranted in future studies.  

 

Next, the bone phenotype of EGFL6 TG mice was assessed by microCT analysis. 

Interestingly, the WT and EGFL6 TG mice showed comparable trabecular bone 

parameters in both males and females. Although this suggests that the trabecular bone 

mass phenotype in the EGFL6 TG mice appeared to be normal, further histological 

analysis is required to investigate whether EGFL6 overexpression affects bone 

remodelling by osteoclasts and osteoblasts in these mice. Furthermore, the cortical bone 

phenotypes have not been examined in this study. The cortical bone is lined by 

vascularised periosteum on the outer surface and endosteum on the inner surface,  and 

subjected to bone remodelling by osteoblasts and osteoclasts (Eriksen, 2010). Therefore, 

it is plausible to hypothesise that the cortical phenotypes could be affected by the 

physiological alteration of EGFL6 expression and thus, warrant further investigations in 

the future. 

 

More recently, our preliminary data indicated that the lack of EGFL6 could lead to 

impairment in angiogenesis, as evidenced by a reduction in the number of blood vessels 

and CD31 staining in the primary spongiosa region, as well as the expression of 

angiogenesis-related genes in the bone of EGFL6 KO mice (Supplementary Figure 3A-

C). Although a more detailed investigation of the vascular architectures and endothelial 

cell features in EGFL6 KO mice has not been conducted in this study, it is plausible to 

postulate that EGFL6 could modulate angiogenesis in bone. As aforementioned, the 
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presence of capillaries at bone remodelling sites is crucial in supporting the processes of 

bone resorption and bone formation (Chim et al., 2011; Parfitt, 2000). More 

importantly, angiogenesis and bone remodelling can be coupled by secreted factors in 

the bone microenvironment, as evidenced by the recently discovered role of PDGF-BB 

in angiogenesis-osteogenesis coupling (Xie et al., 2014). Surprisingly, this study did not 

show a positive correlation between angiogenesis and osteogenesis in the primary 

spongiosa of EGFL6 KO mice, but rather a reversed correlation (i.e. decreased 

angiogenesis and increased bone mass), which may be at least partly contributed by 

impaired osteoclast differentiation and/or osteoclast activities near the growth plate. 

This study uncovers a potentially new mechanism by which EGFL6 couples 

angiogenesis and bone resorption, and thus warrants further investigations. Future 

studies should dissect the role of EGFL6 on osteoclast differentiation and function in 

both in vitro and in vivo settings. 

 

A major limiting factor in this study is the use of global TG and KO mice to assess the 

role of EGFL6 in bone homeostasis. Considering the high specificity of EGFL6 

expression in osteoblast lineage and in other organs such as kidneys and lungs (Chim et 

al., 2011), a global genetic manipulation may alter the normal physiological state of the 

animals, and potentially contribute to phenotypes not related to bones. For instance, TG 

mice overexpressing EGF show an abnormal proliferation of osteoblasts, but are 

underweight, exhibit patch necrosis in the liver and have fertility problems due to 

hypospermatogenesis (Chan and Wong, 2000; Wong et al., 2000). Therefore, future 

studies could incorporate the use of osteoblast-specific EGFL6 TG or KO mice to 

investigate the physiological role of EGFL6 in bone homeostasis. 

 

Collectively, this chapter has shown that EGFL6 is involved in regulating bone 

remodelling, whereby the loss of EGFL6 resulted in an increased trabecular bone 

phenotype in the primary spongiosa. More importantly, this study has demonstrated that 

EGFL6 appears to have a novel role in regulating osteoclasts, and may potentially be 

important in modulating intercellular crosstalk within the bone microenvironment. 
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8.1 OVERVIEW OF THESIS 

Bone remodelling is a critical process which maintains skeletal integrity and 

homeostasis throughout adult life. This tightly regulated process is carried out by 

osteoblasts and osteoclasts, the key cell types that are involved in reshaping, remoulding 

and repairing of bone tissues. More importantly, bone remodelling takes place in the 

BRC, a specialised vascular structure formed between the bone marrow and the 

remodelling surface (Chim et al., 2013). The association between vascular networks and 

BRC is critical, as blood vessels provide transportation of nutrients, growth factors and 

oxygen to the remodelling site, as well as participate in the removal of cell debris and 

waste products which arise from bone remodelling. Crucially, during embryonic and 

postnatal bone development, the invasion of cartilage by endothelial cells leads to the 

formation and establishment of vascular channels, which provide access to bone-

forming cells and direct new bone formation (Brandi and Collin-Osdoby, 2006; Chim et 

al., 2013; Gerber and Ferrara, 2000). Furthermore, angiogenesis is a critical feature of 

bone fracture healing and is involved in the regulation of inflammation, soft callus 

formation, hard callus formation and remodelling  during fracture repair (Carano and 

