
 

 

 

The Genetics of Osteoporosis 
 Christopher Vidal July 2007 
 

 

 

 

Submitted to the Faculty of Medicine and Surgery, 

University of Malta in fulfillment of the requirements for 

the Degree of Doctor of Philosophy 

 

 

 
 

 

 

 



 

 

 

 

Supervisor: Prof. A. Xuereb‐Anastasi, Ph.D. 

Advisor: Prof. A.E. Felice, M.D., Ph.D. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 
Defense of thesis held on the 10th September 2007 at 9.00 a.m. at the 

Medical School, G’Mangia, Malta. 

 

 

 

Board of Examiners 

Prof. Andre G. Uitterlinden Ph.D. 

Prof. Marie T. Podesta M.D. Ph.D. 

Prof. Gary J. Hunter B.Sc.(Hons.)(Liv.), Ph.D. (Warw.) 

Dr. Pierre Schembri‐Wismayer M.D. Ph.D. 

  

 

 

 

 

 

 

 

 

 

 

 



i 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

I declare that all the material in this project is my original work. 

 

 

             ______________ 

             Mr.Christopher Vidal 

 



ii 
 

 

 

 

 

 

To my wife Evgenia,  

To my mother, father and all the family 

 

 

 

 

 

 

 

 

“As our circle of knowledge expands, so does the circumference of darkness surrounding it” – 

Albert Einstein (1879 – 1955) 

 

 

 

 



iii 
 

Acknowledgements 

This study was carried out at the DNA Laboratory, Medical School, G’Mangia, Malta, the 

Department of Clinical Pharmacology and Therapeutics, University of Malta and the 

Department of Anatomy and Cell Biology, University of Malta. The STR genotyping was 

performed at the McGill University and Genome Quebec Innovation Centre, Quebec, 

Canada. DNA sequencing analysis was performed at MLS BioDNA Ltd, Kordin, Malta. This 

project was financially supported by the Research Fund Committee, University of Malta, 

Malta. This work would not be possible without the help and support of a number of 

individuals. 

 First of all I would like to express my sincere gratitude to my supervisor Professor 

Angela Xuereb‐Anastasi, Ph.D., for her constant supervision, guidance, constructive criticism 

and patience throughout the course of this research project.  

I am also grateful to Professor Alex E. Felice, M.D., Ph.D., for his informative discussions 

as an advisor for my project and for permissions to use the facilities at the Laboratory of 

Molecular Genetics, University of Malta, whenever it was required. I would also like to thank 

Professor Mark Brincat for the financial support and Dr. Raymond Galea, M.D., for 

invaluable help in patient recruitment. I am also grateful to Dr. Anthony Fenech, Ph.D., 

B.Pharm. (Hons.), for his support, advice and use of the facilities in the Department of 

Pharmacology and to Dr. Pierre Schembri Wismayer, M.D., Ph.D., for permission to use 

equipment at the Tissue Culture Laboratory – Department of Anatomy. Special thanks also 

go to Dr. Christian Scerri, M.D., Ph.D., for his informal and interesting discussions. 

I am grateful to all my colleagues and staff at MLS BioDNA Ltd, especially to Ms. Marisa 

Cassar, B.Pharm.(Hons.), for her great support and understanding. I would also like to wish 

her good luck for her work leading to her doctoral degree. 

My sincere thanks go to the staff at the Biochemistry Laboratory, Pathology 

Department and Bone Density Unit, St. Luke’s Hospital, Malta, for their support in 

performing biochemical analysis of blood and measurements of bone density. Special thanks 

go to Mr. Ralph Camilleri, B.Sc. (Hons.), for his permission to perform the haematology and 

biochemical tests at the Emergency Laboratory, St. Luke’s Hospital. 



iv 
 

Last but not least, I would like to thank the families and all participants in this study for 

their collaboration. Without their participation, this project would never have materialised. 

My earnest thanks must go to my wife Evgenia for her constant moral support, not only 

during the work leading to thesis, but also for all her encouragement in all matters.  I am 

especially grateful to my parents for all that they have done for me throughout my life, and 

also to all the family for the indispensable support, love and understanding.    

 

                

                        

Mr. Christopher Vidal 



  Abstract & List of Publications 

 

v 
 

Abstract 

Osteoporosis is a metabolic bone disease with a strong genetic component. In this study 

both association and linkage approaches were used to identify genes that might be 

responsible for the disease in the Maltese population. No statistically significant association 

was found between the studied polymorphisms within candidate genes and bone mineral 

density (BMD) in a group of postmenopausal women. A statistically significant difference 

was observed in the distribution of genotype and haplotype frequencies, between women 

having a normal and a low BMD, of polymorphisms within the promoter region of the 

osteoprotegerin gene (TNFRSF11B). A genome‐wide scan using 400 microsatellite markers 

was performed in 27 members from two extended families with a high incidence of 

osteoporosis. Evidence of linkage was observed to a marker at 11p12 where a non‐

parametric LOD score (NPL) of 5.77 (p=0.0006) was obtained. A maximum heterogeneity 

LOD (HLOD) score of 2.55 for this region was obtained for the dominant mode of inheritance 

with 90% penetrance and a phenocopy rate of 1%. Following fine mapping, the critical 

interval was narrowed to a region that is 52.94cM from 11p‐telomere. In this region the 

gene for TRAF‐6 is located approximately 1cM away from the indicated marker.  Suggestive 

linkage was also observed to other chromosomal regions including 5q34, 6q23 and 5p15. 

Known genes that might be involved in the disease that are found in these regions include 

those coding for fibroblast growth factor (FGF)‐18 (5q34) and interferon gamma receptor 

(IFNGR)‐1 (6q23). The TRAF6 and FGF18 genes were sequenced to try to identify any 

mutations. No suspected variants were observed in the coding regions of the FGF18 and 

TRAF6 genes. Sequencing of the promoter region and intron‐exon boundaries of the TRAF6 

gene revealed three sequence variants, two of which were found in introns and the third 

one found in the promoter region, at position ‐721 upstream from the transcriptional start 

site. Three affected members within one family were heterozygous for this variant in the 

promoter region while only two heterozygotes for this variant were identified (population 

frequency 1.1%), when screening the general population (n=175). Studies of this variant on 

its possible role in gene expression are indicative of an effect on gene expression, possibly 

by collaboration with other transcriptional factors further upstream in the promoter. An 

increase in TRAF6 expression can result in increased osteoclastogenesis and therefore an 

increased risk of osteoporosis.  
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1.1  Bone Tissue 

1.1.1  Bone Tissue:  macro- and microstructure 

Bone is a specialized type of connective tissue that together with cartilage makes up 

the skeletal system. Flat and long bones are the two main types of bones that are derived 

from two distinct types of development: intramembranous and endochondral ossification, 

respectively.  

Macroscopically a long bone is usually made up of an epiphysis that is the wider 

extremity of long bone and a shaft, or diaphysis. The metaphysis is the part between the 

diaphysis and epiphysis with the epiphysial plate (cartilage) responsible for the longitudinal 

growth of bone, found in between the metaphysis and epiphysis.  

On cross section, the outer layer of bone is made up of dense cortical bone that gives 

strength while the inner part consists of trabecular bone. Cortical bone constitutes about 

85% of the total bone tissue, of which 80 – 90% is calcified. It is mostly found in the long 

bones of the appendicular skeleton, with its basic component being the osteon or Haversian 

system. Cells found in cortical bone, and to a lesser extent also those in trabecular, are 

under the influence of systemic hormones such as parathyroid hormone (PTH) and 1,25‐

dihydroxyvitamin D3 (Baron et al., 1999). 

Trabecular bone consists of a network of trabeculae that apart from giving strength 

to the bone itself, have a number of metabolic functions such as mineral homeostasis and 

are also filled with haematopoietic cells. Trabecular bone makes up about 15% of the 

skeleton and only 15 – 25% of it is calcified. This type of bone is found mainly in the 

vertebrae and other areas of the axial skeleton. The association of trabecular architecture 

with bone strength might be an important predictor of fracture risk that is independent of 

bone mineral density (BMD) (Aaron et al., 2000). Trabecular BMD is regulated by oestrogen 

mainly mediated by oestrogen receptor α (ER‐α), through the activation of a number of 

genes including transforming growth factor‐β (TGF‐β) (Lindberg et al., 2002). 
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The outer layer of bone is known as the periosteum while the endosteum is the inner 

layer. Osteoprogenitor cells are found lining the inner cellular layer, which under 

appropriate stimuli will eventually become osteoblasts. 

 

1.1.2  Bone Cells 

Osteoblasts 

Osteoblasts are bone forming cells of mesenchymal origin that differentiate from 

their progenitors when activated by a series of transcriptional factors including 

Cbfa1/RUNX2 (Ducy et al., 1999), Fra‐1 (Jochum et al., 2000) and osterix (Osx) (Nakashima et 

al., 2002). Under the microscope they appear as cuboidal cells with a round nucleus having a 

strongly basophilic cytoplasm, with a prominent Golgi apparatus. Bone morphogenic protein 

(BMP)‐2 was observed to activate the initiation of transcription of a number of factors 

including osterix that is essential for the differentiation of osteoblasts (Lee et al., 2003). 

Osteoblastic cell differentiation was also observed to be stimulated by the activation of the 

transmembrane protein notch (Tezuka et al., 2002). 

One of the mechanisms by which BMPs regulate osteoblast differentiation is by their 

interactions with Wnt proteins secreted by osteoblasts themselves in an autocrine loop 

(Rawadi et al., 2003). Wnt proteins in turn bind to frizzled receptors and the lipoprotein 

receptor‐related protein (LRP)‐5 as a co‐receptor on the cell surface.  This interaction results 

in the binding of intracellular axin protein to LRP‐5 preventing the degradation of β‐catenin 

that in turn results in the activation of transcription (Mao et al., 2001). Wnt induces the 

expression of BMPs including BMP‐2 that enhances osteoblast differentiation and bone 

formation through BMP receptors on the cell surface. This pathway is controlled by 

sclerostin, encoded by the SOST gene, which acts as an antagonist to block both BMP and 

Wnt signalling (Winkler et al., 2005). Mutations in the sclerostin (SOST) gene are responsible 

for sclerosteosis, a condition characterised by progressive skeletal overgrowth (Brunkow et 

al., 2001). Another inhibitor of BMPs is noggin, which binds directly to BMP‐2 and BMP‐4 

preventing their binding to the BMP receptor. Over‐expression of noggin in mice resulted in 



  Chapter 1: Introduction 

 4

severe osteoporosis due to inhibition of osteoblast differentiation (Wu et al., 2003).  BMP‐2 

was also found to be essential for fracture healing and the healing process did not even start 

in mice lacking it, even in the presence BMP‐4 and BMP‐7. These mice also had increased 

levels of BMP receptors showing that they were primed for stimulation to occur (Tsuji et al., 

2006). 

Another important protein that plays an important role in osteoblast differentiation 

is four and half LIM protein 2 (FHL2). This molecule is present in both nucleus and cytosol 

and is known to activate transcription of AP‐1, androgen receptor and β‐catenin (Wei et al., 

2003). FHL2 deficient mice exhibited greater bone loss when compared to wild‐type and 

FHL2 expressing cells had increased expression of osteoblast differentiation markers (Lai et 

al., 2006).  

 

Osteoclasts 

Osteoclasts are large multinucleated cells of the macrophage lineage found on bone 

surfaces where bone resorption is going to take place and beneath the periosteum. 

Commitment and differentiation of these cells from the heamatopoietic lineage to become 

fully mature osteoclasts takes place in two sequential stages (Arai et al., 1999). Osteoclast 

precursors initially express on their surfaces c‐Fms followed by receptor activator of nuclear 

factor‐κβ (RANK), the expression of the latter being stimulated by macrophage colony 

stimulating factor (M‐CSF). At this stage osteoclast precursors can still differentiate into a 

macrophage in the absence of appropriate stimulation by RANK ligand (RANKL).    

 

Osteocytes and Bone Lining Cells 

The osteocyte is a differentiated osteoblast, found enclosed within bone matrix that 

it produced. These cells have numerous cellular extensions from their plasma membrane, 

which are important for communication with other osteocytes and osteoblasts found on the 

bone surface (Lian et al., 1999).  
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Bone lining cells are flat cells lying on bone surfaces that develop from osteoblasts. 

These cells are thought to be involved in the removal of collagen left over by osteoclasts in 

resorptive pits, and in the deposition of a thin layer of collagenous matrix before the 

initiation of bone formation by mature osteoblasts (Everts et al., 2002). 

 

1.1.3 The Extracellular Matrix  

Collagen 

Type I collagen is the most abundant and ubiquitously expressed of the collagen 

superfamily of proteins that are the most abundant proteins in the human body. Type I 

collagen is a triple helical molecule made up of two identical α1(I) chains and a structurally 

similar α2 (I) chain. The collagen molecule is tightly coiled with every third amino acid being 

glycine, which is usually followed by proline. Collagen undergoes a series of post‐

translational modifications, among which are cross‐linking and hydroxylation of proline and 

lysine residues, catalyzed by various enzymes such as isomerases and hydroxylases 

(Myllyharju & Kivirikko, 2004). 

Covalent cross‐links are formed between molecules while hydrogen bonding keeps 

the three strands together. Procollagen secreted by the osteoblast contains peptide 

extensions at both the N‐terminal and carboxyl ends. Mature type I collagen molecules are 

assembled into collagen fibrils, which become interconnected by the formation of 

pyridinoline and deoxypyridinoline cross‐links. These cross‐links are released into the 

circulation during resorption, where they are further metabolized by the liver and finally 

excreted in urine. 

 

Non Collagenous Proteins 

Non collagenous proteins make up to 15% of the total bone protein component and 

are made up of endogenous and exogenous proteins. Most exogenous proteins are derived 
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from plasma and include albumin while endogenous proteins are those synthesized by bone 

cells. Among the proteins synthesized by bone cells one can include osteonectin, 

osteopontin, fibronectin and osteocalcin (Lian et al., 1999).  

Osteocalcin is a forty nine residue polypeptide, also known as bone γ‐

carboxyglutamic acid (Gla) protein that is secreted by osteoblasts. Carboxylation of specific 

glutamyl residues and calcium binding leads to conformational changes and increases its 

affinity to hydroxyapatite (Lee et al., 2000; Nishimoto et al., 2003). Osteocalcin also plays an 

important role in glucose metabolism, where decreased β‐cell proliferation, glucose 

intolerance and insulin resistance were observed in mice lacking it (Lee et al., 2007).  

Dentin matrix acidic phosphoprotein (DMP)‐1 is an extracellular matrix protein 

present in mineralised bone matrix and dentin, having multiple calcium binding domains. 

DMP‐1 together with other proteins might play an important role in bone mineralisation 

and phosphate homeostasis. In pre‐osteoblast cells, DMP‐1 found in the cytoplasm 

translocates to the nucleus where it initiates transcription of osteoblast specific genes such 

as osteocalcin. When the osteoblast matures, phosphorylated DMP‐1 is secreted and helps 

in the mineralisation process while at the same time it might be also responsible for the 

down regulation of transcription of osteoblast genes and promoting osteocyte 

differentiation (Feng et al., 2006).  

 

1.1.4  Bone Remodelling  

Bone is a dynamic organ that is constantly changing throughout life. Besides having a 

protective role for vital organs serving as a frame to the body, bone also has important 

metabolic roles especially in the metabolism of calcium. The integrity of the changing 

skeleton is maintained by the finely tuned balance between bone formation and resorption, 

which is tightly controlled by various cytokines, hormones and mechanical forces (Mundy, 

1999). 

The sequence of events in remodelling starts with the activation of osteoblasts that 

induce osteoclast differentiation from precursors followed by a resorption phase. Upon 
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stimulation osteoblasts and stromal cells become activated and express RANKL on their 

surfaces (Bord et al., 2003). This will lead to the differentiation and activation of osteoclasts 

from their precursors and to bone resorption (Rousselle & Heymann, 2002). Activation and 

differentiation is controlled by receptor‐activator of nuclear factor – κβ (RANK) found on 

osteoclast precursors and its interactions with RANK ligand (RANKL) on osteoblast / stromal 

cells (Hofbauer et al., 2000). These interactions are controlled by a decoy receptor known as 

osteoprotegerin (OPG) that is also synthesized by activated osteoblasts, which thus have an 

antiresorptive action. The synthesis of OPG is known to be stimulated by oestrogen 

(Hofbauer et al., 1999) and so the decrease in oestrogen levels brought about by the onset 

of menopause results in decreased synthesis of OPG and so increased osteoclast activity.  

 

Figure 1‐1. Osteoclast activation by systemic hormones 

 Systemic hormones including PTH and 1,25‐dihydroxyvitaminD3 can either directly 

regulate osteoclasts or else through activation of osteoblasts and stromal cells (Suda et al., 

1997). Osteoblasts express RANKL on their surface and secrete M‐CSF and OPG upon 

activation by hormones such as oestrogen (Bord et al., 2003) (Figure 1‐1). Binding of RANKL 
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to RANK present on osteoclast precursors together with that of M‐CSF to c‐Fms will 

eventually result in the differentiation and fusion of osteoclast precursors resulting in a 

mature activated cell. The binding of RANKL to RANK initiates a signal transduction cascade 

that results in the expression of a number of genes including cathepsin K, calcitonin receptor 

and tartrate resistant acid phosphatase (TRAP) (Boyle et al., 2003). A very important 

molecule in the initiation of this signal transduction cascade is the tumour necrosis factor 

receptor associated factor (TRAF)‐6 that binds to the cytoplasmic domain of RANK initiating 

at least three signalling cascades including that of nuclear factor (NF)‐κβ and mitogen 

activated protein kinase (MAPK) activation that results in the stimulation of transcriptional 

factor AP‐1 (Teitelbaum, 2004). On the other hand, TRAF6 is controlled by its interaction 

with four and a half LIM domain 2 (FHL2), where FHL2 deficient osteoclasts were observed 

to have hyper‐resorptive activity (Bai et al., 2005). Osteoclast activation is not only 

controlled by RANKL and OPG but also by interferons (IFN). Nuclear factor of activated T‐

cells (NFAT)‐c1 is a major transcriptional factor involved in osteoclastogenesis following 

stimulation by RANKL through different pathways involving TRAF6, c‐Fos and calcium 

signalling (Takanayagi, 2005).   

Kobayashi et al (2000) described a mechanism by which tumour necrosis factor 

(TNF)‐α and interleukin 1 stimulate osteoclastogenesis independently of the RANKL/OPG 

pathway. This mechanism might play a very important role in inflammatory disorders that 

result in an increased bone resorption.   

The activated osteoclast undergoes a series of structural changes including the 

formation of the ruffled border and the expression of a number of integrins that help in its 

attachment to the bone surface (Teitelbaum, 2000).  The osteoclast will then start secreting 

a number of proteases, hydrogen ions and chloride that creates an acidic environment in 

the extracellular space, resulting in solubilisation and digestion of bone matrix (Rousselle & 

Heymann, 2002).  Activated osteoclasts are controlled by OPG produced from 

osteoblastic/stromal cells that bind RANKL and promote osteoclast apoptosis (Boyle et al., 

2003). 

Following bone resorption osteoclasts will undergo apoptosis and osteoblasts are 

recruited to the resorptive pit in order to start producing new bone. This coupling 
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mechanism between osteoclast and osteoblast has been poorly understood. Osteoblast 

recruitment is mediated by cytokines that are released during bone resorption such as TGF‐

β (Erlebacher et al., 1998). Everts and co‐workers described how bone lining cells might be 

key intermediates in the initiation of bone formation (Everts et al., 2002). It was shown that 

these cells together with matrix metalloproteinases are essential for the digestion of 

collagen fibrils left behind in the Howship’s lacunae following resorption. Bone lining cells 

are responsible for the deposition of a thin layer of collagenous matrix along the lacunae 

that is an obligatory step linking bone resorption with formation (Everts et al., 2002). 

Osteoblasts will then attach to bone and start secreting both collagenous and non‐

collagenous proteins, leading to the production of new matrix. It will take about three 

months for the osteoblasts to completely refill the resorptive cavity. The mature osteoblast 

secretes a number of proteins that are important for the structural organisation of bone 

mineralization as well as for the control of bone remodelling (Udagawa et al., 2000). The 

activity of osteoblasts is tightly controlled by both systemic hormones and a number of 

paracrine factors, one of which is platelet‐derived growth factor BB (PDGF‐BB) secreted by 

osteoclasts (Kubota et al., 2002). PDGF‐BB was also shown to induce the production of 

osteoprotegerin (OPG) acting as a negative feedback of osteoclastogenesis. When 

osteoclasts decrease in number the secretion of PDGF‐BB also stops and in turn osteoblast 

precursors differentiate to start forming new bone.  

Osteoblasts express steroid receptors for parathyroid hormone (PTH) on their 

plasma membrane and for oestrogens and 1,25‐dihydroxyvitaminD3 within their nuclei 

(Baron, 1999), showing that osteoblasts are affected by these hormones (Strewler, 2001). It 

was shown that 1,25‐dihydroxyvitaminD3 enhanced the activity of γ‐glutamyl carboxylase in 

osteoblasts and in turn the carboxylation of osteocalcin (Miyake et al., 2001). Also the 

cholesterol biosynthetic pathway was observed to play a very important role in the 

development of marrow stromal cells into functional osteoblasts and their ability to form 

mineralized matrix (Parhami et al., 2002).  

The active osteoblast mainly secretes collagen and other matrix proteins such as 

osteocalcin, where core binding factor alpha (Cbfa)‐1 also regulates the transcription of 

these proteins (Ducy et al., 1999).  Leptin and its receptor are expressed in human 
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osteoblasts and were shown to be involved in the stimulation of mineralization. Leptin 

stimulates the differentiation of osteoblasts from marrow stromal cells and inhibits that of 

adipocytes (Reseland et al., 2001). This mechanism is different from that of systemic leptin 

produced by adipocytes where it was observed to inhibit bone formation through a 

hypothalamic relay (Ducy et al., 2000; Elefteriou et al., 2005). Another important 

glycoprotein secreted by osteoblasts is OPG which is involved in the regulation of 

osteoclastogenesis and the expression of which is also controlled by Cbfa1 

(Thirunavukkarasu et al., 2000).  

 

1.1.5 Vitamin D and Calcium Metabolism 

 Vitamin D is a secosteroid hormone, which can be obtained from the diet or derived 

from sunlight from the precursor molecule 7‐dehydrocholesterol followed by two 

hydroxylation reactions in the liver and kidney (Haussler et al., 1998). From the diet vitamin 

D can be obtained from various foods we eat like fish, cereals, milk and other foods that are 

fortified with vitamins. The adequate daily intake varies according to age group and also to 

daily time exposure to sunlight.  

One of the most important biological functions of vitamin D involves mineral 

homeostasis, where together with other endocrine hormones it is involved in calcium 

metabolism. The hormone 1,25‐dihydroxyvitamin D3 stimulates intestinal calcium 

absorption and resorption of calcium and phosphates from bone and kidneys in order to 

ensure enough minerals for bone mineralization (Haussler et al., 1998). When the level of 

calcium in the blood decreases, the parathyroid glands are stimulated to secrete PTH which 

will activate renal 1α‐hydroxylase that catalyzes the second hydroxylation reaction of 

vitamin D3 (Juppner et al., 1999).  

The active metabolite, 1,25‐dihydroxyvitamin D3 will increase the entry of calcium 

through the plasma membrane of absorptive cells, as well as enhancing its transport 

through the cytoplasm and finally into the circulation (Holick, 1999). The activity of vitamin 

D is mediated by binding to its nuclear receptor known as the vitamin D receptor (VDR), and 
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in turn initiating the expression of responsive genes (Haussler et al., 1998). The level of 

calcium absorption from the intestine can also be affected by other factors that might have 

a negative effect on bone, such as a very high or low protein diet (Kerstetter et al., 2003). 

1.2 Osteoporosis 

1.2.1 Definition of Osteoporosis 

Osteoporosis is a metabolic bone disease characterised by a reduction in bone 

mineral density (BMD), deterioration of the micro‐architecture of bone, with a consequent 

increased fragility and fracture risk.  Osteoporotic fractures are most commonly observed at 

the wrist, vertebrae and hip and can also occur without any significant trauma. For 

diagnostic purposes the World Health Organisation (WHO) defined osteoporosis as a BMD 

of 2.5 standard deviations (SD) below the average of young adult females (t‐score) (Kanis et 

al., 1994).  It has been shown that the risk of fracture increases as bone mass decreases, 

with a 1.5 – 3 fold increase for each SD decrease in BMD (Marshall et al., 1996).  

Fracture risk is not only determined by BMD but also by other factors that have an 

influence on bone strength such as bone geometry and microarchitecture (Wachter et al., 

2002). All of these properties might affect the mechanical strength of cortical bone and so 

are important predictors of fracture risk.  

Accurate estimation of affected individuals is very difficult to achieve as it depends 

on a number of factors including measurement differences between skeletal sites and 

technology used. Melton (2002) described how when taking measurements at different 

anatomical sites and using the WHO criteria one can find discrepancies in osteoporosis 

prevalence that imply important differences in the proportion of patients for whom 

treatment might be indicated.  

 

 

 



  Chapter 1: Introduction 

 12

1.2.2  Pathophysiology of Osteoporosis 

Bone loss and osteoporosis will result when the balance between bone formation 

and resorption is lost and so there is either excess osteoclastic bone resorption and/or 

decreased osteoblast activity. 

 

Peak Bone Mass and the Rate of Bone Loss 

The pathogenesis of osteoporosis depends upon two important factors: 

• Peak bone mass reached early in life 

• The rate of bone loss in old age 

Adequate skeletal mass/density at different anatomical sites is reached by late 

adolescent age, in both trabecular and cortical bone. Immediately when peak bone mass is 

reached, trabecular bone starts declining although this does not seem to have any 

significant effect on bone strength (Matkovic et al., 1994). Peak bone mass reached is 

strongly determined by genetic factors together with a number of environmental factors 

including physical exercise and calcium intake (Aud`I et al., 1999; Stear et al., 2003). The 

higher the peak bone mass reached early in life the longer it takes for a fracture threshold to 

be reached later on in life. 

Age related bone loss is brought about mainly by the various physiological changes 

occurring in the body with advancing age including the lack of oestrogen and low calcium 

absorption from the intestine that leads to persistent secondary hyperparathyroidism. 

These changes will bring about an increase in osteoclast activity and so bone resorption, 

which is observed with the onset of menopause in women. Increased osteoclastic bone 

resorption is the major factor in the deterioration of bone mass and a number of hormones 

including parathyroid hormone (PTH) and the lack of oestrogen are known to influence 

osteoclast numbers and activation.  

In postmenopausal osteoporosis, bone volume decreases even though there is a very 

high overall turnover of both resorption and formation, showing that resorption exceeds 
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formation. It is evident that a coupling mechanism exists between bone resorption and 

formation as many factors and hormones that increase bone resorption, as PTH, also 

stimulate bone formation. A recent study showed that OPG regulates bone formation 

through a coupling mechanism with bone resorption and so the decreased OPG levels with 

the onset of menopause also results in a decreased bone formation while resorption is 

increased (Nakamura et al., 2003). On the other hand, another study showed that OPG 

levels were higher in postmenopausal women suggesting that OPG might be secreted in 

response to the increase in bone resorption (Liu et al., 2005).  

In age‐related osteoporosis, decreased bone formation might be due to both the 

decreased activity of osteoblasts or else due to their reduced number. It was shown that an 

increase in adipose tissue results in a decrease in bone formation, supporting the hypothesis 

that a clonal switch in the differentiation of stromal cells to the adipocyte lineage might be 

partly responsible for osteoporosis (Byers et al., 2001).  This mechanism highlights the 

importance of leptin, a small polypeptide secreted by adipocytes that was previously shown 

to inhibit bone formation through a central mechanism involving the hypothalamus (Ducy et 

al., 2000). Decreased synthesis or function of BMPs, insulin‐like growth factor (IGF)‐1 and of 

the transcriptional factor Cbfa‐1, all of which are important for osteoblast differentiation, 

might all lead to decreased bone formation (Byers et al., 2001; Karsenty, 2001). 

 

Oestrogen deficiency and osteo-immunology 

Oestrogen (or the lack of it) plays a very important role in the pathogenesis of 

postmenopausal osteoporosis. The mechanisms by which oestrogen affects bone 

metabolism are complicated but it is well known that with the decrease in oestrogen levels 

brought about by the onset of menopause, there is an increased synthesis of a number of 

factors including inflammatory cytokines such as interleukins (IL)‐1 and 6 (Pacifici, 1996). 

These inflammatory cytokines are known to increase osteoclast formation and activation. It 

was proposed that there is interplay of the immune system and bone physiology and that a 

sub‐clinical inflammatory process might be triggered with advancing age (Ginaldi et al., 

2005). Both systems share common molecules including various receptors and cytokines. IL‐
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1 and IL‐6, together with TNF‐α are known to increase RANKL expression in osteoblast / 

stromal cells that lead to increased osteoclastogenesis and thus bone resorption. Besides 

the increased expression of RANK induced by these cytokines in these cells, activated T‐cells 

are also known to express RANKL themselves. T‐cells also down regulate osteoclastogenesis 

by producing interferon (IFN)‐γ that binds to its receptor on osteoclasts and interfere with 

the RANKL‐RANK signalling pathway. This suppression occurs as a result of TRAF6 

degradation brought about by ubiquitin‐proteosome system activated by IFN‐γ (Takayanagi 

et al., 2000).  

Oestrogen deficiency directly affects bone resorption by negatively affecting the 

expression of OPG and so osteoclast differentiation and activation is enhanced (Hofbauer et 

al., 2000). Indirectly, oestrogen deficiency can lead to an increased resorption by disrupting 

calcium metabolism leading to a persistent secondary hyperparathyroidism. This results 

from a decreased intestinal absorption of calcium, increased renal calcium wasting and also 

possibly due to effects on vitamin D metabolism leading to a net loss of calcium from the 

body (Riggs et al., 1998).      

 

1.2.3  Risk Factors 

Osteoporosis is a complex disease and so both environmental and genetic factors 

play an important part in its pathogenesis and risk. These factors might affect peak bone 

mineral density reached early in life, the rate of bone loss, bone strength and the risk of 

falling. Table 1.1 shows a list of factors that increase the risk for osteoporosis and fractures. 

Racial differences in the incidence and increased risk of osteoporosis might be due to 

genetic differences as well as environmental factors. The low incidence of hip fractures in 

Asia and Africa when compared to the western world might be related to differences in the 

diet. Although Asians and African populations have low calcium intake, they still have the 

lowest incidence of fractures and this may be due to compensation by increased intestinal 

calcium absorption and diets low in protein, phosphorus and acid ash that decrease urinary 

excretion of calcium. Also a higher intake of soy bean products protects the bone due to the 

presence of phyto‐oestrogens (Fujita, 2001). 
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Table 1‐1. Risk Factors for Osteoporosis and Fractures 

Genetic Factors 

1. Race 

2. Family History 

3. Sex (females > males) 

4. Age Related (postmenopausal) 

5. Low Body Mass Index (BMI) 

6. Low Birth Weight 

7. Premature Menopause 

8. Primary and Secondary Amenorrhoea 

9. Hypogonadism (males) 

Environmental Factors 

1. Low Calcium Intake 

2. Vitamin D Deficiency 

3. Deficiency of Vitamins C and K 

4. Smoking 

5. Alcohol  Intake 

6. Lack of Physical Activity 

       Disease and Drug Related 

1. Oopherectomy 

2. Gastrectomy 

3. Anorexia Nervosa 

4. Hyperparathyroidism 

5. Corticosteroid Use 

6. Anti‐convulsant Use 
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1.2.4  Clinical Aspects and Diagnosis 

From the clinical point of view, osteoporosis usually presents with fractures of the 

wrist, vertebrae and hip. These fractures usually result without any significant trauma 

during routine everyday activity.  

The assessment and diagnosis of osteoporosis depends entirely on the measurement 

of skeletal mass using one of the several radiological techniques such as dual energy X‐ray 

absorptiometry (DEXA). DEXA uses two X‐ray photon beams and is the most commonly used 

technique to measure BMD at different anatomical sites as well as total body. Bone mineral 

content (BMC) is measured from the amount of photons that are not absorbed by bone, 

from which BMD is calculated. The accuracy of DEXA is more than 90% but depends not only 

on the technique itself but also on the way the measurement is done (Kanis, 2002). This 

technique does not give any information about the microarchitecture of bone, but only a 

two dimensional picture and not a true volumetric density. Measurement of DEXA is 

recommended for: 

• Premenopausal women with history of oopherectomy or any other underlying 

disease that may have an effect on bone metabolism. 

• Postmenopausal women that are not on HRT. 

• Postmenopausal women of more than 65 years of age. 

• Women undergoing any treatment for osteoporosis. 

Other techniques used for measurement of BMD include ultrasound, computed 

tomography (CT) and radiography all of which have their own limitations and cannot be 

used for the diagnosis of osteoporosis. Combined measurements such as DEXA and CT can 

be used to assess an individual’s risk to fractures. The diagnosis of osteoporosis is done 

according to WHO criteria (Section 1.2.1). According to the latest recommendations of the 

International Society of Clinical Densitometry, z‐scores (number of SDs below the average of 

a sex and age matched group of controls) instead of t‐scores were suggested to be used for 
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diagnosis in premenopausal women, children, and adolescents as well as in men without 

secondary causes of osteoporosis (Khan et al., 2004). 

 

1.2.5 Biochemical Markers of Bone Turnover 

There are various biochemical markers measured in plasma or urine that can be used 

to evaluate an increase in bone turnover, fracture risk, response to therapy and also any 

unexplained bone loss. Indices of bone formation that are measured in serum include: 

• Bone specific alkaline phosphatase 

• Osteocalcin 

• Carboxyl‐ terminal propeptide of type I collagen (PICP) 

• Amino‐ terminal propeptide of type I collagen (PINP) 

Indices of bone resorption measured in urine and/or serum include: 

• Hydroxy – proline 

• Free and total pyridinolines (PYD) 

• Deoxypyridinolines (DPD) 

• N and C telopeptides of collagen cross‐links (NTX, CTX) 

• Tartrate resistant acid phosphatase 

Most of these biochemical markers are derived from the synthesis and degradation 

of collagen molecules measured by techniques such as high performance liquid 

chromatography (HPLC) and enzyme immunoassays (EIA). Until now there is no ideal marker 

that can be used for evaluation of bone turnover or diagnosis and studies are being carried 

out to evaluate the clinical utility of these markers (Watts, 1999). 
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1.2.6 Epidemiology 

Complex diseases like osteoporosis occur more frequently in populations than most 

monogenic disorders and so are of a greater burden on society. In the European Union, 

osteoporosis now costs more than €4.8 billion annually in hospital healthcare alone and this 

expense is expected to rise as the aging population continues to increase (European 

Parliament Osteoporosis Interest Group, 2003). According to the latest demographic review 

issued by the National Statistics Office of Malta in 2002, the population of males and 

females over the age of 65 years – the sector of the population most vulnerable to fractures 

– is going to increase from 12.7% to 21% by the year 2035 (National Statistics Office, 2003).  

In 1995, Melton reported that in the United States (US) 70% of postmenopausal 

women aged 80 and over were osteoporotic, of which 60% have experienced one or more 

fractures of the proximal femur, vertebrae, distal forearm or pelvis (Melton, 1995). The high 

incidence of osteoporosis in postmenopausal women at the age of 80 years is an over‐

representation because the number of women that reach this age is low due to mortality by 

other causes. In the same report, Melton also reported that 30% of postmenopausal 

Caucasian women have osteoporosis, 16% of which have established osteoporosis (t‐score 

<‐2.5 and one or more fragility fractures). 

For 2005, it was predicted that the total expenditure for incident fractures in the US 

would reach $17 billion and by the year 2025 it is expected to rise by 50%.  More than 87% 

of this increase is expected to be for people between 65 – 74 years of age and 175% 

increase is projected for the Hispanic population (Burge et al., 2007). 

Without any doubt osteoporotic fractures, especially those of the hip, have serious 

consequences on the individual and are a public health concern. Besides being a 

predominant cause of death, hip fractures render the affected individual functionally 

dependent in the activities of everyday life and also account for significant medical 

expenses. With the increase in the overall global population, it is projected that by the year 

2050 the number of hip fractures worldwide will reach 6.3 million as compared to 1.7 

million in 1990. This figure could go up to 21 million when assuming a 1% annual increase in 

age adjusted incidence and if incidence rates increase by 3% annually in the rest of the 

world excluding Europe and North America (Melton, 2002).  
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More than 10 – 20% of women that suffer from an osteoporotic hip fracture die 

within a year of the accident. Other osteoporotic fractures as those in the vertebra and wrist 

are to a lesser extent associated with increased mortality. It is also unclear whether this is a 

result of the fracture itself or else due to other underlying medical conditions. A relationship 

exists between low BMD and increased mortality in males which was independent of co‐

morbidity (Van der Klift et al., 2002). This relationship was not observed in women. 

 

1.3 Genetics of Complex Traits 

1.3.1  Population Genetics 

Population genetics is the study of allele and genotype frequencies within groups 

and measurement of frequencies in succeeding generations. The genetic information carried 

by interbreeding individuals within a group constitutes the gene pool which is the result of 

evolution modified by processes as mutation, selection, recombination and genetic drift.   

The Hardy-Weinberg Equilibrium (HWE) 

In 1908, Hardy and Weinberg showed that sexual reproduction on its own does not 

change the frequencies of alleles from one generation to another if: 

• The population is infinitely large 

• Mating is random 

• There is no selective advantage for a genotype 

• There is absence of mutations, migration and genetic drift 

The HWE has three important properties:  

• Allele frequencies predict genotype frequencies 
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• Both allele and genotype frequencies do not change from one 

generation to the next 

• Equilibrium is reached within one generation of random 

mating  

The Hardy‐Weinberg law can be used to calculate allele frequencies and 

heterozygote carriers in a population where the frequency of the trait is already known. The 

estimation of allele frequencies is different for X‐linked genes where males have half the 

amount found in females. So the frequency of affected males is very high when compared 

to females for X‐linked recessive disorders while it is only a half for X‐linked dominant traits. 

When testing for equilibrium in a population the expected and observed genotype 

frequencies are compared using the chi‐square statistic.  

Deviations from HWE might suggest that mutation, selection, migration and drift 

might be present in the population although deviation may also be due to population 

stratification (Econs & Speer, 1996). Deviations with excess heterozygotes may indicate the 

presence of over dominant selection or out‐breeding, while excess homozygotes might 

indicate inbreeding. Homozygote excess at marker loci that deviates from HWE was 

observed to be in linkage disequilibrium (LD) with mutated alleles in groups of affected 

individuals. Also HWE was found to be useful for fine mapping of dominant disease alleles 

with markers in LD showing excess heterozygotes (Botstein & Risch, 2003). Although 

deviation from HWE might indicate technical problems (Salanti et al., 2005), studies showed 

that HWE is still not sensitive enough to detect these errors (Cox  & Kraft, 2006). 

1.3.2  Gene Mapping 

One of the greatest challenges for geneticists is the identification of genes that are 

responsible for complex traits. Unlike classical Mendelian disorders, these diseases do not 

show Mendelian patterns of inheritance and involve the interactions of both environmental 

and genetic factors. Also confounding factors such as heterogeneity, phenocopies, genetic 

imprinting and penetrance further complicate the identification of susceptibility genes.  
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When performing a genetic study, correlation between phenotype and genotype is 

sought. In complex traits, this correlation might be very low due to incomplete penetrance 

where not all individuals having the same susceptibility allele are affected or due to affected 

individuals not having a susceptibility allele (phenocopies). These factors lead to a wide 

range of severity of disease even within a single family. Further more, late onset diseases 

such as cardiovascular disease and osteoporosis complicate the setting of the disease 

phenotypes as unaffected individuals tested today might become affected in the near 

future. Late onset diseases are more sensitive to environmental factors and are observed to 

have a higher level of genetic variation due to weak selective pressures on these variants 

that are usually neutral in early life (Wright et al., 2003). Also besides testing for a 

qualitative trait where individuals are classified as either affected or normal, one can use 

quantitative or a continuous measurement such as BMD. When using such a variable one 

must be very cautious as it might not completely correlate with the disease and can also be 

dependent on a number of other non‐genetic factors. 

Complex disorders are most often polygenic where multiple genes contribute to the 

given phenotype. Complex patterns of inheritance might be due to allelic heterogeneity 

where different mutations in the same gene are responsible for the disease or else due to 

the effects of other distinct loci (locus heterogeneity). When studying complex disorders 

therefore one is looking for susceptibility alleles at multiple loci that together increase the 

individual’s risk of the disease. In polygenic traits, penetrance is determined by the 

genotypes of other loci and therefore it is likely to be low and varies between individuals. To 

increase the chance of successful gene mapping one has to identify families from probands 

with extreme phenotypes, earlier age at onset or else study families from an isolated 

population with a very high incidence of disease. Wright and colleagues (2003) suggested 

that it is important to identify genes with the largest contribution to the extremes of the 

trait and avoid quantitative trait loci (QTL) that have minimal effects on the individual or 

disease mechanism.  Using single extended families from populations that are 

homogeneous and consanguineous has proved to be successful for the localisation of genes 

and novel mutations for a disease such as type 2 diabetes (Kambouris, 2005). Using one 

extended family, Kambouris reported similar results to those obtained from previous 

genome‐wide scans using hundreds of individuals (Hanson et al., 1998). This shows that 
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costs and time can be significantly reduced to identify novel genes responsible for complex 

disorders, when using extended and consanguineous families coming from homogeneous 

populations. 

 

Linkage Analysis   

In linkage analysis, the non‐independent co‐segregation of marker and disease locus 

is tested in families with multiple affected individuals for the disease. Linked alleles (marker 

with disease causing allele) on the same chromosome segregate together more often than 

expected by chance; that is against Mendel’s law of independent assortment. Gene mapping 

of a trait identifies chromosomal loci that are shared among affected individuals and that 

differ between affected and non‐affected family members. Family members from pedigrees 

with affected and unaffected individuals are genotyped for a set of polymorphic markers 

either across the whole genome or at specific chromosomal loci. Genetic linkage is 

measured by the recombination fraction that is the probability that a parent will produce a 

recombinant offspring that depends upon the distance between loci and from which the 

physical distance can be calculated (Haines & Pericak‐Vance, 1998).  

The more distant two markers are from each other the higher is the chance that a 

recombination event occurs between them during meiosis. The recombination fraction 

theta (θ) ranges from 0 for completely linked markers to 0.5 for unlinked loci. Genetic 

linkage is measured in centiMorgans (cM), where 1cM represents 1% recombination or θ = 

0.01 that is equivalent to 1 million base pairs. These measurements might not be so 

accurate for longer chromosomal distances where multiple crossovers might occur during a 

single meiotic event, a phenomenon known as interference. Two mapping functions to 

convert recombination fraction into map distance are Haldane’s that does not assume 

interference and Kosambi’s, which assumes interference as 1 ‐ 2θ (Curtis, 2000). 
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Parametric Linkage Analysis 
Parametric linkage analysis is a statistical approach using the logarithm of the odds 

of the likelihood ratio (LOD score) to assess the strength of linkage. This is also known as a 

model based linkage where the mode of inheritance, frequencies of disease and marker loci 

together with penetrance must be known. The statistic assumes the likelihood (or 

probability) that a disease and marker loci in a family are not inherited together (θ = 0.5) 

compared with the likelihood that they are linked over a selected range of recombination 

fractions (θ range of 0 to 0.5). The LOD score is the base ten logarithm of the likelihood ratio 

that is calculated for each value of θ. A two point LOD (z) score (between disease locus and 

marker) is calculated using the following equation: 

z(x) = log10 [L(θ=x) ÷ L(θ=0.5)] 

 Where x is a value of recombination fraction and L is the likelihood 

Significant evidence of linkage is taken at a LOD score of 3.0 or higher and linkage is 

completely excluded with a LOD score of ‐2.5. A LOD score of 3.0 corresponds to odds of 

1000:1 that means that it is 1000:1 more likely that the alternate hypothesis in favour of 

linkage holds while a LOD score of 3.5 is equivalent to odds of 3162:1. The LOD score can be 

converted to a chi‐square statistic by simply multiplying by 4.6 and calculating p‐value at 1 

degree of freedom (df) for ordinary LOD and at 2 df for heterogeneity LOD scores (HLOD), 

under the null hypothesis (Ott, 1991). The p‐values obtained are always divided by 2 for 

one‐sided tests except when calculating p‐values for multi‐point LOD (MLOD). Using these 

calculations a LOD score of 3.0 is equivalent to a p‐value of 0.0001 while that of 3.6 is 

equivalent to 0.00002. Lander and Kruglyak (1995) suggested that a highly significant linkage 

must be taken as statistical evidence to occur 0.001 times in the whole genome and there is 

only a 5% chance of randomly finding a region with a p‐value of 0.00002. For whole‐genome 

analysis in complex traits the threshold usually used is that of LOD = 3.3. The authors also 

suggested that linkage must be reconfirmed by other independent investigators where a 

nominal p value of 0.01 should be required, while they advised for caution when reporting 

LOD scores that are less than 3.0 and so are only suggestive for linkage. In case of suggestive 
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linkage additional family data will be required before conclusions are drawn (Lander & 

Kruglyak, 1995). 

LOD scores can be influenced by a number of factors including the phase or whether 

parental genotypes are known, misspecification of disease and marker allele frequencies, 

penetrance, heterogeneity and mostly by phenotypic misclassification. Also for more 

accurate linkage information and to better localize the disease gene, multi‐point linkage 

analysis is preferred over two‐point analysis. Statistical analyses in complex pedigrees are 

carried out using software such as MLINK and GENEHUNTER where the LOD score can also 

be adjusted for locus heterogeneity (HLOD) (Kruglyak et al., 1996). 

Another kind of analysis which is thought to be useful when analysing linkage data 

for complex traits is the MOD‐score. The reason is because in complex traits both the 

genetic model and disease allele frequency are very difficult to be correctly specified. Wrong 

assumption of the genetic model can significantly affect the analysis and can result in a false 

negative result. The MOD score is calculated by maximising the LOD score over a number of 

replicates using different penetrances and disease allele frequencies, to obtain a maximum 

LOD score using the best genetic model (Strauch et al., 2003). To control type I errors, it was 

found that a MOD‐score of 3.0 should be adjusted by a value ranging from 0.3 – 1.0 where it 

was proposed that a MOD‐score of 2.5 is indicative of suggestive linkage (Berger et al., 

2005). MOD‐score analysis can be used to determine the best genetic model for those 

regions indicated by an initial genome scan using ordinary LODs and it can also be calculated 

assuming paternal or maternal imprinting. When assuming imprinting a heterozygote 

paternal penetrance is also used with the other three penetrances with a total of four 

penetrance values. If a low heterozygote frequency is calculated for paternal imprinting it 

means that maternal genes are preferentially expressed at that locus (Strauch et al., 2005; 

Berger et al., 2005). 
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Non-Parametric Linkage Analysis 
Since for complex disorders the mode of inheritance is uncertain, evidence of linkage 

might be missed by using the LOD score method described above. A more appropriate 

approach is that described by Kruglyak et al (1996) known as a non‐parametric linkage (NPL) 

or a model free analysis. The NPL statistic measures allele sharing among affected relative 

pairs (ARP) and/or affected sib‐pairs (ASP) within a pedigree. By chance it is expected that 

siblings share zero, one or two marker alleles identical by descent (IBD) with a probability of 

0.25, 0.50 and 0.25. If disease and marker alleles are linked then affected siblings will share 

these alleles more frequently than expected by chance regardless of the mode of 

inheritance. Comparison between expected and observed allele sharing between ASPs is 

then analysed using the chi‐square statistic. Highly heterozygous markers, multipoint 

linkage and genotyping non‐affected siblings when parents are not available help to 

increase the sharing information. One great advantage of the NPL statistic is that data from 

markers on a chromosome can also be evaluated in a multipoint approach using software as 

GENEHUNTER that uses the Lander‐Green algorithm to calculate IBD distribution (Kruglyak, 

1996). 

 

1.3.3 Association Studies 

Association analysis tests for the relationship between alleles and phenotype in a 

population. There are two types of association studies, the case‐control and family based or 

transmission disequilibrium test (TDT). In case‐control analysis, marker alleles (usually single 

nucleotide polymorphisms) are compared between a group of unrelated affected individuals 

and a control group that are age and sex matched. If the marker allele is found more 

frequently in the affected group when compared to the control group, a positive association 

is found. The frequencies between these groups are analysed by the chi‐square statistic. In 

the candidate gene approach, background knowledge of physiology and disease is used to 

select single nucleotide polymorphisms (SNPs) in known genes that are most likely to be 

involved in the disease.  Biologically, a disease susceptibility allele positively associated with 

disease might be either directly involved in the disease or else it might be in linkage 
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disequilibrium (LD) with a disease susceptibility locus.  In this case the closer the marker 

locus is to the disease locus, the stronger is the association. The detection of LD is useful for 

fine mapping as the distance between loci is generally very small, usually much less than 

1cM.  

Problems with association studies especially with replication of results arise most 

often due to sample size. Different suggestions have been made about sample size that 

depends upon both the relative risk and frequencies of susceptibility alleles involved. It was 

also suggested that power will be increased by increasing the number of individuals rather 

than by increasing the number of SNPs (Long & Langley, 1999; Pharoah et al., 2004). On the 

other hand, large scale association studies might still not give valid answers and conclusions 

when genetic variables are very heterogenous (Ioannidis et al., 2003). 

Population stratification is another reason leading to inconsistencies of results. 

Freedman and co‐workers analysed this problem in a number of case‐control studies and 

concluded that stratification occurred even in very well designed studies (Freedman et al., 

2004). Population stratification refers to the differences in allele frequencies between cases 

and controls that are not due to the association of genes with the disease but most likely 

due to inappropriate selection of these groups. This problem is common in heterogenous 

populations with recent admixture due to intercontinental migrations (Freedman et al., 

2004). Inconsistency in results might also be due to allelic heterogeneity together with the 

influence of interactions between environmental and genetic factors (SNPs) affecting the 

phenotype (Colhoun et al., 2003).  

 

Linkage Disequilibrium (LD) 
Linkage disequilibrium refers to the non‐random association between alleles that are 

so tightly close together, that they are not separated by recombination and so are inherited 

more often than expected by chance. LD plays a very important role in fine mapping of 

complex disease genes and also it gives information about population history and origins. 

When a mutation occurs in a gene every marker allele on a chromosome is associated with 

the disease allele but when this chromosome is passed to future generations 
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rearrangements of the alleles occur during recombination. The closer the alleles are to the 

disease allele the less is the chance that a recombination event separates them. Therefore it 

takes a longer time for the disease and marker alleles to be inherited together from one 

generation to the next until recombination occurs between them. With time only very close 

loci continue to be inherited together and so the extent of LD deteriorates over a number of 

generations, a phenomenon known as LD decay.  

It was shown that in most instances LD does not extend beyond 1cM and Kruglyak 

(1999) concluded that LD is unlikely to extend beyond 3 kb. The genetic distance of LD is 

thought to vary between different populations and it was observed to be highly structured 

into discrete blocks separated by regions of recombination hot spots (Goldstein, 2001). LD 

can be affected by both genomic and population factors such as selection, mutation, genetic 

drift, recombination rates, population size and admixture (Pitchard & Przeworski, 2001). 

Also gene conversion and major population bottlenecks might be the reasons for the 

difference in LD between African and European populations where in the former, LD decays 

faster and therefore more polymorphic markers will be needed to perform a disease 

association study (Frisse et al., 2001). Isolated populations were observed to exhibit LD and 

haplotype sharing over longer genetic distances especially where a major founder 

bottleneck occurred only about 20 generations ago (De La Chapelle & Wright, 1998; Service 

et al., 2006).  

Classic linkage analysis proved successful for the identification of genes having a 

strong effect on the phenotype and showing a Mendelian pattern of inheritance. LD is a 

promising approach to identify genes involved in most complex disorders, where 

penetrance is low and the effect of a gene is influenced by other genes and environmental 

factors. Unlike linkage analysis, which is performed in families, LD mapping is carried out in 

populations where to detect LD between marker and disease one needs to compare cases 

and controls. To be associated with disease, marker loci (haplotypes) inherited from a 

common ancestor are observed to occur more frequently than expected by chance in the 

affected group. In order to perform high resolution mapping one needs to genotype a very 

large number of polymorphic markers across the whole genome or at interesting loci 

already indicated by a previous linkage study. Biallelic single nucleotide polymorphisms 
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(SNPs) are usually used since they are found approximately one every one thousand bases. 

Kruglyak (1999) suggested that for a genome‐wide LD mapping approximately 500,000 SNPs 

will be required to be genotyped assuming that LD does not extend beyond 3 kb, that is now 

possible to perform with the introduction of the 500K micro‐array. Since LD seems to be 

structured forming haplotype blocks it was proposed that by knowing the association 

between SNPs one can reduce dramatically the amount of SNP genotyping to perform a 

genome‐wide LD mapping with a very little loss of information (International HapMap 

Consortium, 2003; Clark, 2003). The only drawback of this approach is when the disease is 

caused by very rare alleles (<1%), which makes LD mapping not so effective. In these 

instances using large pedigrees might be much more appropriate to detect association by 

co‐segregation of flanking markers or by using TDT (Clark, 2003). 

 

1.3.4  Meta-Analysis 

 As discussed earlier, one of the main problems frequently encountered with genetic 

association studies is the lack of replication of results. To resolve this problem, results from 

different studies are being analysed together using an approach known as meta‐analysis. 

Meta‐analysis offers one way to perform statistical analysis of very large samples, usually 

made up of thousands of individuals, which are very difficult to analyse in a single 

laboratory. There are mixed opinions about the usefulness of this approach but still it is 

thought that, if carefully used, this analysis can convincingly identify variants having a 

modest effect on disease (Lohmueller et al., 2003). Data collected from previous published 

studies must be assessed carefully by applying strict inclusion and exclusion criteria. Studies 

with genotypes that deviated from Hardy‐Weinberg equilibrium should be excluded and 

proper assessment for heterogeneity to verify whether this is due to ethnicity, phenotype or 

gender, should be done (Munafo & Flint, 2004). Major pitfalls of meta‐analysis include the 

risk of false positive results due to publication bias (due to publications in different 

languages and bias towards positive results) and other problems such as population 

stratification, environmental interactions and variability of LD in the genome. For these 

reasons it is believed that the best approach for the detection of alleles having a modest 

effect on disease is to use very large and well designed primary studies using thousands of 
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individuals followed by meta‐analysis (Salanti et al., 2005; Munafo et al., 2005; Uitterlinden 

et al., 2006). 

 Meta‐analysis was also applied for linkage studies where data from different 

genome‐wide scans was analysed together.  This type of analysis suffers from major 

problems like those encountered in meta‐analysis of association studies (Etzel & Guerra, 

2002). Best results can be obtained by pooling the raw data from different studies and 

performing linkage analysis again and not by just comparing results. 

 

1.3.5   Population History 

The genetic component within a population is strongly affected by its history and 

demography. The genetic pool of a population is affected by mutations, population 

admixture as well as by random genetic drift that occurs most often due to catastrophic 

events that result in a major decrease in the population (Wright et al., 1999; Harpending et 

al., 1998). Genetically isolated populations (by geography and/or culture) that recently 

expanded from a very small number of founders with occasional interbreeding with other 

ethnic groups are more likely to share haplotypes identical by descent (IBD) over longer 

genetic distances (Wright et al., 1999; Kruglyak, 1999a).  

The first inhabitants of the Maltese islands were thought to have come from 

Southern Italy approximately 7,000 years ago. From that time on the inhabitants of the 

islands mixed with a series of occupants and traders including the Phoenicians, Romans and 

Arabs. In an article published in National Geographic Magazine a link between the Maltese 

and the Phoenicians was reported from a study of the Y‐chromosome, where it was 

suggested that the Phoenicians might have completely replaced the original inhabitants of 

Malta (Franklin‐Barbajosa, 2004). In a previous study, it was observed that the frequencies 

of haplotypes on the Y chromosome were different in Greeks and Italians when compared 

to Asians and Slavs, suggesting a possible common origin from sea‐faring people such as the 

Phoenicians rather than from Neolithic European farmers (Mitchell et al, 1997). Recent 

analysis of Y‐chromosome STRs in several populations from the Mediterranean basin 

revealed that Malta forms part of the Central‐East Mediterranean cluster being closest to 
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north western Sicilians, with southern Italy, Cyprus and Turkey also in the same group 

(Capelli et al., 2005). The authors reported that these results could show the correctness 

when saying that near eastern populations are evidence of the Neolithic expansion from the 

Middle East towards Europe. The distribution of LD between Y‐linked alleles is larger when 

compared to the X chromosome which in turn has a wider LD than autosomes, mainly 

because of lower recombination rates (Pritchard & Przeworski, 2001; Devlin et al., 2001). 

For the Y‐chromosome recombination during meiosis only occurs in males at the 

pseudoautosomal region with the X chromosome.      

The present Maltese population, although geographically (but not genetically) 

isolated, is thought to have expanded exponentially from a much smaller population during 

the last four hundred years with a possibility of a number of founder effects introduced due 

to admixture with other populations coming from Sicily, eastern Mediterranean and 

northern Africa (Wettinger, 2002). Founder effects were reported in the Maltese population 

including a mutation (R1160X) found in the NPHS1 gene coding for nephrin that causes 

nephrotic syndrome (Koziell et al., 2002) and the 68G>A mutation within the quinoid 

dihydropteridine reductase gene that causes a rare form of hyperphenylalaninaemia and 

phenylketonuria (Farrugia et al., 2007). 

During the years there were major fluctuations in population growth due to a 

number of historical events, including constant attacks on the Maltese islands by Turks in 

the mid sixteenth century. During the sixteenth and seventeenth centuries, there was a 

constant contact between Maltese people and Sicilians who were mainly mariners and 

traders especially in harbour areas. Italian influence on the Maltese population is supported 

by the number of surnames of Italian origin and also from linguistics which was more 

italianised in port areas and Semitic in rural villages.  Other fluctuations in the population 

were brought about by emigration of the Maltese due to fear from further attacks by the 

Turks, death by famine and the plague. The plague struck Malta on two different occasions 

first in 1592 and eighty four years later. In the first outbreak it is estimated that at least 9% 

of the population died, which was of 30,000, while more than 11,000 people died when the 

plague struck again in 1676. These events might indicate that the present Maltese 
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population is not as old as one might have thought but it increased exponentially from a 

much smaller population during the last four hundred years.  

 

1.3.6   Defining the Genotypes 

As already mentioned, to perform a successful gene mapping study a number of 

polymorphic markers have to be typed in affected and non‐affected individuals in order to 

be able to identify genes that increase the risk of disease. Different types of genotyping 

markers were used in recent years and new techniques for typing are constantly being 

developed to increase efficiency, accuracy and throughput while reducing costs. 

 

Microsatellite Genotyping 

Short tandem repeats (STRs) or microsatellites are widely distributed in the genome 

and so are useful tools for genome‐wide scans. These tandem repeats can be dinucleotide, 

trinucleotide or tetranucleotide repeats where polymorphism is generated by gain or loss of 

repeats usually as a result of both replication slippage and point mutation (Ellegren, 2002). 

Microsatellites have several advantages for typing, the most important of which is that they 

are highly polymorphic with a very high heterozygosity (>70%), so making them ideal to be 

used for linkage studies. Another advantage is that they can be very easily typed using PCR 

techniques where fluorescently labelled primers flanking the polymorphic region are 

designed. The variable number of repeats creates amplicons of different sizes which can be 

typed using automatic sequencers such as those by Applied Biosystems (ABI) (PE Applied 

Biosystems Division, Foster City, CA). In 1994, Reed and co‐workers described a method 

where they developed chromosome‐specific sets of markers that were fluorescently 

labelled using different dyes as FAM, TET and HEX across all autosomes and X chromosome 

with an average spacing of 13cM (Reed et al., 1994). Today, different sets of markers across 

the whole genome are electronically available from databases such as those of Marshfield 

Institute of Genetics (http://research.marshfieldclinic.org/genetics/) and the Cooperative 

Human Linkage Centre (http://gai.nci.nih.gov/CHLC/). Markers can be selected from these 

databases either across the whole genome or else at candidate loci usually with an average 
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spacing of 10cM and for a higher resolution at 5cM.  To increase throughput and reduce 

costs, the amplified fragments are carefully pooled in sets in such a way that the allele size 

range does not overlap within a set and by using different dyes for different sets. 

 

Single Nucleotide Polymorphisms 

Single nucleotide polymorphisms (SNPs) are found more frequently in the genome 

and are used for high resolution gene mapping. Since they are biallelic, a disadvantage of 

SNPs is their low heterozygosity. On the other hand their stability, due to very low mutation 

rates, makes them more useful for LD mapping.  In order to reach this aim, a very dense 

map of SNPs will be needed to perform a genome‐wide LD mapping (Kruglyak, 1999). More 

than 1.5 million SNPs were found in public databases (in 2002) such as dbSNP 

(http://www.ncbi.nlm.nih.gov/SNP/), most of which were observed to occur in clusters of 

10 – 15kb regions, randomly distributed across the genome (Carlston & Newman, 2002).  

The number of reported SNPs in the human genome increased to approximately 9.5 million 

in 2007 (as checked on NCBI in September 2007). 

SNPs in association studies can be either directly tested for their functional effects, 

especially if found in coding regions of genes, or else as a marker for LD. Changes in non‐

coding sequences and synonymous changes in exons are more common than those that 

result in amino acid substitutions due to a greater selective pressure on the latter (Gray et 

al., 2000). The most common changes in the genome are transitions with CpG islands 

showing the highest mutation rates due to deamination. It was also estimated that 

approximately 20% of non‐synonymous SNPs actually have a deleterious effect on the 

structure and/or function of the protein. These SNPs are most likely to affect the 

phenotype, the number of which in the genome was estimated to reach 103 (Sunyaev et al., 

2001). The current approach used in complex disease is to select SNPs found in candidate 

genes for the disease phenotype based on the available knowledge of physiology. This 

approach is unsatisfactory as knowledge in the pathophysiology and molecular biology of 

complex diseases is very limited to this day.   

Single nucleotide polymorphisms can be analysed using various techniques such as 

restriction fragment length polymorphisms (RFLP) that is quite a laborious and time 
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consuming technique. To be able to analyse thousands of SNPs in a genome‐wide LD 

mapping, novel techniques are being developed that are more robust, cheap and fully 

automated and where different SNPs can be multiplexed and analysed together. These 

include various hybridization techniques using real‐time polymerase chain reaction (Real 

Time‐PCR) and microarrays (Carlston & Newman, 2002; Kirk et al., 2002). Matrix‐assisted 

desorption ionization time‐of‐flight (MALDI‐TOF) mass spectrometry is a promising 

technique that is being developed for large scale SNP genotyping, which is very efficient and 

cheap (Griffin & Smith, 2002). Also DNA pooling of affected individuals and controls is useful 

to perform an initial screen for genetic association although using this technique one can 

only estimate allele frequencies but cannot perform haplotyping (Bansal et al., 2002). 

 

1.4 Genetic Studies of Osteoporosis 

Osteoporosis is a polygenic disease where multiple gene variants each having a small 

effect contribute to an individual’s increased susceptibility to the disease, although a major 

gene might also be involved (Cardon et al., 2000). Until now a number of studies have been 

performed in various populations to identify genetic variants that might be responsible for 

an increased risk of osteoporosis. Different approaches such as case‐control association and 

family based linkage have been used to identify any association between phenotype and 

gene variants. The definition of the phenotype most commonly used in these studies was a 

continuous variable such as BMD and discrete phenotypes such as fractures. From these 

studies a number of chromosomal loci and SNPs found within candidate genes have been 

associated with BMD and/or fracture risk, but no major gene was identified so far (Huang et 

al., 2003; Liu et al., 2003; Peacock et al., 2002; Zmuda et al., 2006). Also animal models were 

occasionally used to perform linkage studies where in these models it is possible to control 

for heterogeneity and environmental factors (Klein et al., 2001). Information from these 

studies is useful for the identification of candidate genes found in syntenic loci in humans.  
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1.4.1 Linkage Studies        

Family based linkage studies were performed by a number of investigators to try to 

identify loci that might contain genes responsible for an increased susceptibility for 

osteoporosis. A number of chromosomal loci have been identified and confirmed to a 

quantitative trait locus (QTL) as BMD by genome‐wide scans and by scanning candidate 

regions. Using microsatellite markers at loci where known genes are found, Duncan and co‐

workers observed strong evidence of linkage to the parathyroid hormone receptor type 1 

(PTHR1) on chromosome 3 (Duncan et al., 1999). In this study, moderate evidence of linkage 

was also reported at loci where other candidate genes are found including the COL1A1, 

COL2A1/VDR, IL‐6 and oestrogen receptor 1 (ESR1). A major limitation of this study was that 

it did not differentiate between the effects of genes that affect peak bone mass and those 

affecting bone loss. Candidate gene approaches are based upon current knowledge of 

physiology and therefore other genes found at distinct loci can easily be missed.  

A genome‐wide scan performed in two independent cohorts with similar ethnic 

backgrounds also observed evidence of linkage at locus 3p21 to lumbar spine (LS) BMD 

(Wilson et al., 2003), which agrees with the results of Duncan et al (1999). In this study, 

Wilson et al (2003) also confirmed linkage to locus 1p36 and showed evidence of linkage to 

other loci including 11p, 2q and 19q. Locus 1p36 was first associated with a low hip BMD 

when performing non‐parametric linkage analysis in seven extended pedigrees (Devoto et 

al., 1998). A higher resolution scan using nine microsatellite markers at the candidate region 

was performed in an extended sample of forty two families. Results from this study 

supported the previous ones that a major QTL controlling femoral neck (FN) BMD was on 

chromosome 1p36 (Devoto et al., 2001). At this locus a number of genes involved in bone 

physiology are known to be found including those coding for tumour necrosis factor alpha 

receptor‐2 (TNFR2) and lysyl hydroxylase (PLOD1). Positive associations of SNPs within these 

genes with LS and FN BMD further strengthen the importance of region 1p36 (Spotila et al., 

2003). These results were replicated in an independent study carried out in the Amish 

population, which is a relatively genetically homogeneous population due to the closed 

lifestyle that they live because of cultural and religious reasons. A LOD of 2.02 for femoral 

neck BMD to locus 1p36 was obtained in a group of 593 women (Streeten et al., 2006). In 
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this study only suggestive linkage to a number of other chromosomal loci including 3q26, 

7q31, 21q22, 12q24, 11q22, 14q23 and 1q21, was observed. 

Locus 11q12‐13 was also confirmed several times by a number of investigators. In 

their first study, Koller and colleagues performed a linkage scan at this locus in pre‐

menopausal African Americans and Caucasians where linkage to FN BMD was confirmed 

showing the importance of this locus in peak bone mass (Koller et al., 1998). Two years later 

they performed a genome scan where they reconfirmed this locus to variations in FN BMD 

and reported linkage of LS and FN BMD to regions 1q21‐23, 5q33‐35 and 6p11‐12 (Koller et 

al., 2000). Locus 11q12‐13 is of particular interest since it was also linked to other bone 

diseases including autosomal recessive osteopetrosis (Heaney et al., 1998), high bone mass 

phenotype (Johnson et al., 1997) and osteoporosis pseudoglioma syndrome (Gong et al., 

1996). Two interesting genes found in this locus are the T‐cell immune regulator 1 (TCIRG1) 

and the lipoprotein receptor related protein‐5 (LRP5), where mutations in the latter were 

found to be responsible for high bone mass (Boyden et al., 2002) and osteoporosis‐

pseudoglioma syndrome (Ai et al., 2005). 

A number of loci were confirmed by linkage to BMD at different anatomical sites 

(Kammerer et al., 2003; Wynne et al., 2003), variation in femoral structure (Koller et al., 

2001) and peak bone mass reached early in life (Econs et al., 2004).  From this study strong 

evidence of linkage was reported to chromosome 1q (LOD 4.3) when they increased the 

number of markers genotyped at this locus in 938 sister pairs. Their results complemented 

other results obtained from studies carried out in mice where linkage to peak BMD was 

reported in syntenic regions of the mouse genome (Klein et al., 2001).  

Linkage and association were confirmed to chromosome 20p12 in a study carried out 

in the Icelandic population (Styrkarsdottir et al., 2003). In this study, discrete phenotypes 

were defined by using z‐scores corrected for age and combined with fractures at different 

degrees of severity. Following the initial scan, linkage was observed at chromosome 20p 

although other smaller peaks were reported at other chromosomal loci. Linkage 

disequilibrium mapping was performed at this region using SNPs and additional families 

followed by sequencing of the gene coding for bone morphogenic protein‐2 (BMP2) found 

in this region. A missense polymorphism and two SNP haplotypes in this gene were 
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associated with osteoporosis in the Icelandic population and confirmed in the Danish 

population. In a study carried out in a population of European origin, suggestive linkage was 

observed to this region on chromosome 20 for both spine and hip BMD (Shen et al., 2004). 

Contrasting these observations, single nucleotide polymorphisms within the BMP‐2 gene did 

not have any effect on BMD in the Dutch population (Medici et al., 2006). In the same study, 

evidence of linkage was observed to another region on chromosome 11 (11q23) and to 

Xq27, besides suggestive linkage several other loci.  

In a linkage study carried out in 3658 subjects from eight European countries (the 

FAMOS study) a number of chromosomal loci were linked with BMD in a gender‐ specific, 

site‐specific and age‐specific manner (Ralston et al., 2005). When the analysis was 

performed on the whole group of participants no evidence or suggestive linkage was 

observed. Evidence of linkage was observed when analysis of different sub‐groups was done 

according to age, sex and anatomical site. In men, evidence of linkage was observed 

between FN‐BMD and chromosome 10q21, while in women suggestive linkage to LS‐BMD 

was observed to loci 18p11 and 20q13. Five other QTLs were identified to other 

chromosomal loci.  

 From a meta‐analysis of nine whole‐genome scans, a significant LS‐BMD QTL was 

found on chromosome 1p13.3‐q23 while other regions were also indicated to a lesser 

degree. These loci were on chromosomes 12q24.31, 3p25.3‐p22.1, 11p12‐q13.3, 18p11‐

q12.3 and 1q32‐q42.3 for LS‐BMD. For FN‐BMD the strongest QTL was observed to 

chromosome 9q31.1‐q33.3 (Ioannidis et al., 2007). In this study a genome‐wide significance 

was not reached for any of the indicated loci. 

 

1.4.2 Association Studies 

During the last decade the number of association studies performed to identify 

genes responsible for osteoporosis increased dramatically. Different investigators studied 

large numbers of SNPs within a series of genes most of which are known to be involved in 

bone physiology or else linked to other bone diseases. Conflicting results were obtained 
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from these studies. Candidate genes studied are those primarily involved in the various 

biological processes of bone physiology including those coding for various receptors (Zmuda 

et al., 2000; Ioannidis et al., 2002; Urano et al., 2004), cytokines (Chung et al., 2003), growth 

factors (Langdahl et al., 2003; Kim et al., 2003; Styrkarsdottir et al., 2003), structural 

proteins (Grant et al., 1996) and other bone diseases (Uitterlinden et al., 2004), together 

with other genes not directly involved in bone biology (Jorgenson et al., 2002; Spotila et al., 

2003). The influence of gene variants might also be influenced by other variants within the 

same gene or by other gene‐gene interactions as well as interactions with the environment 

and epigenetic effects such as DNA methylation (Friso et al., 2002). An overview of the 

major genes associated with osteoporosis or fracture risk that were studied in this thesis are 

given below.  

 

The Vitamin D Receptor (VDR) Gene  

The VDR is one of the nuclear receptor superfamily (Mangelsdorf et al., 1995) that 

specifically binds to 1,25‐dihydroxy vitamin D in target tissues, to stimulate intestinal 

calcium and phosphate absorption, increases bone resorption and renal calcium/phosphate 

reabsorption. Vitamin D directly increases gene expression of receptor activator of NF‐κβ 

ligand (RANKL) in osteoblasts and indirectly increases differentiation and activation of 

osteoclasts by cell to cell interactions (Khosla, 2001). It was also shown that the VDR‐ 

retinoid X receptor (RXR) heterodimer directly binds to functionally vitamin D responsive 

elements (VDRE) found in the promoter region of RANKL thus increasing gene expression 

(Kitazawa and Kitazawa, 2002).   The end result is an overall increase in calcium/phosphate 

ion concentration in the blood (Haussler et al., 1998). The functional domains within this 

receptor are those primarily involved in hormonal ligand binding, heterodimerization to 

RXR, DNA binding and activation of transcription. It was confirmed that a tryptophan 

residue at position 286, is essential for ligand binding and mutations at this position might 

affect heterodimerization and interactions with other proteins that eventually affect 

transcription (Solomon et al., 2001).  
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The VDR gene was localised to human chromosome 12cen‐q12 by fluorescent in situ 

hybridization and consists of fourteen exons spanning a region of 75kb (Taymans et al., 

1999; Miyamoto et al., 1997). The functional protein product is encoded by exons 2 – 9 

while another 6 untranslated isoforms of exon 1 (1a – 1f) are alternatively spliced in a tissue 

specific manner under the control of multiple promoters (Crofts et al., 1998). The promoter 

region of the VDR gene does not contain a TATA box but contains a GC rich region with five 

binding motifs for the transcriptional factor Sp1 (Miyamoto et al., 1997).   

    A number of allelic variants found within the VDR gene have been described and 

associated with an increased risk of osteoporosis and other diseases (Zmuda et al., 2000). In 

1994, Morrison and co‐workers concluded that common variants found within the VDR gene 

were responsible for up to 75% of the genetic effect on BMD (Morrison et al., 1994). 

Genotyping errors were reported three years later but still this study increased the interest 

in genetic studies of osteoporosis (Morrison et al., 1997). Following this study, during the 

last decade there was a dramatic increase in the number of association studies to try and 

identify other genetic variants responsible for the variability in bone density and their role in 

bone biology (Uitterlinden et al., 2002).  

Two years later, Gross and colleagues studied a novel polymorphism at the 

translation initiation site in exon 2 of the VDR gene, which can be detected by RFLP using 

endonuclease FokI (Gross et al., 1996). Gross et al (1996) reported that Mexican‐American 

women having the TT genotype had 12.8% lower spinal BMD when compared to the wild‐

type CC genotype. Jurutka and co‐workers described how the wild‐type isoform of the VDR, 

although it is three amino acids shorter, interacts more efficiently with transcriptional factor 

IIB (TFIIB) and possessed elevated transcriptional activity (Jurutka et al., 2000). In a study 

carried out in the geographically isolated population of Lampedusa, this SNP was 

significantly associated with low BMD with allele frequencies possibly indicating founder 

effects in this population (Falchetti et al., 2007).  

Other polymorphisms identified were those analysed by endonucleases BsmI, ApaI 

and TaqI at the 3` end of the gene (Morrison et al., 1994), others associated with diseases 

such as rickets (Malloy et al., 1990) and a novel SNP detected by TruI (Kajickova et al., 2003).  

Another variant is a mononucleotide repeat (A)n polymorphism that varies in length from 13 
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to 24 adenosines (12 alleles) poly (A) occurs in the 3’ untranslated region of the VDR gene, 

possibly affecting RNA stability (Grundberg et al., 2003).  In this group of Swedish women, 

this variant was found to be in linkage disequilibrium with the BsmI polymorphism further 

upstream in this gene, and was found to affect both LS and FN BMD (Grundberg et al., 

2003). Another interesting polymorphism is a G to A transition found within the caudal 

related homeobox (Cdx)‐2 binding site in the promoter region of the VDR gene, which 

modulates intestinal‐specific transcription (Arai et al., 2001; Yamamoto et al., 1999).  

Conflicting results were obtained from association studies of these SNPs performed 

in pre and postmenopausal women (Cheng & Tsai, 1999; Vidal et al., 2003; Zajickova et al., 

2002; Douroudis et al., 2003) as well as in men (Pottelbergh et al., 2002) and adolescents 

(Strandberg et al., 2003), of different ethnic backgrounds. VDR polymorphisms were also 

associated with bone turnover, fracture risk (Langdahl et al., 2000; Moffett et al., 2007) and 

with other parameters such as height and bone size in children and young adults (Van der 

Sluis, 2003). From a meta‐analysis performed by Thakkinstian and co‐workers concluded 

that the B allele of the VDR BsmI polymorphism followed a recessive model where the BB 

genotype was associated with a lower BMD (Thakkinstian et al., 2004). This meta‐analysis 

was performed using thirty nine association studies performed on pre and postmenopausal 

women. Thakkinstian et al (2004) emphasised the importance of performing this kind of 

analysis to identify methodological problems in molecular studies such as heterogeneity, 

effects of confounders such as calcium and vitamin D intake, as well as interactions of the 

gene involved with other genes and the environment. Confounding factors such as calcium 

intake were observed to have an effect on the influence of various polymorphisms on BMD, 

including that of the B allele for the BsmI polymorphism, which was correlated with a low 

BMD only in the presence of low calcium intake (MacDonald et al., 2006). The same 

observations were made for the G allele (with low BMD) of the Cdx‐2 polymorphism in the 

promoter region. 

Large scale association studies such as the GENOMOS study failed to find a 

significant association between VDR polymorphisms and BMD, showing that the effects of 

these SNPs on BMD are minimal (Uitterlinden et al., 2006). In this study 26,242 participants 

from all over Europe were included and genotyped using various techniques which were 
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cross‐validated between the different members of the consortium. Meta‐analysis was 

performed and adjustments of various confounding factors including age, height, weight, 

use of hormone replacement therapy and menopausal status were done. Besides BMD, 

these SNPs were tested for correlation with increased fracture risk, where only the Cdx‐2 

polymorphism was found to have a very mild effect and thus increasing the risk of fractures. 

The protective role of the A allele for fractures was also reported earlier especially in older 

women, in a smaller study of almost 3,000 white men and women (Fang et al., 2003). 

Conversely, the conclusion that SNPs at the 3`end of the VDR gene does not have any effect 

on BMD or fracture risk contradicts earlier findings from a study carried out on 6,148 

samples from Rotterdam (Fang et al., 2005). In this study VDR haplotypes at the 5` promoter 

region and 3`UTR were studied for an association with fracture risk and functional studies 

were done to understand the effects of these variants at the molecular level. A modest 

effect of 15% ‐ 48% of VDR polymorphisms on fracture risk was observed corresponding to a 

15% difference in VDR mRNA observed between the genotypes. Also a strong effect of one 

subtype of the BsmI‐ApaI‐TaqI haplotype was observed on fracture risk.  On the other hand, 

another meta‐analysis this time on published data failed to detect any association of the 

BsmI and TaqI polymorphisms and increased risk to fracture (Fang et al., 2006). 

In another study, Uitterlinden and colleagues observed that interactions between 

VDR and COL1A1 polymorphisms might predict a risk for osteoporotic fractures that is 

independent of BMD (Uitterlinden et al., 2001). This highlights the importance of genetic 

markers as predictors of fracture risk that cannot be predicted by measuring BMD alone. 

Similar inter‐locus interactions that increased the risk to fractures were later reported, this 

time between ER1 and VDR polymorphisms (Colin et al., 2003). Gene to gene interactions 

between ER1 and VDR were also reported to affect BMD in a study carried out in 

prepubertal females (Willing et al., 2003). VDR and COL1A1 gene variants were observed to 

play a significant role in the determination of BMD in those subjects having a low calcium 

intake, showing that environmental factors can modify the effect of these genes on the 

phenotype (Brown et al., 2001). 

 

 



  Chapter 1: Introduction 

 41

Oestrogen Receptor Gene-α (ER1) 

 The oestrogen receptor (ER) is another member of the nuclear receptor superfamily 

that consists of several domains that are important for hormone binding and initiation of 

transcription. There are two isoforms of oestrogen receptors known as α (1) and β (2) that 

are expressed in different tissues and are encoded by two distinct genes (Gustafsson, 1999). 

When analysing developing human bone for expression of these two ERs, it was observed 

that ER1 was predominantly expressed in cortical bone while ER2 showed higher levels of 

expression in cancellous bone (Bord et al., 2001).   

The gene encoding human ER1 is located on chromosome 6q25.1 and spans a region 

of more than 140kb of the genome. The gene is made up of eight exons with its introns 

showing a high degree of conservation when compared with the chicken’s progesterone 

receptor (Ponglikitmongkol et al., 1988). The hormone binding domain is encoded by an 

assembly of five exons. When performing experiments on mice, Lindberg and co‐workers 

reported that the expression of many important genes involved in the regulation of 

trabecular BMD such as TGF‐β are controlled by oestrogen via ER1 and not ER2 (Lindberg et 

al., 2002). The oestrogen system and the ER gene are interesting candidates for genetic 

studies of diseases that are triggered by the onset of menopause including osteoporosis, 

osteoarthritis, Alzheimer’s and coronary artery disease (Massart et al., 2001).  

Until now a number of polymorphisms have been identified in the ER1 gene and 

studied for an association with BMD and/or fracture risk. Two most commonly studied SNPs 

are caused by transitions, C – T (PvuII) and A – G (XbaI), found within the first intron only 

50bp apart. These two SNPs were first studied by Kobayashi and colleagues in Japanese 

postmenopausal women where they observed that the Px haplotype increased the risk of a 

low BMD (Kobayashi et al., 1996). Following this study a number of investigators carried out 

similar studies and reported positive correlation with BMD, fracture risk and rate of bone 

loss in postmenopausal women (Kobayashi et al., 2002; Albagha et al., 2005) and adolescent 

boys (Lorentzon et al., 1999). From a meta‐analysis Ioannidis and colleagues concluded that 

the XX genotype played a protective role on BMD and risk of fractures when compared to 

the x allele (Ioannidis et al., 2002). Other investigators also studied these SNPs in relation to 

BMI (Deng et al., 2000), menopausal symptoms (Malacara et al., 2004) and as markers to 
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predict the onset of natural and surgical menopause (Weel et al., 1999). Strong linkage 

disequilibrium between PvuII and XbaI SNPs was always reported. An association was 

reported in Chinese between these two SNPs in the first intron and variations in height but 

not with bone size (Lei et al, 2005). 

A TA repeat polymorphism found within the promoter region of the ER1 gene was 

also associated with low BMD and an increased risk of fractures by two independent 

investigators (Becherini et al., 2000; Langdahl et al., 2000). Both studies were concordant 

where individuals with low numbers of TA repeats had lower BMD and an increased risk of 

fracture. Langdahl et al (2000) suggested that since this polymorphism was previously 

associated with familial premature ovarian failure this might explain why these individuals 

have a low BMD. Other explanations might be that this polymorphism is in LD with another 

functional polymorphism or else it might directly affect gene expression. In the same study, 

Langdahl and co‐workers also analysed a G261‐C polymorphism located in the first exon 

where no correlation was found. The TA repeat was also associated with responsiveness to 

HRT treatment in Korean postmenopausal women (Yim et al., 2005).   

A G2014A SNP located in exon 8, six nucleotides upstream from the stop codon was 

also associated with postmenopausal osteoporosis in a study carried out in Thailand. 

However these results have yet to be confirmed by other investigators (Ongphiphadhanakul 

et al., 2001). 

Interactions of ER1 polymorphisms with other SNPs found in other genes and their 

influence on BMD were also reported by a number of investigators. Such associations were 

reported between haplotypes in the ER1 gene with COL1A1 (Bustamante et al., 2007), 

oestrogen receptor‐β (Rivadeneira et al., 2006) and the aromatase gene (Riancho et al., 

2006), among others (Colin et al., 2003).  A meta‐analysis showed that XbaI variant might 

have an effect on fractures risk, with XX genotyping playing a protective role and in a way 

that is independent of BMD (Ioannidis et al., 2004).  
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The TNFRSF11B (OPG) Gene 

 

Figure 1‐2 Structure of the TNFRSF11B gene including most commonly studied polymorphisms 

       Osteoprotegerin (OPG), a secreted glycoprotein of the tumour necrosis factor 

(TNF) receptor superfamily, is made up of 401 amino acids with four cysteine rich domains 

and is known to play a very important role in the regulation of bone mass (Simonet et al., 

1997). Transgenic mice expressing high levels of OPG were observed to suffer from severe 

osteopetrosis due to a decrease in osteoclast differentiation (Simonet et al., 1997) while 

knock out mice were observed to have severe osteoporosis and an increased risk of 

fractures (Bucay et al., 1998). OPG controls osteoclastogenesis by binding to RANKL on 

preosteoblast/stromal cells preventing cell to cell interactions with RANK present on 

osteoclast precursors, thus preventing osteoclast differentiation, activation and promoting 

apoptosis (Hofbauer et al., 2000). Macrophage colony stimulating factor (M‐CSF) binding to 

its receptor, c‐Fms, on osteoclast precursors is also essential for activation. Administration 

of exogenous (recombinant) OPG in postmenopausal women was found to be safe, well 

tolerated and had a very positive effect as an antiresorptive agent (Hofbauer & Heufelder, 

2000). 

The human TNFRSF11B gene is a single copy gene found on chromosome 8q23‐24 

which consists of five exons and spans a region of 29 kb (Morinaga et al., 1998). Exons 4 and 

5 encode for two death domains that are present in tandem and from their amino acid 

sequence it is evident that exon 4 is produced by duplication of a part of exon 5.  It is known 

that the expression of OPG and RANKL is controlled by various cytokines, hormones and 

growth factors such as transforming growth factor (TGF)‐β (Thirunvakkarasu et al., 2001), 
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insulin‐like growth factor (IGF)‐I (Rubin et al., 2002), BMP (Wan et al., 2001), oestrogen 

(Bord et al., 2003) and Cbfa1 (Thirunvakkarasu et al., 2000), and it is the ratio of OPG/RANKL 

that determines the pool size of active osteoclasts (Hofbauer et al., 2000). Experiments on 

mice also showed that higher expression of RANKL on osteoblasts mediates enhanced 

osteoclastogenesis highlighting the importance of osteoblasts in the regulation of bone 

turnover (Kiviranta et al., 2005). 

A number of SNPs within the TNFRSF11B gene were analysed by a few investigators 

for any association with BMD and/or fracture risk. Variations within this gene were also 

positively associated with other human diseases such as Paget’s disease of bone (Wuyts et 

al., 2001; Daroszewska et al., 2004), idiopathic hyperphosphatasia (Cundy et al., 2002) and 

vascular disease (Hofbauer & Schoppet, 2002; Soufi et al., 2004). Twelve polymorphisms 

were identified in the TNFRSF11B gene, two of which were observed to be more frequently 

found in patients with vertebral fractures (Langdahl et al., 2002). The G allele of the T245‐G 

polymorphism located in the promoter region was also associated with a low BMD in 

Slovenian postmenopausal women (Arko et al., 2002) and Japanese women but not in men 

(Yamada et al., 2003). These results were concordant with those reported by Langdahl et al 

(2002). In the same study, an association with the rare allele of the A163‐G polymorphism 

and increased fracture risk was reported, which was later confirmed by Jorgensen et al 

(2004) in Danish women.  

Ohmori and colleagues, in a study carried out in Japanese families and 

postmenopausal women did not find any evidence of linkage with the osteoprotegerin gene 

but reported an association of the T950‐C polymorphism with BMD, where the T allele was 

associated with low BMD (Ohmori et al., 2002). A similar trend was also reported by other 

investigators although statistical significance was not reached (Langdahl et al., 2002; Wynne 

et al., 2002; Brandstrom et al., 2004; Vidal et al., 2006). In the Irish and Slovenian 

populations, a polymorphism that results in an amino acid change from lysine to asparagine 

in the signal peptide of OPG (G1181‐C) was significantly associated with low BMD at both the 

LS and FN (Wynne et al., 2002; Arko et al., 2005).  
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Collagen Type 1α1 (COL1A1) Gene  

Type I collagen is the most abundant and ubiquitously expressed of the collagen 

superfamily of proteins that are the most abundant proteins in the human body. Type I 

collagen is composed of two α1 and one α2 chains forming a triple helical structure, 

secreted as a pro‐peptide followed by cleavage of the N and C telopeptides by proteases. 

Further post‐translational modifications of collagen include hydroxylation of proline and 

lysine residues, cross‐linking and glycosylation. Collagen is able to maintain the integrity of 

the tissues via its interactions with a large number of molecules that make up the extra 

cellular matrix and cell surfaces. More than fifty molecules are known to interact with 

collagen such as integrins, fibronectin, thrombospondin and matrix metalloproteinases 

(MMPs) (Di Lullo et al., 2002).  

The gene encoding for α1(I) chain (COL1A1) is located at 17q21.3‐q22.1, spans 18kb 

of the genome having a total of 52 exons, most of which are 54bp in length or an exact 

multiple of 9bp encoding Glycine – X – Y triplets. A number of SNPs and mutations have 

been identified and associated with diseases such as osteoporosis and osteogenesis 

imperfecta, especially if these variants lie in potential binding sites with other molecules 

(Dalgleish, 1997; Di Lullo et al., 2002). 

In 1996, a G to T transversion at the Sp1 binding site of the COL1A1 gene promoter 

was identified and associated with low bone mass and an increased risk of vertebral fracture 

(Grant et al., 1996). Following this study a number of investigators studied this 

polymorphism for any association with BMD and/or fracture risk. The T allele was, however, 

absent in East Asian populations such as those of Shanghai, China (Lei et al., 2003). In 

association studies, the T allele was always associated with a low LS and FN BMD and with 

an increased risk of fractures (Gerdhem et al., 2004; Efstathiadou et al., 2001). Weichetova 

and colleagues observed that COL1A1 Sp1 genotyping might be a very useful predictor for 

an increased risk of wrist fractures, where TT homozygotes had a 2.8 times risk when 

compared to the wild‐type GG homozygotes (Weichetova et al., 2000). They concluded that 

the increased risk of fractures was independent of BMD, an observation that was later 

confirmed by other similar studies (Bernad et al., 2002) and by a meta‐analysis (Mann and 

Ralston, 2003). A reason for this might be that the Sp1 polymorphism alter gene expression 
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and increases the production of collagen α1 chain and thus disrupts the ratio with α2(I) 

resulting in decreased bone quality (Mann et al., 2001).  The Sp1 polymorphism was also 

associated with an increased rate of bone loss especially at the lumbar spine (MacDonald et 

al., 2001) and with differences in femoral neck geometry, that might be another reason for 

an increased risk of fracture independent of BMD (Qureshi et al., 2001). In a large scale 

association study, as part of the European project GENOMOS, the Sp1 polymorphism was 

significantly associated with reduced BMD at both the lumbar and femoral sites, with TT 

homozygotes having the lowest BMD. These results remained the same even after 

adjustments for confounding factors. In the same study no significant association was found 

with fractures, but only a modest association was observed with the incidence of vertebral 

fractures that was independent of BMD (Ralston et al., 2006).  