Filvaroff, 2003; Schindeler et al., 2008). It is known that bone angiogenesis is tightly 

coordinated by a range of cytokines and growth factors, such as FGFs, VEGF, and 

BMPs (Chim et al., 2013; Schindeler et al., 2008). Moreover, recent reports indicate that 

angiogenesis and osteogenesis are intimately coupled, with endothelial notch activity 

and PDGF-BB playing critical roles in the coupling process (Ramasamy et al., 2014; 

Xie et al., 2014).Therefore, understanding the complex inter-relationship between 

angiogenesis and osteogenesis and the regulatory factors that couple these two 

processes may enhance our knowledge of the maintenance of bone homeostasis, and 

thus may lead to improved therapeutic approaches for bone diseases. 

 

In search of potential novel pro-angiogenic factors that may be regulating angiogenesis 

in the bone microenvironment, our group has identified several genes from EGF-like 

family members that are differentially expressed by primary calvarial-derived 

osteoblasts and RAW264.7 cell-derived osteoclasts, such as EGFL2, EGFL3, EGFL5, 

EGFL6, EGFL7, EGFL8 and EGFL9 (Chim et al., 2011). Of these, EGFL6 was found 

to be expressed highly by osteoblasts, while EGFL7 was expressed by both osteoclasts 

and osteoblasts. In addition, previous preliminary results identified the expression of 

NPNT in osteoblasts, but not osteoclasts via microarray and semi-quantitative RT-PCR. 
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However, there is limited knowledge regarding the role of EGF-like protein family 

members such as EGFL6, EGFL7 and NPNT in bone remodelling and homeostasis. 

Therefore, understanding the cellular functions and molecular mechanisms of EGFL6, 

EGFL7 and NPNT is of great interest and significance to bone biology. 

 

8.1.1 Overview of Chapter 5: The role of EGFL7 on endothelial cell activities and 

angiogenesis 

As a first step to characterise the expression pattern of EGFL7 in osteoblasts and 

osteoclasts, RT-PCR was performed on RNA samples extracted from BMM-derived 

osteoclasts and primary calvarial cell-derived osteoblasts during differentiation. EGFL7 

was found to be expressed by both osteoblasts and osteoclasts during the differentiation 

process. In addition, EGFL7 was demonstrated to be expressed in developing and 

mature bone by Western blot analysis. Further tissue distribution analysis by RT-PCR 

revealed that EGFL7 is expressed in several organs, with strong expression observed in 

muscle, kidney, heart, lung, liver and spleen. To further investigate the function of 

EGFL7, conditioned medium containing mouse recombinant EGFL7 was produced by 

transfecting COS-7 cells with pcDNA3.1-EGFL7-c-myc/His expression construct. By 

using scratch-wound migration assay and Matrigel tube-like structure formation assay, 

it was found that EGFL7 could promote endothelial cell migration and tube-like 

structure formation, the two essential steps in blood vessel formation. A mouse 

metatarsal angiogenesis assay further showed that EGFL7 could promote blood vessel 

outgrowth, confirming its angiogenic potential.  

 

To elucidate the cellular mechanism through which EGFL7 regulates endothelial cell 

activities, several key signalling molecules associated with the regulation of endothelial 

cell functions and angiogenesis, including ERK1/2, ERK5 and STAT3, were 

investigated (Chen and Han, 2008; Roberts et al., 2009; Srinivasan et al., 2009). It was 

demonstrated that EGFL7 induced the phosphorylation of ERK1/2 and STAT3, but not 

ERK5, in SVEC cells. Furthermore, a STAT3-responsive luciferase assay showed that 

EGFL7 activated STAT3 in endothelial cells. The roles of ERK1/2 and STAT3 were 

further confirmed in scratch wound migration assay and metatarsal angiogenesis assay, 

whereby U0126 (ERK1/2 inhibitor) and Stattic (STAT3 inhibitor) significantly 

inhibited EGFL7-induced endothelial cell migration and blood vessel outgrowth, 
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respectively. In addition, it was found that EGFL7 did not induce the phosphorylation of 

STAT1 in SVEC cells, which was expected considering STAT1 is a negative regulator 

of angiogenesis (Battle et al., 2006). In this study, it was also found that EGFL7 induced 

the phosphorylation of FAK, a critical mediator of vascular development and 

tubulogenesis (Shen et al., 2005). Surprisingly, EGFR was not activated by EGFL7, 

which raises the possibility that EGFR-mediated FAK signalling was absent in the 

SVEC cells. As FAK is also an important regulator of integrin-mediated signal 

transduction pathways (Parsons, 2003; Schlaepfer and Mitra, 2004), further 

investigation of its ability to interact with integrin was warranted. It was found that 

EGFL7-induced endothelial cell migration was blocked by RGD peptides, indicating 

that EGFL7 could function via RGD/QGD motif, which is crucial for integrin binding. 