Another polymorphism in the promoter region of the COL1A1 gene that was 

described is the ‐1997 G/T that was in LD with the Sp1 variant and was also associated with 

BMD (Garcia‐Giralt et al., 2002). This polymorphic site is thought to bind single‐stranded 

DNA binding proteins that may be involved in the regulation of transcription. When studying 

these sites, Liu et al (2004) reported that the variation in BMD observed in elderly 

Caucasians might be a result of the interactions of these two polymorphic sites. Interactions 

between the ‐1997 polymorphism and another close by polymorphism (‐1663) were found 

to affect transcription and possibly also affecting binding of osteoblast nuclear proteins 

(Garcia‐Giralt et al., 2005). 

Polymorphisms within the COL1A1 gene were found to affect BMD when interacting 

with other genes such as the ER1, TGF‐β (Bustamante et al., 2007) and VDR (Uitterlinden et 

al., 2001). A recent study showed evidence of interactions (epistasis) between the COL1A1 

gene locus (17q21.3) and loci where the IL‐6 (7p15.3) and TNFRSF1B (MIM191191), 

encoding for tumour necrosis factor receptor 2 (1p36.2), genes are found (Yang et al., 2007). 

In this study a linkage study approach was used, where a number of microsatellite markers 

were analysed spanning the interval containing a number of candidate genes. The authors 

described how both IL‐6 and TNFRSF1B are involved in osteoclast differentiation and how 

interactions of these genes with COL1A1 might have an effect on femoral neck BMD. These 
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results also replicated the involvement of locus 1p36.2, already indicated by previous 

whole‐genome scans (Devoto et al., 2001). 

 

Methylenetetrahydrofolate Reductase (MTHFR) Gene 

Another important gene of special interest in bone physiology is the 

methylenetetrahydrofolate reductase (MTHFR) gene. The gene is localised to 1p36.3 and is 

composed of 11 exons with a promoter that lacks a TATA box but contains CpG islands and 

several Sp1 binding sites (Gaughan et al., 2000).  

Previous studies showed that high serum homocysteine concentrations might 

interfere with cross‐linking of collagen, thus affecting bone quality (Lubec et al., 1996). 

Increased plasma homocysteine concentration has been observed in individuals with a low 

folate status that are homozygous for C677T variant in the methylenetetrahydrofolate 

reductase (MTHFR) gene (McLean et al., 2003). This polymorphism results in a missense 

substitution from alanine to valine giving rise to a thermolabile variant of MTHFR (Kang et 

al., 1988).  This common variant has been associated with various diseases including 

coronary artery disease (Kang et al., 1988), neural tube defects (van der Put et al., 1998) and 

recently with bone mineral density (BMD) (Miyao et al., 2000; Jorgensen et al., 2002).  

LS BMD was observed to be significantly lower in TT homozygotes when compared 

to those having the wild‐type allele (Miyao et al., 2000). Similar observations were reported 

in a study carried out in the Danish population where the T allele was also associated with a 

low BMD and increased fracture risk (Abrahamsen et al., 2003). These results differed from 

those of Jorgensen et al (2002) where an increased risk of fracture was only reported in 

homozygotes for the T allele. Also, Golbahar et al (2004) did not found any association of 

the C677T polymorphism with BMD but it was observed that hyperhomocysteinaemia, as a 

result of folate deficiency, is a more likely cause for the pathogenesis of osteoporosis. Levels 

of vitamins such as riboflavin, B12 and B6 are also thought to improve BMD in individuals 

that are homozygotes for the mutant allele (Abrahamsen et al., 2005). In a study in British 

postmenopausal women an association was found between folate and plasma 

homocysteine levels and BMD but not with vitamins B6 and B12 (Baines et al., 2007). 
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Homozygotes TT for the MTHFR C677T polymorphism had significantly higher homocysteine 

levels when compared to the other genotypes. The same trend was not observed with folate 

or BMD. 

 

Low Density Lipoprotein Receptor-Related Protein 5 (LRP5) 

LRP5 is a transmembrane protein of the low density lipoprotein (LDL) receptor family 

that acts as a co‐receptor together with frizzled receptors for Wnt signalling via β‐Catenin 

dependent and independent pathways (Zorn, 2001). The structure of LRP5 is made up of 

four epidermal growth factor (EGF) repeats and three LDL receptor repeats with an 

intracellular portion that interacts with other proteins such as axin (Mao et al., 2001). The 

important role of LRP5 in osteoblast function was observed from experiments performed in 

mice where disruption of LRP5 resulted in a low bone mass phenotype (Kato et al., 2002).  

LRP5 gene is located on human chromosome 11q13.4 and is made up of 23 exons 

spanning a region of 100kb. This locus was indicated by a number of linkage studies (Gong 

et al., 1996; Koller et al., 1998) and several mutations within the LRP5 gene were identified 

and confirmed to be responsible for an increased bone density phenotype (Van 

Wesenbeeck et al., 2003) and osteoporosis pseudoglioma syndrome (Gong et al., 2001). 

Several SNPs were also analysed for any association with BMD by a number of 

investigators. In a study carried out by Ferrari and co‐workers it was observed that variants 

within the LRP5 gene were affecting changes in vertebral bone mass and size mostly in 

males and not females (Ferrari et al., 2004). A year later, variants within the LRP5 gene were 

also associated with idiopathic osteoporosis in men (Ferrari et al., 2005). Other investigators 

found positive association of other SNPs within this gene with BMD and/or fractures in 

postmenopausal women and in the general population (Urano et al., 2004; Koay et al., 2004; 

Mizuguchi et al., 2004; Bollerslev et al., 2005; Xiong et al., 2007). A number of variants 

within the LRP5 and LRP6 genes were studied and were significantly associated with fracture 

risk especially in males (van Meurs et al., 2006). 
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Three mutations found in exons 1, 12 and 14 were observed to be responsible for 

low bone mass and increased risk of fractures in paediatric cases (Hartikka et al., 2005). 

These mutations were found in the heterozygous state, where the frameshift mutation was 

also found in the proband’s father and brother while a missense mutation was found in 

mother and two brothers. All these individuals were osteoporotic and no other mutations 

were detected in the COL1A1 and COL1A2 genes in these individuals. In another study, 

another gain of function mutation was reported in a woman with high bone mass and that 

resulted in reduced inhibition of Wnt signalling by Dickkopf 1 (DKK1) (Balemans et al., 2007). 

 

Other Candidate Genes 

 A number of other genes involved in bone physiology and also with other bone 

diseases have also been studied for any association with BMD or with an increased risk of 

osteoporosis and fracture. Table 1‐2 shows a short list of genes that were identified either 

by linkage or association studies and are known to play a role in bone physiology. These 

genes are either known to be found in loci indicated by linkage studies (TNFRSF1B, PLOD1, 

TNSALP) or else were already studied and associated with BMD and/or increased fracture 

risk (Klotho, TNSALP). Results obtained by a linkage and association study in Iceland for the 

BMP‐2 gene were not replicated in an independent study carried out in Rotterdam (Medici 

et al., 2006). An association of polymorphisms found within the BMP2 gene and other BMPs 

was only observed with peak bone mass (Choi et al., 2006). 
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Table 1‐2 Candidate Genes Associated with Bone Mass 

Gene Protein Locus Ref.

AR Androgen Receptor Xq11‐q12 Yamada et al (2005) 

IL‐6 Interleukin 6 7p21 Moffett et al (2004) 

BGP Bone gla Protein (osteocalcin) 1q25‐q31 Dohi et al (1998) 

TNFRSF1B Tumour Necrosis Factor Receptor 2 1p36.3‐p36.2 Albagha et al (2002) 

PLOD1 Lysyl Hydroxylase 1p36.3‐p36.2 Spotila et al (2003) 

ApoE Apolipoprotein E 19q13.2 Schoofs et al (2004) 

TGF‐β Transforming Growth Factor‐β 19q13.1 Langdahl et al (2003) 

SOST Sclerostin 17q12‐q21 Uitterlinden et al (2004) 

Klotho Klotho Protein 13q12 Kawano et al (2002) 

IGF‐I Insulin‐like Growth Factor‐I 12q22‐q24.1 Kim et al (2002) 

TCIRG1 T‐cell Immune Regulator 11q13.4‐q13.5 Sobacchi et al (2004) 

BMP‐2 Bone Morphogenic Protein 2 20p12 Styrkarsdottir et al (2004)

PDE4D Phosphodiesterase 4D 5q12 Reneland et al (2005) 

TNSALP Tissue‐nonspecific alkaline 

phosphatase 

1p36 Goseki‐Sone et al (2005) 
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1.5  Aims of Study 

The genetic susceptibility of low bone mass and osteoporosis are going to be studied 

in the Maltese population. To achieve this, the following aims and approaches were set: 

 

1. Association study of SNPs in candidate genes for osteoporosis already 

studied in other populations 

2. Linkage study of eight chromosomal loci that are known to contain genes 

involved in bone physiology 

3. A genome‐wide scan in two extended families to identify novel loci that 

might contain genes that increase susceptibility to osteoporosis 

4. Analysis of candidate genes in loci indicated by linkage and functional 

analysis of any variants identified 

 



 

 
 

Chapter 2 

 

 

MATERIALS and METHODS 

 

 
 

 

 

 

 

 
 

 



  Chapter 2: Materials & Methods 
 
 

 53

2.1 Sample collection and preparation 

2.1.1  Patient Recruitment 

Association Study 
A total of 196 women were recruited from new subjects referred by medical 

practitioners to the Bone Density Unit, Department of Obstetrics and Gynaecology, St. 

Luke’s Hospital, Malta for an osteoporosis risk evaluation. Informed consent was obtained 

from all participants in the study that had been approved by the Research Ethics Committee 

of the University of Malta. All respondents answered a detailed questionnaire concerning 

medical conditions and the use of medications, family history of osteoporosis together with 

dietary and lifestyle habits. 

  Individuals who had conditions, or were on medications known to affect bone 

metabolism were excluded from the study. Women, who had undergone a surgical 

procedure such as total abdominal hysterectomy, bilateral surgical oopherectomy, together 

with those on steroid therapy, oral contraceptives, thyroxine, hormone replacement 

therapy (HRT) and medications for psychiatric disorders, were excluded from the study. A 

small group of women who had a medical history of carcinoma, diabetes or renal failure was 

also excluded. Menopause was defined as amenorrhoea of at least six months duration. 

Peripheral blood for DNA analysis was collected from a total of 147 individuals, of 

whom 125 were postmenopausal and 22 were premenopausal women.  

Family Study 
A total of eleven families with a known history of osteoporosis and several affected 

members were recruited for this study. Probands were selected from individuals that 

participated in the association study and were observed to have severe osteoporosis as 

defined by WHO criteria (t‐score <‐2.5) at the lumbar and/or femoral neck, were relatively 

young in age and had a LS and/or FN z‐score of less than ‐1.0. A total of fifty seven family 

members were recruited of whom thirty eight were females and nineteen males. All 

recruited participants were asked to sign an informed consent form and answered a 

detailed questionnaire concerning medical history, medication, lifestyle and dietary habits 
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as well as detailed information about family history of bone disease, osteoporosis and 

fracture. 

 Bone Mineral Density at the LS (L2 – L4) and FN of all participants was measured by 

DEXA using a Norland 385 (Norland, Medical Systems Inc.) at the Bone Density Unit, St 

Luke’s Hospital, Malta. Peripheral blood was withdrawn from all participants for DNA 

analysis and biochemical tests in order to exclude secondary osteoporosis. Biochemical tests 

performed include serum creatinine, urea, random blood glucose, calcium (total and 

ionised), magnesium, phosphate, total cholesterol, total bilirubin, alkaline phosphatase, 

gamma glutamyl transferase, alanine transaminase together with a complete blood count. 

All biochemical tests were performed using a Hitachi 917 analyser (Boehringer Mannheim, 

Germany) and a Sysmex K4500 haematology analyser was used for the complete blood 

count. 

After exclusion of individuals having medical conditions known to affect bone 

metabolism, twenty seven individuals from two large families with multiple affected 

individuals were used for the analysis. Exclusion criteria were the same as described above 

for the association study. The two chosen families were extended families having more than 

three affected members with osteoporosis and/or osteopenia. Affected status for a low 

BMD phenotype was defined as an age and sex adjusted z‐score of less than ‐1.0 at the LS 

and/or FN BMD. 

 

Family 1 

 Figure 2‐1 shows a pedigree drawing of Family 1. The proband in this family was a 

61‐year‐old female (II:1) who was initially recruited for the association study. This individual 

was diagnosed with osteoporosis six years earlier and was known to have a family history of 

osteoporosis. Five out of seven of her siblings were recruited while the other two (II:3 & II:4) 

were not willing to participate in this study. Osteoporosis was confirmed in all six recruited 

siblings, where all females were osteoporotic at the lumbar spine and one male was 

osteoporotic at the femoral neck (II:2). Individual II:6 was observed to have an 

asymptomatic compressed vertebral fracture. The high BMI did not have any positive affect 

on BMD in individual II:6. Severe osteoporosis was observed in individual II:8 at the lumbar 

spine but this individual had not suffered from any fractures. Three daughters of the 
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proband were recruited (age range 33 – 38 years) and all of them were found to have a very 

low BMD for their relatively young age. Individual III:1 also experienced a traumatic fracture 

of the scaphoid earlier in her life. Their 37‐year‐old cousin (III:5) was also found to have a 

very low BMD at both the lumbar (t‐score ‐2.25) and femoral neck (t‐score ‐1.07), and had a 

very low BMI (16.2 kg/m2). It was not possible to collect blood for DNA analysis from this 

participant. 

 

Figure 2‐1 Pedigree of Family 1 
 
Affected individuals (black 

shaded) in generation II were 

defined according to WHO 

criteria (t‐score <‐2.5). In 

generation III affected status 

was defined by z‐score <‐1.0. 

Individuals II:3 and II:4 were not 

recruited, therefore affected 

status is unknown. DNA was not 

obtained from individual III:5.. 
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Table 2‐1. Clinical Characteristics of Family 1 Members 

Family 1   

Participant Age BMI LS t‐score (z‐score) FN t‐score (z‐score) Fracture 

II : 11 61 29.5 ‐3.50 (‐1.44) ‐1.51 (‐0.18) Nil 

II : 2 74 23.1 ‐2.29 (‐1.54) ‐3.29 (‐1.85) Nil 

II : 5 62 28.8 ‐3.28 (‐1.20) ‐0.84 (0.56) Nil 

II : 6 72 34.2 ‐4.16 (‐1.91) ‐2.42 (‐0.79) Vertebral # 

II : 7 70 26.2 ‐3.90 (‐1.65) ‐2.12 (‐0.53) Nil 

II : 8 68 24.1 ‐5.68 (‐3.09) ‐2.25 (‐0.70) Nil 

III : 1 33 22.5 ‐1.93 (‐1.83) ‐1.37 (‐1.42) Scaphoid # 

III : 2 35 23.9 ‐2.49 (‐2.29) ‐1.89 (‐1.86) Nil 

III : 3 38 23.0 ‐2.14 (‐1.86) ‐1.24 (‐1.10) Nil 

III : 5 37 16.2 ‐2.25 (‐1.96) ‐1.07 (‐0.93) Nil 

1 Individual II:1 Family 1 age of diagnosis was 55 years 
2 Individuals are numbered as shown in Figure 2‐1 

  

 

Family 2 

 Eighteen members of Family 2 were recruited for this study (Figure 2‐2). The 

proband was a 55‐year‐old woman with osteoporosis at the lumbar spine (II:1), diagnosed 

with osteoporosis five years earlier. Another four siblings were recruited, three of whom 

were osteoporotic, the youngest being a 52‐year‐old woman (II:6) osteoporotic at both the 

lumbar spine and femoral neck. This individual also suffered a non‐traumatic fracture of the 

calcanius. It was not possible to recruit the other four siblings. The eldest son of the 

proband (III:1) had a very low BMD at lumbar spine (z‐score ‐2.02), at an age when peak 

bone mass is normally reached. Another two males, III:10 and III:11 had low BMD at the 

lumbar spine and femoral neck, respectively. On the other hand, one female III:8 had a very 

high BMD at the lumbar spine, for her age. Individuals II:2 and III:4 suffered fractures due to 

trauma. 
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Figure 2‐2 Pedigree of Family 2

 

Affected individuals (black 

shaded) in generation II were 

defined according to WHO 

criteria (t‐score <‐2.5). In 

generation III affected status 

was defined by z‐score <‐1.0. 

Individuals II:3, II:7, III:3, III:12 

and III:15 were not recruited, 

therefore affected status is 

unknown. 
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Table 2‐2. Clinical Characteristics of Family 2 

Family 2      

Participant Age BMI LS t‐score (z‐score) FN t‐score (z‐score) Fractures 

II : 11 55 26.5 ‐3.47 (‐1.68) ‐1.57 (‐0.56) Nil 

II : 2 66 27.0 ‐1.19 (0.57) ‐0.19 (0.62) Clavicle # 

II : 4 61 28.8 ‐2.66 (‐0.78) ‐1.70 (‐0.37) Nil 

II : 5 70 29.1 ‐2.88 (‐0.78) ‐2.24 (‐0.65) Nil 

II : 6 52 21.2 ‐3.75 (‐2.18) ‐2.72 (‐1.86) Calcanius # 

III : 1 29 25.3 ‐2.00 (‐2.02) ‐1.22 (‐1.09) Nil 

III : 2 23 19.7 ‐1.58 (‐0.87) ‐1.10 (‐0.36) Nil 

III : 4 41 30.1 ‐1.67 (‐1.42) ‐0.86 (‐0.45) Wrist #  

III : 5 38 23.5 ‐0.13 (‐0.03) ‐0.57 (‐0.37) Nil 

III : 6 33 24.1 ‐ 0.62 (‐0.60) ‐0.27 (0.25) Nil 

III : 7 33 31.8 ‐0.42 (‐0.36) ‐0.24 (0.04) Nil 

III : 8 38 30.9 2.64 (2.42) 1.41 (1.56) Nil 

III : 9 42 25.4 ‐2.10 (‐1.62) ‐1.77 (‐1.40) Nil 

III : 10 37 28.1 ‐2.32 (‐2.19) ‐1.10 (‐0.76) Nil 

III : 11 42 25.3 ‐1.39 (‐1.13) ‐2.08 (‐1.66) Nil 

III : 13 39 24.5 ‐1.46 (‐1.19) ‐0.56 (‐0.33) Nil 

III : 14 25 21.1 ‐1.28 (‐1.36) ‐1.45 (‐1.43) Nil 

1 Individual II:1 Family 2 age of diagnosis was 50 years 
2 Individuals are numbered as shown in Figure 2‐2
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2.1.2  Sample Collection 

Blood for DNA analysis was collected in a tube containing K2‐EDTA as an 

anticoagulant, and stored at a temperature of ‐20°c until analysed.  

Both blood and urine samples were collected for the determination of biochemical 

markers of bone turnover (Procollagen I and Pyridinoline crosslinks). Prior to venipuncture, 

for the determination of biochemical markers of bone turnover, subjects were instructed to 

fast for 12 hours. Blood was collected early in the morning since bone markers are known to 

be affected by circadian rhythms (Hassager et al., 1992). Blood for the estimation of 

procollagen I, a precursor of collagen, was collected in plain tubes without anticoagulant 

and allowed to clot for 30 minutes at room temperature. The blood was centrifuged at 

1,500 g for 15 minutes and 0.5 ml aliquots of serum were pipetted into 2 ml screw capped 

microcentrifuge tubes. Any haemolysed sera were discarded and venipuncture was 

repeated. After labelling, the samples were placed in a freezer at ‐80°c within one hour of 

collection.  

Urine samples were collected for the estimation of pyridinoline cross links and 

creatinine estimation. Patients were instructed to fast for 12 hours prior to the collection of 

urine the following morning. First morning void urine samples were collected in a container 

without any preservative and the volume was recorded. Two aliquots of 5 ml each were 

transferred into 10 ml microcentrifuge tubes and stored at ‐80°c until analysed. 

 

2.2 DNA extraction 
Genomic DNA was extracted and purified from peripheral blood leucocytes by salting 

out, using a high concentration of salt for DNA precipitation, giving excellent yield and 

quality of DNA (Miller et al., 1988).  

Whole blood collected in EDTA tubes and stored at ‐20°c was thawed by incubating 

at 37ºC in a water bath. Three millilitres of whole blood were transferred into a conical 

centrifuge tube to which 9 ml of 1x erythrocyte lysing buffer (0.155 M NH4Cl, 10 mM KHCO3, 

0.1 mM Na2 EDTA; pH 7.4) were added. The solution was kept at room temperature for 15 

minutes with occasional mixing, followed by centrifugation at 896 g for 10 minutes (Mistral 

3000i centrifuge). After centrifugation, the pellet of white blood cells was again washed with 

3 mls of 1x erythrocyte lysing buffer and centrifuged as before. This step was repeated until 
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a clean white pellet was obtained. During these initial steps red blood cells were lysed and 

the remaining intact white cells were cleaned from any proteins and heme. 

The pellet of white blood cells was resuspended in 1.5 ml SE buffer (75 mM NaCl, 25 

mM Na2 EDTA; pH 8.0) containing 100 µg/ml of proteinase K and 1% Sodium Dodecyl 

Sulphate (SDS w/v). The tubes were incubated at 37°C overnight in a water bath. During this 

step proteinase K denatured any proteins present while SDS was used to break up the white 

blood cells’ membranes.  

After incubation, 1.5 ml of SE buffer together with 0.75 ml of 6M NaCl were added to 

each tube, followed by the addition of 3.75 ml chloroform. The tubes were well mixed and 

left for 1 hour on a rotator. The emulsion was then centrifuged for 10 minutes at 896 g, 

using minimal breaking force. The upper aqueous phase (containing DNA) was aspirated 

without disturbing the interphase using a sterile transfer pipette, and transferred to a clean 

sterile conical tube.  

DNA was precipitated by adding an equal volume of isopropanol to the aqueous 

phase followed by gentle swirling of the tube. Using a sterile disposable spatula, the DNA 

was transferred to a new microcentrifuge tube containing 1 ml of 70% ethanol. This tube 

was centrifuged at 19,000 g for 2 minutes (Eppendorf centrifuge 5417R, Hinz GmbH, 

Hamburg, Germany) and the resulting supernatant decanted off. One millilitre of 70% 

ethanol was added to each tube followed by centrifugation as previously described. This 

step was repeated 3 times in order to purify the DNA from any salts. 

The DNA pellet was air dried at room temperature for twenty minutes. The pellet 

was re‐dissolved in 300µl TE buffer (10 mM Tris‐HCl, 1 mM EDTA; pH 8.0) and left overnight 

on a rotator. The DNA was stored at a temperature of 4°C until analysed. 

 

2.3 Determination of DNA concentration 
 
2.3.1 Spectrophotometry 

An accurate method for the determination of DNA concentration is by 

spectrophotometry. Using this method one can also determine the purity of DNA by 

measuring absorbance at two different wavelengths. Twenty microlitres of genomic DNA 
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were added to 580 µl of 0.1 % SDS and mixed well. A blank consisting of 0.1% (w/v) SDS was 

used as a reference and the absorbance was first measured at 260 nm. 

The concentration of the DNA was calculated using the following equation: 

    Concentration = 50 x 30 x OD260  

where   50 is the dsDNA concentration at OD 1 (Optical density) 

   30 is the dilution factor 

   OD260 is the absorbance obtained at 260nm. 

 

A second reading was then taken at 280nm to confirm the purity of DNA (and lack of 

contamination from proteins), since proteins absorb at this wavelength. The ratio between 

the two readings indicates the purity of nucleic acids where the acceptable range is of 1.8 – 

2.0. A reduced ratio indicates reduced purity. The technique is unsuitable for values of less 

then 1.8. One disadvantage of this method is that it can overestimate DNA concentration as 

measurement is also sensitive to RNA. DNA extraction by salting out gives a yield of about 

100µg/ml. 

 

2.3.2 Fluorometry 
 

Another technique used for the determination of DNA concentration is 

spectrofluorometry. Measurement by fluorometry in this study was performed at the McGill 

University and Genome Quebec Innovation Centre, Quebec, Canada. Fluorometry is an 

ultrasensitive and specific technique used for the accurate measurement of very low 

quantities of double stranded DNA (dsDNA) in solution. Detection of very small amounts of 

DNA is important for a number of molecular biology techniques, including the preparation 

of DNA samples for STR genotyping to avoid amplification artefacts. This technique was 

used for the quantification of DNA of twenty seven family members included in the linkage 

study. PicoGreenTM (Molecular Probes Inc, USA) is a fluorescent dye that specifically binds to 

dsDNA and is not affected by the presence of RNA or single stranded DNA (Enger, 1996).  

An aqueous solution of PicoGreen reagent was freshly prepared by diluting 200X 

solution in TE buffer (10 mM Tris‐HCl, 1 mM EDTA; pH 8.0). The working solution was 

prepared in a plastic container to avoid adsorption of the reagent to glass. The solution was 



  Chapter 2: Materials & Methods 
 
 

 62

then wrapped in foil to avoid photodegradation of the fluorescent dye. The TE buffer was 

prepared in sterile, distilled, nucleic acid and DNAase free water. 

  A standard curve was constructed by diluting a 100µg/ml lambda DNA standard in 

TE buffer to a working solution of 2µg/ml. Further dilutions were prepared from this 

standard to create a five‐point standard curve including four standards and a blank. The 

concentrations of the four standards were 1µg/ml, 100ng/ml, 10ng/ml and 1ng/ml. One 

millilitre of PicoGreen reagent was added to each cuvette, mixed well and incubated in the 

dark for 1 minute at room temperature. Following incubation, fluorescence was measured 

using a spectrofluorometer at excitation and emission wavelengths of 480nm and 520nm, 

respectively. The fluorescence value of the reagent blank was subtracted from that of each 

sample and corrected data was used to generate a standard curve of fluorescence against 

DNA concentration. 

DNA samples were then diluted in TE buffer (10 mM Tris‐HCl, 1 mM EDTA; pH 8.0) to 

a final volume of 1.0 ml. To avoid interference from contaminants, higher dilutions of DNA 

to buffer were prepared. One millilitre of PicoGreen reagent was then added to each sample 

and incubated at room temperature for 5 minutes in the dark. Following incubation, 

fluorescence was measured using the same instrument parameters as for the standard 

curve. The fluorescence of the reagent blank was subtracted from that of each sample and 

the concentration of DNA determined from the standard curve. DNA concentrations were 

then adjusted to a final concentration of 10ng/µl.  

 

2.4 Genotyping 

2.4.1 STR genotyping 

A total of 39 STRs located on eight chromosomal regions where known candidate 

genes for osteoporosis are found (Table 2‐3), were initially selected from the Marshfield’s 

and deCode’s genetic maps with an average spacing of 8.6 cM and average heterozygosity 

of 0.76 (Table 2‐4). These STRs are di‐ and tetranucleotide repeats and were analysed by 

polymerase chain reaction (PCR) amplification using forward labelled primers by four 

different fluorescent dyes, as described by Reed et al (1994). Primers flanking the region of 

the polymorphic STR result in different fragment sizes for alleles with a different number of 
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repeats. Following the scan at candidate regions, a whole genome scan using a total of 404 

STRs were genotyped across the 22 autosomes and x‐chromosome. All STR genotyping was 

performed using facilities at the McGill University and Genome Quebec Innovation Centre, 

Quebec, Canada. Genotyping of additional markers for fine‐mapping was performed at the 

DNA Laboratory, Medical School, G’Mangia, Malta, using the following protocol. 

 

Table 2‐3 Chromosomal Regions and Candidate Genes 
 

Chromosome Locus Genes
1 1p36 MTHFR, TNFR2, PLOD1, ALP, Chloride channel 
8 8q24 TNFRSF11B

11 11q12‐13 LRP5, TCIRG1 
12 12q13.1‐q13.2 VDR, COL2A1, BMP11, PTH‐like hormone 
17 17q21.31‐q22 COL1A1, SOST, noggin
18 18q22.1 RANK 
20 20p12 BMP‐2
X Xq11.2‐q12 Androgen Receptor (AR) 

 

Polymerase Chain Reaction (PCR) 

The PCR reaction mixture consists of genomic DNA, the four nucleotide tri‐

phosphates, a forward and reverse primer in an appropriate buffer having the right 

concentration of MgCl2, and the Taq polymerase that catalyses the reaction. The final 

volume of the reaction mixture used was 10µl.  

One microlitre of genomic DNA (10 ng/µl) was first added to a 0.2ml reaction tube. 

Using calibrated pipettes, 2µl of PCR buffer were added into each tube followed by the 

addition of 0.6µl of MgCl2 (25mM) to make a final concentration of 1.5mM. This was 

followed by the addition of 0.3µl (15pmoles) of each primer and 1.6µl of a 1.25mM 

nucleotides mix (dCTP, dATP, dGTP, dTTP). Finally 0.2 Units of Taq DNA polymerase (5 U/µl) 

were added to the reaction mix and made up to a final volume of 10µl with sterile deionised 

water. Two human DNA positive controls from the Centre d'Etude du Polymorphisme 

Humain (CEPH 1331‐01 and CEPH 1331‐02) as well as 1 non‐template (water) control were 

used in each experiment. 
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Table 2‐4 List of STRs Used in the Candidate Gene Approach 

Chr Marker Name 
Map pos, 

Marshfield 
(cM) 

Map 
pos, 

deCode 
(cM) 

Distance 
Between 
deCode 

Pos, (cM) 

Allele size 
DYE TYPE Heterozy, 

min max 

1 D1S508 16.22 13.57 ‐ 73 85 FAM 2 0.81 
1 D1S1597 29.93 23.27 9.70 151 187 FAM 4 0.71 
1 D1S2672 33.75 27.22 3.95 134 158 VIC 2 0.74 
1 D1S552 45.33 37.30 10.08 213 285 FAM 4 0.72 
1 D1S482 52.70 42.89 5.59 173 189 PET 2 0.72 
8 GAAT1A4 110.20 104.28 ‐ 140 157 VIC 4 0.66 
8 D8S267 117.62 112.04 7.76 100 114 FAM 2 0.81 
8 D8S1179 135.08 129.33 17.29 162 194 PET 4 0.82 
8 D8S1128 139.53 135.57 6.24 232 268 PET 4 0.76 

11 D11S1983 58.40 64.21 ‐ 208 251 VIC 4 0.87 
11 D11S987 67.48 72.17 7.96 89 125 FAM 2 0.82 
11 D11S4081 77.78 81.18 9.01 166 202 FAM 2 0.77 
11 D11S2002 85.48 87.25 6.07 220 252 FAM 4 0.79 
11 D11S919 97.39 98.31 11.06 245 261 VIC 2 0.82 
11 D11S1391 104.60 109.66 11.35 158 178 PET 4 0.77 
12 D12S1042 48.70 50.66 ‐ 112 142 FAM 3 0.81 
12 D12S1301 56.25 58.38 7.72 100 120 FAM 4 0.72 
12 D12S398 68.16 67.42 9.04 123 144 VIC 4 0.67 
12 D12S83 75.17 75.48 8.06 85 99 FAM 2 0.81 
12 D12S1294 78.14 82.05 6.57 168 204 PET 4 0.84 
12 D12S1052 83.19 87.74 5.69 138 165 VIC 4 0.72 
12 D12S1719 94.49 98.07 10.33 223 239 PET 2 0.74 
17 D17S1293 56.48 60.14 ‐ 262 296 VIC 4 0.83 
17 D17S1299 62.01 71.13 10.99 185 209 VIC 4 0.73 
17 D17S1865 66.85 79.28 8.15 132 150 VIC 2 0.72 
17 D17S1855 82.56 90.77 11.49 164 204 FAM 2 0.82 
17 D17S2059 93.27 102.96 12.19 236 264 NED 4 0.60 
18 D18S1143 66.66 65.74 ‐ 195 219 VIC 2 0.77 
18 D18S484 74.93 74.71 8.97 259 266 VIC 2 0.72 
18 D18S1155 83.46 81.27 6.56 175 211 FAM 2 0.67 
18 D18S1147 90.60 86.28 5.01 204 232 VIC 2 0.86 
20 D20S473 9.53 10.82 ‐‐ 169 187 PET 3 0.54 
20 D20S95 16.65 18.40 7.58 82 100 FAM 2 0.83 
20 D20S115 21.15 24.66 6.26 232 238 PET 4(2) 0.67 
20 D20S186 32.30 34.58 9.92 113 135 FAM 2 0.85 
20 D20S118 39.25 44.35 9.77 169 179 PET 2 0.83 
X DXS1055 47.08 72.19 ‐ 81 93 FAM 2 0.82 
X DXS7132 83.30 80.01 7.82 282 303 FAM 4 0.73 
X DXS6800 93.17 86.84 6.83 195 221 VIC 4 0.76 
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All tubes were placed in a thermal cycler and PCR was carried out first by a denaturation 

step at 95ºC for 5 minutes followed by 30 cycles as follows: 

• Denaturation at 94°C for 30 seconds 

• Annealing at 57°C for 30 seconds 

• Extension at 72°C for 60 seconds 

 

This was followed by a final extension of 5 minutes at a temperature of 72°C. After 

the PCR was completed, all samples were removed from the thermal cycler and kept in the 

dark at ‐20°C, until analysed. 

 

Fragment analysis by capillary electrophoresis 

Fragment analysis of the PCR products was performed by denaturing capillary 

electrophoresis technique using a 3730xl ABI Genetic Analyser (PE Applied Biosystems, 

Foster City, CA). Using this technique, multiple fluorescent dyes attached to primers are 

excited by a laser beam at the same time while fluorescence emission is recorded by a 

cooled camera. An advantage of this system is that it allows multiplexing and sizing of 

overlapping fragments labelled by different dyes (Wenz et al., 1998). 

A 1:10 dilution of the PCR product in water was prepared. Multiplexing of fragments 

of the same size but labelled by different fluorescent dyes was done by adding equal 

amounts of the diluted products. Following this step, 1µl of the diluted multiplex was added 

to a 96 well plate followed by the addition of 15.5µl of formamide and 0.5µl of internal size 

standard. The addition of the internal size standard with each sample increases the sizing 

precision. All samples were denatured at 95ºC for 3 minutes followed by rapid cooling. 

Denatured samples can remain for 48 hours in the presence of formamide. The plate was 

then placed in the analyser using the filter set for 6‐FAM (blue), VIC (green), NED (yellow), 

PET (red) and LIZ (orange) for the size marker. Collection and analysis of data from the 

analyser was done using the Genemapper software version 3.7 from ABI (PE Applied 

Biosystems, Foster City, CA). The average performance of the markers for all samples was of 

96.96%. 
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2.4.2  SNP genotyping 

Seventeen SNPs found within candidate genes for osteoporosis were analysed by 

PCR‐restriction fragment length polymorphism (RFLP) technique (Table 2‐5). Using this 

technique, interesting regions containing the polymorphisms of interest were first amplified 

by PCR followed by digestion using specific restriction enzymes. Digested products were 

then analysed by agarose or polyacrylamide gel electrophoresis.  

 

 

Table 2‐5 List of SNPs found in Candidate Genes Analysed 

Gene SNP Primers 5`‐3` Fragment 

size (bp) 

Annealing 

Temp (°C) 

Enzyme

VDR 

Fok I 
AGC TGG CCC TGG CAC TGA CTC TGC TCT

266 61 Fok I 
ATG GAA ACA CCT TGC TTC TTC TCC CTC

Bsm I 
CAA CCA AGA CTA CAA GTA CCG CGT CAG TGA 

840 61 Bsm I 
AAC CAG CGG GAA GAG GTC AAG GG 

Apa I 
CAG AGC ATG GAC AGG GAG CAA G  

745 61 Apa I 

GCA ACT CCT CAT GGC TGA GGT CTC A  

Taq I Same as ApaI Taq I 

ER1 

G261C 
CGC GCA GGT CTA CGG TCA G

194 66 BstU I 
GCT GCG GCG GCG GGT GCA 

Pvu II 
CTG CCA CCC TAT CTG TAT CTT TTC CTA TTC TCC 

1300 61 Pvu II 

TCT TTC TCT GCC ACC CTG GCG TCG ATT ATC TGA 

Xba I Same as PvuII Xba I 

G2014A 
GAC GGA CCA AAG CCA CTT GG 

123 60 Btg I 
CGT GTG GGA GCC AGG GAG CT 

TNFRSF11B 

A163G 
GAC ATA TAA CTT GAA CAC TTG GC  

288 58 Ase I 
TCA AAG GGC TAT TGG TAT CGG A  

T950C 
GTT CCT CAG CCC GGT GGC TTT T 

341 61 Hpa I 

TGT GGT CCC CGG AAA CCT CAG G  

G1181C 
ACT TCC TGT TGC CGG GAC GCT A 

200 60 Sml I 

TAC CAC GAG CGC GCA GCA CCT CA  

COL1A1 

G1546T 
TAA CTT CTG GAC TAT TTG CGG ACT TTT TGG  

280 62 Msc I 
GTC CAG CCC TCA TCC TGG CC 

G‐1997T 
CAC CCT GCC CTA GAC CAC 

293 53 Bsa I 
GAA AAT ATA GAG TTT CCA GAG 
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LRP5 

A314G 
TCT GGG CAT AGT GCT CCA TC 

417 54 Ava II 

TTC CGG GAT GTG CCA TTG AG 

rs546803 
CCG CAG CAG TTT CTA GTT ACG T  

459 60 Bsr I 
AGA ATC AAA GCC AGA GTC CAC A 

rs901823 
CTG GAA ACT TCC CTA TGG GC 

300 61 Msp I 

GTG CAC CCT CCT CCT CCT CT  

MTHFR C677T ATC TCT GGG GTC AGA AGC ATA TC 467 53 Hinf I 
AGG ACG GTG CGG TGA GAG TG 

 

 

Fragments within genes were amplified by polymerase chain reaction (PCR) using 

appropriate primers as shown in Table 2‐5. All reactions were performed in a total volume 

of 25 μl, containing 1.5 mM MgCl2, 50 mM KCl, 10 mM Tris‐HCl (pH 9.0), 0.1% Triton X‐100, 

200 μM of each dNTP (Promega, Madison, WI, USA), 50 – 70 ρmol of each primer and 100ng 

genomic DNA. A positive and a negative control were also prepared with each batch of 

samples. The positive control consisted of a known sample on which PCR was already 

performed while a negative control consisted of the reaction mixture without the addition 

of DNA. All tubes were placed in the thermal cycler (GeneE, Techne Ltd, Cambridge, UK) 

followed by the addition of paraffin wax to avoid evaporation. 

An initial ‘hot start’ cycle at a temperature of 95°C for 5 minutes was performed for 

all PCRs followed by the addition of 1.0 Unit of Taq DNA polymerase (Promega, Madison, 

WI, USA). The thermal profiles consisted of a denaturation step at 95°C for 30 sec, annealing 

temperatures as shown in Table 2‐5 (for 30 sec) and extension of 60 sec at 72°C for 30 – 35 

cycles. A final extension at 74˚C for 10 minutes was performed at the end of the PCR. The 

correct size of the amplified products was evaluated by electrophoresis of 5µl PCR product 

on 1.0% agarose gel. This work was performed at the DNA Laboratory, Medical School, 

University of Malta. 

 

Determination of PCR products by agarose gel electrophoresis 

One of the simplest methods for the estimation of the efficiency of amplification of 

PCR fragments is agarose gel electrophoresis. Different concentrations of agarose can be 
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used, depending on the expected size of the product. The following table shows different 

concentrations of agarose in relation to product size as described by Sambrook et al (1989). 

 

    Table 2‐6 Range of separation in gels containing different amounts of agarose  

Amount of agarose in gel %  (w/v) Efficient range of separation of linear DNA 
molecules (kb) 

0.3 5 – 60

0.6 1 – 20 

0.7 0.8 – 10

0.9 0.5 – 7

1.2 0.4 – 6

1.5 0.2 – 3

2.0 0.1 – 2

 

Using a calibrated pipette, 5µl of each of the PCR products were added into each 

well of a microtitre plate followed by the addition of 1µl of 6x loading buffer (0.25% 

bromophenol blue, 0.25% xylene cyanol FF, 15% Ficoll in water). Agarose gel (1%) was 

prepared by dissolving 1g agarose in 100mls 1x TAE buffer (40mM Tris; 20mM acetate; 2mM 

EDTA; pH 8.1) by heating. After cooling to around 60ºC, 5µl ethidium bromide were added 

to the gel followed by pouring into a casting tray, creating wells with a comb, and left to 

solidify for 45 minutes. The freshly prepared gel was then placed in the electrophoresis tank 

and each sample was loaded into a separate well in the gel. Seven microlitres of the size 

marker φX 174 DNA digested with HaeIII, were loaded into the first well of each row. This 

marker is used for comparison with the PCR product to ensure that the fragment obtained is 

of the expected size.  

 Electrophoresis was carried out in 1x TAE (40mM Tris; 20mM acetate; 2mM EDTA; 

pH 8.1) at a voltage of 150V and variable current for 15 minutes. The gel was scanned using 

UV irradiation and photographed (Polaroid DS‐34).   

 

Restriction Enzyme Digestion 

One of the easiest ways to detect a polymorphism in molecular biology is by using 

restriction enzyme digestion of the PCR product. If a polymorphism either introduces or 
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abolishes a cut site for a specific endonuclease. Table 2‐5 shows the specific endonucleases 

used to detect the polymorphisms studied. 

 The PCR products (10µl) were digested using 4.5 U of appropriate restriction enzymes 

(Table 2‐3) according to manufacturer’s instructions (New England Biolabs, Beverly, MA, 

USA). A reaction mixture was prepared for each tube by first pipetting 2.5µl of the 

appropriate 10x NE buffer (supplied with each enzyme), using calibrated pipettes. This 

volume is equivalent to one tenth of the final volume of the reaction mixture. Table 2‐7 

shows the components for each NE buffer used. Four units of the appropriate enzyme were 

added into each tube that was made up to 15µl by the addition of sterile distilled water. 10 

µl from each PCR product were added into corresponding tubes to make up a total reaction 

volume of 25µl, after which mineral oil was added to prevent evaporation. Positive and 

negative controls were included with every batch of samples done. A known homozygote 

for the cleaved site was used as positive control while a sample with no enzyme added to 

the reaction mixture containing the PCR product was used as a negative control. All tubes 

were then incubated overnight at the appropriate temperature as recommended by 

supplier (New England Biolabs, Beverly, MA, USA). After incubation all tubes were stored at 

‐20°C until analysed by agarose or polyacrylamide gel electrophoresis (PAGE).  

 

Table 2‐7 Components of NE Buffers (1 X) used for RFLP 

NE Buffer 1 NE Buffer 2 NE Buffer 3 NE Buffer 4 

10 mM Bis‐Tris‐

Propane‐HCl 

10 mM MgCl2 

1 mM dithiothreitol 

pH 7.0 @ 25°C 

50 mM NaCl 

10 mM Tris‐HCl 

10 mM MgCl2 

1 mM dithiothreitol 

pH 7.9 @ 25°C 

100 mM NaCl 

50 mM Tris‐HCl 

10 mM MgCl2 

1 mM dithiothreitol 

pH 7.9 @ 25°C 

50 mM potassium 

acetate 

20 mM Tris‐acetate 

10 mM magnesium 

acetate 

1 mM dithiothreitol 

pH 7.9 @ 25°C 
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2.4.3 Detection of the digested products by electrophoresis 

Agarose Gel Electrophoresis 

To detect the genotypes, the digested PCR products were analysed using agarose gel 

electrophoresis. As already described, the percentage concentration of the gel used for 

electrophoresis was determined according to the size of the expected fragments, and 

ranged from 1.5% to 2.0%.  

Agarose gel was prepared as previously described (Section 2.4.2). The digested 

products were allowed to thaw, after which 15µl were mixed with 3µl of 6x loading buffer 

(0.25% bromophenol blue, 0.25% xylene cyanol FF, 15% Ficoll in water) and loaded on the 

gel. In the first well of each row, 7µl of φX174 DNA digested with HaeIII were loaded as a 

size marker. Electrophoresis was carried out in 1x TAE buffer (40mM Tris; 20mM acetate; 

2mM EDTA; pH 8.1) at a voltage of 150V and a variable current for 60 minutes. After 

electrophoresis was complete, the gel was illuminated using UV irradiation and 

photographed (Figure 2‐3). 

 

 
Figure 2‐3. Agarose gel electrophoresis (2%) of VDR FokI digest. Lane A: Molecular weight marker; B: CT 

heterozygote; C: TT homozygote; D: CC homozygote 

 

 

Polyacrylamide Gel Electrophoresis (PAGE) 

Polyacrylamide gel electrophoresis was used to detect fragments of less than 100bp 

with differences of only 20 bp between each fragment, as it has a much higher resolution 

than agarose gel. Twenty millilitres of a 10% non‐denaturing polyacrylamide gel was freshly 

prepared by first adding 5ml of 40% acrylamide/bisacrylamide (38:2 w/w) solution into a 
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100 ml glass beaker. Two millitres of 10x TAE were added followed by 140µl of freshly 

prepared 10% (w/v) ammonium persulphate, and made up to 20 ml by deionised water. 

Gel glass plates were prepared by placing 1mm spacers at the edges of a large glass 

plate and the notched plate was placed onto it. The glass plates were then sealed by using a 

gel casting unit. Just prior to pouring the acrylamide solution, 30µl of TEMED were added. 

This acts as a catalyst for the polymerisation reaction. The gel was then poured slowly and 

side ways down the inside of the glass plates taking care not to introduce air bubbles. The 

comb was inserted and the gel was allowed to polymerize for 45 minutes under UV 

irradiation. Following polymerization the comb was removed carefully and the gel placed in 

a vertical electrophoresis tank filled with 1x TAE buffer. 

Prior to sample loading, 10µl of each sample were added to 2µl of 6x loading buffer 

(0.25% bromophenol blue, 0.25% xylene cyanol FF, 15% Ficoll in water) in a microtitre plate 

and mixed well. Using a gel loading pipette 12µl of sample mix were loaded carefully to the 

bottom of each well. The lid was replaced and electrophoresis was carried out for 120 

minutes at a voltage of 100V with variable current.  

When electrophoresis was complete the gel was removed from the tank, unclamped 

and the plates separated carefully as not to damage the gel. The gel was then stained with 

ethidium bromide, rinsed with water and visualised under UV irradiation and photographed 

(Figure 2‐4).  

 
Figure 2‐4. 9% PAGE of MTHFR C677T SNP. Lane A: Marker; B: negative cnt; C: TT homozygote; D and E: CC 

homozygotes; F: CT heterozygote (genotyping according to Jorgensen et al., 2002) 
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2.5 DNA Sequencing 
Sequencing of interesting genes in candidate regions indicated by linkage was 

performed using the following methodology. The exons together with the intron‐exon 

boundaries were sequenced and screened for any SNPs and/or other mutations that might 

be present. Sequencing was initially performed in the most severely affected family 

members and both related and unrelated normal controls. Individuals having lumbar and/or 

femoral t‐scores >1.5 were selected as normal controls (with normal BMI). Any variants 

identified were then analysed in all affected family members. DNA sequences of genes were 

retrieved from the public database ENSEMBL (http://www.ensembl.org). Oligonucleotide 

primers were designed using the freely available software OligoExplorer v1.2 to yield PCR 

fragments of not more than 630 bp. The fragments were amplified by PCR in a 50 μl total 

reaction volume, containing 1.5 mM MgCl2, 50 mM KCl, 10 mM Tris‐HCl (pH 9.0), 0.1% 

Triton X‐100, 200 μM of each dNTP (Promega, Madison, WI, USA), 50 ρmol of each primer 

and 100 ng genomic DNA. The fragments were then checked by 1% agarose gel 

electrophoresis and photographed using a Polaroid camera.  

 

2.5.1 Cleaning of PCR products 

Following PCR, amplified products were cleaned from any nucleotides, primer dimers 

and primers that were not utilised during the reaction. Cleaning was performed using 

Microcon Y‐100 (Millipore Corporation) centrifugal filter units that remove any fragments of 

less than 100 bp.  The following protocol was performed at room temperature, by first 

adding 300 μl of sterile distilled water to each empty filter device and centrifuged for 10 

minutes at 300 g. Following centrifugation the PCR product together with 50 μl of sterile 

distilled water were added to the filter device. Centrifugation was carried out for 10 minutes 

at 500 g, followed by the addition of another 30 μl of sterile distilled water. After leaving the 

filter to stand for 3 minutes, it was inverted and placed in a new sterile 1.5ml 

microcentrifuge tube. Centrifugation was performed at 1,000 g for 3 minutes, after which 

the filter was discarded and the cleaned product was stored at ‐20°C until analysed. 
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2.5.2 Cycle Sequencing and electrophoresis 

Both forward and reverse sequencing of the exon regions of the genes was 

performed using the BigDye® Terminator v3.1 cycle sequencing kit (Applied Biosystems, 

Foster City, CA, USA). Two microlitres of cleaned PCR product were added to the reaction 

mix containing 2μl of BigDye® mix, which contains the four fluorescently labelled 

dideoxynucleotides and polymerase, 2 μl sequencing buffer and 4 ρmoles of forward or 

reverse primer. The sterile water was added up to a total reaction volume of 10μl. The PCR 

reaction was carried out using a GeneAmp® PCR system 9700 (Applied Biosystems, Foster 

City, CA, USA) using the following thermal profile. An initial denaturation step was carried 

out at 96°C for 1 minute followed by 25 cycles at 96°C for 10sec, 50°C for 5sec and 60°C for 

4 minutes. A pGEM ‐3Zf(+) sequencing control was performed with each run of sequencing. 

The samples were cooled rapidly to ‐20°C and kept at this temperature until analysed. 

Following cycle sequencing, excess dye terminators not utilised in the reaction were 

removed prior to electrophoresis using the genClean Dye Terminator cleaning kit (Genetix 

Limited, Hampshire, UK).  This step was carried out to prevent excess dye terminators from 

obscuring the data. The genClean columns were first mixed and centrifuged at 1,000 g for 3 

minutes to remove the storing buffer leaving only a gel matrix. Following centrifugation, 

200μl of sterile distilled water were added to the columns followed by another 

centrifugation for 3 minutes at 1,000 g. The columns were transferred into clean 1.5ml 

centrifuge tubes and 15μl of sterile distilled water were added to the sample to be 

sequenced before transferring onto the centre of the gel in the cleaning columns. The 

columns were centrifuged at 1000 g for 4 minutes. The cleaned products to be sequenced 

were collected in the 1.5ml centrifuge tubes while the columns containing the gel matrix 

with unincorporated dye terminators were discarded.  

Fifteen microlitres of cleaned products were transferred into a 96 well plate and 

denatured at 95°C for 3 minutes followed by rapid cooling on ice. The samples were then 

subjected to capillary electrophoresis using an ABI 3130 genetic analyzer (Applied 

Biosystems, Foster City, CA, USA) with a 36cm capillary and POP7 as polymer. Base calling 

was performed using the Sequencing Analysis Software v5.2 (Applied Biosystems, Foster 

City, CA, USA). The sequencing results obtained were compared with reference sequences 

obtained from public databases using ChromasPro Version 1.33 



  Chapter 2: Materials & Methods 
 
 

 74

(http://www.technelysium.com.au). Using this software one can directly compare 

sequencing results with sequences on the NCBI database (http://www.ncbi.nih.gov/).  

 

2.5.3 Genes Sequenced 

The exons together with intron‐exon boundaries and 1000 bp 5` upstream of the 

transcriptional start site of TRAF6 gene [MIM 602355] found on chromosome 11p12 were 

sequenced using primers shown in Table 2‐8.  The TRAF6 gene spans 21kb of the human 

genome and is made up of eight exons, with exons 1 and 2 not coding for the mature 

protein. 

 

Table 2‐8 Forward and Reverse Sequencing Primers for TRAF6 Gene found in locus 11p12 

(Transcript ENST00000313105) 

 Primer Sequence (5` ‐ 3`) Fragment Size (bp) Annealing temp 

(°C) 

TRAF6 – Prom1* CAA ATT CCT GGC CTC AAG TGA 331 56 

TGG TTC ATC GTC CAC CTC TTA G

TRAF6 – Prom2* CCC TAA GAG GTG GAC GAT GAA 357 56 

CTC CAA GCA GGA GAA AAC CC

TRAF6 – Prom3* CCA GCT GGG GTT TTC TCC T 215 56 

GCA GCC TGG CTT TCT TCC T

TRAF6 – Exon 1 ACC CGA GCA GGA AGA AAG C 552 50 

CCC TGA CCT GTG AAA AGC G

TRAF6 – Exon 2 CTA TTC CCT TCA GCT CAG GAT AC 597 48 

CAC ACA GCA GTC ACT TTC AGA C

TRAF6 – Exon 3 GAT CCA GCC AGT CTG AAA G 475 45 

GTC AAG AGA GGA GGA GAT TC

TRAF6 – Exon 4 GTG AGC AGC ATA TTC CAT C 617 45 

ACA CAG CAA AGT CCC TAT TC

TRAF6 – Exon 5 GAG TTG GCT AAT GCT AAT CC 300 45 

AGT CGG AGT CAC ATC CTT ATC

TRAF6 – Exon 6 TAT AGC CTC GGC AGA TGA TG 578 51 

GGG CTG GAT GTT TTG TTC TC

TRAF6 – Exon 7  GGG AGT CTT AAT CCA GTT TG 585 45 

GCT AAG TAT GCC TTT GCT TC

TRAF6 – Exon 8a** CAG AGT CGC CTC ATT GGA TC 586 50 

GCG CAT GCA CAG TTT GTA CC
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TRAF6 – Exon 8b** GAC AAG ACC ATC AAA TCC G 630 45 

TAC TTC GTG GCT GAA AAC C

TRAF6 – Exon 8c** ATC AGT CTG AAG CAC CTG TAA G 600 50 

ACT CTT GAG TCT GGA CTT TCT G

TRAF6 – Exon 8d** GTA CTT TCT TGG GCT TTT GCT C 438 50 

GGA AGA TGC TAC TTC GTA ACC TC

*Solution S (Solis BioDyne , Tartu, Estonia) was added to the PCR reaction 

**Exon 8 was initially divided into 4 overlapping fragments. Due to the presence of a pseudogene on chromosome 10 with 

a similar sequence to part of fragments 8b and 8c, a single large fragment of 1.3kb was amplified by PCR using the forward 

primer of fragment 8b and reverse of 8d using an annealing temp of 45°C. This was done to prevent the pseudogene from 

being amplified together with exon 8 of the TRAF6 gene. Sequencing was performed using the above primers.  

 

 

The coding regions together with intron‐exon boundaries of the fibroblast growth 

factor (FGF)‐18 gene [MIM 603726], found on chromosome 5q34, were also sequenced 

using the primers listed in Table 2‐9. The FGF18 gene spans a region of 37.5kb and consists 

of five exons. 

 

Table 2‐9 Forward and Reverse Sequencing Primers for FGF18 gene (Transcript 

ENST00000274625) 

 Primer Sequence (5` ‐ 3`) Fragment Size (bp) Annealing temp 

(°C) 

FGF18 – Exons 1&2* GCC CAG CGA TGT ATT CAG C 285 51 

GCG GGA GGA GGT CAA AGT C

FGF18 – Exon 3 TGT AGA GAA GCC CTT GGT CTT T 334 50 

GGA AGG ACA TGT ACA CGG GTA C

FGF18 – Exon 4 AGG GAC CAA AGA TAG GAC CA 314 50 

GCC TGT TTT CCA TTT GGG AC

FGF18 – Exon 5a** ACA ACA ATC GCA ATG GTC C 323 50 

CGT CGT GTA CTT GAA GGG CTT

FGF18 – Exon 5b** AAG ACC CGG GAG AAC CAG CA 429 55 

AAG TCC TCC TCT GGG GAC GAG T

FGF18 – Exon 5c** TGA AAC CCC CGA TGA CAA AA 326 50 

GCT TGC AGC GGA CAA TAA AT

* Solution S (Solis BioDyne , Tartu, Estonia) was added to the PCR reaction 

**Exon 5 was divided into 3 overlapping fragments 
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2.6 Functional Studies 
 
The pGL3 Luciferase reporter vector (Promega, Madison, WI, USA) was used for a 

quantitative analysis of a sequence variant found in a potential site that might affect the 

expression of TRAF6 gene. The pGL3 enhancer (e) vector (Figure 2‐5) was redesigned for 

increased expression and contains the coding region of luciferase which is useful to monitor 

and quantify transcription in eukaryotic cells.  

 

 
Figure 2‐5. pGL3 enhancer vector (Promega, Madison, WI, USA) showing multiple cloning site, modified 

luciferase gene (luc+) and the gene for ampicillin resistance (Ampr) 

 

2.6.1 DNA Cloning 

Preparation of Constructs 

 Three constructs, of variable lengths, lying upstream of the transcriptional start site 

were designed and amplified by PCR. The sequence variant being investigated was included 

into each construct. PCR primers shown in Table 2‐10 were designed using OligoExplorer 

v1.2 and tagged at the 5` end by a specific restriction site and a non‐complementary tail. 

Using different restriction enzymes to cut constructs and plasmid, leaving complementary 

sticky ends, allows unidirectional cloning of the fragments into the reporter vector. 
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Table 2‐10 Oligonucleotide Primers used for Constructs 

 Primer Sequence (5` ‐ 3`) Fragment Size (bp)

Construct 1 (Fwd) CAATGCGGAGGTACCCAAATTCCTGGCCTCAAGTGA 1002 

Construct 2 (Fwd) CAATGCGGAGGTACCCACCACCACACCCAGGTAA 1073 

Construct 3 (Fwd) CAATGCGGAGGTACCGGAGCTTCTAGGGAGGGATA  1490 

Reverse Primer* TGAACTTGCAGCTAGCCACTGCTTCCGCCTTCTCT  

*Reverse Primer is common for all constructs and has an NheI restriction site (underlined) 
Specific parts of primers are shown in bold  
All forward primers have a KpnI restriction site (underlined) 
 
 

PCR was performed to amplify both normal and mutated alleles. All PCR reactions 

were performed in a total volume of 100 µl, containing 50 mM ammonium sulphate (pH 

9.3), 2.5 mM MgCl2, 1% Tween 20, 400 µM dNTP, 25 ρmol of each primer, 5 U REDAccuTaq™ 

LA DNA polymerase mix (Sigma‐Aldrich, Missouri, USA) and 100ng genomic DNA. The DNA 

used for the PCR reaction was that of a heterozygous individual for the variant being 

studied. All tubes were then placed in a thermal cycler (GeneE, Techne Ltd, Cambridge, UK). 

An initial denaturation step at 98°C for 30 sec was carried out followed by thirty 

cycles starting with denaturation at 95°C for 1 minute, annealing/extension at 68°C for 3 

minutes. A final extension at 68°C for 10 minutes was performed at the end of cycling. The 

PCR products were checked using 1% agarose gel electrophoresis (Figure 2‐6) and stored at ‐

20°C until further analysed.  

 

 
Figure 2‐6. PCR optimisation of constructs showing Φx174 HaeIII (A); B to E construct 1; F to I construct 2; J to 

M construct 3. 
 

 

Cleaning and digestion 

 All PCR products were cleaned to remove any excess primers, nucleotides and 

buffers as described (Section 2.5.1). All fragments were sequenced as described before 

restriction digestion was performed to identify any errors that might have been introduced 

by the polymerase. All PCR products and pGL3e vector were double digested using 
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restriction enzymes KpnI and NheI (New England Biolabs, Beverly, MA, USA) in a 50 µl 

reaction.  

Using calibrated pipettes, 1 µl (250 ng) of vector was added to a sterile tube 

containing 10 units of each restriction enzyme, 0.5µl (5µg) acetylated bovine serum 

albumin, 5 µl NE Buffer 1 (New England Biolabs, Beverly, MA, USA) (Table 2‐5) and made up 

to a total volume of 50 µl. A similar reaction mix was prepared for each construct by adding 

40 µl of each PCR product followed by the addition of the other components as described 

for vector digestion. All tubes were incubated overnight at 37°C. 

 

Vector de‐phosphorylation 

After incubation, the digested vector was treated with Antarctic phosphatase (New 

England Biolabs, Beverly, MA, USA) to remove 5` phosphate groups thus preventing any 

possibility of self ligation. A reaction mixture was prepared by adding 5 µl reaction buffer 

(50 mM Bis Tris‐Propane; 1 mM MgCl2; 0.1 mM ZnCl2; pH 6.0 @ 25°C), followed by the 

addition of 1 μl Antarctic phosphatase (5 U), 40 μl digested vector and made up to 50 μl 

with sterile distilled water. Incubation was carried out for 15 minutes at 37°C followed by 

enzyme deactivation at 65°C for 20 minutes.  

Both de‐phosphorylated vector and digested constructs were electrophoresed on a 

1% agarose gel, prepared as described above, using one inch wells. Electrophoresis was 

carried out at a voltage of 36 V with variable current for 30 minutes. The gels were then 

visualised under UV irradiation very quickly to avoid damaging the fragments by UV 

exposure. The linearized plasmid appears as a single band of approximately 5 kb. Smaller 

bands might also appear showing supercoiled plasmid due to incomplete digestion.  

 

Gel cleaning of constructs and plasmids 

 All fragments were extracted and purified from agarose gel using the StrataPrep® 

DNA gel extraction kit (Stratagene, La Jolla, CA, USA). This method uses a microspin cup with 

silica fibre to bind DNA that is cleaned and finally eluted from the fibre matrix using a low 

ionic strength buffer. Using a clean surgical blade, the fragments were cut from the gel and 

placed in a labelled sterile 1.5 ml microcentrifuge tube, which was previously weighed on a 

calibrated analytical balance. Following the addition of the gel piece, the tube was weighed 
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again and the difference in weight recorded. The average weight of gel slices containing 

digested constructs and vector was 200 mg.  

 300 μl of DNA extraction buffer were added to each 100 mg of gel slice. The mixture 

was heated to 50°C for 10 minutes with occasional mixing. During this step the gel dissolved 

and DNA was extracted into the buffer. Following incubation, the mixture was transferred 

into a microspin cup that was placed inside a 2 ml receptacle tube. The tubes were then 

centrifuged (Eppendorf centrifuge 5417R, Hinz GmbH, Hamburg, Germany) at 16,000 g for 

30s. The DNA was retained in the fibre matrix of the microspin cup and excess gel was 

removed. 

The tubes were placed in a rack and the liquid within the receptacle tube was 

discarded while keeping the microspin cup. 750 μl of 1 x wash buffer (containing ethanol) 

were added with a pipette to the microspin cup that was capped and centrifuged at 16,000 

g for 30 sec. Following centrifugation, the wash buffer that collected in the receptacle tube 

was discarded keeping the microspin cup, which was again placed in the receptacle tube 

and centrifuged as before to remove any excess buffer. 

The microspin cup was removed from the receptacle tube and placed in a new sterile 

1.5ml microcentrifuge tube. Fifty micro litres of sterile deionised water (heated to 70°C) 

were added to the microspin cup followed by incubation for 5 minutes at room 

temperature. Following incubation, the tubes were centrifuged at 16,000 g for 30 seconds 

to elute the DNA from the fibre matrix. The purified DNA collected in the 1.5 ml tubes was 

stored at ‐20°C until analysed. 

 

Ligation reaction 

  The cleaned double digested constructs and plasmids, with complementary sticky 

ends, were recombined together in a reaction using T4 DNA ligase and adenosine 

triphosphate (ATP). Four different reactions were prepared for each construct containing 

different ratios (1:3; 1:1; 3:1; 1:7) of restricted vector and insert. The gel purified plasmid 

and inserts were quantified by spectrophotometry as described (Section 2.3.1). The amount 

of vector and insert to be used for ligation was calculated by conversion of molar ratios to 

mass ratios using the following equation (for 3:1 vector:insert ratio): 
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ng vector X  kb size of insert x 3 = ng of insert 

kb size of vector      1 

 

The appropriate amounts of vector and constructs were added to 0.2ml sterile 

microcentrifuge tubes, which were placed on ice during the whole procedure. One micro 

litre of 10X ligase buffer containing 300 mM Tris‐HCl (pH 7.8), 100 mM MgCl2, 100 mM 

dithiothreitol (DTT) and 10 mM ATP (Promega, Madison, WI, USA) was added into each tube 

followed by the addition of 3 U T4 ligase (Promega, Madison. WI, USA) and topped up to 10 

μl with sterile water. Controls were prepared in the same manner. Six insert‐only controls 

(one for each insert) were prepared without the addition of vector while a vector only 

control was prepared separately (Table 2‐11). Incubation was carried out overnight at 4°C in 

a refrigerator. 

 

Table 2‐11. Ligation Reaction Mix Preparation 

 1:3 1:1 3:1 1:7 Insert Only Empty 

Vector 

pGL3 n n 3n n ‐ 4 µl 

Construct 3n n n 7n 4 µl ‐ 

T4 Ligase 1 µl 1 µl 1 µl 1 µl 1 µl 1 µl 

10X Buffer 1 µl 1 µl 1 µl 1 µl 1 µl 1 µl 

Water Up to 10 µl Up to 10 µl Up to 10 µl Up to 10 µl 4 µl 4 µl 

*n is the volume used in µl calculated after quantification of plasmid and constructs’ concentrations 

 

Preparation of competent cells used for transformation 

 Competent cells (DH5α) (Invitrogen Ltd, UK) were transformed with recombinant 

constructs (vector + insert). DH5α are modified Escherichia coli capable of being efficiently 

transformed by fairly large plasmids using a heat shock protocol. A 5µl loop was used to 

streak a Luria Bertani (LB) (Sigma L‐2897, Sigma‐Aldrich, Missouri, USA) agar plate without 

addition of antibiotic. The plate was incubated overnight at a temperature of 37°C. A single 

colony was selected and transferred to 10 ml LB broth (Sigma cat# L‐3022, Sigma‐Aldrich, 

Missouri, USA) in a sterile universal container without antibiotic and incubated overnight at 

37°C in a shaking incubator at 250 rpm. 
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 A 1‐litre conical flask containing 100 ml of LB broth was inoculated with 2 ml from 

the previous 10 ml broth after incubation. The 1‐litre flask was incubated in a shaking 

incubator at 250 rpm and a temperature of 37°C. During incubation 1 ml aliquots were 

taken aseptically every hour and their turbidity was read by spectrophotometry at 600 nm 

using LB broth as blank. This was done until an optical density of 0.5 was reached. The 100 

ml broth was transferred into two 50 ml conical centrifuge tubes and chilled on ice for 10 

minutes followed by centrifugation at 3,000 g for 20 minutes. Following centrifugation, the 

supernatant was removed carefully not to disturb the cell pellet, which was drained well by 

tapping the tube on absorbent paper. The tube containing the cell pellet was kept always on 

ice. 

 Each pellet was re‐suspended in 10 ml ice‐cold 100mM magnesium chloride and 

incubated on ice for 10 minutes followed by centrifugation for 10 minutes at 3,000 g. The 

cell pellets were drained as before, re‐suspended in 10 ml of ice‐cold 100mM calcium 

chloride and incubated for 30 minutes on ice. The tubes were centrifuges again at 3,000 g 

for 10 minutes; the pellet was drained and re‐suspended in 1 ml of ice‐cold 100mM calcium 

chloride with 15% glycerol (v/v). Aliquots of 200 µl each were prepared in pre‐chilled cryo‐

tubes and stored at ‐80°C until needed. 

 

Transformation 

Cells were removed from ‐80°C storage and allowed to thaw on ice. After thawing 

cells were mixed by simple inversion. Luria Bertani (LB) (Sigma cat# L‐2897, Sigma‐Aldrich, 

Missouri, USA) agar plates containing 100 µg/ml ampicillin, were removed from 

refrigeration and allowed to dry for fifteen minutes. Two plates were used for each 

ligation/transformation reaction. 

A transformation mixture was prepared by adding 5µl of ligation reaction to 50 µl of 

DH5α competent cells. The tubes were mixed gently and placed on ice for 20 minutes. 

Following incubation, the cells were heat‐shocked for 45 – 50 seconds at 42°C in a heating 

block and placed again on ice for another 2 minutes. During this step, the plasmids enter the 

bacteria through their weak cell wall. 

Using a calibrated pipette, 950µl of LB broth, without antibiotic, (refer to appendix 

for preparation) were added into each tube and mixed gently. The mixture was transferred 
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to a labelled 20ml sterile universal bottle and incubated for 1.5 hours at 37°C in a shaking 

incubator at 150 rpm (Stuart SI50). During this step, successfully transformed competent 

cells recuperate and start producing β‐lactamase. 

Two LBAmp100 plates were prepared for each transformation and labelled as high or 

low according to high or low concentration plating. Following the 1.5 hours incubation, 150 

µl of each transformant broth were added into corresponding plates labelled low, and 

spread using a sterile spreader. The remaining transformant broths were centrifuged at 

2,600 g for 5 minutes to pellet the cells. After centrifugation, the supernatant were 

discarded and the pellet was re‐suspended in the remaining 150 µl of broth. The LB agar 

plate labelled high was inoculated by this amount and both plates incubated overnight at 

37°C.  

After incubation, the plates were inspected for colonies, comparing high and low 

concentration plates, individually. Any colonies visible were resistant to ampicillin due to 

production of β‐lactamase after transformation. Vector and insert control plates were also 

observed. No growth was observed on these plates. Any growth on vector control plates 

might indicate contamination, incomplete restriction or re‐ligated restricted vectors. One 

plate for each construct was selected for the remainder of the procedure. 

Ten universal sterile containers were prepared for each construct plate to which 5 ml 

of LB broth were added followed by the addition of 5 µl ampicillin (100 mg/ml stock 

solution). Using sterile tips, ten colonies were individually selected from each plate and 

transferred to the respective universal container containing LBAmp100 broth. The broths 

were incubated overnight at 37°C in a shaking incubator (Stuart SI50) at 200 rpm.   

Following incubation, any broths that failed to grow were discarded. An LBAmp100 

agar plate was labelled for each successful broth in order to isolate single colonies that can 

be easily selected. Using a sterile loop, an LBAmp100 plate was streaked as shown in Figure 2‐

7, followed by an overnight incubation at 37°C. The rest of the broths were stored at 4°C. 
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Figure 2‐7. A single colony streak plate showing (a) initial pool (b) streak out from pool thus diluting bacteria (c) 

further streaking out. Arrow indicates direction of streaking while turning plate anticlockwise 

 

 The next day, the plates were investigated for growth and a single colony was 

selected from each plate using a sterile pipette tip and transferred to a 20ml sterile 

container containing 5ml of LBAmp100 broth and incubated overnight in a shaking incubator 

at 200 rpm and temperature of 37°C.   

 

Plasmid extraction and preparation of glycerol stocks 

 After the overnight incubation, 1.5 ml of each successful broth containing 

transformed E. coli were added to a 1.5 ml sterile microcentrifuge tube and centrifuged at 

10,000 g for 5 minutes to pellet the cells. Following centrifugation, the supernatant was 

discarded and another 1.5ml broth were added and centrifuged as before. The supernatant 

was removed again and the tubes were inverted and left to dry on a clean absorbent paper 

for 20 minutes to remove excess broth that might interfere with further testing. 

  Plasmid extraction from transformed cells was carried out using the Wizard® Plus SV 

minipreps DNA purification system (Promega, Madison, WI, USA). 250 µl of cell suspension 

solution (50 mM Tris‐HCl pH 7.5; 10 mM EDTA; 100 µg/ml RNase A) were added into each 

tube and mixed thoroughly to re‐suspend the pellet, followed by the addition of 250 µl of 

cell lysis solution (0.2 M NaOH; 1% SDS). The tubes were inverted four times and incubated 

at room temperature for not more than five minutes until the cell suspension clears. Using a 

calibrated pipette, 10µl of alkaline protease were added into each tube, mixed and 

incubated for another five minutes at room temperature.  Alkaline protease inactivates 
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endonucleases released during lysis of bacterial cells that can affect the quality of DNA. 

Following incubation, 350 µl of neutralisation solution (4.09 M guanidine hydrochloride; 

0.759 M potassium acetate; 2.12 M glacial acetic acid; pH 4.2) were added into each tube 

and immediately mixed by inversion. All tubes were centrifuged at 14,000 g in a 

microcentrifuge tube for 10 minutes at room temperature. 

 Following centrifugation, the clear lysate was decanted into a spin column avoiding 

the disturbance of the white precipitate, followed by centrifugation at 14,000 g for 1 

minute. The flow‐through was discarded and the column returned into the collection tube. 

750 µl of column wash solution, previously diluted with 95% ethanol (60% ethanol; 60 mM 

potassium acetate; 8.3 mM Tris‐HCl; 0.04 mM EDTA), were added into each spin column and 

centrifuged as before. After discarding the flow‐through, the wash procedure was repeated 

again by adding 250 µl of wash solution followed by centrifugation as before. The spin 

column was transferred into a new sterile 1.5 ml microcentrifuge tube and the plasmid DNA 

was eluted by adding 100 µl of pre‐heated nuclease free water (60°C) to the column, which 

was left to stand for 5 minutes and centrifuged at 14,000 g for 1 minute. The eluted plasmid 

DNA was stored at ‐20°C until analysed. 

 Glycerol stocks from single colonies were prepared by adding 500 µl of single colony 

broth to 500 µl of 50% glycerol into a 1.5 ml cryo‐tube followed by mixing and immediate 

storage at ‐80°C.   

 

Restriction digestion and sequencing of plasmid DNA 

 Extracted plasmid DNA was double digested to confirm that the construct was 

recombined with the plasmid. Plasmids with inserted constructs were also sequenced to 

select both those having the variant being investigated and normal alleles and to check the 

integrity of the fragment (by the absence of any random errors introduced by the 

polymerase).  

 Five micro litres of plasmid DNA were added into a 0.2 ml PCR tube followed by the 

addition of 1.2 µl of NE Buffer 1 (New England Biolabs, Beverly, MA, USA), 0.12 µl acetylated 

BSA (10 µg/µl), 2.5 U of each restriction enzyme KpnI and NheI (New England Biolabs, 

Beverly, MA, USA) and topped up to 12 µl with sterile distilled water. Incubation was carried 

out at 37°C for 18 hours. Following incubation, electrophoresis was carried out on a 1% 
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agarose gel for 20 minutes at a voltage of 100 V with variable current. The gel was visualised 

by UV irradiation and photographed. Any colonies that were successfully transformed with 

vector‐containing insert appeared to have two bands following digestion (Figure 2‐8). 

Colonies that were not transformed with insert were discarded. 

 

 
Figure 2‐8. 1% agarose gel showing (A) ΦX174/HaeIII size marker;  (B,C,D) Plasmid DNA (upper fragment) and 

insert 1 (lower fragment); (E,F) Plasmid DNA with insert 2; (G) Plasmid DNA with insert 3; (H)  super coiled 

undigested plasmid (SC)  

 

 Plasmids with inserted constructs were sequenced using the protocol described in 

Section 2.5, using primers specific for the pGL3 enhancer vector (GLprimer2: 5` CTT TAT GTT 

TTT GGC GTC TTC CA 3`; RVprimer3: 5` CTA GCA AAA TAG GCT GTC CC 3`) and forward 

primer TRAF6‐Prom 1 shown in Table 2‐8 (used to confirm the presence of normal or 

mutated allele) (Figure 2‐9). 

 

  
Figure 2‐9. Electropherograms of normal (left) and mutated (right) alleles sequenced from cloned bacterial 

colonies. 
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Plasmid DNA extraction for transfection 

 Ultra pure plasmid DNA suitable for transfections was extracted using a QIAGEN 

HiSpeed Plasmid Maxi Kit (QIAGEN GmbH, Hilden, Germany). Plasmid DNA was extracted 

from E. coli by subjecting the cells to alkaline lysis followed by binding of plasmid DNA to an 

ion‐exchange column. Proteins, RNA and other impurities were removed by a low salt 

buffer. Plasmid DNA was eluted using a high salt buffer and then concentrated and desalted 

by isopropanol. This method does not require the use of ultra centrifugation or of any toxic 

reagents.  

 The glycerol stocks prepared from selected colonies were thawed on ice and one 

loop full was used to inoculate a 5 ml LBAmp100 broth followed by an overnight incubation in 

a shaking incubator at 250 rpm and temperature of 37°C. Following incubation a 1/500 

dilution from starter culture was prepared by adding 300µl of culture into a 150 ml of sterile 

LBAmp100 broth in a 1,000 ml sterile conical flask. The cultures were incubated for not more 

than 16 hours in a shaking incubator at 37°C and 250 rpm. Incubation time is important as 

this is the time of the transition between the logarithmic and stationary phases. Longer 

incubations may increase the chance to introduce plasmid mutations. After incubation the 

broths were transferred into appropriate 50 ml conical centrifuge tubes and bacterial cells 

were harvested by centrifugation at 3,000 g for 30 minutes at 4°C. The supernatant was 

discarded and the tubes were inverted and tapped several times on an absorbent tissue to 

remove any excess broth. The cell pellets were stored at ‐20°C until required. 

 After thawing, the bacterial cell pellet was resuspended in 10 ml of resuspension 

buffer (50 mM Tris‐Cl, pH 8.0; 10 mM EDTA; 100 µg/ml RNase A), vortexing the tube to 

ensure complete resuspension of bacteria. Ten millilitre lysis buffer (200 mM NaOH; 1% SDS 

w/v) were added to the tube several times followed by incubation at room temperature for 

not more than 5 minutes. Following incubation, 10 ml of pre‐chilled neutralisation buffer 

(3.0 M potassium acetate; pH 5.5) were added and mixed by vigorously inverting the tube 

several times. A white precipitate was formed after the addition of neutralisation buffer 

containing genomic DNA, proteins and cell debris. The lysate was poured into a QIAfilter 

cartridge and incubated at room temperature for 10 minutes without disturbing. The white 

precipitate floated to the surface forming a layer on top of a clear solution. 
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 During incubation, a HiSpeed Maxi tip filter column was placed in a stand and 

equilibrated by adding 10ml of equilibration buffer (750 mM NaCl; 50 mM MOPS, pH 7.0; 

15% isopropanol v/v; 0.15% Triton® X‐100 v/v). The buffer was allowed to drain through the 

filter on its own. Following incubation, a syringe plunger was inserted into the QIAfilter 

cartridge and the lysate was passed through it into the HiSpeed Maxi filter column by 

applying constant pressure. The lysate was allowed to pass through the filter by gravity, 

after which the column was rinsed with the addition of 60 ml of wash buffer (1.0 mM NaCl; 

50 mM MOPS, pH 7.0; 15% isopropanol v/v).  

After washing, 15ml of pre‐warmed (60°C) elution buffer (1.25 M NaCl; 50 mM Tris‐

Cl, pH 8.5; 15% isopropanol v/v) were added to the column. The eluted DNA was collected in 

a sterile universal container and was precipitated by the addition 10.5ml of room 

temperature isopropanol. The solution was mixed and incubated for 5 minutes at room 

temperature. 

During incubation, the plunger of a sterile 30 ml syringe was removed and a 

QIAprecipitator filter device was attached onto the outlet nozzle. Following incubation, the 

mixture of eluate/isopropanol was transferred to the syringe and the plunger was inserted. 

The mixture was filtered through the QIAprecipitator by applying constant pressure. The 

filter was removed before the plunger was pulled out, and then attached again to the 

nozzle. The DNA was washed by the addition of 2 ml of 70% ethanol to the syringe, which 

was passed through the filter. This step was repeated twice followed by drying of the filter 

on an absorbent material to remove any excess ethanol. 

The QIAprecipitator filter was attached to the nozzle of a new 5 ml syringe and 1 ml 

of sterile distilled water was added to the syringe. The DNA was eluted into a collection tube 

by applying a constant pressure on the plunger. The eluate was transferred again to the 

syringe and eluted for the second time. DNA concentration was measured by 

spectrophotometry as described in Section 2.3.1 using an Eppendorf Biophotometer 

(Eppendorf AG, Hamburg, Germany). Plasmid DNA having low concentrations were 

concentrated by drying for 4 hours in a vacuum centrifuge (Savant SpeedVac concentrator 

SVC100H, Savant Instruments Inc, Farmingdale, NY) to a final volume of 500 µl. The final 

DNA concentrations were between 200 – 400 µg/ml with a DNA:Protein ratio of 1.8 – 1.9. 

Eluted DNA was stored at ‐20°C until needed. 
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2.6.2 TRAF6 Gene Promoter Variant Analysis – cell preparation 

A dual reporter system was used to investigate gene expression in eukaryotic cells as 

affected by the activity of the TRAF6 gene promoter region previously cloned in the pGL3 

enhancer reporter plasmid.  Dual reporters improve experimental accuracy by measuring 

the simultaneous expression of the experimental reporter and control. Experimental and 

control reporters were co‐transfected into cultured cells where the control was used to 

normalize the experimental reporter and thus minimizing experimental variability due to 

transfection efficiency and cell viability. In this system, the activity of the firefly luciferase 

was used as reporter while that of the Renilla luciferase as control. The assay was done in a 

single tube, by first quantifying the reporter followed by control with an intermediate 

addition of a quencher.  

 

Cell Culture 

 HeLa cells were obtained from the cell culture collection at the Anatomy and Cell 

Biology Department, University of Malta. The murine macrophage cell line RAW 264.7 (ICLC 

ATL02001) was purchased from the Interlab Cell Line Collection, Institute of Cancer 

Research, Genova, Italy (http://www.iclc.it/index.html).  

 

Preparation of Culture Medium 

 Dulbecco’s Modified Eagle’s Medium (DMEM) (Sigma, Saint Louise, Missouri, USA) 

containing 4 mM L‐glutamine and 4.5 g/L glucose (Sigma cat# D5648) was used to culture 

both cell lines. This modified formula contains a higher concentration of vitamins and amino 

acids as well as a higher glucose concentration. If not stated otherwise, this medium was 

used throughout the whole procedure. 

 The powdered medium was dissolved in 900 mls of distilled water by stirring. The 

empty bottle was also rinsed with distilled water to completely remove all traces of 

powdered medium. 3.7 g of sodium bicarbonate were added and dissolved and distilled 

water was finally added to a final volume of 1 litre. The medium was sterilised by filtration 

using a 0.2µm membrane filter flask and stored at 4°C in a refrigerator. 
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Cell Thawing 

 Thawing of cells from storage in liquid nitrogen was done rapidly by placing the 

cryogenic tube into a water bath at 37°C for a couple of minutes. The tube was then 

transferred into a class II safety cabinet and wiped from the outside with 70% alcohol. Using 

an aseptic technique, the cells were transferred into a sterile conical centrifuge tube to 

which 10 ml of Dulbecco’s Modified Eagle’s Medium (DMEM) containing 10% foetal calf 

serum (FCS) and 4 mM L‐glutamine were added. The tube was centrifuged at 100 g for 10 

minutes. This step was performed to dilute and remove the dimethyl sulfoxide (DMSO) used 

for storage that can damage the cells. Following centrifugation, the supernatant was 

removed and the cell pellet re‐suspended in 5 ml DMEM containing 4 mM L‐glutamine and 

10% FCS. Antibiotics were added to the medium to a final concentration of 5 U/ml penicillin 

and 5 mg/ml streptomycin. The cell suspension was transferred into a 25 cm2 tissue culture 

flask and incubated at 37°C and 5% CO2. After 24 hours the culture was inspected under an 

inverted microscope to observe viability and confluency. Cells were passaged into two 

75cm2 tissue culture flasks when 80 – 90% confluency was attained, and grown in 15 ml of 

DMEM (10% FCS).  

 

Passaging (splitting) of Cells 

 Both cell lines used in this study grow as a monolayer attached to the plastic bottom 

of the tissue culture flask. When the cells become confluent growth slows down and ceases. 

So to keep the cells healthy and actively growing, sub‐culturing is necessary at regular 

intervals. This process involves the use of an enzyme, usually trypsin, which breaks the 

anchorage between the cells, to loosen and make them very easy to remove. 

 Culture medium and Trypsin‐EDTA (0.5% porcine trypsin / 0.2% EDTA.4Na) solution 

were pre‐warmed at 37°C in an incubator. The tissue culture flask was transferred into a 

class II safety cabinet that was previously cleaned with 70% alcohol and treated with UV 

irradiation. An aseptic technique was used throughout the whole procedure. Using a sterile 

pipette, the old medium was removed and transferred to a sterile centrifuge tube. The cell 

monolayer was washed briefly with 2 – 3 ml of pre‐warmed trypsin‐EDTA solution to 

remove excess DMEM containing FCS from cell surfaces. This wash solution was quickly 

removed using a sterile pipette followed by the addition of 2 ml of the trypsin solution onto 
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the cell surface while swirling the flask to cover the entire surface. The tissue culture flask 

was placed in the incubator at 37°C for 2 minutes. The flask was observed for cell 

detachment by using an inverted microscope, where the cells were observed to round up 

and detach. The flask was tapped on the sides to completely detach the cells. Trypsinisation 

was not carried out for more than 10 minutes.  

 Using a sterile pipette, 5 ml of pre‐warmed sterile DMEM containing 10% FCS were 

added to the cell suspension since the FCS inactivates the trypsin. The suspension was 

mixed by pipetting and transferred into a sterile 15 ml conical centrifuge tube. The 

suspension was centrifuged at 100 g for 5 minutes. Following centrifugation, the tube was 

transferred into the class II cabinet and the supernatant decanted leaving the cell pellet and 

some residual medium. The pellet was gently tapped and 5 ml of DMEM containing 4 mM L‐

glutamine and 10% FCS, were added to the suspended pellet and mixed gently. A small 

aliquot was taken from the cell suspension for counting, as described below. After cell 

counting, the cell suspension was diluted to a minimum of 2 × 104 cells / ml using fresh pre‐

warmed DMEM and 10% FCS. Passaging was performed every 2 to 3 days and a 1:5 split was 

done in T‐75 flasks containing 15 ml culture suspension. The flasks were swirled gently on 

the bottom to disperse the cells and incubated at 37°C and 5% CO2. The cells were observed 

daily, macroscopically and microscopically, for any evidence of bacterial or fungal 

contamination and to evaluate their viability. 

 

Cell Counting 

 A small aliquot of cell suspension was transferred to a 1.5 ml microcentrifuge tube. 

The improved Neubauer haemocytometer was used for cell counting, which consists of two 

chambers divided into nine 1 mm squares holding 0.1 µl each. The haemocytometer was 

cleaned with water, rinsed with 70 % alcohol and wiped dry. A cover slip was placed on the 

haemocytometer and each chamber was loaded with a drop of the mixed cell suspension 

allowing capillary action to withdraw the suspension inside the chamber.  

 Using a light microscope with 100 X magnification, the cells were counted in the four 

large corner squares and the central large square. Both chambers were counted and 

recorded. The cell count per ml was calculated as follows: 
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Number of cells/ml = (Total count ÷ number of large squares counted) × 104  

 

Cryopreservation of Cells 

 Reserves of cells were stored in liquid nitrogen in order to maintain their integrity 

and viability. Long term storage of mammalian cells is best done at temperatures lower than 

‐130°C, usually at around ‐175°C just above liquid nitrogen but not directly in it. The use of 

DMSO or glycerol helps in cryopreservation. 

 The culture was first observed under an inverted microscope for any microbial 

contamination. An actively growing culture at around 80% confluency was trypsinized, as 

described above. Counting of cells was done as described above and cryogenic vials 

containing approximately 2 × 106 cells suspended in antibiotic free DMEM were prepared. 

The cryogenic medium consisted of 10% DMSO and 50% FCS topped up to 1.5 ml with 

antibiotic free DMEM. 

 The cells were first transferred to a ‐80°C freezer and left overnight, after which they 

were transferred for long term storage in liquid nitrogen. 

 

2.6.3 Transient Transfection 

 Transient transfection refers to the introduction of DNA into eukaryotic cells to study 

mammalian gene function and control. The six constructs of the TRAF6 promoter region 

were transfected into HeLa and RAW 264.7 cell lines using the cationic lipid transfection 

reagent Tfx™‐20 (Promega, Madison, WI, USA). This reagent consists of a mixture of 

fusogenic lipid and L‐dioleoyl phosphatidylethanolamine (DOPE) that upon hydration forms 

multilamellar vesicles that associate with the negatively charged DNA creating a net positive 

charge. The positively charged vesicles will interact with the negatively charged cell 

membrane and enter the cell by endocytosis. 

 

Day 1 

 The day before transfection, the transfection reagent was reconstituted as follows. 

The reagent was brought to room temperature and using an aseptic technique, 400 µl of 

nuclease free water were added to a final concentration of 1 mM. The vial was closed and 
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vortexed vigorously for 10 sec followed by heating at 65°C in a water bath for 1 minute. The 

vial was vortexed again for 10 sec and stored at ‐20°C overnight. 

 Plating of cells was also done the day before transfection in order to obtain an 80% 

confluent culture on the day of transfection. Cells were harvested from a healthy growing 

culture as described above and a cell count was performed. Only cells with less than 10 

passages were used for all transfections. The cells were diluted in pre‐warmed antibiotic 

free DMEM with 4 mM L‐glutamine and 10% FCS to a final concentration of 1 × 105 cells / 

ml. 500 µl from the cell suspension was added into each of the 24 well plates, adding 

approximately 5 × 104 cells / well. For each assay, 4 × 24 well plates were prepared. The 

plates were incubated overnight at 37°C and 5% CO2.  

 

Day 2 

 For each transfection experiment, 4 × 24 well plates were prepared. Each 24 well 

plate consisted of 3 replicates of each construct, together with 3 replicates of each of an 

empty pGL3E vector and negative controls consisting only of cells and transfection reagent 

(Fig. 2‐10). A separate plate was prepared with 12 replicates of positive control vector. 