This result also complements the findings from a recent report which found that EGFL7 

binds to αv3 integrin (Nikolic et al., 2013). 

  

Finally, to investigate the role of EGFL7 during the healing of growth plate injury, a rat 

model of tibial growth plate injury repair was performed. Histological analysis revealed 

an infiltration of mesenchymal cells on day 6-post growth plate injury, followed by new 

bone formation with the presence of osteoblasts, osteoclasts and blood vessels near the 

bone trabeculae on day 14. Furthermore, qRT-PCR revealed that EGFL7 expression 

was upregulated during the repair process, with the expression peaking on day 14 before 

being reduced back to near or below the basal level on day 28. The trend of expression 

for EGFL7 appeared to contradict that of VEGF, where the expression decreased on day 

6 and 14, followed by a significant increase on day 28. These results indicated that 

EGFL7 may be critical in modulating angiogenesis in the early phase of growth plate 

injury repair.  

 

Collectively, the findings from this study established the role of EGFL7 in mediating 

angiogenesis, the intracellular signalling mechanisms of EGFL7 on endothelial cells and 

the importance of EGFL7 in bone microenvironment and bone-related injury repair. 
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8.1.2 Overview of Chapter 6: The role of NPNT on endothelial cell activities and 

angiogenesis 

Previously, preliminary data found that the NPNT gene was expressed by osteoblasts 

via microarray and RT-PCR analyses. As NPNT is a homologue of EGFL6, a known 

angiogenic factor from EGF-like family identified by our group (Chim et al., 2011), it is 

possible that NPNT may have similar biological functions as EGFL6. Firstly, NPNT 

was found to be upregulated during the differentiation of mouse primary calvarial cells, 

as confirmed by qRT-PCR and Western blot analysis. Following this, conditioned 

medium containing recombinant mouse NPNT was produced by transfecting COS-7 

cells with pcDNA3.1-NPNT-c-myc/His expression construct, which was found to 

enhance endothelial cell migration. Subsequently, purified recombinant mouse NPNT 

was found to enhance endothelial tube-like structure formation and metatarsal 

angiogenesis, while not affecting the proliferation of the endothelial cells.  

 

To examine the intracellular signalling mechanism of NPNT, several key signalling 

molecules were assessed by Western blot analysis following treatment of SVEC cells 

with recombinant mouse NPNT. It was found that NPNT induced the phosphorylation 

of ERK1/2 and p-38, but not Akt. In addition, the NPNT-induced endothelial cell 

migration, tube-like structure formation and blood vessel outgrowth from metatarsals 

were abolished by treatment with U0126. This suggests that NPNT can regulate 

angiogenesis via ERK1/2 activation. 

 

Finally, qRT-PCR revealed that NPNT expression appeared to be altered during the 

healing of rat growth plate injury, with its expression highly upregulated on day 28 

compared to day 6 and 14 post-injury. Interestingly, the expression of NPNT on day 28 

correlated to the upregulation of VEGF and OCN, suggesting that osteoblasts could be 

involved in mediating angiogenesis and bone remodelling during the repair process. 

Future studies should also investigate the possible contribution of NPNT by other cell 

types in the bone microenvironment, such as osteocytes, osteomacs and bone lining 

cells.  
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Collectively, the findings from this study established the novel role of NPNT in 

mediating angiogenesis through ERK1/2 and p38 activation in endothelial cells, and the 

potential involvement of NPNT in bone microenvironment and growth plate injury 

repair. 

 

8.1.3 Overview of Chapter 7: Characterisation of the bone phenotype in EGFL6 

genetically modified mice 

Previously, our group has reported that EGFL6 is expressed by osteoblasts and 

promotes endothelial cell migration, tube-like structure formation in Matrigel assays 

and formation of blood vessel in a chick embryo chorioallantoic membrane (Chim et al., 

2011). This implies that EGFL6 is involved in angiogenesis by a paracrine manner, and 

thus may be critically important in regulating bone development and remodelling. 