Using an aseptic technique in a class II safety cabinet, 9 master mixes were prepared 

for each of the 24 well plates. Each master mix was enough for 3 replicates of each 

construct (6) and controls (3), plus 5% extra volume for pipetting errors. The master mix 

consisted of serum and antibiotic free DMEM, pGL3E vector with inserted construct, pRL‐

SV40 internal control vector and Tfx™‐20 reagents. For the negative control, only 

transfection reagent was added to the serum free medium. These master mixes were 

prepared as follows, in sterile 1.5ml microcentrifuge tubes. All reagents were first brought 

to room temperature and serum / antibiotic free medium was pre‐warmed at 37°C.  
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Figure 2‐10. A 24‐well plate showing replicates of transfection reactions (WT: Wild type; MT: mutated) 

 

   

DNA concentrations of each construct and controls were measured by 

spectrophotometry and diluted to a final concentration of 200 µg/ml (0.2 µg/µl). The DNA 

concentration was measured again after dilution and adjustments were made as required. 

The pRL‐SV40 was diluted to a concentration of 5 µg/ml (5 ng/µl) so that the same volume 

as construct/pGL3E will be added to the mix. This will give a ratio of 1:40 of pRL‐SV40 to 

construct/pGL3E (or control), respectively. 

 

Transfection of HeLa cells 

 In a sterile microcentrifuge tube, 593.2 µl of pre‐warmed serum and antibiotic free 

medium were added followed by the addition of 25.2 µl DNA, consisting of equal volumes of 

pRL‐SV40 and construct/pGL3E prepared as described above. The total amount of DNA 

added into each well was of 0.82 µg. No DNA was added into those vials to be used as 

negative controls while the control vector was added to the positive transfection control. 

The tubes were immediately vortexed and 11.6 µl of Tfx™‐20 lipid carrier reagent was added 

directly into the medium/DNA mixture followed by immediate vortexing. This amount of 

lipid carrier was enough to give a charge ratio of Tfx™‐20 to DNA of 3:1. This mixture was 

incubated at room temperature for 10 – 15 minutes. This master mix was enough for 3 

replicates (+5% extra volume for pipetting errors) of each construct and controls.  
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 During incubation the medium from the cultured cells was removed carefully by 

aspiration. Following incubation, the transfection mixture was vortexed briefly and 200 µl 

were added into each well. The plates were placed in an incubator at 37°C for 1 hour.  

 After the incubation, 500 µl of complete medium (DMEM; 10% FCS; 4mM L‐

glutamine) containing 20 µl extra FCS / well were added gently onto the cells. The 

transfection medium was not removed from the plates. The cells were placed in the 

incubator at 37°C with 5% CO2 for 48 hours. 

 

Transfection of RAW 264.7 cells 

 The day before transfection, 5 × 104 cells were added into each of the 24 well plates 

in complete medium. All 4 × 24 well plates were incubated for 18 hours at 37°C in 5% CO2. 

The next day the plates were inspected microscopically, and transfection was performed 

when the cells were 60 % confluent. 

 Transfection was performed as described for HeLa cells but using a total of 1.025µg 

DNA (1µg plasmid/construct + 25ng pRL‐SV40). A 2:1 charge:DNA ratio of Tfx™‐20 (Promega, 

Madison, WI, USA) was used for transfection of RAW 264.7. A master mix for triplicate 

experiment of each construct and controls was prepared. 584 µl of serum and antibiotic free 

DMEM were added into a sterile microcentrifuge tube followed by the addition of 15.75 µl 

of each of the pRL‐SV40 and construct/pGL3E DNA followed by immediate vortexing. 14.5 µl 

of Tfx™‐20 transfection reagent were added into each tube followed by vortexing and 

incubation for 10 – 15 minutes at room temperature. After incubation the medium was 

removed from each well of cultured cells and 200 µl of transfection mixture were added into 

each well and incubated at 37°C in 5% CO2. Following 1 hour transfection incubation at 37°C, 

complete medium containing appropriate stimulants was added into each well. 10% heat 

deactivated foetal calf serum was used for these experiments. Two sets of transfections 

were performed, one with the addition of 10ng/ml recombinant mouse M‐CSF only and the 

other with the addition of 10ng/ml M‐CSF and 75ng/ml mouse RANKL (R&D Systems Ltd, 

Abington, UK). Due to increased cell cyto‐toxicity following transfection, incubation was 

performed for 36 hours at 37°C in 5% CO2. 
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2.6.4 Dual Luciferase® Reporter Assay 

 The dual‐luciferase® reporter assay system (Promega, Madisson, WI, USA) provides 

an efficient way to perform dual reporter assays exploiting the distinct evolutionary origins 

of firefly and renilla luciferases and their requirements for dissimilar substrates. This makes 

it possible to discriminate between their respective bioluminescent reactions. In this system, 

the luminescence of the reporter firefly luciferase is measured first and eventually 

quenched while simultaneously activating the luminescent reaction of renilla luciferase. 

Luciferin is oxidised and light is emitted in a reaction that requires ATP, Mg2+ and O2. This 

will generate a flash of light that rapidly decays after substrate and enzyme are mixed. 

 

Passive Lysis of Cells 

 A 1X passive lysis buffer (PLB) was prepared by diluting a 5X concentrate in distilled 

water. Besides the lytic properties, PLB also gives stability and provides optimum 

performance to the luciferases. After incubation, the culture medium was removed by 

aspiration and the cells were gently washed by adding 500 µl of phosphate buffered saline 

(PBS). The PBS was removed by aspiration. 100 µl of 1X PLB were added into each well, 

enough to cover the cell monolayer, and plates were placed for 15 minutes in an orbital 

shaker with gentle shaking at room temperature. Following this, the plates were frozen at ‐

80°C until analysed. At this temperature, the luciferases are stable for long periods of time. 

Also, this step helps to ensure complete lysis of the cells. 

 

Luciferase Assay Protocol 

 All reagents stored at ‐20°C were brought to room temperature prior to the analysis, 

including the cell lysates that were removed from the freezer and placed on an orbital 

shaker at room temperature. The lyophilised Luciferase Assay Reagent II (LAR II) substrate 

was re‐suspended in 10 ml of LAR II buffer, enough for 100 assays. The Stop & Glo® reagent 

supplied as a 50X solution was diluted in the corresponding buffer supplied by 

manufacturer, by adding 200 µl of 50X Stop & Glo® reagent into 10 ml buffer. The assays 

were performed using a TD‐20/20 Luminometer (Turner BioSystems, Sunnyvale, CA, USA) 

programmed with a 2‐second pre‐read delay followed by 10 second measurement period 

for both firefly and renilla luciferases. 
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 100 µl of LAR II reagent were pre‐dispensed into appropriate number of 

luminometer tubes. 20 µl of cell lysate were added to the LAR II reagent and mixed briefly 

by pipetting 3 times. The tube was immediately placed into the luminometer and reading 

was initiated. After the first reading was taken (Firefly luciferase activity), the tube was 

removed from the luminometer and 100 µl of Stop & Glo® reagent were added to the tube 

followed by brief vortexing. The tube was immediately placed into the luminometer again 

and the second reading was taken. Both readings and luciferase/renilla ratio were recorded 

and the tube was discarded.  

 

Analysis of Data 

 All luminescence data were recorded for each individual plate and entered into a 

spreadsheet. The mean value of the firefly luminescence for the three non transfected 

controls (cells only) was calculated. This mean was subtracted from each firefly luminescent 

value generated for the same plate in order to correct for background luminescence. A 

firefly:renilla ratio for each sample was calculated using background corrected values. A 

mean was also calculated for each triplicate of each individual construct. Each mean 

firefly:renilla ratio was divided by the ratio of lysates generated from cells that were 

transfected with an empty pGL3E from the same plate. This generated fold increase of 

luciferase activity ratios over the expression of cells transfected with promoter less vector. 

 The data from the other three plates was analysed in the same way generating 4 sets 

of data. The mean of the fold values for each construct was calculated together with the 

standard error of mean. Statistical comparisons between reporter gene expression of 

different constructs and between mutated and normal alleles were performed using a t‐

test, and the Bonferroni correction was applied for multiple comparisons.  

 

2.7 RNA analysis 
 

RAW 264.7 cells were stimulated with M‐CSF and RANKL for differentiation into 

osteoclasts up to a maximum of eight days. Cells were lysed on day 2, 4, 6 and 8 and RNA 

was extracted, reverse transcribed and real time PCR was performed to amplify osteoclast‐ 

specific expressed genes. The cells were also observed microscopically during the whole 

procedure. 
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2.7.1 RNA extraction 

RNA purification was performed using the RNeasy® mini kit (Qiagen Gmbh, 

Germany) that can preferentially extract up to 100 µg of RNA longer than 200 bases, thus 

eliminating rRNAs and tRNAs. Lysis was performed using a highly denaturing guanidine‐

thiocyanate buffer that immediately inactivates RNases. RNA was bound to a silica based 

membrane and washed to remove contaminants. High quality RNA was eluted in 30 µl of 

water. 

2.2 × 105 RAW 264.7 cells were cultured in 6‐well plates in 3 ml of Dulbecco’s 

Modified Eagle’s Medium (DMEM) containing 10% heat deactivated foetal calf serum (FCS) 

and 4 mM L‐glutamine with the addition of 10 ng/ml M‐CSF and 50 ng/ml RANKL (R&D 

Systems Ltd, Abington, UK). The complete medium was changed every two days during the 

whole experiment. Four 6‐well plates were prepared, each one of them to be lysed and RNA 

extracted on days 2, 4, 6 and 8. Each experiment was done in triplicate. Complete medium 

was changed every two days, for the remaining plates. 

Before cell harvesting, complete medium was removed by aspiration and the cells 

were washed with 500µl phosphate‐buffered saline (PBS) twice. 350µl buffer RLT containing 

10µl / ml β‐mercaptoethanol (14.3 M) were added to each well to lyse the cells. The cell 

lysate was transferred into a sterile 1.5ml micocentrifuge tube followed by the addition of 

an equal volume of 70% ethanol. The lysate was mixed well by pipetting, and transferred 

into an RNeasy spin column placed in a 2ml collection tube. The spin column was closed 

gently and centrifuged for 15 sec at 8,000 g. Following centrifugation the flow‐through was 

discarded and the 2ml collection tube was re‐used. 700 µl Buffer RW1 were added to the 

spin column and centrifuged for another 15 sec at 8,000 g. After discarding the flow‐

through, 500µl Buffer RPE containing ethanol was added to the column and centrifugation 

was carried out as before. A second wash using 500µl Buffer RPE was performed for 2 

minutes at 8,000 g. After discarding the flow‐through a second centrifugation for 1 minute 

at 8,000 g was performed to eliminate any possible carryover of Buffer RPE that might 

interfere with subsequent reactions. 

The spin column was placed in a clean 1.5 ml microcentrifuge tube and 30 µl of 

RNase free water were added. The column was centrifuged for 1 minute at 8,000 g followed 

by a second round of elution using the eluate. RNA concentration was measured by 
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spectrophotometry at 260 nm where an average concentration of 400 µg/ml was obtained 

with A260/A280 ratio of 1.9. RNA was stored at ‐80°C until analysed. 

 

2.7.2 Reverse Transcription 

First strand cDNA synthesis was performed using a recombinant Moloney Murine 

Leukaemia Virus (M‐MLV) reverse transcriptase (Bioneer Corporation, Daejeon, Korea) with 

a mix of oligo dT and random hexamers. 

RNA was thawed on ice while the other reaction components including 5X reaction 

buffer (250 mM Tris‐HCl, 150 mM NaCl, 40 mM MgCl2, pH 8.3), 100 mM DTT, dNTPs and 

oligonucleotides were thawed at room temperature.  

An initial denaturation step of template RNA and oligonucleotides was performed. 1 

µl (approx 1 µg) of RNA template was added to a sterile 0.2 ml PCR tube together with 1 µl 

(100 pmoles) oligo dT (TTT TTT TTT TTT TTT) and 2 µl (200 pmoles) random hexamers (NNN 

NNN) followed by the addition of RNase free water up to a total volume of 8 µl. The tubes 

were kept on ice during mix preparation and then placed in a thermal cycler and denatured 

for 10 minutes at 65°C followed by rapid cooling on ice. 

A reaction master mix was prepared for the total amount of samples. For each 

individual sample the mix consisted of 4 µl of 5X M‐MLV RTase reaction buffer, 2 µl of 100 

mM DTT, 2 µl dNTPs (200 µM of each) and 1 µl (200 units) M‐MLV RTase and made up to 

12µl with sterile RNase free water. Twelve micro‐litres of the above mix were added to the 

denatured RNA and primer mix to a total reaction volume of 20 µl. The tubes were 

transferred to a thermal cycler and cDNA synthesis was carried out at 37°C for 90 minutes. 

Following incubation, the tubes were removed from the thermal cycler and stored at ‐20°C 

until analysed. 

 

2.7.3 Real‐Time PCR 

The real‐time PCR technique was used for the amplification and detection of 

expressed osteoclast genes. This technique is more sensitive and specific than end point 

PCR. Real time PCR monitors the increase in fluorescence during each cycle which indicates 

the increase in the synthesis of amplicon. The fluorescent signal is either given by a 

TaqMan® probe labelled with a reporter dye at the 5` end and a quencher at the 3` or else 
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by a non‐specific dye such as SYBR®Green that fluoresces when bound to double stranded 

DNA. This technique was used to amplify murine cDNAs for tartrate‐resistant acid 

phosphatase (TRAP), cathepsin K, TRAF6, OPG, RANK, Interferon gamma receptor 1 

(IFNGR1) and glyceraldehyde‐3‐phosphate dehydrogenase (GAPDH) using oligonucleotide 

primers shown in Table 2‐12. An oligonucleotide probe was used for the detection of TRAP 

while SYBR®Green was used for the detection of the other amplicons.  

 

Table 2‐12. Oligonucleotide Primers Used for Real Time PCR 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 

 
*Probe was labelled 5’ FAM and 3`DABCYL 

 
 The PCR reaction mix for TRAP analysis was performed in a 25 µl total reaction 

volume containing 2.5 mM MgCl2, 80 mM Tris‐HCl, 20 mM (NH4)2SO2, 0.02% w/v Tween‐20 

(pH 9.4), 200 µM of each dNTP, 1 unit Hot FirePol® DNA polymerase I (Solis BioDyne Inc., 

Tartu, Estonia), 25 pmoles of each primer and 5 pmoles of TRAP specific labelled probe. 22.5 

µl of the above reaction mix were added into each well of a 96‐well PCR plate followed by 

the addition of 2.5 µl of cDNA. A negative control was done with each run of reactions. The 

plate was sealed using an optical adhesive film and placed in an ABI 7300 real time PCR 

cycler (Applied Biosystems, Foster City, CA, USA).  

 Primer Sequence (5` ‐ 3`)

TRAF6 CgC TgC AgT gAA AgA TgA CAg
TTg CAC TgC TTC CCg TAA Ag 
 

IFNGR1 ACg gTC gAA AAA gAA gAg Tg

Tgg AAA ggA ggg ATA CAg AC 

RANK gAT TCC CAC AgA ggA TgA gTA CAC

CTg gAA Tgg ggg TAT AgA TTT gC 

OPG gCT CCT gTg TgA CAA ATg TgC

gCC AgC TgT CCg TAT AAg AgT g 

CatK ggg AAC gAg AAA gCC CTg A

gTA AAA CTg gAA AgA TgC CAA gC 

TRAP 

 

TRAP‐Probe* 

CgA CCA TTg TTA gCC ACA TAC g 
CAC ATA gCC CAC ACC gTT CTC 
 
CAT gAC CAC AAC CTg CAg TAT CTT CAg gAC 
 

GAPDH CCT ACC CCC AAT gTA TCC gTT gTg
ggA ggA ATg ggA gTT gCT gTT gAA 
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 An initial denaturation step at 95°C for 15 minutes was used to activate the 

polymerase followed by 40 cycles of denaturation at 95°C for 30 sec and 

annealing/extension step at 59°C for 1 minute.  Fluorescence was captured and recorded 

during annealing/extension using the FAM filter. During extension the 5` exonuclease 

activity of the polymerase cleaves the reporter dye from the 5`end of the probe emitting 

fluorescent light. 

 The PCR reactions for all the other genes were done in a final reaction volume of 25 

µl. The reaction mix was made up of 2.5 mM MgCl2, 80 mM Tris‐HCl, 20 mM (NH4)2SO2, 

0.02% w/v Tween‐20 (pH 9.4), 200 µM of each dNTP, 1 unit Hot FirePol® DNA polymerase I 

(Solis BioDyne Inc., Tartu, Estonia), 25 pmoles of each primer and 1 X SYBR®Green (0.5 µL of 

50 X SYBR®Green). 2.5 µl of cDNA was added to 22.5 µl reaction mix in a 96 well PCR plate 

and placed in an ABI 7300 real time cycler (Applied Biosystems, Foster City, CA, USA). An 

initial denaturation step at 95°C for 15 minutes was performed followed by 40 cycles at 95°C 

for 30 seconds (denaturation), 55°C for 60 seconds (annealing) and 72°C for 60 seconds 

(extension). Fluorescence was captured during extension using an SYBR green filter. All data 

analyses were done using SDS Software v1.3.1 (Applied Biosystems, Foster City, CA, USA). 

 

 
2.8 Biochemical markers of bone turnover 
 
2.8.1  Estimation of urinary deoxypyridinoline crosslinks (DPD) 
 

Collagen crosslinks pyridinoline (Pyd) and deoxypyridinoline (Dpd), formed during 

cellular collagen maturation, were found to be useful indicators of collagen degradation 

when measured in urine. Bauer et al (1999) associated higher levels of Pyr, Dpd and other 

markers with increased bone loss, also emphasising their limitations.  

Pyrilinks‐D estimation was performed by a competitive enzyme immunoassay using 

coated microtitre plates with monoclonal anti‐Dpd antibody. Anti‐Dpd used is highly specific 

for free Dpd and has negligible binding (<1 %) to Dpd peptides and free peptide bound 

pyridinoline. The minimum detection limit of Pyrilinks‐D assay is of 1.1 nmol/l (Metra 

Biosystems Inc., CA, USA). Urine samples stored at ‐80°C were allowed to thaw for 1 hour to 

room temperature (20 ‐ 28°C). Patients’ samples together with standards and controls were 

diluted 1:10 with assay buffer and mixed well (50 µl + 450 µl). Using calibrated pipettes, 50 
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µl of diluted samples were added into each coated well followed by the addition of 100 µl 

cold enzyme conjugate. All standards, controls and patients` samples were analysed in 

duplicates. The enzyme conjugate consists of Dpd purified from bovine bone conjugated to 

alkaline phosphatase. The plate was then sealed to prevent evaporation and incubated at a 

temperature of 2 ‐ 8°C for 2 hours in the dark.  

After incubation, the strips were inverted and emptied, followed by washing with 1x 

buffer, repeating these steps for up to three times. After the last wash the strips were 

allowed to drain face down for 10 minutes followed by the addition of 150µl of working 

substrate solution. The plate was again sealed and incubated for 1 hour at room 

temperature, after which 100µl stop solution (1N NaOH) were added into each well. The 

plates were read at an optical density (OD) of 405nm using a plate reader (ELX 800, Bio‐Tek 

Instruments Inc., Vermont, USA). 

The results were analysed using quantitative software with a 4‐parameter calibration 

curve (MetraFIT Version 1.0, Metra Biosystems Inc., CA, USA). Results obtained were 

corrected for variations in urine concentration by dividing the Dpd value (nmol/L) by the 

urine creatinine value (mmol/L), expressing the final result as nmol Dpd/mmol creatinine.  

 

Urine creatinine estimation 

Creatinine is a by‐product of muscle metabolism that is excreted in urine by glomerular 

filtration. Creatinine concentrations in urine can be used as reference values for the 

excretion of various analytes. Urine creatinine estimation was carried out to correct 

variations in urine concentration as already described. The method used is based on the 

Jaffe` reaction that is rate blanked and compensated, having a minimum detection limit of 

8.8µmol/L (Roche Diagnostics GmbH, Mannheim, Germany). Urine samples were diluted 

manually in deionised water (1 + 9) before analysis that was carried out using the 

Roche/Hitachi 902 automated analyser (Boehringer Mannheim, Germany). Results obtained 

in µmol/L were first multiplied by the appropriate dilution factor (10) and then converted to 

mmol/L.  
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2.8.2 Estimation of Pro‐collagen type I 
 

The measurement of pro‐collagen type I carboxy‐terminal extension peptide (CICP) is 

a good indicator of the biosynthesis of bone. These peptides are cleaved from the collagen 

molecule by proteases before incorporation of collagen into the growing fibril. The method 

used is a sandwich enzyme immunoassay using a coated microtitre plate with monoclonal 

anti‐CICP. This antibody shows 100% cross reactivity with CICP in human serum (Metra 

Biosystems Inc., CA, USA). 

Serum aliquots stored at ‐80°C were allowed to thaw for 45 minutes at room 

temperature that was maintained at 18 ‐ 25°C. Coated strips were also equilibrated to room 

temperature before use. Using calibrated pipettes 25µl patient`s serum were added to 275 

µl assay buffer (1:12) and mixed well. Dilutions were not prepared for standards and 

controls. Hundred microlitres of each of the standards, controls and diluted samples were 

added into each coated well and incubated for 2 hours at room temperature. All samples 

were carried out in duplicates. During this step any CICP present in human serum was bound 

to the antibodies attached to the solid phase.  

After incubation, the microtitre plate was inverted manually to empty the strips and 

then washed three times with 1x wash buffer to remove any unbound CICP. After blotting 

the plate, 100µl of rabbit anti‐CICP were added to each well. Incubation was carried out at 

room temperature for 45 minutes. Rabbit anti‐CICP will bind to any CICP already bound to 

antibodies on the coated wells. The wells were again washed three times using 1x wash 

buffer to remove unbound anti‐CICP. Using a calibrated pipette, 100µl enzyme conjugate 

was then added. The enzyme conjugate consists of antibodies directed against the Fc 

portion of rabbit IgG, conjugated to alkaline phosphatase. These antibodies were raised in 

goats and so they are capable to attach to rabbit antibodies already bound to human CICP. 

Incubation was carried out at room temperature for 45 minutes. 

Following incubation the plates were again washed three times with 1 x wash buffer, 

vigorously blotting the strips after the last wash. One hundred microlitres of working 

substrate solution were added into each well and incubated for 30 minutes at room 

temperature followed by the addition of 50µl stop solution (1N NaOH). The plates were 

read at an optical density of 405nm within 15 minutes from the addition of the stop solution 

using an ELX 800 plate reader (Bio‐Tek Instruments Inc., Vermont, USA).  
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The results were analysed using quantitation software (MetraFIT Version 1.0, Metra 

Biosystems Inc., CA, USA) and the concentration of samples and controls was determined 

from a standard curve. Results were corrected for the dilution by multiplying by the dilution 

factor (12), issuing the final results as serum CICP in ng/ml.  

 

2.9 Measurement of BMD 
BMD was determined by DEXA using a Norland 385 (Norland, Medical Systems Inc.) 

at the Bone Density Department, St. Luke`s Hospital. The patient was laid on the imaging 

table with legs supported on a padded box to flatten the pelvis and lumbar spine. Above the 

table, an X‐ray detector was passed parallel to the generator, producing images of the 

lumbar spine and pelvic bone. Images were projected on a computer monitor repeating the 

procedure for the hip. The BMC was calculated together with BMD and data were also 

compared to those of 25 – 35 year old women to determine the t‐score. The t‐score was 

calculated as follows:  

(Individual LS or FN BMD – mean LS or FN BMD of young healthy controls)/ SD of young 

healthy controls (where SD is the standard deviation). 

Z scores were calculated in a similar manner by comparison to mean LS and FN BMD 

and standard deviation from patients matched for age, sex, race, height and weight.  

 

 

2.10 Analysis of Data 
With the advances of both computer science and genetics, a number of computer 

applications have been developed to analyse DNA sequence, protein structure and data 

obtained from genetic studies. In this study, several computer programmes were used for 

the analysis of data for both linkage and association. 

 

GENEHUNTER (GH) 

This computer package was developed to perform multipoint linkage analysis 

(parametric and non‐parametric) in pedigrees of moderate size (Kruglyak et al., 1996). The 

program can compute LOD scores for pedigrees under a particular mode of inheritance and 

penetrance specified by user. It also allows the user to test for linkage under genetic 
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heterogeneity. The multipoint NPL analysis tests for IBD allele sharing among affected 

individuals within pedigrees that is not affected by the mode of inheritance. It is thus ideal 

to be used for complex traits. GH also constructs the most likely haplotypes indicating 

crossovers even if there is missing data. A major advantage of GH over other statistical 

software, such as VITESSE and MLINK, is that it uses the Lander‐Green algorithm and 

therefore it can perform multipoint analysis using several markers on a chromosome. Major 

drawbacks of GENEHUNTER include restrictions on pedigree size and it is relatively slow 

when compared to similar software such as Allegro. A recent version of GH can also perform 

TDT analysis and analysis of quantitative traits making GH the ideal software to use for 

genetic analysis (Nyholt, 2001). In this study GENEHUNTER v1.2 was used to calculate Zlr 

scores using the Kong and Cox (1997) model. This algorithm addresses the problem 

encountered by previous versions of GENEHUNTER where NPL scores were found to be too 

conservative when inheritance data was not complete. 

Another application used in this study was GENEHUNTER‐MODSCORE v1.1 that 

maximises LOD scores with a series of penetrances and disease allele frequencies (Strauch 

et al., 2005). This is particularly important for the analysis of complex traits were the exact 

model is not known. MOD scores were calculated by a series of simulations using different 

disease models. In this study the MOD score was used for those chromosomal regions 

showing suggestive linkage in order to determine the appropriate genetic model. 

 

Linkage Disequilibrium Analyzer (LDA) 

  This software was developed for the analysis of pairwise LD measures, pairwise LD 

test and estimation of LD decay with physical distance (Ding et al., 2003). LDA can only be 

used for bi‐allelic markers and is unsuitable for microsatellites where a sample size of more 

than 50 individuals is needed for accurate analysis. The programme performs a Hardy‐

Weinberg equilibrium test using the chi‐square statistic and an exact test using a Monte 

Carlo permutation. Haplotype frequencies of pairwise loci are estimated using the 

expectation‐maximization (EM) algorithm (Slatkin and Excoffier, 1996). The degree of LD is 

quantified by measures of standard coefficient (D), standardized disequilibrium coefficient 

(D`) and the square of correlation coefficient (r2). Association between alleles at two loci is 
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estimated by a Monte Carlo simulation based likelihood ratio test or by a chi‐squared 

statistic where significance is reached at p<0.05.  

 

EH software 

    The EH software is a useful application for the estimation of LD between different 

markers or between marker and disease (Xie & Ott, 1993). This program is able to calculate 

both allele frequencies for each marker and estimate haplotype frequencies for data 

obtained from a number of individuals collected randomly from a population. Haplotype 

frequencies are estimated under both hypotheses of no association and association 

(linkage). Also haplotype frequencies can be calculated in both cases and controls followed 

by comparison using the chi‐squared statistic. If statistical significance is reached the 

association of a haplotype with disease is confirmed. 

 

Statistical Package for Social Sciences (SPSS) 

The Statistical Package for Social Sciences (SPSS) 13.0 for Windows (SPSS, Chicago, IL) 

was used to test for correlation between BMD and genotypes. The normality of the 

population was tested using the non‐parametric test Kolmogorov‐Smirnov while the 

Levene's statistic was used to test for homogeneity of variances. The chi‐square test was 

used to compare observed genotype frequencies with those expected under Hardy‐

Weinberg and to test for differences in genotype frequencies between normal individuals 

and those with a low BMD.  

Comparisons of continuous measurements, such as age, body mass index (BMI) and 

BMD, showing a normal distribution, were performed using one‐way analysis of variance 

(ANOVA), while the Bonferroni post hoc test was used to correct for multiple comparisons. 

The independent sample t‐test was also used for pair ways comparisons between 

genotypes. Alternatively the Kruskal‐Wallis and Mann‐Whitney methods were used for 

those variables not showing a normal distribution when tested by the Kolmogorov‐Smirnov. 

Rare genotypes that occurred less than 5% within the postmenopausal population were 

excluded from statistical analysis. Adjustments for age, BMI and years since menopause 

(YSM) were performed using a generalised linear model (GLM) univariate analysis of 

variance. 
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The independent sample t‐test was used to analyse data in terms of genetic models: 

(A) dominant or (B) recessive allele, while a linear regression analysis was used to test for an 

allele‐dose effect (C) of a risk or protective allele. All tests were considered two tailed at a 

level of significance of 0.05 where the null hypothesis (no difference between means) was 

rejected at p<0.05.  

 

2.11 Web Resources 

A number of public databases and other online applications were used both for the 

comparison of gene sequences and for the design of various experiments carried out in this 

study. Gene sequences were obtained from the public databases of the National Centre of 

Biotechnology Information (NCBI) (http://www.ncbi.nih.gov/) and Ensembl 

(http://www.ensembl.org/index.html). Other applications used on the NCBI website were 

the Homo sapiens (human) genome map viewer and the Basic Local Alignment Search Tool 

(BLAST). Information on disease and specific genes was obtained from the Online Mendelian 

Inheritance in Man (OMIM) database. 

Pedigrees with haplotypes using those constructed by GENEHUNTER were drawn 

using HaploPainter v0.24beta (Thiele & Nurnberg, 2005).  Genes to be sequenced were 

selected on prior knowledge of bone physiology and by using the freely available web tool 

The GeneSeeker v2.0 (http://www.cmbi.kun.nl/GeneSeeker/) (van Driel et al., 2005) 

searching for genes expressed in bone, skeleton, osteoclasts and osteoblasts, within 10cM 

distance of the indicated markers. This application searches a number of genetic and 

expression databases of both human and mouse.  DNA sequencing results were then 

compared to reference sequences in public databases by using the software ChromasPro 

v1.33 (http://www.technelysium.com.au) that links directly to the BLAST application on 

NCBI website. Detailed information about specific genes including information about known 

mutations/polymorphisms and gene expression was obtained from GENECARDS 

(http://www.genecards.org/index.shtml) and The Human Gene Mutation Database 

(http://www.hgmd.cf.ac.uk/).  

Virtual experiments and design of PCR and RFLP experiments were carried out using 

the online web applications NEBcutter V2.0 (http://tools.neb.com/NEBcutter2/index.php) 

and VPCR 2.0 (http://grup.cribi.unipd.it/cgi‐bin/mateo/vpcr2.cgi). 
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The TRAF6 gene promoter region was analysed for possible transcriptional factors 

binding sites in the presence and absence of the variant identified in this study, using the 

online application MatInspector by Genomatix Software GmbH (http://www.genomatix.de) 

(Cartharius et al., 2005).  
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3.1  Association Study  

One hundred and twenty six (n=126) postmenopausal women were included in the 

statistical analysis to identify any correlation between SNPs within candidate genes and 

BMD. All subjects studied were healthy Caucasian women between the ages of 40 – 75 

years, with a mean (± SD) age of 55.6 ± 7.1 years.  

According to WHO criteria (Kanis et al., 1994) for both lumbar and femoral BMD, 30 

(24.2%) of the participants were osteoporotic at the lumbar spine (t score < ‐2.5), 41 (33.1%) 

were osteopenic (t‐score < ‐1.0 to ‐2.5) and 53 (42.7%) were normal. At the femoral neck, 4 

(3.2%) individuals were osteoporotic, 45 (36.0%) osteopenic and 75 (60.8%) were normal. 

Discrepancies from the total number of recruited participants of 126 are due to missing z‐

scores and/or t‐scores given. Any other discrepancies from the total number were due to 

failure of genotyping. The sample was divided into two main groups, one of normal 

individuals (41.6%) having both lumbar and femoral t‐score >‐1.0 and a group of individuals 

that were osteopenic and/or osteoporotic at one or both anatomical sites (58.4%). 

 

3.1.1 SNPs in Candidate Genes and BMD 

 The analysis was performed using the statistical software SPSS 13.0 for Windows, as 

described in Section 2.10. The distributions of genotypes for all seventeen polymorphisms 

studied were all in Hardy‐Weinberg equilibrium (p>0.05) (Table 3‐1). No significant 

association was observed between LS and FN BMD and SNPs found within the VDR, ER1, 

TNFRSF11B, COL1A1, MTHFR and LRP5 genes, even after adjusting for age, BMI and years 

since menopause (YSM). No statistical significance was reached for genetic models of 

dominant and recessive alleles or for allele dose effects at any anatomical site.  
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Table 3‐1. Genotype and Allele Frequencies in Maltese Postmenopausal Women 

Gene SNP Genotype N (%) Allele 
Frequency 

Het χ2 p Value*  

 

 

 

VDR 

FokI CC 76 (60.8) C : 0.77 0.35 1.30          0.25 
 CT 40 (32.0) T : 0.23    
 TT 9 (7.2)  
BsmI GG 24 (19.2) G : 0.44 0.49 0.16 0.69 
 GA 59 (47.2) A : 0.56    
 AA 42 (33.6)  

ApaI TT 39 (31.7) T : 0.56 0.49 0.10 0.76 

 TG 59 (48.0) G : 0.44  
 GG 25 (20.3)     

TaqI TT 44 (35.8) T : 0.61 0.48 0.18 0.67 
 TC 61 (49.6) C : 0.39  
 CC 18 (14.6)     

 G261C GG 96 (89.7) G : 0.95 0.10 0.31 0.58 
 GC 11 (10.3) C : 0.05    

ER1 PvuII TT 21 (16.5) T : 0.42 0.49 < 0.01 0.95
 TC 61 (48.0) C : 0.58    
 CC 45 (35.4)     

XbaI AA 17 (13.4) A : 0.38 0.47 0.01 0.94 

 AG 60 (47.2) G : 0.63  
 GG 50 (39.4)     

 G2014A GG 83 (67.5) G : 0.83 0.29 0.23 0.64
  GA 37 (30.1) A : 0.17  
  AA 3 (2.4)     

TNFRSF11B A163G AA 92 (78.6) A : 0.88 0.20 0.17 0.68

 AG 24 (20.5) G : 0.12  
 GG 1 (0.9)  

T950C TT 24 (19.4) T : 0.48 0.50 2.68 0.10 
 TC 71 (57.3) C : 0.52  
 CC 29 (23.4)  

G1181C GG 30 (26.5) G : 0.54 0.50 0.82 0.37 
 GC 61 (54.0) C : 0.46    
 CC 22 (19.5)  

COL1A1 G1546T (Sp1) SS 51 (41.8) S : 0.65 0.48 0.10 0.75 
 Ss 57 (46.7) s : 0.45    

 Ss 14 (11.5)     
G‐1997T TT 10 (8.1) T : 0.26  0.38 0.84 0.36 

 TG 43 (35.0) G : 0.74  
 GG 70 (56.9)     

MTHFR C677T CC 49 (38.9) C : 0.64 0.46 0.88 0.35 
 CT 63 (50.0) T : 0.36    
 TT 14 (11.1)     

LRP5 Rs901823 TT 45 (39.8) T : 0.63 0.47 0.03 0.88 
 TC 52 (46.0) C : 0.37    
 CC 16 (14.2)     

Rs546803 TT 62 (53.9) T : 0.73 0.39 0.41 0.52
 TC 43 (37.4) C : 0.27  
 CC 10 (8.7)     

*p values are for HWE using chi squared test 

The A314G SNP in the LRP5 gene was completely absent from the Maltese population 
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VDR Gene 

Table 3‐2 shows mean BMD values according to VDR gene polymorphisms. A slightly 

extended sample from that published by Vidal et al., 2003 was used for FokI and BsmI 

polymorphisms. For the start codon polymorphism (FokI) lumbar and femoral BMD was 

highest in CC homozygotes as compared to TT homozygotes. These differences were not 

statistically significant when tested by ANOVA, even after adjusting for age, BMI and YSM. 

No association between lumbar or femoral BMD and genotype was observed for genetic 

models A and B. There was an allele dose effect for lumbar spine (p = 0.20) and femoral 

neck (p = 0.39) but no statistical significance was reached.  

 

Table 3‐2. General Characteristics, Lumbar and Femoral BMD in Postmenopausal Women According to VDR 
Genotypes 

SNPs Age (years) BMI 
(Kg/m2) 

LS BMD 
(g/cm2) 

LS BMD  
(g/cm2) a 

FN BMD 
(g/cm2) 

FN BMD 
(g/cm2) a 

Procollagen  
(ng/ml) 

DpDb 
(nmol/mmol) 

FokI    

 CC 55.4 (7.6) 28.5 (4.3) 0.973 (0.197) 0.979 0.849 (0.144) 0.839 99.0 (74.6) 9.3 (3.4)
CT 56.3 (6.9) 29.2 (4.1) 0.925 (0.185) 0.925 0.837 (0.122) 0.830 93.8 (37.0) 9.2 (3.1)
TT 54.2 (2.8) 26.7 (3.1) 0.922 (0.166) 0.947 0.808 (0.128) 0.837 87.0 (11.8) 8.0 (3.1)

ANOVAc 0.51 0.24 0.40 0.53 0.67 0.97 0.79 0.61
BsmI    

  GG 56.3 (7.9) 27.3 (3.4) 0.913 (0.182) 0.923 0.813 (0.158) 0.806 98.2 (28.6) 8.7 (2.7)
GA 55.4 (7.6) 28.5 (4.5) 0.958 (0.196) 0.997 0.852 (0.135) 0.861 92.9 (43.8) 9.3 (3.4)
AA 55.7 (7.8) 29.4 (4.0) 0.973 (0.186) 0.928 0.844 (0.126) 0.825 100.5 (92.7) 9.2 (3.4)

ANOVAc 0.87 0.15 0.48 0.35 0.51 0.35 0.14 0.82
ApaI    

 TT 55.5 (7.2) 28.5 (4.1) 0.961 (0.168) 0.949 0.840 (0.133) 0.830 92.1 (27.5) 9.5 (3.1)
TG 54.5 (7.0) 28.6 (4.4) 0.954 (0.198) 0.952 0.855 (0.136) 0.855 95.1 (49.0) 8.7 (3.0)
GG 57.7 (7.1) 28.6 (4.2) 0.980 (0.207) 1.007 0.833 (0.145) 0.851 79.6 (29.6) 10.0 (4.1)

ANOVAc 0.15 0.99 0.88 0.40 0.78 0.57 0.15 0.42
TaqI    

TT 55.5 (6.4) 29.6 (4.3) 0.974 (0.182) 0.966 0.837 (0.121) 0.830 85.5 (35.9) 9.4 (3.6)
TC 55.4 (7.6) 28.3 (4.4) 0.959 (0.204) 0.964 0.844 (0.140) 0.848 92.2 (45.7) 9.0 (3.2)
CC 55.7 (7.8) 27.7 (3.5) 0.967 (0.168) 0.972 0.857 (0.148) 0.861 97.8 (27.5) 8.8 (2.9)

ANOVAc 0.95 0.21 0.94 0.98 0.89 0.56 0.13 0.84

*Values are means ± SD in parentheses;  
a Values are adjusted for age, BMI, YSM; 95% CI given by univariate analysis (not shown); 
 b deoxypyridinoline (DpD) values in nmol/mmol creatinine;  
c Age and Procollagen p‐values obtained by Kruskal‐Wallis test 

 

As shown in Table 3‐2, no association was observed between LS or FN BMD and 

polymorphisms at the 3` end of the VDR gene (BsmI, ApaI, TaqI). Table 3‐3 shows frequency 

distributions of individual VDR genotypes between a group of postmenopausal women 

having a normal BMD (t‐score > ‐1.0) and those having a low LS and/or FN BMD (LS and/or 
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FN t‐score < ‐1.0). No statistical significant difference was observed for any of the studied 

 SNPs.  

Table 3‐3. VDR SNP Genotype Frequency Distributions in Normal Women (t‐score > ‐1.0) and Those Having a 
Low BMD  

 
 

Total χ2 df p 
 
 

Normal Women Women with low BMD 
 
   

 FOKI 1.192 2 0.55 
   

CC 34 (66.7) 42 (58.3) 76    
CT 13 (24.5) 25 (34.7) 38    
TT 4 (7.8) 5 (6.9) 9    

    
BSMI 1.921 2 0.38 

    
GG 8 (15.7) 14 (19.4) 22    
GA 20 (43.1) 37 (51.4) 59    
AA 50 (41.2) 21 (29.2) 42    

    
APAI 1.656 2 0.44 

    
TT 14 (27.5) 25 (34.7) 39    
TG 24 (47.1) 35 (48.6) 59    
GG 13 (25.5) 12 (16.7) 25   

    
TaqI  2.103 2 0.35 

    
TT 22 (43.1) 22 (30.6) 44   
TC 22 (43.1) 39 (54.2) 61   
CC 7 (13.7) 11 (15.3) 18   

*Observed and % (in parentheses) frequencies are shown in the above table 

 Haplotype frameworks were constructed for the three SNPs at the 3` end of the VDR 

gene that were observed to be in strong linkage disequilibrium both by chi‐squared and 

likelihood‐ratio tests (Table 3‐4).  

Table 3‐4. Linkage Disequilibrium Analysis of VDR SNPs 

 χ2 p‐value D` LR (p value)

FokI vs BsmI 4.78 0.311 0.03 0.7576 

FokI vs ApaI 3.51 0.476 0.02 0.7902 

FokI vs TaqI 6.56 0.161 0.02 0.8303 

BsmI vs ApaI 108.48 < 0.0001 0.98 < 0.0001 

BsmI vs TaqI 212.89 < 0.0001 1.00 < 0.0001 

ApaI vs TaqI 100.36 < 0.0001 1.00 < 0.0001 

*D` & LD Likelihood‐ratio (LR) tests were carried out using Linkage Disequilibrium Analyzer (LDA) software 
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For the VDR SNPs, strong linkage disequilibrium was observed between the SNPs 

identified by BsmI, ApaI and TaqI, but not with the start codon polymorphism The 

constructed haplotype frequencies were compared between the same two groups of 

postmenopausal women and a chi‐squared test was performed. There was no statistical 

difference in the distribution of haplotype frequencies between normal postmenopausal 

women and those having a low LS and/or FN BMD (Table 3‐5). A chi‐squared test was 

performed to compare individuals with 0, 1 or 2 copies of the A‐G‐T framework between 

affected and non‐affected individuals, where no statistical significance was reached (χ2 = 

1.22; p = 0.54; df = 2). Similar observations were found when doing the same analysis for the 

G‐T‐C framework (χ2 = 2.10; p = 0.35; df = 2). When the start codon polymorphism within 

the VDR gene was tested with these frameworks there was still no statistically significant 

difference between these groups (χ2 = 14.36; p = 0.50; df = 15).  

 

Table 3‐5. VDR Haplotype Framework Frequencies in Postmenopausal Women with Normal 
and Low BMD 

Haplotypes Normal BMD 
(%) 

Low BMD 
(%) 

VDR   
G‐T‐T (BAT) 1.1 0.9
G‐G‐T (BaT) 1.1 0.0 
G‐T‐C (BAt) 37.8 43.8 
G‐G‐C (Bat) 0.0 0.0 
A‐T‐T (bAT) 15.6 17.0
A‐G‐T (baT) 44.4 38.4 
A‐T‐C (bAt) 0.0 0.0 
A‐G‐C (bat) 0.0 0.0 

χ2 = 9.18;  p = 0.24; df = 7 
 

 Odds ratios were calculated by comparing different genotypes with each other and 

between affected and non‐affected individuals to identify whether any of the VDR genotype 

can increase an individual’s susceptibility for a low BMD. In the analysis, the risk genotypes 

and alleles were assumed to be those having the lowest BMD. As shown in Table 3‐6, 

significant odds ratios were observed only for the BsmI polymorphism, where the G allele 

was found to increase the risk for low BMD (OR 2.7; 95% CI: 1.7 – 4.5; p < 0.0001). Genotype 
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frequencies for this SNP were in Hardy‐Weinberg equilibrium for the whole postmenopausal 

group (Table 3‐1), but when testing the control group separately they were not found to be 

in equilibrium (p=0.01). 

 

Table 3‐6 Odds Ratios for the VDR Gene SNPs 

Polymorphism Genotypes Odds Ratio 95% Confidence Interval 
SCP CT vs CC 1.6 0.7 – 3.5  (p=0.282) 

CT & TT vs CC 1.4 0.7 – 3.0  (p=0.349) 
TT vs CC 1.0 0.3 – 4.1  (p=0.987) 

T  vs C allele  1.2 0.7 – 2.3  (p=0.493) 
BsmI GA vs AA 4.4 2.1 – 9.3  (p<0.001) 

GA & GG vs AA 4.3 2.1 – 8.6  (p<0.001) 
GG vs AA 4.2 1.5 – 11.4  (p=0.004) 

G vs A allele  2.7 1.7 – 4.5  (p<0.001) 
ApaI TG vs GG 1.6 0.6 – 4.0 (p=0.339) 

TT & TG vs GG 1.7 0.7 – 4.1 (p=0.231) 
TT vs GG 1.9 0.7 – 5.4 (p=0.203) 

T vs G allele  1.4 0.8 – 2.3 (p=0.211) 
TaqI TC vs CC 1.1 0.4 – 3.3 (p=0.827) 

TT & TC vs CC 0.9 0.3 – 2.5 (p=0.810) 
TT vs CC 0.6 0.2 – 1.9 (p=0.426) 

T vs C allele  0.7 0.4 – 1.3 (p=0.264) 
*Genotypes in bold were assumed as risk according to BMD 

 

ER1 gene 

 Four polymorphisms found within the oestrogen receptor‐1 (ER1) gene were 

analysed for any association with BMD. As shown in Table 3‐7, no statistically significant 

association was observed for any of these SNPs and BMD when tested by ANOVA or 

independent sample t‐test (p > 0.05). Only one CC homozygote for the BstUI polymorphisms 

was identified and three AA homozygotes were observed for the G2014A SNP within exon 8 in 

the Maltese population. These individuals were excluded from the analysis due to the low 

occurrence. 