However, to date, there is no published in vivo data demonstrating a physiological role 

for EGFL6 in bone. Therefore, EGFL6 genetically modified mice were generated for 

the current study to elucidate the functional role of EGFL6 in bone. Firstly, the bone 

phenotypes of 18-week old male WT and EGFL6 KO mice were examined via microCT 

analysis. It was revealed that the trabecular bone mass in the primary spongiosa regions 

of EGFL6 KO mice was increased, but the secondary spongiosa was not affected, 

indicating that the predominant effects of EGFL6 are in the highly vascularised region 

around the growth plate. Subsequent bone histomorphometric analysis revealed a trend 

of reduction in the number of osteoclasts in the trabecular bone. Collectively, these 

results imply that the bone phenotype in the primary spongiosa was possibly attributed 

to defects in osteoblast-osteoclast crosstalk involving EGFL6. 

 

To further investigate the functional role of EGFL6, another genetically modified 

mouse model, TG mice overexpressing EGFL6, was generated. In this study, the bone 

phenotypes of 18-week old male and female EGFL6 TG mice were analysed via 

microCT analysis. Interestingly, it was revealed that there was no significant difference 

in the trabecular bone mass of EGFL6 TG mice compared to the WT mice in the 

primary and secondary spongiosa, in both males and females. However, the cortical 

bone phenotypes of these mice have not been assessed. Therefore, future studies can 

incorporate the analysis of the cortical bone parameters, as well as the histological 
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analysis of the bones to provide better insights into the role of EGFL6 in bone 

remodelling.  

 

This study demonstrated, for the first time, that EGFL6 may be important in the bone 

microenvironment in vivo. Importantly, this study found that EGFL6 may play a novel 

role in regulating the osteoclasts, and thus acting as both an angiogenic factor and an 

osteoclast modulator. This exciting new discovery could pave way for the potential 

establishment of EGFL6 as a mediator for angiogenesis-osteogenesis coupling, and 

further enhance our knowledge of the complex crosstalk system that maintains bone 

homeostasis. 

 

8.2 GENERAL DISCUSSION 

The EGF-like family consists of a class of proteins which contain multiple EGF-like 

repeats, and their roles in cellular and biological functions are well documented. One 

important aspect of cellular functions regulated by EGF-like proteins is angiogenesis, 

the formation of vascular supply in tissues (Chim et al., 2013). For instance, a previous 

study has shown that EGF and HB-EGF could induce HUVEC migration and capillary 

tube formation via activation of PI3K, MAPK and eNOS (Mehta and Besner, 2007). 

Another EGF-like protein family member, TGF-α, is a potent angiogenic mediator and 

capable of promoting angiogenesis in stroke-induced brain injury (Grotendorst et al., 

1989; Leker et al., 2009; Schreiber et al., 1986). Many EGF-like family members have 

been reported to be differentially expressed in osteoblasts and osteoclasts, suggesting 

their potential roles in facilitating intercellular crosstalk within the BRC (Chim et al., 

2011; Qin et al., 2005; Yi et al., 2008). Although the biological functions of some of 

these EGF-like members have been implicated, their roles in the bone 

microenvironment and cellular mechanisms remain unknown.  

 

In this study, EGFL7 and NPNT were found to be expressed and secreted by osteoblasts 

and/or osteoclasts, thus indicating their roles in intercellular communication within the 

bone microenvironment. Furthermore, their roles in endothelial cell activities and 

signalling pathways were confirmed by in vitro angiogenesis-related functional assays 

such as SVEC migration assay and tube-like structure formation assay. An advantage of 
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using SVEC cells in our study is that they are relatively easy to culture and maintain. 

Moreover, they have been used extensively by many research groups (Fateye et al., 

2012; Wang et al., 2012b; Young et al., 2012). However, there are limitations associated 

with SVEC-based in vitro assays. Firstly, SVEC cells are cell lines which may have 

been physiologically disturbed and may not be representative of in vivo condition. A 

more suitable approach is to use human umbilical vein endothelial cells (HUVEC) or 

human microvascular endothelial cells (HMVEC), primary cells that have been widely 

used in the field of angiogenesis research (Bagley et al., 2003; McHarg et al., 2008; 

Patel et al., 2013). Furthermore, bone marrow-derived endothelial progenitor cells 

(EPCs) have been used by Xie et al. (2014) to investigate the angiogenic activity of 

PDGF-BB. These EPCs are capable of differentiating into endothelial cells and 

contribute to postnatal neovascularisation, thus presenting as a great alternative to cell 

lines (Asahara et al., 1997). Secondly, exogenous addition of recombinant protein in 

these assays may not necessarily simulate the paracrine effect of EGFL7 and NPNT in 

an in vitro setting. A better approach is to use osteoblast/osteoclast conditioned medium 

for angiogenesis-related functional assays, in the presence of neutralising antibody or 

inhibitors targeting EGFL7 or NPNT. Alternatively, constructs expressing silencing 

siRNA against EGFL7 and NPNT are available and can be used in future studies 

(Huang et al., 2014; Kahai et al., 2009). 

 

An ex vivo foetal mouse metatarsal angiogenesis assay showed that exogenous addition 

of EGFL7 and NPNT recombinant proteins induced blood vessel outgrowth from 

metatarsal explants, with characteristics of web-like features and CD31+ staining. 

However, the expression of other angiogenesis-related genes has not been examined in 

this study. It is possible that the recombinant proteins could also regulate the expression 

of other angiogenic factors in the cells, thus indirectly contributing to the promotion of 

angiogenesis. For instance, a study has found that EGF did not directly activate the 

migration of HUVEC due to a lack of EGFR (Hirata et al., 2002). However, EGF 

stimulated the production of VEGF and IL-8 in A431 cancer cells when co-cultured 

with HUVECs and indirectly promoted the migration of HUVECs. Therefore, future 

studies can investigate the expression of prominent angiogenic factors such as VEGF 

and IL-8 to clarify their possible roles in EGFL7 and NPNT-induced angiogenesis. 

 



169 
 

Rat growth plate injury repair models revealed that both EGFL7 and NPNT are 

regulated during injury repair. The pattern of expression for EGFL7 and NPNT 

appeared to be different, with EGFL7 upregulated early on in the repair phase (day 6-

14), while NPNT expression appeared to be late (day 28). This indicates the 

spatiotemporal regulation of EGF-like members within the bone microenvironment and 

could mediate angiogenesis in different stages of growth plate injury healing. 

Furthermore, it is possible that different cell types may contribute EGF-like factors to 

facilitate the healing process. As in all cases of bone fracture and soft tissue injuries, the 

inflammatory response involves an infiltration of key inflammatory cells such as 

neutrophils and monocytes/macrophages into the growth plate (Chung and Xian, 2014). 

Macrophages are known to produce VEGF and BMP, which induce angiogenesis and 

bone formation (Champagne et al., 2002; Sunderkotter et al., 1994).Thus, the expression 

profiles of EGF-like factors in macrophages and other inflammatory cells should be 

further investigated in the future.  

 

Aforementioned, many EGF-like members appear to have an autocrine/paracrine role in 

regulating the intercellular crosstalk between osteoblasts and osteoclasts, as evidenced 

by their gene expression in these cells (Chim et al., 2011; Qin et al., 2005; Yi et al., 

2008). For example, HB-EGF is known to enhance the proliferation of preosteoblasts, 

but inhibits the differentiation of osteoblasts by suppressing Runx2 transcriptional 

activity (Nakamura et al., 2010). On the other hand, a study has found that EGF-like 

ligands are capable of stimulating osteoclastogenesis by regulating the expression of 

osteoclast regulatory factors in osteoblasts, thus implying an indirect effect of EGF-like 

family members in osteoblast-osteoclast crosstalk (Zhu et al., 2007). In this study, 

EGFL6 KO mice were found to have an increased bone mass in the primary spongiosa, 

which was accompanied by a trend of reduction in osteoclast numbers. This suggests 

that the osteoblasts may play a role in regulating the osteoclasts, either through a direct 

or indirect manner via the secretion of EGFL6. Interestingly, the bone mass in the 

secondary spongiosa did not appear to be affected by the loss of EGFL6. It is known 

that the numbers of osteoblasts and osteoprogenitors cells in the primary spongiosa are 

higher compared to the secondary spongiosa (Kimmel and Jee, 1980). In addition, the 

regions around the growth plate are known to be highly vascularised. This could lead to 

the greater phenotypic changes in the primary spongiosa compared to the secondary 

spongiosa. It is also possible that the genetic modification of EGFL6 in mice may lead 
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to compensatory/altered expression by other EGF-like family members, thus 

contributing to the normal bone phenotypes in the secondary spongiosa of EGFL6 KO 

mice and normal bone mass in EGFL6 TG mice. The expression profiles of other EGF-

like family members in the EGFL6 KO and TG mice should be investigated in the 

future. 