 Similar to what was observed for the VDR SNPs, no statistical significant differences 

were reached for the dominant and recessive models when tested by t‐tests (p > 0.05) and 

for the allele dose effect in any of these ER1 SNPs. 
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Table 3‐7. General Characteristics, Lumbar and Femoral BMD in Postmenopausal Women According to ER 
Genotype 

 

*Values are means ± SD in parentheses 
a Values are adjusted for age, BMI, YSM; 95% CI given by univariate analysis (not shown) 
b Deoxypyridinoline (DpD) values in nmol/mmol creatinine 
c Age and Procollagen p‐values obtained by Mann‐Whitney or Kruskal‐Wallis 

 

 

Table 3‐8. ER1 SNP Genotype Frequency Distributions in Normal Women (t‐score > ‐1.0) and Those Having a 
Low BMD 

 
 

Total χ2 df p 
 
 

Normal Women Women with low BMD 
 

   
 G261C   0.75 

   

GG 42 (91.3) 52 (88.1) 94    
GC 4 (8.7) 7 (11.9) 11    

        

PVUII 0.598 2 0.74 

        

TT 10 (19.2) 11 (15.0) 21    

TC 25 (48.1) 34 (46.6) 59    

CC 17 (32.7) 28 (38.4) 45    

        
XBAI 1.232 2 0.54 

    

AA 7 (13.5) 10 (13.7) 17    

AG 27 (51.9) 31 (42.5) 58    

GG 18 (34.6) 32 (43.8) 50    

SNPs Age 
(years) 

BMI 
(Kg/m2) 

BMD L2 – L4 
(g/cm2) 

BMD L2 – L4 
(g/cm2) a 

BMDfemoral 
(g/cm2) 

BMD 
femoral 
(g/cm2) a 

Procollagen 
(ng/ml) 

DpDb

(nmol/mmol) 

BstUI    
GG 55.0 (7.0) 28.5 (4.4) 0.971 (0.185) 0.971 0.857 (0.134) 0.856 92.8 (40.1) 9.1 (3.2)
GC 56.6 (5.4) 29.4 (4.0) 0.953 (0.229) 0.959 0.802 (0.135) 0.810 78.2 (25.1) 9.7 (3.8)

t – testc 0.31 0.53 0.77 0.82 0.20 0.18 0.28 0.58
PvuII    

TT 55.6 (7.1) 30.1 (4.8) 0.994 (0.157) 0.989 0.865 (0.115) 0.867 91.5 (21.2) 8.4 (3.0)
TC 55.6 (6.7) 27.7 (3.7) 0.957 (0.174) 0.969 0.843 (0.146) 0.849 92.2 (46.1) 9.7 (3.4)
CC 54.2 (7.1) 29.0 (4.7) 0.972 (0.223) 0.958 0.856 (0.127) 0.845 88.9 (34.1) 8.6 (3.1)

ANOVAc 0.34 0.09 0.77 0.81 0.80 0.78 0.44 0.31
XbaI    

AA 56.0 (7.3) 30.7 (4.8) 0.970 (0.112) 0.954 0.855 (0.093) 0.849 95.1 (19.2) 9.2 (2.9)
AG 55.3 (6.8) 27.5 (3.7) 0.970 (0.184) 0.988 0.854 (0.155) 0.866 91.8 (46.2) 9.1 (3.4)
GG 54.5 (6.8) 29.1 (4.6) 0.967 (0.217) 0.952 0.846 (0.121) 0.835 88.8 (32.6) 9.3 (3.3)

ANOVAc 0.38 0.03 0.99 0.58 0.96 0.41 0.44 0.94
G2014A     

GG 55.1 (7.1) 28.5 (4.1) 0.955 (0.110) 0.953 0.840 (0.131) 0.938 106.3 (73.5) 9.5 (3.1)
AG 56.3 (7.0) 28.6 (4.1) 0.945 (0.183) 0.949 0.847 (0.142) 0.950 78.7 (24.5) 8.2 (3.1)

t – testc 0.50 0.87 0.79 0.90 0.79 0.58 0.04 0.09
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G2014A     0.780 2 0.68 

        

GG 34 (66.7) 47 (67.1) 81   

GA 15 (29.4) 22 (31.4) 37    

AA 2 (3.9) 1 (1.4) 3    

*Observed and % (in parentheses) frequencies are shown in the above table 

** P value for G261C SNP was calculated using Fisher’s exact test 

 

 No statistical difference was reached in the distribution of genotypes between 

normal women and those having a low BMD according to t‐score (Table 3‐8). A haplotype 

framework analysis was performed by constructing haplotypes for those SNPs that were 

found to be in strong linkage disequilibrium as shown in Table 3‐9 and 3‐10.  

 

 

Table 3‐9. ER1 Haplotypes in Normal and Affected Individuals 
Haplotypes Normal BMD

(%) 
Low BMD
(%) 

ER1 
T‐A (PX) 37.9 35.0
T‐G (Px) 6.7 5.0
C‐A (pX) 2.3 0.0
C‐G (px) 53.1 60.0

χ2 = 7.66;  p = 0.05; df = 3 

 

Table 3‐10. Linkage Disequilibrium between ER1 SNPs 
 χ2 p‐value D` LR (p value)
BstUI vs PvuII 5.97 0.051 1.00 0.0036 
BstUI vs XbaI 4.10 0.129 1.00 0.0261 
BstUI vs G2014A 3.66 0.161 0.34 0.1903 
PvuII vs XbaI 170.78 < 0.0001 0.95 < 0.0001 
PvuII vs G2014A 1.98 0.739 0.13 0.5435 
XbaI vs G2014A 4.24 0.375 0.30 0.2578 

*D` & LD Likelihood‐ratio (LR) tests were carried out using Linkage Disequilibrium Analyzer (LDA) software 

 

In the ER1 gene, weak linkage disequilibrium was observed between the G261C and 

the C/T SNP found in intron 1 (PvuII), where the latter was in strong LD with the nearby A/G 

SNP (XbaI). These three SNPs were not in LD with the G2014A SNP found in exon 8. When the 

G261C polymorphism was tested together with the ER1 haplotypes, shown in Table 3‐9, no 
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statistical significant difference was found in the distribution of haplotype frameworks 

between normal individuals and those with a low BMD (χ2 = 11.56;  p = 0.12; df = 7). No 

statistical significant difference was observed in the distribution of the constructed 

frameworks of the two intronic polymorphisms (PvuII & XbaI) and G2014A between affected 

and normal controls (χ2 = 9.82;  p = 0.20; df = 7). When comparing the frequency of 

individuals having 0, 1 or 2 copies of the C‐G framework between the same two groups did 

not reach statistical significance using the Fisher’s exact test (p=0.48). There were no 

individuals carrying two copies of this haplotype framework.  Polymorphisms studied within 

the ER1 gene do not seem to affect BMD in this group of postmenopausal women. 

 Odds ratios were calculated as described above for the VDR polymorphisms. No 

significant odds ratios were observed for any of the genotypes or alleles studied showing 

that ER1 SNPs were not of a risk for a low BMD phenotype (Table 3‐11).  

 

Table 3‐11 Odds Ratios for the ER1 Gene SNPs 

Polymorphism Genotypes Odds Ratio 95% Confidence Interval 
G261C GC vs GG 1.4 0.4 – 5.2 (p=0.599) 
PvuII CC & TC vs TT 1.3 0.5 – 3.4 (p=0.540) 

CT vs TT 1.2 0.5 – 3.4 (p=0.677) 
CC vs TT 1.5 0.5 – 4.3 (p=0.449) 

C vs T  1.2 0.7 – 2.0 (p=0.435) 
XbaI AG vs AA 0.8 0.3 – 2.4 (p=0.468) 

GG & GA vs AA 1.0 0.3 – 2.8 (p=0.970) 
GG vs AA 1.2 0.4 – 3.8 (p=0.703) 

G vs A  1.2 0.7 – 2.0 (p=0.468) 
G2014A GA vs GG 1.1 0.5 – 2.3 (p=0.883) 

*AA genotype for G2014A was excluded as only 3 individuals had this genotype 

 

TNFRSF11B (OPG) gene 

Two polymorphisms caused by transitions, an A163‐G and a T950‐C, in the promoter 

region of the TNFRSF11B gene together with a G1181‐C transversion in the first exon resulting 

in a substitution of the third amino acid, lysine to asparagine in the signal peptide were 

analysed in this group of postmenopausal women for any correlation with BMD and an 

increased risk of osteoporosis.  
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Table 3‐12. General Characteristics, Lumbar and Femoral BMD in Maltese Postmenopausal Women 

According to OPG A163‐G Polymorphism 

General Characteristics and Genotypes p-value 
 AA AG

N 92 24 ‐
% 78.6 20.5 ‐
Age (years)a, b 56.4 (7.5) 53.2 (5.3) 0.06 
BMI (Kg/m2)a 28.9 (4.0) 27.7 (4.3) 0.23 
BMD L2 – L4 (g/cm2)a 0.95 (0.19) 0.99 (0.21) 0.45 

Adjustedc 0.96 0.96 0.99 
BMD femoral (g/cm2)a 0.84 (0.13) 0.86 (0.14) 0.41 

Adjustedc 0.84 0.84 0.77 
Procollagen (ng/ml)a, b 96.4 (67.1) 99.2 (42.0) 0.52 
DpD (nmol/mmol creatinine)a 9.0 (3.3) 10.5 (3.2) 0.14 

a Values are means ±SD in parenthesis; p‐values obtained by independent sample t‐test or 
bMann‐Whitney t‐test for age and procollagen 
c values are adjusted for age, BMI, YSM; 95% CI given by univariate analysis (not shown) 

 

No influence of the A163‐G polymorphism within the TNFRSF11B gene on LS and FN 

BMD or bone turnover was observed in the group studied (Table 3‐12). For the T950‐C 

polymorphism in the promoter region of the TNFRSF11B gene, the highest BMD at all 

anatomical sites was observed in CC homozygotes. Differences between the three 

genotypes in LS and FN BMD were not detected with statistical significance when tested by 

ANOVA even after adjusting for age, BMI and YSM. Homozygotes CC were also observed to 

have the lowest overall bone turnover when compared to the other groups (Table 3‐13). 

Statistical significance was not reached when testing for genetic models (A) dominant (B) 

recessive allele (Table 3‐14), or when testing for an allele dose effect by linear regression 

(p>0.05).  

 

Table 3‐13. General Characteristics, Lumbar and Femoral BMD According to OPG T950‐C Polymorphism 

General Characteristics and Genotypes p-value 
 TT TC CC  TT vs TC TT vs CC TC vs CC 

N 24 71 29 ‐  
% 19.4 57.3 23.4 ‐  
Age (years)a, b 57.0 (8.7) 55.9 (6.7) 53.9 (6.8) 0.24 0.48 0.15 0.17
BMI (Kg/m2)a 28.5 (3.6) 28.7 (4.6) 28.6 (3.6) 0.99 0.88 0.93 0.94
BMD L2 – L4 (g/cm2)a 0.93 (0.14) 0.96 (0.21) 0.97 (0.19) 0.74 0.46 0.39 0.79

Adjustedc 0.94 0.96 0.96 0.85 0.54 0.78 0.86
BMD femoral (g/cm2)a 0.84 (0.13) 0.83 (0.14) 0.87 (0.15) 0.42 0.71 0.46 0.19

Adjustedc 0.85 0.83 0.86 0.60 0.59 0.90 0.37
Procollagen (ng/ml)a, b 115.7 (65.9) 95.7 (69.6) 81.4 (23.4) 0.16 0.12 0.06 0.66
DpD (nmol/mmol 
creatinine)a 

10.1 (3.6) 9.4 (3.3) 7.8 (2.6) 0.15 0.51 0.07 0.10

a Values are means ±SD in parenthesis; p‐values obtained by ANOVA or independent sample t‐test; 

bKruskal‐Wallis or Mann‐Whitney t‐test for age and procollagen 

c values are adjusted for age, BMI, YSM; 95% CI given by univariate analysis (not shown) 
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Table 3‐14. Effects of OPG alleles on BMD in Postmenopausal Women Assuming Genetic Models of a 

Dominant or Recessive Allele 

 Dominant Model* Recessive Model* 
OPG T950‐C Polymorphism TT TC & CC P* TT & TC CC P* 
N 24 98 ‐ 93 29 ‐ 
BMD L2 – L4 (g/cm2)a 0.93 (0.14) 0.96 (0.20) 0.47 0.95 (0.19) 0.97 (0.19) 0.64 

Adjustedb 0.94 0.96 0.59 0.96 0.95 0.98 
BMD femoral (g/cm2)a 0.84 (0.13) 0.84 (0.14) 1.00 0.83 (0.13) 0.87 (0.15) 0.20 

Adjustedb 0.85 0.84 0.72 0.84 0.86 0.41 
    

OPG G1181‐C Polymorphism GG GC & CC P* GG & GC CC P* 
N 29 82 ‐ 89 22 ‐ 
BMD L2 – L4 (g/cm2)a 0.94 (0.20) 0.96 (0.19) 0.76 0.96 (0.20) 0.92 (0.17) 0.40 

Adjustedb 0.96 0.95 0.98 0.97 0.91 0.17 
BMD femoral (g/cm2)a 0.83 (0.15) 0.85 (0.13) 0.49 0.85 (0.14) 0.82 (0.12) 0.40 

Adjustedb 0.83 0.84 0.73 0.85 0.81 0.13 
*Mean BMD compared between genotype groups assuming hypothesis (A) Dominant T or G alleles (B) Recessive T or G alleles; p‐

values obtained by unpaired independent sample t‐test (two‐tailed) 
a Values are means ±SD in parenthesis; 
b values are adjusted for age, BMI, YSM; 95% CI given by univariate analysis (not shown) 

 

 No statistical significance was observed when comparing BMD between the three 

genotypes for the G1181‐C polymorphism using ANOVA (Table 3‐15). When comparing GC 

and CC homozygotes, it was observed that the latter had a statistically significant lower 

bone resorption. No statistical significance was reached for genetic models of dominant and 

recessive alleles (Table 3‐14) or for allele dose effects at any anatomical site.  

 

Table 3‐15. General Characteristics, Lumbar and Femoral BMD in Maltese Postmenopausal Women 
According to OPG G1181‐C Polymorphism 

General Characteristics and Genotypes p-value 
 GG GC CC GG vs 

GC 
GG vs 

CC 
GC vs 

CC 
N 30 61 22  
% 26.5 54.0 19.5 ‐  
Age (years)a, b 56.8 (8.4) 56.0 (6.4) 53.1 (7.9) 0.15 0.67 0.12 0.06 
BMI (Kg/m2)a 28.8 (4.3) 28.9 (4.4) 28.1 (3.3) 0.76 0.92 0.55 0.47 
BMD L2 – L4 (g/cm2)a 0.94 (0.20) 0.97 (0.20) 0.92 (0.17) 0.60 0.57 0.69 0.33 

Adjustedc 0.96 0.97 0.91 0.35 0.69 0.21 0.16 
BMD femoral (g/cm2)a 0.83 (0.15) 0.86 (0.13) 0.82 (0.12) 0.43 0.34 0.86 0.25

Adjustedc 0.84 0.86 0.81 0.22 0.41 0.39 0.07
Procollagen (ng/ml)a, b 104.4 

(58.4) 
90.7 (33.9) 83.9 (19.7) 0.52 0.35 0.24 0.88 

DpD (nmol/mmol 
creatinine)a 

9.1 (3.2) 9.8 (3.5) 7.7 (1.9) 0.15 0.50 0.19 0.01 

a Values are means ±SD in parenthesis; p‐values obtained by ANOVA or independent sample t‐test; bKruskal‐Wallis or Mann‐Whitney 
t‐test for age and procollagen 

c values are adjusted for age, BMI, YSM; 95% CI given by univariate analysis (not shown) 
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The distribution of genotype frequencies between normal individuals (t‐score >‐1.0) 

and those having low BMD at the lumbar and/or femoral sites (t‐score <‐1.0) was analysed 

using a chi‐square test. A statistical significant difference was observed for the T950‐C 

polymorphism in the promoter region of the TNFRSF11B gene (χ2 = 9.68; p = 0.01, df = 2), 

where the TT genotype occurred more frequently in women with low BMD whereas the CC 

genotype was more prevalent in the normal group (Figure 3‐1). Genotype distribution for 

the G1181‐C polymorphism between normal individuals and those with low BMD did not 

reach significance (χ2 = 5.47; p = 0.07, df = 2), although GG homozygotes were 52% more 

frequent in the group with low BMD. There was no difference in the distribution of 

genotypes for the A163‐G polymorphism between normal individuals and those having a low 

BMD (χ2 = 1.47; p = 0.48, df = 2). 
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Figure 3‐1. Genotype Distributions between Normal Postmenopausal Women and Women with Low LS and/or 

FN BMD (% and 95% error bars are shown) 
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A significant odds ratio of 2.11 (95% CI: 1.26 – 3.55) was only obtained when 

assuming the T allele for the T950‐C polymorphism in the TNFRSF11B gene as a risk for low 

BMD. Genotype distribution for a nearby G1181‐C polymorphism between normal individuals 

and those with low BMD did not reach significance (χ2 = 5.47; p = 0.07, df = 2), although GG 

homozygotes were 52% more frequent in the group with low BMD. The odds ratio obtained 

when assuming the G as the risk allele was 1.56 (95% CI: 0.91 – 2.66). Table 3‐16 shows odds 

ratios obtained for all genotypes of polymorphisms studied within the TNFRSF11B gene. The 

highest odds ratio was that for the T950C polymorphism where TT homozygotes had an odds 

of 7.1 (p=0.002) for a low BMD phenotype when compared to CC homozygotes. 

 

Table 3‐16. Odds Ratios Calculated for Polymorphisms within the TNFRSF11B Gene 

Polymorphism Genotypes Odds Ratio 95% Confidence Interval 

A163G AA vs AG 1.1 0.4 – 2.8 (p=0.738) 

T950C TT & TC vs CC 2.5 1.1 – 5.8 (p=0.035) 

TC vs CC 1.8 1.1 – 4.4 (p=0.171) 

TT vs CC 7.1 2.2 – 22.5 (p=0.002) 

G1181C GG & GC vs CC 1.2 0.5 – 3.0 (p=0.741) 

GC vs CC 0.8 0.3 – 2.2 (p=0.715) 

GG vs CC 2.6 0.8 – 8.7 (p=0.110) 

*Genotypes in bold are those assumed as risk according to BMD 

 

When combining genotypes, the most common genotypes were AA/TC/GC (41.9%) 

and AA/TT/GG (17.1%) with the most frequent haplotype frameworks being A‐T‐G (44.6%) 

and A‐C‐C (40.4%). The A163‐G polymorphism was not in linkage disequilibrium (LD) with 

either the T950‐C (χ2=1.91; df=3; p=0.59; D`=0.37; LR: p=0.18) or the G1181‐C (χ2=0.41; df=3; 

p=0.94; D`=0.20; LR: p=0.54) polymorphisms. Strong LD was only observed between the 

T950‐C and G1181‐C polymorphisms (χ2=76.76; df=3; p < 0.001; D`=0.80; LR: p<0.001). 
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On comparing haplotype frameworks between normal individuals and those having a 

low LS and/or FN BMD, statistical significance was reached  (χ2 = 24.66; p < 0.001, df = 7) 

with the A‐T‐G framework being more frequent in those individuals with low BMD (51.7% vs 

34.1%). Conversely the A‐C‐C and G‐C‐G frameworks were more prevalent in normal 

individuals than in those with low BMD (Table 3‐17), perhaps indicative of a protective role. 

 

Table 3‐17. Haplotype Analysis in Affected and Non‐Affected Controls 
 

 

 

 

 

 
 
 

         Significance: χ2 = 24.66; p < 0.001, df = 7 
 

 
 

COL1A1, MTHFR and LRP5 genes 

 Both Sp1 and G‐1997T polymorphisms studied within the COL1A1 gene did not have 

any significant effect on LS and FN BMD when tested by ANOVA (Tables 3‐18; 3‐19). 

Statistical significance was not reached on tests for genetic models of a dominant or 

recessive allele or for an allele dose effect by linear regression (p >0.05).  

 

 

 

 

 Low BMD (n=59) Normal (n=44)

Haplotypes (%) (%) 

A‐T‐G 51.7 34.1 

A‐T‐C 0.0 1.5 

A‐C‐G 5.2 1.2

A‐C‐C 34.7 49.6 

G‐T‐G 0.0 0.8

G‐T‐C 5.1 2.3 

G‐C‐G 2.4 10.5

G‐C‐C 0.9 0.0 
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Table 3‐18. General Characteristics, Lumbar and Femoral BMD in Maltese Postmenopausal Women 

According to COL1A1 Sp1 Polymorphism 

General Characteristics and Genotypes p-value 
 GG GT TT GG vs 

GT 
GG vs 

TT 
GT vs 

TT 
N 51 57 14 0.75*  
% 41.8 46.7 11.5 ‐    
Age (years)a, b 55.9 (7.2) 55.7 (6.8) 55.3 (8.7) 0.87 0.73 0.63 0.74 
BMI (Kg/m2)a 28.3 (4.4) 28.7 (4.1) 29.5 (4.5) 0.62 0.60 0.36 0.52 
BMD L2 – L4 (g/cm2)a 0.97 (0.22) 0.96 (0.18) 0.90 (0.16) 0.55 0.85 0.32 0.28

Adjustedc 0.97 0.96 0.89 0.26 0.64 0.11 0.17
BMD femoral (g/cm2)a 0.86 (0.14) 0.83 (0.13) 0.85 (0.12) 0.50 0.25 0.85 0.56

Adjustedc 0.86 0.83 0.84 0.29 0.13 0.58 0.65 
Procollagen (ng/ml)a, b 88.4 (28.0) 93.5 (49.9) 141.8 

(100.4) 
0.38 0.74 0.29 0.14 

DpD (nmol/mmol 
creatinine)a 

9.1 (2.9) 9.1 (3.6) 10.2 (3.3) 0.69 0.96 0.37 0.46 

a Values are means ±SD in parenthesis; p‐values obtained by ANOVA or independent sample t‐test; 
bKruskal‐Wallis or Mann‐Whitney used for age and procollagen 
c values are adjusted for age, BMI, YSM; 95% CI given by univariate analysis (not shown) 
*p‐value obtained for Hardy‐Weinberg Equilibrium (chi‐square) 
 
 
 
 

Table 3‐19. General Characteristics, Lumbar and Femoral BMD in Maltese Postmenopausal Women 

According to COL1A1 ‐1997 G/T Polymorphism 

General Characteristics and Genotypes p-value 
 TT TG GG  TT vs 

TG 
TT vs 
GG 

TG vs 
GG 

N 10 43 70  0.36*    
% 8.1 35.0 56.9 ‐    
Age (years)a, b  57.3 (6.1) 55.6 (6.9) 55.5 (7.5) 0.50 0.27 0.25 0.88 
BMI (Kg/m2)a 27.3 (5.0) 28.9 (4.5) 28.4 (3.9) 0.60 0.38 0.47 0.55
BMD L2 – L4 (g/cm2)a 0.97 (0.16) 0.97 (0.22) 0.94 (0.18) 0.67 0.98 0.58 0.41
 Adjustedc 1.01 0.97 0.94  0.37 0.46 0.24 0.34 
BMD femoral (g/cm2)a 0.85 (0.15) 0.85 (0.14) 0.83 (0.13) 0.83 0.91 0.67 0.60 
 Adjustedc 0.88 0.85 0.83 0.43 0.41 0.24 0.49 
Procollagen (ng/ml)a, b 88.6 (26.8) 103.9 

(86.1) 
93.0 (45.4) 0.91 0.85 0.74 0.74 

DpD (nmol/mmol 
creatinine)a 

8.3 (2.2) 9.6 (3.4) 9.1 (3.3) 0.66 0.39 0.57 0.57

a Values are means ±SD in parenthesis; p‐values obtained by ANOVA or independent sample t‐test; 
bKruskal‐Wallis or Mann‐Whitney used for age and procollagen 
c values are adjusted for age, BMI, YSM; 95% CI given by univariate analysis (not shown) 
*p‐value obtained for Hardy‐Weinberg Equilibrium (chi‐square) 

  

 There was no difference in the distribution of genotype frequencies between normal 

postmenopausal women and those having a low BMD for both the Sp1 (χ2 = 1.28; p = 0.53; 

df = 2) and G‐1997T SNPs (χ2 = 1.01; p = 0.60; df = 2). 
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No significant association with BMD was found for any of the polymorphisms studied 

within the MTHFR and LRP5 genes when tested by ANOVA. Statistical significance was 

almost reached for the femoral neck BMD when testing for the dominant C allele (Table 3‐

20). No allele dose effect was observed at any anatomical site for the same allele (p >0.05). 

No statistical significant difference was observed in the distribution of MTHFR (χ2 = 0.78; 

p = 0.68; df = 2) and LRP5 genotypes (rs901823: χ2 = 2.78; p = 0.87; df = 2; rs546803: χ2 = 

0.77; p = 0.68; df = 2) between normal and women with low BMD when tested by chi‐square 

test. 

 

Table 3‐20. Effects of MTHFR alleles on BMD in Postmenopausal Women Assuming Genetic Models of a 
Dominant or Recessive Allele 

 Dominant Model* Recessive Model* 
C677T Polymorphism CC CT & TT P* CC & CT TT P* 
N 47 77 ‐ 110 14 ‐ 
BMD L2 – L4 (g/cm2)a 0.94 (0.22) 0.96 (0.17) 0.42 0.95 (0.20) 0.97 (0.12) 0.71 

Adjustedb 0.94 0.96 0.42 0.96 0.93 0.64 
BMD femoral (g/cm2)a 0.81 (0.14) 0.86 (0.13) 0.07 0.84 (0.14) 0.89 (0.13) 0.18 

Adjustedb 0.82 0.86 0.05 0.84 0.86 0.49 
*Mean BMD compared between genotype groups assuming hypothesis (A) Dominant C allele (B) Recessive C allele; p‐values 

obtained by unpaired independent sample t‐test (two‐tailed) 
a Values are means ±SD in parenthesis; 
b values are adjusted for age, BMI, YSM; 95% CI given by univariate analysis (not shown) 

 

The two polymorphisms studied in the COL1A1 gene were observed to be in strong 

linkage disequilibrium with each other (χ2=25.20; df=4; p < 0.001; D`=0.81; LR: p<0.001). As 

shown in Table 3‐21, there was no difference in the distribution of constructed haplotypes 

between normal individuals and those with a low BMD at the LS and/or FN. The two intronic 

polymorphisms studied in the LRP5 gene were also in strong LD with each other (χ2=95.57; 

df=4; p < 0.001; D`=0.92; LR: p<0.001). Statistical significance was reached for the 

distribution of the constructed frameworks between affected and normal individuals (Table 

3‐21). The A314G polymorphism in the LRP5 gene was absent in the Maltese population. 
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Table 3‐21. Haplotype Frameworks within the COL1A1 and LRP5 Genes in Normal and Affected Individuals  

Haplotypes Normal BMD
(%) 

Low BMD
(%) 

COL1A1 
T – G 25.6 21.0
G – G 42.1 40.6
T – T 1.5 2.2
G ‐ T 30.8 36.2

χ2 = 1.14;  p = 0.77; df = 3
LRP5 
T – T 59.2 62.7
T – C 3.7 0.0
C – T 13.5 11.9
C – C 23.4 25.4

χ2 = 5.46;  p = 0.14; df = 3

 

 

Odds Ratios for COL1A1, MTHFR and LRP5 Polymorphisms 

 Odds ratios were also calculated for all polymorphisms studied within the COL1A1, 

LRP5 and MTHFR genes. No significant ratios were observed for any of the genotypes 

showing that these do not increase the risk of the individual for a low BMD (Table 3‐22). 

Table 3‐22 Odds Ratios for COL1A1, LRP5 and MTHFR Genotypes 

Polymorphism Genotypes Odds Ratio 95% Confidence Interval 
COL1A1 Sp1 GT vs GG 1.5 0.7 – 3.3 (p=0.293) 

TT & GT vs GG 1.5 0.7 – 3.2 (p=0.258) 
TT vs GG 1.6 0.5 – 5.4 (p=0.456) 

T vs G  1.3 0.8 – 2.3 (p=0.309) 
COL1A1 G‐1997T GG & GT vs TT 1.9 0.5 – 7.3 (p=0.367) 

GT vs TT 1.7 0.4 – 7.1 (p=0.487) 
GG vs TT 2.0 0.5 – 8.1 (p=0.329) 

G vs T  1.3 0.7 – 2.4 (p=0.332) 
LRP5 (rs901823) CC & CT vs TT 0.9 0.4 – 2.0 (p=0.799) 

CT vs TT 0.8 0.4 – 1.9 (p=0.693) 
CC vs TT 1.1 0.3 – 3.6 (p=0.860) 

C vs T  1.0 0.6 – 1.7 (p=0.996) 
LRP5 (rs546803) CC & CT vs TT 0.8 0.4 – 1.6 (p=0.472) 

CT vs TT 0.7 0.3 – 1.6 (p=0.397) 
CC vs TT 1.0 0.3 – 4.0 (p=0.985) 

C vs T  0.9 0.5 – 1.6 (p=0.640) 
MTHFR C677T CC & TC vs TT 1.1 0.3 – 3.3 (p=0.889) 

TC vs TT 1.0 0.3 – 3.0 (p=0.914) 
CC vs TT 1.3 0.4 – 4.5 (p=0.650) 

C vs T  1.2 0.7 – 2.0 (p=0.491) 

*Genotypes in bold were assumed as risk genotypes according to BMD 
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3.2 Family Study 

Twenty seven individuals, 15 females and 12 males, from two families were included 

in the linkage analysis. The general characteristics of these families are shown in Table 3‐23. 

A full description about the families is found in Section 2.1.1. Osteoporosis was defined 

according to WHO criteria by using t‐scores (the number of standard deviation of observed 

BMD when compared to a young adult’s reference mean of the same ethnicity) with <‐2.5 as 

threshold.  

 

Table 3‐23. General Characteristics of Family Members 

Variable Affected (n = 18) Unaffected (n = 9)

Males/Females (n) 6 / 12 6 / 3 

Age (years) 48.6 ± 15.8 46.4 ± 16.9 

BMI (kg/m2) 25.7 ± 3.5 25.9 ± 4.8 

Weight (kg) 62.9 ± 11.4 68.0 ± 13.0 

Height (cm) 156.0 ± 8.7 162.5 ± 11.1 

Ionised Calcium (mmol/l) 1.28 ± 0.07 1.29 ± 0.02 

LS BMD (g/cm2) 0.795 ± 0.137 1.018 ± 0.187 

LS t‐score  ‐2.71 ± 1.18 ‐0.73 ± 1.66 

LS z‐score ‐1.76 ± 0.49 0.17 ± 1.10 

FN BMD (g/cm2) 0.746 ± 0.098 0.889 ± 0.149 

FN t‐score ‐1.68 ± 0.71 ‐0.53 ± 1.11 

FN z‐score ‐0.97 ± 0.67 0.28 ± 0.78 

Trochanter BMD (g/cm2) 0.624 ± 0.104 0.799 ± 0.141 

Ward’s Triangle BMD (g/cm2) 0.567 ± 0.092 0.707 ± 0.175 

Smokers/Non‐smokers (n) 3 / 15 3 / 6 

Fractures/No Fractures (n) 3 / 15 1 / 8 

*Low BMD phenotype defined by LS and/or FN z‐score of <‐1.0 
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3.2.1  Linkage Analysis 

Phenotype Definition 

 A total of five phenotype scenarios were analysed in this study. In scenario I, 

affected individuals for a low BMD phenotype (for chronological age) were defined by age‐ 

and sex‐adjusted z‐scores at LS and/or FN of less than ‐1.0. The affected status of a more 

severe phenotype was defined by z‐scores of less than ‐1.5, in scenario II. These z‐scores 

were calculated using reference data of BMD measurements obtained for age‐ and sex‐

matched normal individuals of the same ethnicity (Caucasian). 

 A discrete phenotype was defined by using the guidelines suggested by the 

International Society of Clinical Densitometry (Khan et al., 2004). Osteoporosis for post‐

menopausal women and men over fifty years of age was defined using a lumbar and/or 

femoral t‐score of less than ‐2.50 (WHO criteria). Definition of affected status for younger 

individuals was done by using z‐scores of less than ‐1.0 and that of less than ‐2.0 for a more 

severe phenotype, for scenarios III and IV respectively. 

 For scenario V, analysis was performed assuming affected individuals only those 

having femoral z‐scores of less than ‐1.0. 

 In all five scenarios, family members having a normal BMD measurement were 

assumed to have an unknown phenotype. This assumption takes into consideration the 

possibility that any apparently clinically unaffected individual might be actually affected, 

thus reducing the chance of obtaining false negative results. 

 

Analysis of Data 

Multipoint parametric and non‐parametric linkage analyses were performed using 

GENEHUNTER‐PLUS (Markianos et al., 2001) which is an improved version of GENEHUNTER 

(Kruglyak et al., 1996). GENEHUNTER v1.2 was used to calculate Zlr scores according to Kong 

and Cox (1997). Linkage analysis of markers on the X‐chromosome was performed using a 

specific application for this chromosome included with the GENEHUNTER package. The 
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analysis was performed using EasyLinkage v5.05 (http://www.uni‐

wuerzburg.de/nephrologie/molecular_genetics/molecular_genetics.htm) (Lindner and 

Hoffmann, 2005). PedCheck (O’Connell and Weeks, 1998) was used to check that 

inheritance of marker loci were according to Mendel’s laws. 

Parametric analysis was carried out using variable penetrances for both a dominant 

and recessive mode of inheritance. Penetrances used for the dominant model were 0.01 for 

the wild‐type homozygote, 0.90 for mutant heterozygote and 0.90 for mutant homozygote, 

respectively. The recessive model was defined by penetrances 0.01, 0.01, and 0.80 for the 

wild‐type homozygote, mutant heterozygote and mutant homozygote, respectively. A more 

complex model was also analysed using penetrances 0.01, 0.05, 0.30 for wild‐type 

homozygotes, mutant heterozygotes and mutant homozygotes, respectively. A parametric 

analysis assuming heterogeneity was computed using data from both families (HLOD). A co‐

dominant allele frequency algorithm was used for the analysis, as suggested in the 

EasyLinkage manual, for extended families. For all models, the disease allele frequency 

assumed was of 0.001, and phenocopy rate of 1%. This disease allele frequency is equivalent 

to a population prevalence of 0.2% assuming Hardy‐Weinberg equilibrium calculated using 

the following equation:  

2(1 – q) q + q2 

q = disease allele frequency. 

 Analysis was performed using other penetrance values for loci showing evidence of 

linkage in the initial whole‐genome scan. The exact genetic model was determined using 

GENEHUNTER‐MODSCORE v1.1 (Strauch et al, 2005), where MOD scores were calculated 

from simulations of different models and disease allele frequencies with and without 

imprinting. This analysis was suggested by Strauch et al (2003) for complex trait analysis and 

was done only for those regions showing suggestive linkage. The deCode genetic map was 

used throughout the study. 
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Candidate Gene Approach  

As described in Section 2.4, an initial scan using 39 STRs found in eight candidate 

regions where known genes are found was performed in the two families (refer to Table 2‐

3). Table 3‐24 shows highest LOD and NPL scores obtained when analysing both families 

together. Highest LOD, NPL and Zlr scores for the first four scenarios were observed to a 

region on chromosome 17 that is 79.28cM from pTer. No significant evidence of linkage was 

observed to any of the regions studied. 

 

 

Table 3‐24. Highest LOD & NPL Scores for each Scenario in Both Families 

Phenotype* CHR cM** LOD HLOD (α) NPL (p‐val) Zlr 

Scenario I  17 79.28 1.45 1.45 (0.99) 1.35 (0.0433) 2.62 

Scenario II  17 79.28 1.67 1.67 (0.00) 2.07 (0.0623) 2.49 

Scenario III  17 79.28 1.44 1.44 (0.99) 1.42 (0.0400) 2.66 

Scenario IV 17 79.28 0.59 0.59 (1.00) 0.75 (0.1440) 1.81 

Scenario V  18 65.74 ‐1.19 0.00 (0.00) 0.57 (0.2256) 1.01 

LOD scores shown are for the autosomal dominant model with 90% penetrance and 1% phenocopy rate 
*Scenarios were described in Phenotype definitions 
** deCode map position in cM  

 

Family 1 
No evidence of linkage was obtained to candidate loci 1p36, 11q12‐13, 12q13.1, 

18q22.1, 20p12 and Xq11.2‐q12 in this family. Table 3‐25 shows highest NPL, LOD and Zlr 

scores observed for this family, where the highest were observed to marker D17S1293 when 

the severe affected status was defined by z‐scores (scenario II). Marker D8S1128 obtained 

highest scores for all the other phenotypes.  
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Table 3‐25. Highest LOD and NPL Scores for Family 1 

Phenotype* Marker CHR cM** LOD NPL (p‐val) Zlr 

Scenario I  D8S1128 8 135.57 0.91 1.65 (0.0547) 2.63 

Scenario II  D17S1293 17 60.14 1.34 3.25 (0.0313) 2.13 

Scenario III  D8S1128 8 135.57 0.91 1.65 (0.0547) 2.63 

Scenario IV D8S1128 8 135.57 0.63 0.97 (0.1367) 1.72 

Scenario V  D8S1128 8 135.57 0.54 0.93 (0.1719) 1.25 

LOD scores shown are for the autosomal dominant model with 90% penetrance and 1% phenocopy rate 
*Scenarios were described in Phenotype definitions 
** deCode map position in cM  

 

Family 2 

Affected individuals with a low BMD phenotype were defined by z‐scores of <‐1.0, 

with individuals II‐5, III‐1 and III‐9 having a LS z‐score of <‐2.0 (Figure 3‐2). Individuals II‐3 

and II‐4 were normal when defined by z‐scores, but were osteoporotic according to WHO 

criteria having LS t‐scores of ‐2.66 and ‐2.88, respectively. As shown in Fig. 3‐2, individuals II‐

4, II‐5, III‐9, III‐10 and III‐11 were recombinants, where allele 1 for the D17S1865 was 

inherited identical by descent in all affected individuals. The same allele was observed in 

clinically unaffected individuals showing reduced penetrance possibly due to the influence 

of environmental and other factors such as a high BMI in individuals III‐6 and III‐7. 

 

Fig.3‐2.  Inheritance of STRs at locus 17q21.31 
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Table 3‐26.  LOD and NPL Scores for Family 2 

Phenotype* Marker CHR cM** LOD NPL (p‐val) Zlr 

Scenario I  D17S1865 17 79.28 1.46 1.18 (0.0295) 2.54 

Scenario II  D18S484 18 74.71 1.18 3.24 (0.0391) 2.25 

Scenario III  D17S1865 17 79.28 1.45 1.27 (0.0309) 2.61 

Scenario IV D17S1865 17 79.28 0.77 0.60 (0.0786) 1.89 

Scenario V  D17S1299 17 71.13 0.53 0.34 (0.0260) 1.61 

LOD scores shown are for the autosomal dominant model with 90% penetrance and 1% phenocopy rate 
*Scenarios were described in Phenotype definitions 
** deCode map position in cM  
 
 Table 3‐26, shows highest NPL, LOD and Zlr scores observed in Family 2. Marker 

D17S1865 showed the highest LOD and Zlr scores. The highest NPL was obtained for a 

marker on chromosome 18 for one of the phenotypes (scenario II). No significant evidence 

of linkage was observed to the chromosomal regions studied. 

 

Whole Genome Scan 

 A total of 403 STRs were initially analysed after the addition of three markers on 

chromosome 17 (D17S931, D17S1795, D17S1799). Parametric linkage analysis was 

performed as described above using variable penetrance for dominant and recessive 

models. A parametric analysis assuming heterogeneity was computed using data from both 

families (HLOD). Following the initial whole genome scan, fine mapping was performed by 

the addition of more markers at the indicated regions.  

 

Results for Both Families 

 From the initial genome scan in both families, evidence of linkage was observed to 

marker D11S1392, where the highest NPL score was of 5.77 (p=0.0006) and LOD/HLOD of 

2.55, for the dominant model with 90% penetrance and phenocopy rate of 1%. Fine 

mapping was performed by analysing four additional markers at this region (D11S4101, 

D11S935, D11S4102, and D11S1911) with average spacing of 1 to 1.5cM.  
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Following fine mapping, linkage was confirmed to marker D11S935 that is 52.94cM 

from 11p‐telomere. Table 3‐27 shows highest scores obtained for this marker using the 

dominant mode of inheritance with 90% penetrance and phenocopy 1%. Figure 3‐3 shows 

whole genome NPL plots for the four different phenotypes (at lumbar spine), where the 

locus on chromosome 11p12 showed consistent results with the phenotypes analysed.  

When calculating MOD scores for chromosome 11, the highest MOD was of 3.28 at 

the same region 52.94cM using the best calculated genetic model with penetrances 0.06 

wild‐type homozygotes (6% phenocopy rate), 0.97 for both heterozygotes and mutant 

homozygotes. The disease allele frequency calculated at this model was of 0.000006 with a 

calculated population prevalence of 0.001% assuming Hardy‐Weinberg equilibrium. A MOD 

score of 4.33 (info = 0.87) was obtained when assuming imprinting with a disease allele 

frequency of 1 X 10‐6. Estimated penetrances of wild‐type homozygote (f +/+) 0.00; paternal 

heterozygote (f m/+) 0.00; and 1.00 for both maternal heterozygote (f +/m) and mutant 

homozygotes (f m/m) show evidence of paternal imprinting at this locus. 

 

Table 3‐27 Analysis of Chromosome 11 for both Pedigrees using an Autosomal Dominant Model after Fine 
Mapping 

Phenotype*  

 LOD (cM) HLOD (α) NPL (p‐val) Zlr 

Scenario I 2.90 (52.94) 2.90 (1.00) 7.00 (0.0014) 3.01 

Scenario II 2.46 (52.94) 2.46 (1.00) 4.02 (0.0038) 2.90 

Scenario III 2.89 (52.94) 2.89 (1.00) 7.23 (0.0013) 3.04 

Scenario IV 3.35 (52.94) 3.35 (1.00) 6.90 (0.0002) 3.74 

Scenario V 2.59 (52.94) 2.59 (1.00) 5.37 (0.0020) 3.28 

LOD scores shown are for the autosomal dominant model with 90% penetrance and 1% phenocopy rate. 
1 For detailed description of phenotype refer to Materials and Methods (phenotype definition). 
2 deCode map position in brackets in cM 
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Figure 3‐3 A Whole Genome Total NPL Scores for both Families Following Fine Mapping in Scenarios I – IV 

(top to bottom) 
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 Similar results were obtained when analysing the same families assuming clinically 

unaffected individuals, whose BMD was measured by DEXA, as normal (according to WHO 

criteria) instead of having an unknown phenotype (as above) (Table 3‐28). The disadvantage 

of this assumption was that individuals that were normal according to BMD measurements 

at this time might still become affected within a few years. These individuals might also be 

carrying the causative mutation which would result in a false negative result if taken as 

normal.  

Table 3‐28 Analysis of Chromosome 11 in Both Families Assuming Unaffected Individuals as Normal  

Phenotype* LOD (cM) HLOD (α) NPL (p‐val) Zlr 

Scenario I  3.07 (52.94) 3.07 (1.00) 7.00 (0.0014) 3.01 

Scenario II  ‐0.19 (52.94) ‐0.00 (0.00) 4.02 (0.0038) 2.90 

Scenario III  2.97 (52.94) 2.97 (1.00) 7.23 (0.0013) 3.04 

Scenario IV 2.80 (52.94) 2.80 (1.00) 6.90 (0.0002) 3.74 

Scenario V  1.26 (50.64) 1.26 (1.00) 5.24 (0.0020) 3.28 

 

This locus was further analysed by varying the penetrance and phenocopy rates for 

the dominant mode of inheritance. Analyses were performed using phenocopies from 1% to 

20% and penetrance 0.7 – 0.5.  As shown in Table 3‐29, highest LOD/HLOD score (3.32) was 

observed at penetrance of 0.8 and 0.7 with a 5% phenocopy.  