 

A hypothetical model illustrating the proposed paracrine action of EGFL6, EGFL7 and 

NPNT during bone remodelling was devised (Figure 8.1). In this model, osteoclast 

precursors migrate from the blood vessel into the BRC and differentiate into mature 

osteoclasts to resorb bone. Meanwhile, osteoblast precursors migrate into the resorbed 

area and differentiate into mature osteoblasts to form new bone. Osteoclasts and 

osteoblasts, together with their progenitor cells, secrete EGFL7 to regulate angiogenesis 

and support the bone remodelling process. Furthermore, osteoblasts also secrete NPNT 

and EGFL6 to induce angiogenesis. In addition, EGFL6 could regulate the osteoclasts 

via a paracrine mode of action. Another hypothetical model illustrating the intracellular 

signalling mechanisms of EGFL7 and NPNT in endothelial cells was proposed (Figure 

8.2). In this model, EGFL7 binds to integrin receptors and leads to the phosphorylation 

of FAK, ERK1/2 and STAT3. On the other hand, NPNT could potentially interact with 

integrin receptors and/or unknown receptor(s) on the endothelial cell surface, thus 

leading to the phosphorylation of ERK1/2 and p-38. The intracellular signalling 

pathways of EGFL7 and NPNT result in the activation of cell activities such as 

endothelial cell migration, tube-like structure formation and angiogenesis. 

 

In conclusion, the findings from this study have established that EGFL7 and NPNT are 

secreted factors that may play a role in regulating angiogenesis during bone remodelling 

and healing of bone injuries. In addition, this study has provided evidence of a novel 

role for EGFL6 in regulating bone homeostasis. Taken together, EGF-like protein 

family members may be critical regulators of bone homeostasis and serve as potential 

therapeutic targets for improved treatment of bone diseases and injuries. 
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Figure 8.1: Hypothetical model of the paracrine action of EGFL6, EGFL7 and 

NPNT during the bone remodelling process. Osteoclast precursors migrate from the 

blood vessel into the BRC and differentiate into mature osteoclasts to resorb bone. 

Meanwhile, osteoblast precursors migrate into the resorbed area and differentiate into 

mature osteoblasts to produce new bone matrix. During this process, osteoclasts, 

osteoblasts and their respective precursors secrete EGFL7 to induce angiogenesis. In 

addition, mature osteoblasts produce NPNT and EGFL6 to further regulate 

angiogenesis. Furthermore, EGFL6 could also be involved in regulating the osteoclasts.  
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Figure 8.2: Hypothetical model of the intracellular signaling mechanisms of 

EGFL7 and NPNT in endothelial cells. EGFL7 interacts with integrin receptor, which 

results in the phosphorylation of FAK, ERK1/2, and STAT3. NPNT potentially 

interacts with integrin receptor and unknown receptors, which leads to the induction of 

p38 and ERK1/2 phosphorylation. Activation of key signaling molecules leads to 

endothelial cell migration, tube-like structure formation and angiogenesis.  
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8.3 FUTURE DIRECTIONS 

The findings from this thesis have revealed several areas that require further 

investigation. In the future, new avenues of research should be conducted to better 

understand the mechanisms and functions of EGF-like family members, as well as their 

roles in bone diseases and injuries. Some proposed future approaches are detailed 

below. 

 

Can EGF-like factors regulate osteoblasts via autocrine mechanisms? 

Previously, studies have demonstrated that cells of the osteoblast lineage express 

various EGF-like protein members and EGF receptors (Chim et al., 2011; Genetos et al., 

2010; Qin et al., 2005). Many studies have reported that EGF-like factors are capable of 

regulating osteoblast differentiation and proliferation (Genetos et al., 2010; Kahai et al., 

2010; Loza et al., 1995; Nicolas et al., 1990; Qin et al., 2005). Therefore, it is plausible 

to postulate that EGFL6, EGFL7 and NPNT may also regulate osteoblast activities and 

thus, bone phenotypes in vivo via autocrine mechanisms. To investigate this, mouse 

models with specific deletion of EGFL6, EGFL7 or NPNT in osteoblasts can be 

developed. These tissue-specific KO models are preferred over constitutive KO models, 

which are often associated with limitations such as embryonic lethality, compensatory 

mechanisms and complex phenotypes. This can be achieved by using the Cre/LoxP 

system which has been previously described to produce conditional knockout (cKO) of 

various proteins in the osteoblasts, including extracellular Ca2+-sensing receptor (CaR), 

glucocorticoid receptor (GR) and membrane type-1 matrix metalloproteinase (MT1-

MMP) (Dvorak-Ewell et al., 2011; Rauch et al., 2010; Tang et al., 2013). Once these 

osteoblast-specific cKO mice are generated, the bone phenotypes can be assessed by 

microCT and histological analyses. Immunostaining analysis can also performed to 

characterise the phenotypes of osteoblastic lineage cells with markers such as Osterix, 

Runx2 and OCN, as demonstrated by Kusumbe et al. (2014) and Xie et al. (2014). 

Furthermore, the bone formation rate in these mice can be examined by fluorochrome 

calcein labelling of mineralised bones. 

 

In addition, in vitro osteoblast differentiation and mineralisation assays can be 

performed using the BMSCs extracted from the osteoblast-specific EGFL6, EGFL7 or 
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NPNT cKO mice to determine their autocrine effects on osteoblastic activities. If a 

loss/gain of function is identified, recombinant EGFL6, EGFL7 or NPNT proteins can 

be incorporated in these experiments to rescue the effects caused by the deficiency of 

these genes. Furthermore, osteoblastic gene expression profiles (e.g. runx2, alp1, bglap) 

can also be established in the bone tissues of these cKO mice, as well as throughout the 

in vitro osteoblast differentiation/mineralisation process. These experiments will 

provide further insights into the roles of EGF-like family members on osteoblasts in the 

bone microenvironment. 

 

Can EGF-like factors regulate osteoclasts via paracrine mechanisms? 

In this study, it was found that the loss of EGFL6 in mice was accompanied by a trend 

of reduction in the number of osteoclasts. Furthermore, previous reports have found that 

many EGF-like protein members and EGF receptors are critical regulators of 

osteoclastic activities (Raisz et al., 1980; Takahashi et al., 1986; Wang et al., 2004; Yi 

et al., 2008). This raises the possibility that osteoblast-secreted EGF-like factors in our 

study may exhibit paracrine actions on osteoclasts.  To validate this, histological and 

immunofluorescence analyses of osteoclastic cells (TRAcP+) can be performed on the 

bone samples extracted from osteoblast-specific EGFL6, EGFL7 or NPNT cKO mice.  

In addition, primary osteoblasts isolated from osteoblast-specific EGFL6, EGFL7 or 

NPNT cKO mice can be co-cultured with BMMs from WT mice to examine their 

ability to support osteoclast differentiation and formation in vitro.  Alternatively, 

purified recombinant EGFL6 proteins can be used to directly examine its effects on 

osteoclast differentiation/function and the key signalling pathways involved in 

osteoclast activities, including ERK1/2, p38, NF-κB and NFAT (Blair et al., 2005; 

Boyle et al., 2003). These experiments will aim to dissect the role of EGF-like family 

members on osteoclasts in the bone microenvironment. 

 

Can EGF-like factors regulate type H endothelial cells? 

Recently, a study has discovered a specific subtype of endothelial cells that strongly 

expresses CD31 and Endomucin, and are distinctly located in the metaphyseal region 

near the growth plate (Kusumbe et al., 2014). Importantly, these CD31hiEmcnhi (also 

known as type H) endothelial cells are in close proximity to the osteoprogenitor cells 
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and play a critical role in mediating angiogenesis-osteogenesis coupling. As our study 

has found that the loss of EGFL6 primarily affected the bone phenotype in the primary 

spongiosa, it raises the possibility that the osteoblast-secreted EGFL6 may regulate 

angiogenesis-osteogenesis through interaction with the type H endothelial cells. 

Therefore, future experiments can incorporate flow cytometry and immunofluorescence 

analyses of the type H endothelial cells/blood vessel structures (CD31hiEmcnhi) in the 

bones of EGFL6 KO mice, as demonstrated by Kusumbe et al. (2014) and Xie et al. 

(2014). This will aim to characterise the possible roles of EGFL6 in regulating the type 

H endothelial cells and blood vessels within the bone microenvironment. 

 

Which integrin receptor is responsible for endothelial cell activities induced by 

EGF-like factors? 

Integrins are a large family of membrane-bound proteins that bind to ECM components 

and mediate cellular adhesion, migration and activation of intracellular signalling 

pathways (Guo and Giancotti, 2004). Importantly, our studies indicated that the addition 

of RGD peptides inhibited the angiogenic activity of EGFL6 and EGFL7, suggesting 

that RGD-integrin binding may be critical in EGF-like factor-mediated angiogenesis 

(Chim et al., 2015; Chim et al., 2011). Therefore, it is important to identify the integrin 

receptors by conducting adhesion assays and co-immunoprecipitation experiments. 

These experiments will help to enhance our understanding of the mechanisms involved 

in EGF-like factor-mediated angiogenesis. 

 

Do EGF-like factors play a role in regulating endochondral ossification? 