Table 3‐29. Multipoint LOD/HLOD Scores on Chromosome 11 under an Autosomal Dominant Model 

with Variable Penetrance and Phenocopy 

  
 *The table above shows results for scenario I assuming unaffected individuals as normal 

 

Penetrance LOD/HLOD
Phenocopy = 1% 

LOD/HLOD
Phenocopy = 5% 

LOD/HLOD
Phenocopy = 10% 

LOD/HLOD
Phenocopy = 15% 

LOD/HLOD
Phenocopy = 20% 

0.9 3.07 3.25 3.05 2.78 2.47

0.8 3.10 3.32 3.11 2.82 2.44

0.7 3.12 3.32 3.08 2.73 2.23

0.6 3.14 3.30 2.99 2.54 1.80

0.5 3.17 3.25 2.84 2.17 1.07
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Figure 3‐4, shows the NPL plot obtained for chromosome 11, where the highest NPL 

of 7.23 was observed to marker D11S935. The inheritance patterns of STRs on chromosome 

11 for both families are shown in Figures 3‐5 and 3‐6. Inherited haplotypes can be observed 

in both individual families between markers D11S1392 and D11S935, with a number of 

recombination events. Allele 1 for marker D11S935 is found in both families and is inherited 

identical by descent (IBD). In Family 2 (Fig 3‐6) individual III:4 is a probable phenocopy, as he 

does not have the causative haplotype. 

 

 

Figure 3‐4. NPL Plot of Chromosome 11 for both Families 
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Figure 3‐5. Pedigree 1 showing inheritance of part of chromosome 11 

 
Affected individuals (black shaded) in generation II where defined according to WHO criteria (t‐score <‐2.5). In 
generation III affected status was defined by z‐score <‐1.0. Individuals II:3 and II:4 were not recruited, 
therefore affected status is unknown. DNA was not obtained from individual III:5. Inferred genotypes were 
generated by GENEHUNTER and are shown in brackets.  

 

 

Figure 3‐6. This figure shows pedigree 2 and inheritance of part of chromosome 11 
 

Affected individuals (black shaded) in generation II where defined according to WHO criteria (t‐score <‐2.5). In 
generation III affected status was defined by z‐score <‐1.0. Individuals II:3, II:7, III:3, III:12 and III:15 were not 
recruited, therefore affected status is unknown. Inferred genotypes were generated by GENEHUNTER and are 
shown in brackets. 
 

Two other interesting regions that showed consistent results in scenarios I – IV in the 

total results from both families, were those on chromosomes 6q23 and 5q34. NPL and LOD 
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scores of 4.86 (p=0.0098) and 1.04, respectively, with an HLOD 1.39 (α = 0.57) and Zlr 2.04, 

were observed at 136.59cM on chromosome 6. These results were observed for the 

dominant mode of inheritance with 90% penetrance. A MOD score of 1.57 was observed at 

this region on chromosome 6, at approximately 134.41cM. These results were obtained at 

very low penetrances of 0.00 for wild‐type homozygotes, 0.03 heterozygotes and 0.07 

homozygous mutant. The disease allele frequency was of 0.002 with population prevalence 

of 0.39%. No evidence of imprinting was observed at this locus. 

 A NPL of 5.21 (p=0.0023), Zlr 2.69 and LOD/HLOD of 2.79 (α = 1.00) were observed to 

marker D5S1960 that is 184.79cM on the deCode genetic map. The LOD of 2.79 was 

obtained for the recessive mode of inheritance with 80% penetrance and phenocopy rate of 

1%.  

The calculated MOD score for this region was of 1.72 with a disease allele frequency of 

0.008 and population prevalence of 1.6%. The best penetrances obtained by GENEHUNTER‐

MOD from a total of 127 models were f +/+ = 0.06 (6% phenocopy), f het = 0.11 and f m/m = 

0.94. No evidence of imprinting was observed at this region on chromosome 5. 

 

Contributions of Individual Families 

Table 3‐30 Analysis of chromosome 11 for Families 1 & 2 after fine mapping 

Phenotype1 Family 1 Family 2  

 LOD (cM)2 NPL (p‐val) Zlr LOD (cM)2 NPL (p‐val) Zlr 

Scenario I 1.92 (54.35) 6.26 (0.0078) 2.84 1.04 (52.48) 4.42 (0.0098) 2.41 

Scenario II 1.35 (55.77) 3.10 (0.0313) 2.12 1.18 (52.94) 3.06 (0.0625) 2.11 

Scenario III 1.92 (54.35) 6.26 (0.0078) 2.84 1.04 (51.56) 4.74 (0.0117) 2.27 

Scenario IV 1.64 (54.35) 4.41 (0.0156) 2.58 1.77 (52.94) 5.85 (0.0156) 2.75 

Scenario V 0.86 (48.21) 1.94 (0.1250) 1.63 1.75 (50.64) 5.83 (0.0156) 2.88 

LOD scores shown are for the autosomal dominant model with 90% penetrance and 1% phenocopy rate. 
1 For detailed description of phenotype refer to Materials and Methods (phenotype definition) 
2 deCode map position in brackets in cM 
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 Parametric and non‐parametric linkage analysis was performed on each individual 

family. Table 3‐30 shows the contribution of each family to the over all NPL and LOD scores 

observed for the region on chromosome 11p12. 

Family 1 

 NPL and LOD scores of 7.17 (p=0.0005) and 2.78, respectively, were observed for 

marker D5S1960 that is at 184.79cM on chromosome 5, which were higher than those 

observed at the region on chromosome 11. Fine mapping was performed by adding four 

additional markers (D5S2075, D5S625, D5S2111, D5S211) at this region. Following fine 

mapping, highest NPL was 7.33 (p=0.0005), Zlr 3.84 and LOD 2.79 to marker D5S1960 for the 

recessive mode of inheritance with 80% penetrance (Fig 3‐7 – 3‐8). The analysis was also 

performed using variable penetrance and a phenocopy rate of 5%, where the LOD to marker 

D5S1960 went down to 0.21.  

 
Figure 3‐7 Fine Mapping NPL Plot on Chromosome 5 

 
 

 
Figure 3‐8. Parametric LOD score for the Recessive Mode of Inheritance of Chromosome 5 
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 Another interesting region in this family was observed on chromosome 6. A NPL of 

7.15 (p=0.0078), Zlr 3.10 and parametric LOD of 1.91 for the dominant model with 90% 

penetrance, were observed to marker D6S1009 (Figure 3‐9). A MOD score of 1.72 was 

obtained for this region (disease allele freq. = 0.002; f +/+ = 0.00; f het = 0.03; f m/m = 0.07). 

This MOD score did not increase when assuming imprinting (MOD = 1.33). 

 
Figure 3‐9. NPL observed on Chromosome 6 in Family 1 

Family 2 

 When analysing family 2, LOD and NPL scores of 2.09 and 4.86 (p=0.0156), 

respectively, and Zlr 2.76 were observed to a marker at 23.01cM (D5S807) on chromosome 

5, for the dominant mode of inheritance with 90% penetrance (Figure 3‐10). No evidence of 

linkage was observed to other chromosomal regions in this family. MOD scores were 

calculated for this region a MOD score of 1.96 was obtained for this region when assuming 

imprinting (disease allele freq = 0.008; f +/+ = 0.00; f m/+ = 0.00; f +/m = 1.00; f m/m = 1.00) 

showing probable paternal imprinting. 

  

Figure 3‐10. NPL Score of Family 2 on Chromosome 5 
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3.3 Sequencing Results 

3.3.1 Selection of Candidate Genes 

The two loci indicated by both parametric and non‐parametric linkage analyses on 

chromosomes 11p12 and 5q34 were scanned for candidate genes already known. These two 

regions had the highest LOD and NPL scores. Candidate genes within the linkage interval 

were selected with prior knowledge of physiology using the NCBI map viewer 

(http://www.ncbi.nlm.nih.gov/mapview/) Homo sapiens build 36. The online application 

GeneSeeker v2.0 (http://www.cmbi.kun.nl/GeneSeeker) was also used.  

The whole area from 49 to 55cM on chromosome 11 (deCode genetic map) was 

searched for possible genes that might be involved in the disease. As shown in Table 3‐31, 

more than twenty genes and hypothetical proteins are found in this region, with the best 

candidate being the tumour necrosis factor receptor‐associated factor 6 (TRAF6) gene [MIM 

602355].  

Table 3‐31 List of genes found on chromosome 11p12 from 49 to 55cM 

LIM domain only 2 (rhombotin‐like 1) 

GPI‐anchored membrane protein 1  

N‐acetyltransferase 10  

Ankyrin repeat and BTB (POZ) domain containing 2 34417054  

Catalase  

E74‐like factor 5 (ets domain transcription factor)  

Ets homologous factor  

APAF1 interacting protein  

Pyruvate dehydrogenase complex, component X  

CD44 molecule (Indian blood group)  

Solute carrier family 1 (glial high affinity glutamate transporter) 

Regeneration associated muscle protease  

Four jointed box 1 (Drosophila)  

Tripartite motif‐containing 44 

Similar to Keratin, type I cytoskeletal 18 (Cytokeratin‐18) (CK‐18) (Keratin‐18) (K18)  

Low density lipoprotein receptor class A domain containing 3  

COMM domain containing 9  

TNF receptor‐associated factor 6  

Recombination activating gene 1  

Recombination activating gene 2  
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There are more than 50 known genes within the whole area from 179 to 195cM on 

chromosome 5q34 (Table 3‐32). The fibroblast growth factor 18 (FGF18) [MIM 603726] gene 

was the best candidate on chromosome 5q34 closest to the indicated markers. The coding 

regions together with intron/exon boundaries were sequenced as described in Section 2.5.  

Table 3‐32 Genes found from 179 to 195cM on chromosome 5q34 

dedicator of cytokinesis 2 

forkhead box I1 

similar to Keratin, type I cytoskeletal 18 (Cytokeratin‐18) (CK‐18) (Keratin‐18) (K18) 

lymphocyte cytosolic protein 2 (SH2 domain containing leukocyte protein of 76kDa) 

Kv channel interacting protein 1 

potassium large conductance calcium‐activated channel, subfamily M, beta member 1 

gamma‐aminobutyric acid (GABA) A receptor, pi 

RAN binding protein 17 

ubiquitin specific peptidase 12 pseudogene 1 

T‐cell leukemia homeobox 3 

similar to ribosomal protein L19 

similar to 60S ribosomal protein L10 (QM protein) (Tumor suppressor QM) (Laminin receptor homolog) 

nucleophosmin (nucleolar phosphoprotein B23, numatrin) 

fibroblast growth factor 18 

F‐box and WD‐40 domain protein 11 

serine/threonine kinase 10 

dendritic cell‐derived ubiquitin‐like protein 

FLJ40453 protein 

SH3 and PX domains 2B 

similar to neuralized‐like 

dual specificity phosphatase 1 

endoplasmic reticulum‐golgi intermediate compartment (ERGIC) 1 

ribosomal protein L26‐like 1 

inorganic pyrophosphatase pseudogene 

ATPase, H+ transporting, lysosomal 9kDa, V0 subunit e 

small nucleolar RNA, H/ACA box 74B 

adult retina protein 

BCL2/adenovirus E1B 19kDa interacting protein 1 

similar to 60S ribosomal protein L7a 

NK2 transcription factor related, locus 5 (Drosophila) 

stanniocalcin 2 

family with sequence similarity 44, member B 

cytoplasmic polyadenylation element binding protein 4 

HMP19 protein 
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glyceraldehyde‐3‐phosphate dehydrogenase‐like 16

msh homeobox homolog 2 (Drosophila) 

FLJ16171 protein 

similar to MKI67 (FHA domain) interacting nucleolar phosphoprotein 

dopamine receptor D1 

sideroflexin 1 

histamine receptor H2 

 

3.3.2 TRAF6 Gene 

After performing direct sequencing of the promoter region and all eight exons of the 

TRAF6 gene three sequence variants were identified when compared to reference 

sequences on the NCBI and Ensembl databases. An A to T transversion was identified at 

position ‐721 (5` upstream) of the transcriptional start site (Figure 3‐11), when compared to 

TRAF6 reference sequence (AY228337). This variant has not yet been described. 

  

Figure 3 – 11. Electropherograms of Normal control (left) and Heterozygous Osteoporotic Patient (showing 

HindIII restriction site underlined with red arrow indicating cut site) 

 

 

Using NEB cutter (http://www.neb.com), an RFLP experiment was designed to detect 

this variant by using the restriction enzyme HindIII, which is able to cut the 331bp fragment 

(Section 2.5.3, Table 2‐8 Promoter fragment 1) into 256bp and 75bp in the presence of the T 

allele (Figure 3‐11 and 3‐12). 
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Fig 3‐12. RFLP Analysis of TRAF6 Promoter Variant (2% agarose gel) 

All family members were analysed by RFLP and confirmation done by direct 

sequencing. Genotyping was performed as described in Section 2.4.2, in 82 unrelated 

postmenopausal women where only three heterozygotes were observed in this group. A 

random sample of 175 newborn was genotyped to determine the frequency of this variant 

in the general population (350 chromosomes). When screening the general population, only 

two alleles with this variant were observed (0.57%) having a population frequency of 1.1%. 

 From sequencing analysis of TRAF6, an already known (rs3830511) 

insertion/deletion of a T was identified in intron 4 (between exons 4 and 5), sixteen base 

pairs 5`upstream of the intron/exon boundary (Figure 3‐13). When compared with the 

reference sequence from ENSEMBL (ENST00000313105), a deletion of a T was observed in 

the polyT region close to the intron/exon boundary.  

 

       

Figure 3‐13 Reverse Sequencing of the Intron/Exon Boundary at the 5`of Exon5. The sequence at the right 

shows a heterozygote for this variant 

 

   Another variant indentified was a transition from G to A found in intron 6 between 

exons 6 and 7, 110 bp upstream of the intron/exon boundary. An RFLP experiment was 
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designed using restriction enzyme PvuII that cuts in the presence of the G allele (Figure 3‐

14). 

 

 

Figure 3‐14. RFLP Analysis of G/A Transition in TRAF6 (PvuII) 

 

Genotyping was performed in 83 unrelated postmenopausal women where 

genotype frequencies observed were 72.3% GG, 26.5% GA and 1.2% AA. These frequencies 

were in Hardy Weinberg’s equilibrium (χ2 = 0.43; p = 0.51; df = 1).  

Table 3‐33. TRAF6 Gene Variants in Family Members 

Family 1  
Participant Affected/Not affected A/T Promoter SNP T insertion 

/deletion 
(rs3830511) 

G/A (IVS6)*** 

II : 11 Affected AT T homozygote GG 
II : 2 Affected AA T homozygote GG 
II : 5 Affected AA T homozygote GG 
II : 6 Affected AT T homozygote GG 
II : 7 Affected AA T homozygote GG 
II : 8 Affected AT T homozygote GG 
III : 1 Affected AA T homozygote GG 
III : 2 Affected AA T heterozygote GA 
III : 3 Affected AA T homozygote GG 
Family 2  
II : 12 Affected AA T homozygote GG 
II : 2 Not Affected AA T homozygote GG 
II : 4 Affected AA T homozygote GG 
II : 5 Affected AA T homozygote GG 
II : 6 Affected AA T homozygote GA 
II : 9 Not Affected AA T heterozygote GA 
III : 1 Affected AA T heterozygote GA 
III : 4 Affected AA ND ND 
III : 5 Not Affected AA T homozygote GG 
III : 7 Not Affected AA T homozygote GG 
III : 8 Not Affected AA T homozygote GG 
III : 9 Affected AA T homozygote GG 
III : 10 Affected AA T homozygote GG 
III : 11 Affected AA T homozygote GG 
III : 13 Affected AA T homozygote GG 
III : 14 Affected AA T homozygote GG 

 *ND – Not determined because of PCR failure 
 ** Individuals are numbered as in Figures 2‐1 & 2‐2 
 ***IVS = intervening sequence (intron) 
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 Table 3‐33 shows TRAF6 variants as were found in members of the two families 

studied while Figure 3‐15 shows the positions of the three variants in the TRAF6 gene. Only 

three affected members from Family 1 were heterozygous for the A/T transversion found in 

the promoter region. Individual III:2 from the same family was heterozygous for the other 

two variants found in introns 4 and 6. In Family 2 the variant in the promoter region was not 

identified in any family member and only three individuals were observed to be 

heterozygous for the G/A polymorphism within intron 6, two of whom were also 

heterozygous for the insertion/deletion in intron 4. 

 

Figure 3‐15. Structure of TRAF6 gene including positions of identified variants 

 

 No other sequence variants were identified in the coding regions of the TRAF6 gene 

on chromosome 11p12. 

 

3.3.3  FGF18 Gene 

From direct sequencing of all coding regions of the FGF18 gene (ENST00000274625), 

only one sequence variant was identified. This variant was found in exon 5 and only one 

heterozygous individual was identified from the normal controls (Figure 3‐16). This G to A 

transition results in a codon change from CCG to CCA but does not result in an amino acid 
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change (proline: a.acid 183) (ENSP00000274625). This variant was confirmed by both 

forward and reverse sequencing. 

  

Figure 3‐16. Sequence variant in the FGF18 Gene (Heterozygous sequence on the right) 

 

3.4 Functional Study Results 

 The three constructs of the TRAF6 gene promoter were inserted into the pGL3 

enhancer vector as shown in Figure 3‐17. Two fragments of each construct were generated 

one containing the A allele at position ‐721 and the other with the mutated T allele. Each 

construct (6 in all) was transfected into HeLa and RAW 264.7 cell lines and luciferase activity 

was measured as described in Section 2.6. 

 

Figure 3‐17. TRAF6 Promoter Constructs in pGL3 Vector 

*The black arrow lines represent the inserted fragments of the TRAF6 gene promoter down to +22 of the 5` 
untranslated region. 
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 From the results obtained after measuring luciferase activity in both cell lines, it was 

evident that gene expression was affected by the ‐721 variant found in the TRAF6 gene 

promoter. Figure 3‐18 shows firefly to renilla luciferases ratio fold increase on empty vector, 

obtained from HeLa cells and RAW 264.7 with and without the addition of RANKL. 

 
Figure 3‐18. Luc/Renilla ratio Fold Increase on Empty pGL3 vector 

*Individual contructs are labelled as 1 – 3 and refer to constructs shown in Figure 3‐17.  
**WT constructs refer to the wild type A allele while MT constructs refer to the mutated T allele. 
 

 
 
 When comparing the three wild‐type constructs for HeLa cells and RAW 264.7 

without RANKL, it was observed that there was a decreased expression of luciferase with 

the increasing length of the construct (as low as 2.4 – 4.7‐fold decrease between construct 1 

and 3). Using a t‐test, statistical significance was reached for the difference in expression 

between the wild‐type constructs 1 and 3 in both HeLa and RAW 264.7 cell lines (HeLa: p = 

0.0036; RAW 264.7: p= 0.0072) which remained significant even after Bonferroni correction 

(HeLa: p = 0.0216; RAW 264.7: p = 0.0435). These observations were different for RAW 

264.7 stimulated with 75 ng/ml of RANKL, where no difference in gene expression was 

observed between constructs 2 and 3 for the wild‐type allele. When stimulated with RANKL 
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the only difference in wild‐type alleles expression was between construct 1 and 2, where 

the expression in construct 1 was twice that of construct 2.  

 

When comparing wild‐type with mutant alleles for each construct, a statistically 

significant decrease in activity was observed for construct 1 in all cell lines (p < 0.05). The 

decrease in activity was even more enhanced (18‐fold) in murine macrophages after the 

addition of RANKL. Contrasting this, a marked increase in expression was observed between 

wild‐type and mutated constructs 2 and 3, where the highest significant difference was 

observed between normal and mutated alleles (almost 3 fold increase) of construct 3 in 

RAW 264.7 cells stimulated only with M‐CSF (p = 0.0029).  

 
 
 Ratios of mutated to wild‐type luciferase activity were calculated and their fold 

increase in gene expression shown in Figure 3‐19. Expression of the mutated allele of 

construct 1 was observed to be as low as 5% that of the normal allele when RAW 264.7 cells 

were stimulated by both m‐CSF and RANKL. Expression was twice as much that of the 

normal allele for construct 2 after stimulation with RANKL. In both HeLa cells and RAW 

264.7 cells without RANKL a less pronounced but similar trend in decreased activity was 

observed for construct 1 while increased activity in the promoter was observed for both 

mutated alleles of constructs 2 and 3.  

 
Figure 3‐19. Luciferase Activity Ratio of Mt/WT Alleles 

 
*Individual contructs are labelled as 1 – 3 and refer to constructs shown in Figure 3‐17.  
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3.4.1 TRAF6 Gene Promoter Analysis 

 The whole sequence of the TRAF6 gene promoter used in the previous analysis was 

further analysed for possible transcriptional factors` binding sites. The online software 

MatInspector 7.4.8 (http://www.genomatix.de) and Transplorer v1.4 (BIOBASE GmbH) were 

used for the analysis. Both normal and mutated sequences were used and analysis was 

performed using a vertebrate matrix. 

 When comparing normal and mutated alleles it was observed that position ‐721 

might be a potential binding site for nuclear factor Y (NF‐Y), a CCAAT binding factor, that 

binds to the wild‐type allele but not to the mutated one (Figure 3‐20). 

 

 
Figure 3‐20. Possible Transcriptional Factor Binding Site with NF‐Y consensus sequence highlighted 

 

 

Other interesting consensus sequences found further upstream in the promoter 

region were those for regulatory factor X (RFX1), krueppel‐like factor (KLF3), several GATA 

binding sites as well as a Smad4 binding site. All these consensus sequencies had core 

similarities of > 0.90 and matrix similarity of 1.0, when analysed with MatInspector. Core 

similarities refer to the highest consecutive conserved positions while matrix similarity 

refers to the exact match to highly conserved positions. 
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Figure 3‐21. Binding Sites of Transcriptional Factors in the TRAF6 Promoter Region 

 
*The top diagram shows the promoter region with coloured regions referring to constructs 1 ‐ 3 used in the 
experiment. This diagram only shows a few important hypothetical binding sites from detection of consensus 
sequences. 
**The bottom diagram shows all identified consensus sequences by MatInspector application. 
 

3.5  Osteoclast stimulation and RNA analysis 

 Murine RAW 264.7 cells were stimulated by m‐CSF and RANKL for a maximum of 8 

days during which they differentiated into osteoclasts. RNA analysis was carried out after 

lysing the cells every two days and specific genes were amplified by real‐time PCR as 

described in Section 2.7.  

Figure 3‐22 shows the cells before and after stimulation as seen under the light 

microscope in culture while Figure 3‐23 shows differentiated osteoclasts as seen after being 

fixed and stained on a microscope slide (Refer to Appendix).  
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Figure 3‐22. RAW 264.7 Cells in Culture Before and After Stimulation with RANKL 

 
 
 

  
Figure 3‐23. Mature Osteoclasts after 8 Days Stimulation with RANKL 

 
*The above photos showing clearly multi‐nucleated osteoclast (X100 oil immersion) after 8 days 

stimulation with 10ng/ml M‐CSF & 50ng/ml RANKL (Wright’s stain) 
 
 

 Differentiation into osteoclasts was confirmed by real‐time PCR, where osteoclast‐

specific genes such as that coding for tartrate‐resistant acid phosphatase (TRAP) were 

detected as early as the first two days following RANKL stimulation. Microscopically multi‐

nucleated osteoclasts were observed from day 6 onwards. As shown in Figures 3‐24 and 3‐

25, TRAF6 and interferon gamma receptor 1 (IFNGR1) were not detected until the sixth day 

of stimulation while all the other genes were expressed on the second day. Amplified 

products by real‐time PCR were double checked by agarose gel electrophoresis. The 

detection of TRAP supports the fact that osteoclast differentiation was successful. 
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Figure 3‐24. Reverse Transcriptase PCR of Osteoclast Expressed Genes 

* 2% agarose gel electrophoresis of amplified products by real‐time PCR 
 
 

 
Figure 3‐25. Real‐Time PCR of osteoclast specific genes 

 
*Real‐time PCR amplification. (A) Amplification plot of TRAP using a specific probe; (B) Amplification of other 
genes after 2 days showing negative amplification of TRAF6 & IFNGR1, confirmed by table labelled “Day 2”; (C) 
Amplification of all expressed genes after eight days confirmed by table labelled “Day 8”.  
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4.1 Association study 

The search for genes responsible for disorders, such as osteoporosis, has always 

been a challenge for geneticists, especially because of their complex and multifactorial 

nature. Physiologically these diseases are caused by an inter‐relationship of the person’s 

genetic makeup and the cumulative effects of the various environmental factors 

encountered throughout the individual’s lifetime (Ruse and Parker, 2001).  

In this study, an association and linkage approach were used to try to identify 

genetic variants that might be responsible for an increased susceptibility to osteoporosis. 

The group of postmenopausal women that participated in the association study was 

randomly selected from new subjects referred to the Bone Density Unit only for a risk 

evaluation. Strict exclusion criteria were applied to avoid any influences of medications 

and/or other diseases on BMD that could lead to misleading results. For this reason, 36% of 

the recruited individuals were not used for the analysis.  Recruitment from clinics may 

introduce a selection bias into the sample although in this case only 24.2% of the individuals 

were osteoporotic at the lumbar spine, which is less than the estimated worldwide 

frequency of osteoporosis for postmenopausal women (30%) (Kanis et al., 1994). The 

control group was age‐matched and selected from the same recruitment of postmenopausal 

women according to lumbar and/or femoral z‐scores. Genotype frequencies observed for all 

SNPs were in Hardy‐Weinberg equilibrium in the whole cohort and controls (with an 

exception for the BsmI SNP in controls). Conformance with Hardy‐Weinberg equilibrium 

shows that there were no influences of migration or genetic drift in this population and less 

chance of selection bias (Salanti et al., 2005). 

No significant association with LS or FN BMD as a quantitative trait was observed for 

any of the polymorphisms studied in this cohort of postmenopausal women, even after 

adjustment for confounding factors such as age, BMI and years since menopause. For the 

FokI polymorphism in the VDR gene, the lowest BMD at both anatomical sites was observed 

for TT homozygotes, with CC homozygotes having the highest BMD. Although not 

significant, this trend was similar to that observed in other studies (Falchetti et al., 2007; 

MacDonald et al., 2006; Zajickova et al., 2002). Genotype frequencies for the FokI SNP in the 
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Maltese population were different from those observed in most European populations such 

as Italians, British and Dutch among others (Gennari et al., 1999; MacDonald et al., 2006; 

Uitterlinden et al., 2006), but were similar to those observed in Greeks (Efstathiadou et al., 

2001), African‐Americans (Zmuda et al., 1999) and black American women (Harris et al., 

1997). Conversely, genotype frequencies for the BsmI, ApaI and TaqI polymorphisms were 

similar to those observed in British and other Europeans (MacDonald et al., 2006; 

Uitterlinden et al., 2006). 

The FokI polymorphism was not in linkage disequilibrium (LD) with the other three 

polymorphisms (BsmI‐ApaI‐TaqI) at the 3’end of the gene, while the latter were in strong LD 

with each other. No statistically significant difference was observed in the distribution of 

haplotype frameworks constructed from genotypes of these three SNPs between the 

normal individuals and those with a low BMD, and individual polymorphisms were not 

found to affect BMD at any anatomical site. These results agree with those of a study in the 

British population where the most common haplotypes were the BAt, bAT and baT, but no 

association was found with BMD (MacDonald et al., 2006). No association was found 

between these three SNPs and the FokI polymorphism with BMD or fracture risk in a recent 

large scale association study carried out across a number of European populations 

(Uitterlinden et al., 2006). Although findings from this large study do not agree with those 

previously observed in the Dutch population (Fang et al., 2005), association with fractures 

was observed in the Dutch cohort as a sub‐group of the GENOMOS consortium.  The meta‐

analysis had very strong statistical power and strength even when compared to other meta‐

analyses performed on published data (Thakkinstian et al., 2004). Primarily, the European 

study was performed on a large number of individuals with importance given to 

standardisation and validation of methodologies across the different participants of the 

consortium. Since the study was not based on a collection of published literature, it was 

therefore not influenced by publication bias.  

Although all SNPs studied in other genes did not have any significant effects on BMD, 

similar trends to other published studies were observed for SNPs within the ER1, TNFRSF11B 

and COL1A1 genes.  When studying the ER1 gene, PvuII and XbaI genotype frequencies were 

similar to those observed in other Caucasian populations and were in strong LD with each 
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other (Albagha et al., 2005; Bagger et al., 2000; Ioannidis et al., 2004). Although genotype 

frequencies of the PvuII SNP in the Maltese population agree with those in the Japanese, 

differences were observed for frequencies of the XbaI SNP (Kobayashi et al., 2002). A 

significant association of the px haplotype in the ER1 gene, was reported with both lumbar 

and femoral BMD and with annual rate of bone loss (Albagha et al., 2005). The px haplotype 

was in linkage disequilibrium with the short alleles (<18 repeats) of the TA repeat 

polymorphism found further upstream in the ER1 gene. Similar findings were reported by 

another independent study, where the px haplotype was significantly associated with a 

decreased lumbar spine BMD and increased fracture risk also showing an allele dose effect 

(van Meurs et al., 2003).  

No significant association was found between any of the TNFRSF11B gene 

polymorphisms and BMD in this cohort of Maltese postmenopausal women. The highest 

BMD for the T950C SNP at all anatomical sites was observed in CC homozygotes and the 

lowest in TT. Although not statistically significant, this trend agrees with what was observed 

in Danish (Langdahl et al., 2002), Slovenian (Arko et al., 2002) and Swedish women 

(Brandstrom et al., 2003), but was not concordant with the Japanese (Yamada et al., 2003).  

Genotype frequencies for this variant were similar to those observed in other Caucasian 

populations (Langdahl et al., 2002; Arko et al., 2002; Wynne et al., 2002) but differed from 

those observed in Japanese women (Yamada et al., 2003). Results for the G1181C variant 

agrees with those reported in the Irish and Japanese populations where the C allele was 

associated with the lowest BMD (Wynne et al., 2002; Yamada et al., 2003) and contrast 

those observed by other investigators (Langdahl et al., 2002; Arko et al., 2005). The A163G 

SNP found further upstream in the promoter region does not seem to have any significant 

effect on BMD, therefore not in agreement with what was reported in the Danish 

population where this polymorphism was strongly associated with an increased risk of 

osteoporosis and fractures (Langdahl et al., 2002; Jorgensen et al., 2004). As in the Danish 

population, the frequency of this variant in the Maltese population was very low.  

A significant difference was observed in the distribution of genotypes between 

normal women and those with a low BMD, for the T950C SNP. The TT genotype was found 

more frequently in the affected group. Also for the polymorphism in the first exon of the 
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gene (G1181C), the GG genotype was found more frequently in the group of 

osteopenic/osteoporotic women, although this was not statistically significant. Similar 

observations were reported in the Danish population where the G allele was found to be 

significantly more common in osteoporotic patients (Langdahl et al., 2002). The lack of 

significant association of any of these SNPs with BMD in Maltese postmenopausal women 

might be partly due to the age of the population study (mean age 55.6 years) which is 

relatively young when compared to that of other studied populations with mean age 

ranging from 60 to 73 years (Langdahl et al., 2002; Arko et al., 2002; Wynne et al., 2002; 

Brandstrom et al., 2003; Ohmori et al., 2002). At this relatively younger mean age, it might 

be too early to observe any significant bone loss as a result of increased osteoclast activity 

influenced by TNFRSF11B gene variants. Significant odds ratios were also observed for the 

T950C and G1181C polymorphisms, when comparing genotypes in affected and normal 

postmenopausal women. The highest odds was that of 7.1 (95% CI: 2.2 – 22.5) for the TT 

genotype when compared to CC. The A‐T‐G haplotype was also significantly associated with 

an increased risk for a low BMD while the A‐C‐C haplotype was shown to have a protective 

role.  

Genotype frequencies for the COL1A1 ‐1997 G/T transversion, in Maltese 

postmenopausal women, were similar to those observed in the Spanish population (Garcia‐

Giralt et al., 2002). Those for the Sp1 polymorphism were closer to those observed in the 

southern European populations (Bernad et al., 2002; Braga et al., 2000) than in other 

Caucasians (Grant et al., 1996; MacDonald et al., 2001). The Sp1 and ‐1997 G/T SNPs were in 

strong linkage disequilibrium but were not found to increase the risk for low BMD in 

Maltese postmenopausal women. Although not statistically significant, TT homozygotes in 

Maltese postmenopausal women were observed to have the lowest BMD as was reported 

by a number of researchers (Grant et al., 1996; Gerdhem et al., 2004; Efstathiadou et al., 

2001; Ralston et al., 2006). The lowest BMD for the ‐1997 G/T SNP, found in the promoter 

region of the COL1A1 gene, in the Maltese cohort was observed in GG homozygotes. This 

trend does not agree with other studies, where TT homozygotes had the lowest BMD in 

both the Spanish and American populations (Garcia‐Giralt et al., 2002; Liu et al., 2004).  
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As for the C677T polymorphism within the MTHFR gene, TT homozygotes in Maltese 

women were observed to have the highest BMD.  This does not agree with previous studies 

where the TT genotype was associated with a low BMD or increased fracture risk 

(Abrahamsen et al., 2003; Miyao et al., 2000; Villadsen et al., 2005). The TT genotype was 

associated with hyperhomocysteinaemia, as a result of folate deficiency, which was also 

associated with BMD (Baines et al., 2007). On the other hand, the T allele was observed to 

reduce the risk for fractures suggesting other possible mechanisms that are independent of 

BMD and that may have an effect on fracture risk (Jorgensen et al., 2002). Genotype 

frequencies observed in the Maltese population were similar to those observed in southern 

European populations with the frequency of TT homozygotes (11.1%) similar to that of the 

Spanish, French (Wilcken et al., 2003) and Portuguese (Castro et al., 2003), lower than that 

found in southern Italians/Sicilians (20.1%) and higher than that of northern and eastern 

European populations (4.0 – 7.0%) (Dutch, Danish, Finland, Russian) (Jorgensen et al., 2002; 

Wilcken et al., 2003). 

The two polymorphisms studied within the LRP5 gene did not seem to have any 

effect on BMD in this group of postmenopausal women. Both of these SNPs were not 

studied in other populations. Strong linkage disequilibrium was observed between the two 

SNPs but no statistical significance was observed in the distribution of the haplotypes 

between affected and non‐affected individuals.  

Conflicting results were reported for a large number of association studies carried 

out in the search for genes that might be responsible for osteoporosis, during the last 

decade. The reasons for these inconsistencies might be various and can be both technical 

and biological. In this study, similar trends to previous studies were observed for most 

polymorphisms, but no significant association with BMD has been found. The reason that 

most likely explains this is a low sample power in this study. When calculating statistical 

power for the ANOVA test performed between the three genotypes for LS BMD of the T950C 

SNP, the observed power to detect significance in this sample was only of 11%. To detect 

the same difference in BMD between the genotypes using ANOVA with at least 80% 

statistical power a sample of 1,686 individuals was needed assuming a type I error (α) of 

0.05. Similar observations were made with the t‐test performed to compare TT and CC 
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genotypes for trochanter BMD, where the observed power was only of 48%. Significant 

association was reported in a previously published study using a very similar sample size 

(n=114) in postmenopausal women from the Czech Republic (Zajickova et al., 2002). When 

power was calculated for total hip BMD as affected by the VDR FokI variant, significance by 

using ANOVA was reached with 91% statistical power. Contrasting this, statistical power for 

the same anatomical site as determined by the BsmI variant was only of 6%.  

The sample size depends on a number of factors including the frequency of the 

susceptibility allele within the population and the relative risk. Larger samples are needed to 

detect with significance and with enough power, less frequent susceptibility alleles with a 

very low relative risk (Pharoah et al., 2004). For case‐control studies, power and sample size 

estimations using Armitage’s test is affected by disease prevalence, risk allele frequency and 

the genotypic relative risk, unless there are deviations from Hardy‐Weinberg equilibrium 

(Slager and Schaid, 2001).  

Other reasons for a lack of concordance between studies are the choice of SNPs used 

and the difference of allele frequencies between populations. In a study carried out in five 

different populations (African, European, Chinese, Hispanic and Japanese) on 114 SNPs, a 

marked degree of variability between populations was reported, especially for those SNPs 

found in non‐coding regions of genes (Goddard et al., 2000).  This could be one of the 

reasons for inconsistencies observed between different ethnic groups where a disease‐

causing allele that is common in one group may be rare or absent in another. Variability 

within the same continent is much lower from that between different continents, as was 

observed in a large scale association study on a population sample from all across Europe 

(Uitterlinden et al., 2006).  Allele frequencies observed in the Maltese population were 

similar to those observed in most European populations with the exception of the VDR FokI 

SNP which only compared with those of the Greeks, African‐Americans and black American 

women (Efstathiadou et al., 2001; Zmuda et al., 1999; Harris et al., 1997). 

Population stratification is another problem that could affect the outcome of an 

association study, possibly increasing the risk of a false positive result. Stratification refers to 

the mix of different sub‐populations having different allele frequencies, and is less likely to 

be found in homogeneous isolated populations. The introduction of founder effects in these 
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populations and major bottlenecks may increase the chance of creating sub‐populations 

with particularly high allele frequencies when compared to the rest of the population 

(Heiman, 2005). On the other hand, the existence of a relatively frequent disease in an 

island population does not necessary always indicate a possible founder effect since this 

might result from multiple mutations in a single gene or in different genes that could lead to 

the same phenotype (Zlotogora, 2007).   

Only a small number of SNPs were studied within a limited number of candidate 

genes selected upon prior assumption that these genes may be responsible for susceptibility 

to osteoporosis. This could lead to a false negative result either because the selected genes 

might not be responsible for the disease in the Maltese population or else the 

polymorphisms chosen might not be causing the disease.  In the first instance, genes 

selected for the candidate gene approach were those most commonly studied in other 

populations. These genes code for different receptors, structural proteins and enzymes and 

are known to be involved in bone physiology a priori (Liu et al., 2006), but in this way one 

could be missing other genes that are really causing the disease due to genetic 

heterogeneity, where different genes might be responsible for the same medical condition 

in different populations (Shen et al., 2005). Different genes might have an effect on the 

phenotype in one population only because of influence of some environmental factor that 

may be specific for that population and probably not to another (Livshits et al., 2004). BMD, 

that is, the most common phenotype studied in genetic studies of osteoporosis and primary 

predictor of fracture risk, is known to be affected by environmental factors such as body 

weight, height, calcium intake and other factors such as age of menarche (Lau et al., 2005). 

Due to the small sample size in this association study, it was not possible to perform analysis 

on smaller subgroups to test for association as influenced by various environmental factors.  

Even in large scale association studies (Uitterlinden et al., 2006), only a small number 

of SNPs have been studied within one gene. SNPs studied in most associations studies were 

not functional themselves, but were thought to be in linkage disequilibrium with a nearby 

causative variant within the gene. Knowing the extent of variation in LD between different 

populations suggests that SNPs that are in LD with a mutation in one population might not 

necessarily be the same in another population (Huang et al., 2006). The information given 
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by studying only a small number of SNPs might be limited and misleading about the true 

involvement of the gene in question with the pathogenesis of disease. An example was the 

ER1 gene, where the 2 SNPs most frequently studied were both in the same intron with only 

50 base pairs between them. This could mean that these 2 SNPs might not necessarily be in 

LD with a functional mutation found somewhere else within the gene. A better approach 

would be perhaps to use a genome‐wide association study using a large number of SNPs or 

using a number of SNPs spread across the whole gene of interest similar to what was done 

to identify the BMP‐2 gene (Styrkarsdottir et al., 2003). In order to obtain informative 

results, the selection of SNPs used must be done with knowledge of LD within the genome.  

It is known that genetically isolated populations tend to have wider LD when 

compared to out‐bred ones, although LD is not only determined by distance between the 

marker and mutation but also by factors such as frequency of SNP close to the mutation, 

age of SNP and population demography (Shifman and Darvasi, 2001). Although it is an island 

population, genetically, the Maltese population is quite heterogeneous due to admixture 

with other populations that introduced a number of founder effects (Koziell et al., 2002; 

Farrugia et al., 2007). Since the present Maltese population expanded from a smaller 

population during the last four hundred years (~ 20 generations), it is more likely that LD 

extends over longer genetic distances similar to what was observed in other populations 

(Service et al., 2001; Service et al., 2006). This will eventually reduce the amount of SNPs 

needed for genotyping without losing information, by using what are known as tagSNPs 

(The International HapMap Consortium, 2003). It was reported that there are major 

limitations with the availability of SNP data in public databases that are useful to study 

complex diseases such as osteoporosis, with one of the major problems being the lack of 

reliable estimations of allele frequencies in different ethnic groups (Dvornyk et al., 2004). 

 

4.2 Family Study 

A linkage approach was also used to try to confirm a number of candidate loci 

already indicated in other previous studies and to try to identify novel loci involved in 

disease.  Only two extended families in which osteoporosis seemed to be inherited in a 
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classical Mendelian fashion, were studied. These families consisted of multiple affected 

individuals, some of whom were of a relatively young age, thus increasing the chance that 

susceptibility genes were involved. This contrasts with other linkage studies for osteoporosis 

where a large number of families or affected sib‐pairs were studied in different populations 

(Duncan et al., 1999; Koller et al., 2001; Ralston et al., 2005).   It was reported that the 

power of the study of Koller et al (2000) was less than 30% and greater power would have 

been achieved had the analysis been done using 53 extended pedigrees (Shen et al., 2005). 

Identification of genes in single extended families proved to be successful for a 

number of diseases. A novel locus responsible for keratoconus, a non‐inflammatory 

thickening of the cornea, was identified in a single four generation pedigree from Los 

Angeles (Tang et al., 2005). In a recent study, a LOD score of 2.7 was observed for a region 

on chromosome 4q in a single family with a phenotype of common variable 

immunodeficiency. However, when the sample was extended to 32 families a heterogeneity 

LOD score of only 0.96 for the same region was obtained (Finck et al., 2006). In multi‐

factorial disease using single extended families coming from more homogeneous and 

consanguineous populations can be a very promising approach. Taking as an example type II 

diabetes, positive results confirming previous finding in much larger studies (Hanson et al., 

1998; Horikawa et al., 2000) were obtained from a single Arab family of only eight 

individuals, showing that the right choice of population and family will reduce time and 

expense to identify susceptibility genes for complex traits (Kambouris, 2005).  

Linkage analysis was carried out using a number of discrete phenotypes, where the 

affected status was defined by different thresholds of z‐scores (age and sex matched) or t‐

scores (according to WHO criteria). The reason for this was to test whether consistent 

results would be obtained since some individuals that were osteoporotic at the lumbar 

spine according to the WHO criteria (t‐score < ‐2.5) were normal according to age‐ and sex‐

matched z‐scores. According to the recommendations published by the International Society 

of Clinical Densitometry (Khan et al., 2004), the use of t‐scores as recommended by the 

WHO are only relevant for post‐menopausal women and men over fifty years of age, while 

z‐scores are better used for the younger generations. More stringent criteria were used by 

defining the affected status using lower cut‐off points. When more stringent criteria were 
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applied, only those individuals having z‐scores less than ‐1.5 and ‐2.0 were considered as 

affected. Extreme phenotypes were useful for the identification of various genes including 

LRP5 and sclerostin (SOST) (Gong et al., 2001; Balemans et al., 2001). Unlike other previous 

studies, a qualitative instead of a quantitative type of analysis was performed in this study. 

Reasons for this approach were two‐fold: 1) the lack of power in the sample to carry out a 

quantitative analysis and 2) a qualitative approach using extended pedigrees might be more 

appropriate to identify genes in island populations (Bourgain and Genin, 2005). Qualitative 

approaches were observed to be more successful than quantitative ones even when these 

were used in out‐bred populations (Altmuller et al., 2001). 

Linkage analysis using the candidate gene approach was initially performed at eight 

chromosomal regions where known genes thought to be responsible for osteoporosis are 

found. Although not significant, highest scores were observed to marker D17S1865 on 

chromosome 17q21 that is 79.28cM from pTer (deCode genetic map). The p‐values 

observed for the NPL scores at this region were not significant and the information content 

was less than 60%. The results were not replicated when more markers were added to this 

region for the genome‐wide scan. This region is of particular interest because the indicated 

marker is very close to the COL1A1 (MIM 120150) and more downstream to the SOST gene 

(MIM 605740). Another gene of interest at this region found very close to marker D17S1865 

is that coding for noggin (MIM 602911). Noggin was found to be an important regulator of 

osteoblast differentiation and bone formation, where it plays an important role in a 

feedback mechanism with BMPs to control bone formation (Wu et al., 2003).  

A genome‐wide scan was performed using four hundred microsatellite markers 

spread across the 22 autosomes and x‐chromosome. When analysing both families together 

for all scenarios as described before, highest NPL and LOD scores were observed to a region 

on chromosome 11p12. Following fine mapping, the critical region was reduced to a 4cM 

region between markers D11S1392 and D11S4102. Inherited haplotypes were also observed 

at this locus for each individual family, which seems to be inherited in an autosomal 

dominant fashion in affected individuals, with a number of recombination events occurring 

very close to this region (Fig 3‐5 & 3‐6). In Family 2, an affected male (III:4) does not carry 

the causative haplotype suggesting that low BMD in this individual might be due to 
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environmental factors (phenocopy). Individual III:2 also carried the suspected haplotype but 

since he was only 23 years old, perhaps he was still too young to be affected. Individual III:7 

also carried the same haplotype but had a high BMI that could be modifying the effect of 

the causative gene, thus being phenotypically normal. Other environmental and genetic 

factors might be modifying the effect of the causative gene in this region leading to 

incomplete penetrance of the disease allele. When reducing the penetrance and increasing 

phenocopy rates during the analysis, more significant results were obtained at this locus.  