Endochondral ossification involves the rapid vascular invasion of the hypertrophic 

cartilage, high osteoblast/osteoclast activity, rapid primary spongiosa formation and 

subsequent elongation of bone. Therefore, it is reasonable to expect that the 

metaphyseal angiogenesis and growth plate phenotypes are much more dynamic in 

younger mice compared to adult mice (18-week old), which was the only age group 

examined in this study. Future studies could incorporate the assessment of endochondral 

ossification by examining the bone and angiogenic phenotypes in the chondro-osseous 

regions of younger mice (i.e. 1-8 weeks old). 
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Do EGF-like factors play a role in bone loss during ageing? 

Ageing is often associated with reduced bone quality, increased incidences of fracture 

and is a major risk for osteoporosis (Heaney, 1998; Smith et al., 1975). More recently, 

Kusumbe et al. (2014) have demonstrated that bone loss during ageing is accompanied 

by declines in type H endothelial cells and osteoprogenitors, suggesting that the 

coupling mechanisms of angiogenesis and osteogenesis may be affected by the ageing 

process. Furthermore, it is known that the expression of angiogenic factors such as 

VEGF is impaired in aged tissues (Ahluwalia et al., 2014; Rivard et al., 2000). 

Therefore, it is plausible to postulate that alteration in the expression of crucial 

angiogenic factors contributes to ageing-related bone loss. Future studies can investigate 

the potential roles of EGF-like factors in ageing-related bone loss and help enhance our 

understanding of the mechanisms involved in the development of ageing-related bone 

diseases.  

 

Are EGF-like factors important in bone injury repair? 

Angiogenesis in damaged bone tissue is an essential component of normal fracture 

healing (Hankenson et al., 2011). In the current study, it was found that EGFL7 and 

NPNT expression was regulated in a spatiotemporal manner during rat growth plate 

injury repair. This indicates that EGF-like family members may be crucially involved in 

mediating the healing process of bone injuries, and thus warrant further investigation. 

Future studies can be conducted to examine the gene expression profiles of different 

EGF-like factors in the bone fracture sites and identify the key cell types responsible for 

EGF-like factor-mediated bone repair. Moreover, the effects of bone fracture treatment 

with EGF-like factors can also be investigated using animal models. For instance, bone 

fractures can be generated in mice as previously described (Huang et al., 2012). The 

injured mice can be treated with recombinant EGF-like proteins or neutralising 

antibodies targeting EGF-like proteins. This will help to evaluate the efficacy of the 

treatments, which may potentially enhance bone fracture healing and have significant 

therapeutic implications. 
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Supplementary Figure 1: Previous published data showing the differential 

expression profile of EGF-like family members during osteoblast and osteoclast 

differentiation. RT-PCR amplification of mouse RAW264.7 cells-derived osteoclasts 

were cultured in the presence of RANKL for up to 7 days. Mouse primary calvarial 

osteoblasts were stimulated with osteoblast differentiation medium for up to 21 days. 

mRNA was extracted and subjected to RT-PCR using primers specific for EGF-like 

family members and 36B4. It has been identified that (A) EGFL6 is highly expressed by 

osteoblast during differentiation and (B) EGFL7 is expressed by both osteoclast and 

osteoblast during differentiation, with higher expression level observed in osteoclast 

(blue arrows). 

(Figure adapted with modification from Chim et al., 2011.).  
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Supplementary Figure 2: Previous preliminary results showing the expression of 

NPNT gene during the differentiation of osteoclasts and osteoblasts from mouse. 

(A) Total RNA from BMM cells (Day 0), matured osteoclasts (Day 5) and primary 

calvarial cells before (Day 0) and after (Day 7) differentiation in osteoblast 

differentiation medium were harvested for microarray analysis. Heatmap demonstrating 

the upregulation of NPNT in osteoblasts but not osteoclasts. HtrA1, together with 

osteoclast and osteoblast specific marker genes were also found to be upregulated. 

Upregulation and downregulation are shown in red and blue respectively. (B) Further 

RT-PCR analysis confirmed that primary calvarial osteoblasts, but not osteoclasts, 

express NPNT during differentiation.  
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Supplementary Figure 3: EGFL6 KO mice exhibit a reduction in vascularity and 

angiogenic gene expression. (A) CD31 immunohistochemical staining of the femur of 

18-week old EGFL6 KO mice compared to WT mice, showing a decreased CD31 

staining near the growth plate region (GP) (blue arrow) (x100). (B) EGFL6 KO mice 

showed a decreased number of vessels in the primary spongiosa and (C) decreased 

angiogenesis-related genes in bone compared to WT mice. 

 

 

 

 

 