Evidence of paternal imprinting for this region was observed when calculating MOD scores 

with and without imprinting. The MOD score increased from 3.28 to 4.33 when assuming 

imprinting, with a very high penetrance and very low disease allele frequency. The 

information content of the markers at this region given by Genehunter was of 87%. Paternal 

imprinting indicates that the expression of the gene responsible for the disease at this locus 

may be entirely maternal.  

Linkage was reported to chromosome 11p12 in a recent meta‐analysis of nine 

genome‐wide scans and including 11,842 individuals, where a significant LS‐BMD QTL was 

observed to this region (Ioannidis et al., 2007). In another study, although not significant, 

highest LOD score to lumbar spine BMD on chromosome 11p12 was to marker D11S905 

found at approximately 57cM according to deCode genetic map (Devoto et al., 2005). In an 

independent linkage study performed in Caucasian and African‐American populations, 

highest LOD (1.37) was reported for the African‐American population to marker D11S935, in 

agreement with the Maltese families. Linkage to chromosome 11q12‐13 was reported with 

femoral neck BMD when analysing Caucasian and African‐American populations together, 

with highest LOD (3.50) observed to marker D11S987 (Koller et al., 2001).  

When searching for genes within the linkage interval on chromosome 11, from 49 to 

55cM (deCode map), a total of 22 genes and two hypothetical proteins were found. Based 

upon knowledge of physiology and previously published literature, two genes that might be 

involved in the disease in these families were those coding for TRAF6 (MIM 602355) and 

CD44 (MIM 107269). Also another candidate that was found very close to the linkage 

interval was a gene known to be responsible for hereditary multiple exostoses (EXT2) (MIM 

608210), a bone growth disorder (Hecht et al., 1995).  
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An interesting gene found approximately 1cM from D11S935 was that coding for 

TRAF6 (OMIM 602355). This gene was chosen for sequencing since it was the closest one to 

the marker showing the highest NPL and LOD scores, where segregating haplotypes were 

observed to be inherited in both individual families. TRAF6 plays a very important role in the 

differentiation and activation of osteoclasts when it interacts with the cytoplasmic domain 

of RANK and activates transcription mediated of activator protein‐1 (AP‐1) (Armstrong et al., 

2002; Darnay et al., 1998). This will in turn trigger a number of signalling cascades including 

activation of NF‐κβ, JNK and mitogen activated protein kinase (MAPK) pathway that will 

eventually result in an increased differentiation and activation of mature osteoclasts. It was 

reported that interaction of the cytoplasmic part of RANK with TRAFs was not essential for 

activation for NF‐κβ, but not for JNK (Darnay et al., 1998). Interaction of RANK with TRAF6 

was also reported to be essential for the formation of cytoskeletal organisation that can 

affect proper functions of resorptive osteoclasts (Armstrong et al., 2002). Since TRAF6 

activates Src, it might be the most important key factor for the resorbing function of 

osteoclasts (Gravallese et al., 2001). Also expression of matrix metalloproteinase 9 was 

increased by NFATc1 following activation through RANKL and TRAF6 (Sundaram et al., 

2007). The RANK/TRAF6 signalling pathway is tightly controlled by both positive and 

negative modulators of transcription such as the TRAF6‐inhibitory zinc finger proteins (TIZ) 

that act as negative regulators (Shin et al., 2002). The importance of TRAF6 for osteoclast 

function was also shown from experiments on knockout mice where osteopetrosis was 

observed in TRAF6‐deficient mice (Naito et al., 1999). Recently it was reported that 

differentiation into osteoclasts was achieved in the presence of TNF‐α and TGF‐β, 

independently of the RANK/RANKL/TRAF6 activation (Kim et al., 2005). 

Distinct domains of the TRAF6 molecule have been described as responding to 

various signals and of being involved in the activation of different pathways (Kobayashi et 

al., 2001). The first zinc‐finger domain and RING finger were not required for the activation 

of NF‐κβ but were necessary for activation of MAPK. Both IL‐1 and lipopolysaccharide (LPS) 

signalling use different domains to activate NF‐κβ and neither of these signalling pathways 

activates NF‐κβ or JNK in the absence of TRAF6. Other sub‐domains within the zinc‐finger 

domain was involved in the activation of various downstream kinases such as MAP3K and 

MAP4K (Kobayashi et al., 2001).   
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The region 11p12 indicated by linkage has been also linked to a number of 

inflammatory disorders. Evidence of linkage of this region was reported to rheumatoid 

arthritis in 642 Caucasian families (Amos et al., 2006) and to coeliac and inflammatory bowel 

disease (King et al., 2001; Paavola‐Sakki et al., 2002). Such observations support the 

hypothesis that a common inflammatory process controlled by genes found at this locus 

might be responsible for the onset of these diseases, indicating that osteoporosis might 

therefore be caused by a mild subclinical inflammatory process that is triggered by 

advancing age (Ginaldi et al., 2005). This might result from the up‐regulation of NF‐κβ, IL‐6 

and other factors that leads to diseases such as osteoporosis, dementia, atherosclerosis and 

other cardiovascular disease (Chung et al., 2006).  The RANKL/RANK system and thus TRAF6 

has been reported as playing a very important role in osteoimmunology, where immunology 

and bone physiology interact and share various molecules (Takayanagi, 2005). This 

interaction was also observed in other conditions such as periodontal disease where 

inflammation results in lytic bone (Taubman & Kawai, 2001). Also down‐regulation of TRAF6 

was known to be brought about by IFN‐γ, secreted by activated T‐cells, through its 

interaction with IFNGR1 followed by the activation of downstream cascades (Takayanagi et 

al., 2000). Suggestive linkage in this study was also observed to the region where the 

INFGR1 gene is found on chromosome 6, thus suggesting that their might be an interaction 

of genes located on chromosomes 6 and 11 resulting in an increased susceptibility to 

osteoporosis in these two families. 

The CD44 gene is located approximately 52cM from pTer on the short arm of 

chromosome 11, 2cM from the highest linkage peak. The CD44 molecule shows extensive 

heterogeneity and its gene consists of a total of 18 exons, of which at least 12 can be 

alternatively spliced (Screaton et al., 1992). CD44 expression is known to increase in 

activated macrophages and to be an important molecule that helps their attachment to 

form mature osteoclasts. It was reported that the intra‐cellular domain of CD44 was also 

responsible for the activation of NF‐κβ although its influence on BMD was not so clear (Cui 

et al., 2006). In other experiments performed on mice, CD44‐deficient osteoclasts were 

shown to be more sensitive to TNF resulting in generalised osteopenia, suggesting its 

important role in inflammatory bone loss (Hayer et al., 2005). 
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Other interesting regions were found on chromosomes 5q34, 6q23 and 5p15, with 

different loci being indicated in the two families.  Very high NPL and LOD scores were 

reported in Family 1 to marker D5S1960 found on chromosome 5q34 for the recessive mode 

of inheritance with reduced penetrance. In the same family, suggestive linkage was also 

observed to chromosome 6q23. No evidence of imprinting was observed to 5q34 and 6q23. 

When looking at the linkage interval on chromosome 5q34 and searching for possible 

candidates from 172cM to 199cM (sex‐averaged deCode genetic map), two possible genes 

were identified from a total of 177 that include genes and hypothetical genes/proteins. The 

linkage interval searched was quite wide because the differences between sex‐specific maps 

were also taken into account. The selected gene that was sequenced at this region was that 

coding for fibroblast growth factor (FGF)‐18 (MIM 603726), which was found approximately 

1.5cM away from D5S1960. No sequence variants that might be causing the disease were 

identified in the coding regions of this gene. This does not completely exclude the possibility 

that this gene might be playing a role in the disease since sequence variants might be 

present in areas that were not sequenced such as introns and promoter region. FGF18 was 

shown to be essential for both osteogenesis and chondrogenesis in mice and was found to 

be expressed in both osteogenic mesenchymal cells and differentiating osteoblasts. 

(Ohbayashi et al., 2002). FGF18 stimulates the osteoblast by binding to the fibroblast growth 

factor receptor (FGFR)‐2 and analogues to FGF18 or other agonists to the same receptor 

could be used as important anabolic agents to stimulate bone formation (Goltzman, 2002). 

Another potential candidate gene at this region (5q34) was that coding for 

homeobox protein Msx‐2 (MIM 123101), located approximately 192cM from pTer. Msx‐2 

plays a very important role in the craniofacial development at several sites of the developing 

skull where several mutations within this gene have been described and associated with 

diseases characterised by cranial defects such as those of the parietal bones (Wuyts et al., 

2000).  Msx‐2 is known to play a very important role in osteoblast differentiation and its 

expression was induced by BMP‐2 even in cells that were deficient in Runx‐2 (Ichida et al., 

2004). Msx‐2 was also found to inhibit adipogenesis and therefore might be involved in 

regulating the balance between osteoblastogenesis and adipogenesis, possibly playing a role 

in the accelerated adipogenesis observed in bone marrow cavities with aging. 
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In a group of Caucasian and African‐American premenopausal siblings, suggestive 

linkage to a QTL that concerns variation in normal BMD was observed to a wider region on 

chromosome 5q33‐35 (Koller et al., 2000). Osteonectin was one of the genes suggested here 

which was found near the indicated marker D5S422. This gene is located approximately 

20cM upstream (using Marshfield’s genetic map) from the linked marker on chromosome 

5q34 observed in Maltese families.  

An interesting gene found close to the marker D6S1009 on chromosome 6q23, was 

that coding for the interferon gamma receptor (IFNGR)‐1 (MIM 107470). In the region from 

133 – 145cM there are 48 known genes and hypothetical proteins including two other 

interleukin receptors (IL20RA, IL22RAB). Interferon gamma (IFN‐γ) produced by T‐cells plays 

a very important role in controlling osteoclastogenesis when binding to the IFNGR1 

(Takayanagi, 2000); Takayanagi et al., 2005). 

 Another interesting region on chromosome 5 was observed in Family 2, to a marker 

at 23.01cM from pTer. Paternal imprinting was also observed in this region for a fully 

penetrant dominant model with no phenocopies. Thirty three genes and hypothetical 

proteins are known to be found within the linkage interval. One of the possible candidates 

very close to the indicated marker was the gene coding for the methionine synthase 

reductase (MTRR) gene (MIM 602568), that is involved in the conversion of homocysteine to 

methionine. A haplotype within this gene was significantly associated with an increased 

level of osteocalcin which might therefore have an effect on the rate of bone turnover (Kim 

et al., 2006).  

 No evidence of linkage was observed to previously indicated regions, by other 

workers, such as those on chromosomes 11q12‐13 (Koller et al., 1998; Heaney et al., 1998; 

Johnson et al., 1997), 1p36 (Devoto et al., 1998; Devoto et al., 2001), 20p12 (Styrkarsdottir 

et al., 2003), 11p23 and Xq27 (Shen et al., 2004). Also no evidence of linkage was observed 

to regions identified from the genome‐wide linkage scan carried out by the FAMOS 

consortium, where significant QTLs to loci 10q21, 18p11 and 20q13 were only detected 

upon sub‐grouping according to sex, anatomical site and age (Ralston et al., 2005). 
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 As for the association studies, there was a lack of replication of results between 

different linkage studies and bone disorders with the exceptions of 1p36 and 11q12 (Devoto 

et al., 1998; Wilson et al., 2003; Koller et al., 1998; Wynne et al., 2003). Another problem 

was that although a number of loci were linked with BMD and other bone phenotypes, no 

genes and/or causative variants have been identified and confirmed so far. The only 

exception was the gene coding for BMP‐2 that was identified following a genome‐wide scan 

performed in the Icelandic population, followed by LD mapping in two independent 

populations (Styrkarsdottir et al., 2003). Only a few follow up studies were carried out to try 

to identify the role of genes found in regions indicated by previous linkage studies. 

Haplotypes found within the tumour necrosis factor alpha receptor 2 (TNFRSF1B) gene on 

chromosome 1p36, were significantly associated with femoral neck BMD in two 

independent studies while association of haplotypes found within the lysyl hydroxylase gene 

(PLOD1) were only studied by one group (Spotila et al., 2003; Albagha et al., 2002). Also 

polymorphisms found within the TCIRG1, located on chromosome 11q12‐13 were 

significantly associated both with spine and hip BMD in Scottish women (Sobacchi et al., 

2003). Surprisingly, functional studies of these variants are lacking. 

Reasons for lack of concordance between different studies include genetic and locus 

heterogeneity between different populations, incomplete penetrance, phenocopies, 

imprinting and pleotropy. Linkage studies are less affected by heterogeneity when 

compared to association studies and both allelic and locus heterogeneity can be further 

reduced when using a genetically isolated population (Sillanpaa and Auranen, 2004). 

Genetically isolated populations proved to be successful for the identification of genes not 

only in the case of the BMP‐2 gene in Iceland but also for a number of other diseases. More 

than 15 mutated genes were successfully identified by positional cloning in families from the 

isolated population of Finland. The Finnish population demographic history was 

characterised by rapid expansion from a much smaller population with a number of founder 

effects (Peltonen, 2000). Another island population that proved successful for the 

identification of a mutation responsible for uric acid nephrolithiasis by linkage was the 

Sardinian population (Gianfrancesco et al., 2003). As already discussed, the Maltese 

population is a heterogenous population with possible founder effects introduced through 

admixture with other populations. 
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Novel loci have been reported in non‐Caucasian populations for example that on 

chromosome 1q linked to lumbar spine BMD in the Chinese, showing genetic heterogeneity 

between different ethnic groups (Cheung et al., 2006). In a recent study in one Greek, ten 

Belgian and three Dutch families, linkage of otosclerosis to chromosome 6q13 was detected 

only in the extended Greek family from the island of Rhodes (Thys et al., 2007). Only in one 

of the Dutch families a different segregating haplotype to that observed in the Greek family 

at the same locus was observed, suggesting that although there is a segregating haplotype 

at that locus, probably the two families do not share the same disease‐causing mutation. 

 Genetic imprinting is another reason for the lack of consistency between results. 

Testing for imprinting was never performed in any linkage study for osteoporosis but was 

successfully used for other conditions including the inheritance of alcohol dependence and 

Factor VIII levels in thrombo‐embolism (Strauch et al., 2005; Berger et al., 2005). The 

chances of getting a type II error are reduced when using the MOD score and assuming 

imprinting, because imprinted genes might be missed out when using only normal linkage 

analysis (Berger et al., 2005). Other researchers also performed analysis for imprinting using 

sex‐specific maps other than just the sex‐averaged map (Mukhopadhyay and Weeks, 2003). 

It was reported that in the absence of genotypes from one parent or the other, using sex‐

specific maps might be advantageous over using sex‐averaged maps (Fingerlin et al., 2006). 

Using sex‐averaged maps, an inflation of the LOD score leading to false‐positive results was 

observed only when mothers were genotyped and the recombination rate was higher in 

females. If only fathers were genotyped then the LOD score will be deflated. When testing 

for this possibility in the two Maltese families on chromosome 11 using the male genetic 

map, highest NPL and LOD scores of 4.37 (p=0.0096) and 2.45, respectively, were observed 

to marker D11S935 located at 44.1cM with an information content of 0.86. When using the 

female specific map, highest NPL and LOD scores increased to 7.61 (p=0.0011) and 2.97, 

respectively, to the same marker this time located at 61.8cM from pTer.  
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4.3 TRAF6 Sequencing and Functional Studies 

Following direct DNA sequencing of all exons including intron‐exon boundaries and 

the promoter region of the TRAF6 gene, three sequence variants were identified. No 

variants were found in the coding regions of TRAF6. Its sequence is therefore highly 

conserved indicating its important biological role. Two of these variants were found in 

introns, one of which was an insertion/deletion of a T found in the polyT region 5` upstream 

of exon 5. A similar polymorphism was described in intron 3 of the TRAF6 gene, following a 

linkage study for inflammatory bowel disease, but no association was found with the 

disease when screening the population (Lappalainen et al., 2006). Since this variant was 

found in the polyT region 16bp upstream of the intron‐exon junction, one cannot exclude its 

possible role in the splicing mechanism.  

Another variant in the promoter region at position ‐721 from the transcriptional 

start site was detected and was only found in 1.1% of the Maltese population. This variant 

was detected in three affected members of Family 1 but was not segregating with the 

inherited haplotype in all family members, suggesting it might not be solely responsible for 

the disease. This variant might only have a modest effect on the phenotype that is enhanced 

in the presence of other variants or environmental factors. Other variants within the same 

gene or in other genes might be involved, possibly also having an effect on the same 

pathway. An example of this might be any possible mutations in the IFNGR1 gene on 

chromosome 6q34 that might result in a non‐functional receptor. It is well known that 

TRAF6 is negatively controlled following activation of the IFNGR1 receptor by IFN‐γ in 

inflammatory disease (Takayanagi, 2005). Family 1 contributed significantly to the linkage 

peak observed on chromosome 6q34, thus not excluding possible contributory mutations at 

this region. In complex disorders, it is not rare to find that affected individuals do not carry 

the same causative mutation as other family members or between families, even when 

these are rare variants that have functional effect on the gene product (Blair et al., 2002; 

Splawski et al., 2006).  

Sequence variants identified were not completely linked with the inherited 

haplotypes in these two families. This does not completely exclude the possible role of 
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TRAF6 in the pathogenesis of osteoporosis, as other sequence variants might be present in 

regions that were not sequenced including introns, 3`untranslated region and further 

upstream in the promoter. Also different genes might be responsible for the disease in each 

individual family, suggested by the highest LOD score in Family 1 being closer to the TRAF6 

gene (~ 54cM), whereas that observed in the other family was at 52cM (Table 3‐32). Also 

different alleles were observed in the two inherited haplotypes in each family suggesting 

that different genes and mutations at the same locus might be involved. 

The rare variant identified in the TRAF6 gene promoter region was studied for its 

possible functional role on gene expression using a heterologous reporter gene system. 

Although these systems were commonly used to study eukaryotic gene promoter functions, 

they still present major limitations and therefore results obtained should be interpreted 

with caution. Apart from low transfection efficiency in some cell lines, a major problem 

encountered is that the system itself creates an artificial situation. Major problems are 

related to the lack of structural elements, which might be necessary for promoter activity 

possibly absent from the heterologous reporter gene but present in vivo. Also the opposite 

can happen with the artificial introduction of structural elements that might not be present 

in the promoter in vivo (Zhang et al., 2003).  

Reporter gene expression analyses performed in both cell lines strongly suggest that 

the variant identified upstream in the promoter region of the TRAF6 gene affects gene 

expression. It is also evident that a repressor might be present further upstream in the 

promoter region as observed from lower luciferase activity of wild type constructs 2 and 3 

when compared to construct 1 in both HeLa cells and un‐stimulated RAW 264.7 (Figures 3‐

20; 3‐21). On the other hand, there was no difference between constructs 2 and 3 when 

RAW 264.7 cells were stimulated with RANKL, showing that upon stimulation the effect of a 

repressor further upstream was inhibited or expression was influenced by a positive trans‐

acting factor. Also, the consistent results obtained between constructs 2 and 3 (~400bp 

difference) show that the difference in activities between constructs 1 and 2 was not due to 

some other artefact introduced by the plasmid. Luciferase activity was significantly lower in 

mutated alleles of construct 1 when compared to normal. These observations were 

consistent in both cell lines even after stimulation with RANKL, suggesting that the 
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nucleotide change at position ‐721 might affect binding of a transcriptional factor resulting 

in decreased expression, hence decreased osteoclastogenesis. The opposite was observed 

with constructs 2 and 3, where mutated alleles showed a 2‐ to 3‐fold increase in gene 

expression when compared to normal alleles. An increase in TRAF6 gene expression would 

lead to increased osteoclastogenesis and to increased bone resorption and therefore to 

osteoporosis. 

Various mechanisms might be responsible for the decrease in gene expression of the 

shortest construct and the increased expression of the longer ones. A consensus sequence 

was identified by MatInspector software, to the nuclear factor (NF)‐Y to the same region 

where the variant was observed. This was not present in the mutated allele, suggesting that 

NF‐Y only binds to the wild‐type allele. NF‐Y is a transcriptional factor that binds to CCAAT 

(and reverse ATTGG) elements usually located at the ‐80 to ‐100 regions of TATA‐containing 

and TATA‐less promoters, and is made up of three subunits (NF‐YA, NF‐YB, NF‐YC) encoded 

by different genes (Mantovani, 1998). A NF‐Y binding site was identified at an unusual 

position of ‐500 from the transcriptional start site of the fatty acid synthase gene, where co‐

operative binding with Sp1 was described (Roder et al., 1997).  It was reported that NF‐Y 

was necessary for recruitment of RNA polymerase II (RNAPII) at the CCAAT box of the RANKL 

gene promoter upon stimulation with vitamin D3 forming a transcription initiation complex 

(Kabe et al., 2005). Stimulated osteoblasts by systemic hormones such as oestrogens and 

vitamin D are known to express RANKL and indirectly increase differentiation and activation 

of osteoclasts through interactions with RANK (Suda et al., 1997; Bord et al., 2003). NF‐Y 

was described acting synergistically with other transcriptional factors, and RNAPII 

recruitment was significantly decreased with NF‐Y knockdown (Kabe et al., 2005).  

From the analysis carried out on the studied fragment of the TRAF6 gene promoter, 

a large number of consensus sequences for transcriptional factors were identified, including 

those of several GATAs, octamer factors (Oct‐1), signal transducers and activator of 

transcription (STAT), smad 4 and regulatory factor X (RFX), among others. The reporter assay 

results show increased gene expression in constructs 2 and 3 while construct 1 showed 

decreased expression, in the presence of the mutation. This suggests that a regulatory 

element may be present in the area between the end of construct 1 and the end of 
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construct 2 (approx 70bp), that in the absence of NF‐Y binding to the mutated area, a 

regulatory element further upstream might increase gene expression. Although this region 

is quite distant from the mutated area, one cannot exclude the possibility that interactions 

are still possible due to alterations in the secondary structure, especially since it is known 

that NF‐Y affects DNA conformation upon binding and that the NF‐YB and C subunits have 

histone binding motifs (Mantovani, 1998). The possibility that other transcriptional factors 

bind instead of NF‐Y, to the mutated allele, is highly unlikely because gene expression was 

significantly reduced in construct 1. If another factor binds instead of NF‐Y (possibly nuclear 

factor 1), still collaboration with other molecules further upstream in the promoter region is 

required to result in an increase in gene expression as was observed in constructs 2 and 3. It 

is well known that NF‐Y synergistically co‐operates with other transcriptional factors such as 

GATA and RFX (Cassel et al., 2000; Villard et al., 2000) (Figure 4‐1).  

 

Figure 4‐1  TRAF6 promoter activity (hypothetical) in the presence of the normal (left) and mutated (right) 

alleles. In the absence of NF‐Y (right figure) more GATA can bind due to low competitive binding and more RNA 

polymerase II binds leading to increased gene expression in the absence of low repressor binding. 

Among the consensus sequences identified in the above mentioned region of 

construct two, there was one for RFX‐1. Co‐operative binding of RFX with NF‐Y is known to 

be essential for activation of the major histocompatibility complex (MHC) class II promoters 

(Villard et al., 2000). Another consensus sequence was that for octamer binding factor 1 

(Oct‐1) which was found almost at the distal end of construct 2. Binding of NF‐Y with Oct‐1 

was reported to have a synergistic effect with the expression of various genes including that 

of the human aldehyde dehydrogenase gene (Yanagawa et al., 1995). 
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The most interesting consensus sequence found in this region was that for a GATA 

binding factor at the very end of construct 2. In a study carried out using megakaryocytic 

cells, it was shown that GATA‐1 interacts with NF‐Y regulating transcription co‐operatively 

(Cassel et al., 2000). Also, the marked decrease observed in promoter activity in GATA 

or/and NF‐Y mutated constructs was not enough to result in complete loss of FcγRIIA gene 

expression. Different mechanisms were observed in megakaryocytic and myelomonocytic 

cell lines due to the absence of GATA‐1 and GATA‐2 in the latter. Co‐operation between 

GATA and NF‐Y was also reported in other studies (Duan et al., 2001; Huang et al., 2004).  

Binding of GATA‐1 to the γ‐globin promoter region increased following a mutation of the 

CCAAT box hence it was suggested that GATA and NF‐Y might competitively bind to the 

CCAAT box region. A mutation in this region, which decreases binding of NF‐Y increased 

GATA binding to CCAAT region (Duan et al., 2001).  Similar observations were reported by 

Huang et al (2004) when studying the growth factor independence (Gfi)‐1B promoter 

activity. Further studies are needed to understand better the activity of the TRAF6 gene 

promoter and to confirm the above hypothesis and observations, including a full 

characterisation of the promoter region extending it up to 3kb, using reporter assays, site‐

directed mutagenesis and electrophoretic mobility shift assays (EMSA). 

 

4.4 General Conclusions 

The TRAF6 gene was identified following a linkage study carried out in two extended 

families. In this study, a novel variant within the TRAF6 gene promoter was identified and 

found to affect gene expression in a way that can increase the risk for osteoporosis.  

 Also, a haplotype within the TNFRSF11B (osteoprotegerin) gene was significantly 

associated with low BMD in a small population study performed. Both of these findings 

highlight the importance of the RANK/RANKL/OPG system involved in osteoclast 

differentiation and activation. TRAF6 plays a very important role in the activation of the 

osteoclast following RANK stimulation by RANKL that results in downstream activation of 

other molecules such as NF‐κβ and NFATc1 increasing cell differentiation (Asagiri & 

Takayanagi, 2007).  OPG, the product of TNFRSF11B gene, is an important negative regulator 
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of osteoclast differentiation and activation (Boyle et al., 2003).  Both of these genes and 

their products can be potential targets for treatments aimed at controlling bone resorption 

decreasing inflammatory bone loss and osteoporosis. Exogenous OPG was also used 

successfully in postmenopausal women as an antiresorptive agent showing its potential 

therapeutic use (Hofbauer & Heufelder, 2000).  TRAF6 inhibitors were already suggested by 

Wu and Arron (2003) as having a potential therapeutic use to control inflammation not only 

in osteoporosis but also in other diseases such as periodontitis, osteolytic conditions, cystic 

fibrosis, viral infections and connective tissue destruction. Lately, biphenylcarboxylic acid 

was reported to inhibit TRAF recruitment to pro‐inflammatory cytokine receptors and was 

found to prevent translocation of TRAF6 to the cell membrane (Idris et al., 2007). Besides 

their therapeutic importance, these two molecules and the RANKL/RANK/OPG system also 

link osteoporosis to a number of other inflammatory diseases and vascular disease that are 

brought about with advancing age (Takayanagi, 2005; Ginaldi et al., 2005; Schoppet et al., 

2002).  

Although the variant found in the promoter region of the TRAF6 gene was not 

completely linked with the inherited haplotype on chromosome 11p12, functional studies 

showed its potential role in the pathogenesis of disease. Other variants that may be causing 

susceptibility to the disease in this family might be present in other un‐sequenced areas of 

the same gene or else in another nearby gene. As was discussed by Brown (2005), it is very 

important that one considers the scope and value of performing genetic studies for complex 

disorders such as osteoporosis. Most variants studied in the genetics of osteoporosis are 

commonly found in the population, most of which are of a very low penetrance and 

therefore a single variant may have a very modest individual effect on the phenotype. This 

raises a very important question: is it worth identifying these variants when their value for 

prognosis and diagnosis of disease is most likely to be minimal? The picture is further 

complicated by other important factors such as gene‐gene and gene‐environment 

interactions that might even further reduce the effects of these variants across different 

populations (Brown, 2005). When looking at the whole picture, the usefulness of identifying 

these variants for use in diagnostic and prognostic purposes would be very low. On the 

other hand, genetic studies together with functional studies of potential candidates will help 

to identify new metabolic pathways that might be involved in the pathogenesis of disease, 
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thus assisting in the development of new and more effective treatments. An advantage of 

linkage studies over association studies of candidate genes is that novel pathways 

sometimes never suspected of being involved in a particular disease are identified, thus 

providing a better understanding of the complex physiology underlying these diseases. If 

these variants are further studied and confirmed by carefully planned large scale association 

studies, results obtained will help in the development of more effective and targeted 

treatments.  



 

 

 

 

 

REFERENCES 

 
 

 

 

 

 

 

 

 

 



References 

179 

 

References 

Aaron, J.E., Shore, P.A., Shore, R.C., Beneton, M., & Kanis, J.A. (2000) Trabecular architecture in women and 

men of similar bone mass with and without vertebral fracture, II Three dimensional histology. Bone, 

72, 277 – 282. 

Abrahamsen, B., Madsen, J.S., Tofteng, C.L., Stilgren, L, Bladbjerg, E.M., Kristensen, S.R., Brixen, K., & 

Mosekilde, L. (2005) Are effects of MTHFR (C677T) genotype on BMD confined to women with low 

folate and riboflavin intake? Analysis of food records from the Danish osteoporosis prevention study. 

Bone, 36, 577 – 583. 

Abrahamsen, B., Madsen, J.S., Tofteng, C.L., Stilgren, L., Bladbjerg, E.M., Kristensen, S.R., Brixen, K., & 

Mosekilde, L. (2003) A common methylenetetrahydrofolate reductase (C677T) polymorphism is 

associated with low bone mineral density and increased fracture incidence after menopause, 

longitudinal data from the osteoporosis prevention study. Journal of Bone and Mineral Research, 18, 

723 – 729. 

Ai, M., Heeger, S., Bartels, C.F., Schelling, D.K., & the Osteoporosis‐Pseudoglioma Collaborative Group. (2005) 

Clinical and molecular findings in osteoporosis‐pseudoglioma syndrome. American Journal of Human 

Genetics, 77, 741 – 753. 

Albagha, O.M.E., Pettersson, U., Stewart, A., McGuigan, F.E.A., MacDonald, H.M., Reid, D.M., & Ralston, S.H. 

(2005) Association of the oestrogen receptor α gene polymorphisms with postmenopausal bone loss, 

bone mass and quantitative ultrasound properties of bone. Journal of Medical Genetics, 42, 240 – 

246. 

Albagha, O.M.E., Tasker, P.N., McGuigan, F.E.A., Reid, D.M., & Ralston, S.H. (2002) Linkage disequilibrium 

between polymorphisms in the human TNFRSF1B gene and their association with bone mass in 

perimenopausal women. Human Molecular Genetics, 11, 2289 – 2295. 

Altmuller, J., Palmer, L.J., Fischer, G., Scherb, H., & Wyst, M. (2001) Genomewide scans of complex human 

diseases: true linkage is hard to find. American Journal of Human Genetics, 69, 936 – 950. 

Amos, C.I., Chen, W.V., Lee, A., Li, W., Kern, M., Lundsten, R., Batliwalla, F., Wener, M., Remmers, E., Kastner, 

D.A., Criswell, L.A., Seldin, M.F., & Gregersen, P.K. (2006) High‐density SNP analysis of 642 Caucasian 

families with rheumatoid arthritis identifies two new linkage regions on 11p12 and 2q33. Genes and 

Immunity, 7, 277 – 286. 

Arai, F., Miyamoto, T., Ohneda, O., Inada, T., Sudo, T., Brasel, K., Miyata, T., Anderson, D.M., & Suda, T. (1999) 

Commitment and differentiation of osteoclast precursor cells by the sequential expression of c‐Fms 



References 

180 

 

and receptor activator of nuclear factor κβ (RANK) receptors. Journal of Experimental Medicine, 190, 

1741 – 1754. 

Arai, H., Miyamoto, K.I., Yoshida, M., Yamamoto, H., Taketani, Y., Morita, K., Kubota, M., Yoshida, S., Ikeda, M., 

Watabe, F., Kanemasa, Y., & Takeda, E. (2001) The polymorphism in the caudal‐related homeodomain 

protein Cdx‐2 binding element of the human vitamin D receptor gene. Journal of Bone and Mineral 

Research, 16, 1256 – 1264. 

Arko, B., Prezelj, J., Kocijancic, A., Komel, R., & Marc, J. (2005) Association of osteoprotegerin gene 

polymorphisms with bone mineral density in postmenopausal women. Maturitas, 51, 270 – 279. 

Arko, B., Prezelj, J., Komel, R., Kocijancic, A., Hudler, P., & Marc, J. (2002) Sequence variations in the 

osteoprotegerin gene promoter in patients with postmenopausal osteoporosis. Journal of Clinical 

Endocrinology and Metabolism, 87, 4080 – 4084. 

Armstrong, A.P., Tometsko, M.E., Glaccum, M., Sutherland, C.L., Cosman, D., & Dougal, W.C. (2002) The 

RANK/TRAF6 dependent signal transduction pathway is essential for osteoclast cytoskeletal 

organisation and resorptive function. The Journal of Biological Chemistry, 277, 44347 – 44356. 

Asagiri, M., & Tkayanagi, H. (2007) The molecular understanding of osteoclast differentiation. Bone, 40, 251 – 

264. 

Audi`I, L., Garc`ia‐Ram`irez, M., & Carrascosa, A. (1999) Genetic determinants of bone mass. Hormone 

Research, 51, 105 – 123. 

Bagger, Y.Z., Jorgensen, H.L., Heegaard, A.M., Bayer, L., Hansen, L., & Hassager, C. (2000) No major effect of 

estrogen receptor gene polymorphisms on bone mineral density or bone loss in postmenopausal 

Danish women. Bone, 26, 111 – 116. 

Bai, S., Kitaura, H., Zhao, H., Chen, J., Muller, J.M., Schule, R., Darnay, B., Novach, D.V., Ross, F.P., & 

Teitelbaum, S.L. (2005) FHL2 inhibits the activated osteoclast in a TRAF‐6 dependent manner. Journal 

of Clinical Investigation, 115, 2742 – 2751. 

Balemans, W., Devogelaer, J.P., Cleiren, E., Piterns, E., Caussin, E., & van Hul, W. (2007) Novel LRP5 missense 

mutation in a patient with a high bone mass phenotype results in decreased DKK1‐Mediated 

inhibition of Wnt signalling. Journal of Bone and Mineral Research, 22, 708 – 716. 

Balemans, W., Ebeling, M., Patel, N., Van Hul, E., Olson, P., Dioszegi, M., Lacza, C., Wuyts, W., Van Den Ende, J., 

Willems, P., Paes‐Alves, A.F., Hill, S., Bueno, M., Ramos, F.J., Tacconi, P., Dikkers, F.G., Stratakis, C., 

Lindpaintner, K., Vickery, B., Foernzler, D., & Van Hul, W. (2001) Increased bone density in 



References 

181 

 

sclerosteosis is due to the deficiency of a novel secreted protein (SOST). Human Molecular Genetics, 

10, 537 – 543. 

Bansal, A., Van der Boom, D., Kammerer, S., Honisch, C., Adam, G., Cantor, C.R., Kleyn, P., & Braun, A. (2002) 

Association testing by DNA pooling, An effective initial screen. Proceedings of the National Academy 

of Science, 99, 16871 – 16874. 

Baron, R. (1999) Anatomy and ultrastructure of bone. In, Primer on the Metabolic Bone Diseases and Disorders 

of Mineral Metabolism (Ed. Favus, M.J.), 3 ‐ 10. Lippincott Williams and Wilkins, USA. 

Bauer, D.C., Sklarin, P.M., Stone, K.L., Black, D.M., Nevitt, M.C., Ensrud, K.E., Arnaud, C.D., Genant, H.K., 

Garnero, P., Delmas, P.D., Lawaetz, H., & Cummings, S.R., for the study of osteoporotic fractures 

research group. (1999) Biochemical markers of bone turnover and prediction of hip bone loss in older 

women, The study of osteoporotic fractures. Journal of Bone and Mineral Research, 14, 1404 – 1410.  

Becherini, L., Gennari, L., Masi, L., Mansini, R., Massart, F., Morelli, A., Falchetti, A., Gonnelli, S., Fiorelli, G., 

Tanini, A., & Brandi, M.L. (2000) Evidence of a linkage disequilibrium between polymorphisms in the 

human estrogen receptor α gene and their relationship to bone mass variation in postmenopausal 

Italian women. Human Molecular Genetics, 9, 2043 – 2050. 

Beines, M., Kredan, M.B., Usher, J., Davison, A., Higgins, G., Taylor, W., West, C., Fraser, W.D., & Ranganath, 

L.R. (2007) The association of homocysteine and its determinants MTHFR genotype, folate, vitamin 

B12 and vitamin B6 with bone mineral density in postmenopausal British women. Bone, 40, 730 – 

736. 

Berger, M., Mattheisen, M., Kulle, B., Schmidt, H., Oldenberg, J., Bickeboller, H., Walter, U., Lindner, T.H., 

Strauch, K., & Schambeck, C.M. (2005) High factor VIII levels in venous thromboembolism show 

linkage to imprinted loci on chromosomes 5 and 11. Blood 105, 638 – 644.  

Bernad, M., Martinez, M.E., Escalona, M., Gonzalez, M.L., Gonzalez, C., Garces, M.V., Del Campo, M.T., Mola, 

E.M., Madero, R., & Carreno, L. (2002) Polymorphism in the type I Collagen (COLIA1) gene and risk 

fractures in postmenopausal women. Bone, 30, 223 – 228. 

Bilezikian, J.P., Raisz, L.G., & Rodan, G.A. (2002) Principles of Bone Biology (2nd Edition). Academic Press, 

California, USA. 

Birren, B., Green, E.D., Klapholz, S., Myers, R.M., & Roskams, J. (1997) Genome Analysis. Cold Spring Harbor 

Laboratory Press, New York, USA. 



References 

182 

 

Blair, E., Redwood, C., Oliviera, M.J., Smook, M., Brink, P., Corfield, V.A., Ostman‐Smith, I., & Watkins, H. (2002) 

Mutations of the light meromyosin domain of the β‐myosin heavy chain rod in hypertrophic 

cardiomyopathy. Circulation Research, 90, 263 – 269. 

Blouet, B. (1993) The story of Malta. Progress Press Co. Ltd., Malta. 

Bollerslev, J., Wilson, S.G., Dick, I.M., Islam, F.M.A., Ueland, T., Palmer, L., Devine, A., & Prince, R.L. (2005) LRP5 

gene polymorphisms predict bone mass and incident fractures in elderly Australian women. Bone, 36, 

599 – 606. 

Bolstein, D., & Risch, N. (2003) Discovering genotypes underlying human phenotypes, past successes for 

Mendelian disease, future approaches for complex disease. Nature Genetics 33, 228 – 237. 

Bord, S., Horner, A., Beavan, S., & Compston, J. (2001) Estrogen receptors α and β are differentially expressed 

in developing human bone. Journal of Clinical Endocrinology and Metabolism, 86, 2309 – 2314. 

Bord, S., Ireland, D.C., Beavan, S.R., & Compston, J.E. (2003) The effects of estrogen on osteoprotegerin, 

RANKL, and estrogen receptor expression in human osteoblasts. Bone, 32, 136 – 141. 

Bourgain, C., & Genin, E. (2005) Complex trait mapping in isolated populations: Are specific statistical methods 

required? European Journal of Human Genetics, 13, 698 – 706. 

Boyden, L.M., Mao, J., Belsky, J., Mitzner, L., Farhi, A., Mitnick, M.A., Wu, D., Insogna, K., & Lifton, R.P. (2002) 

High bone density due to a mutation in LDL‐receptor‐related protein 5. The New England Journal of 

Medicine, 346, 1513 – 1521. 

Boyle, W.J., Simonet, W.S., & Lacey, D.L. (2003) Osteoclast differentiation and activation. Nature, 423, 337 – 

342. 

Braga, V., Mottes, M., Mirandola, S., Lisi, V., Malerba, G., Sartori, L., Bianchi, G., Gatti, D., Rossini, M., Bianchini, 

D., & Adami, S. (2000) Association of  CTR and COL1A1 alleles with BMD values in peri‐ and 

postmenopausal women. Calcified Tissue International, 67, 361 – 367.   

Brandstrom, H., Gerdhem, P., Stiger, F., Obrant, K.J., Melhus, H., Ljunggren, O., Kindmark, A., & Akesson, K. 

(2004) Single nucleotide polymorphisms in the human gene for osteoprotegerin are not related to 

bone mineral density or fracture in elderly women. Calcified Tissue International, 74, 18 – 24. 

Brown, M.A. (2005) Genetic studies of osteoporosis – A rethink required. Calcified Tissue International, 76, 319 

– 325. 



References 

183 

 

Brown, M.A., Haughton, M.A., Grant, S.F.A., Gunnell, A.S., Henderson, N.K., & Eisman, J.A. (2001) Genetic 

control of bone density and turnover, role of the collagen type 1α1, estrogen receptor, and vitamin D 

receptor genes. Journal of Bone and Mineral Research, 16, 758 – 764. 

Brunkow, M.E., Gardner, J.C., Van Ness, J., Paeper, B.W., Kovacevich, B.R., Proll, S., Skonier, J.E., Zhao, L., Sabo, 

P.J., Fu, Y.H., Alisch, R.S., Gillett, L., Colbert, T., Tacconi, P., Galas, D., Hamersma, H., Beighton, P., & 

Mulligan, J.T. (2001) Bone dysplasia sclerosteosis results from loss of the SOST gene product, a novel 

cysteine knot‐containing protein. American Journal of Human Genetics, 68, 577 – 589. 

Bucay, N., Sarosi, I., Dunstan, C.R., Morony, S., Tarpley, J., Capparelli, C., Scully, S., Tan, H.L., Xu, W., Lacey, D.L., 

Boyle, W.J., & Simonet, W.S. (1998) Osteoprotegerin deficient mice develop early onset osteoporosis 

and arterial calcification. Genes and Development, 12, 1260 – 1268. 

Burge, R., Dawson‐Hughes, B., Solomon, D.H., Wong, J.B., King, A., & Tosteson, A. (2007) Incidence and 

economic burden of osteoporosis related fractures in the United States, 2005 – 2025. Journal of Bone 

and Mineral Research, 22, 465 – 475. 

Bustamante, M., Nogues, X., Enjuanes, A., Elosua, R., Garcia‐Giralt, N., Perez‐Edo, L., Caceres, E., Carreras, R., 

Mellibovsky, L., Balcells, S., Diez‐Perez, A., & Grinberg, D. (2007) COL1A1, ESR1, VDR and TGFB1 

polymorphisms and haplotypes in relation to BMD in Spanish postmenopausal women. Osteoporosis 

International, 18, 235 – 243. 

Butler, M. (2004) Animal Cell Culture and Technology. Garland Science/BIOS Scientific Publishers, Oxon, UK. 

Byers, R.J., Hoyland, J.A., & Braidman, I.P. (2001) Osteoporosis in men, A cellular endocrine perspective of an 

increasingly common clinical problem. Journal of Endocrinology, 168, 353 – 362. 

Capelli, C., Redhead, N., Romano, V., Cali, F., Lefranc, G., Delague, V., Megarbane, A., Felice, A.E., Pascali, V.L., 

Neophytou, P.I., Poulli, Z., Novelletto, A., Malaspina, P., Terrenato, L., Berebbi, A., Fellous, M., 

Thomas, M.G., & Goldstein, D.B. (2005) Population structure of the Mediterranean region: A Y‐

chromosome perspective. Annals of Human Genetics, 70, 207 – 225. 

Cardon, L.R., Garner, C., Bennett, S.T., Mackay, I.J., Edwards, R.M., Cornish, J., Hegde, M., Murray, M.A.F., Reid, 

I.R., & Cundy, T. (2000) Evidence for a major gene for bone mineral density in idiopathic osteoporotic 

families. Journal of Bone and Mineral Research, 15, 1132 – 1137. 

Carlston, C.S., & Newman, T.L. (2002) SNPing in the human genome. Trends in Genetics, S2 – S9. 

Cartharius, K., Frech, K., Grote, K., Klocke, B., Haltmeier, M., Klingenhoff, A., Frisch, M., Bayerlein, M., & 

Werner, T. (2005) MatInspector and beyond: promoter analysis based on transcriptional factor 

binding sites. Bioinformatics, 21, 2933 – 2942. 



References 

184 

 

Cassel, D.L., Subudhi, S.K., Surrey, S., & McKenzie, S.E. (2000) GATA and NF‐Y participate in transcriptional 

regulation of FcγRIIA in megakaryocytic cells. Blood Cells Molecules and Diseases, 26, 587 – 597. 

Castro, R., Rivera, I., Ravasco, P., Jakobs, C., Blom, H.J., Camilo, M.E., & de Almeida, I.T. (2003) 5,10‐

Methylenetetrahydrofolate reductase 677C‐‐>T and 1298A‐‐>C mutations are genetic determinants of 

elevated homocysteine. Monthly Journal of Association of Physicians, 96, 297 – 303. 

Cheng, W.C., & Tsai, K.S. (1999) The vitamin D receptor start codon polymorphism (FokI) and bone mineral 

density in premenopausal women in Taiwan. Osteoporosis International, 9, 545 – 549. 

Cheung, C.L., Huang, Q.Y., Ng, M.Y., Chan, V., Sham, P.C., & Kung, A.W. (2006) Confirmation of linkage to 

chromosome 1q for spine bone mineral density in southern Chinese. Human Genetics, 120, 354 – 359. 

Choi, J.Y., Shin, C.S., Hong, Y.C., & Kang, D. (2006) Single nucleotide polymorphisms and haplotypes of bone 

morphogenic protein genes and peripheral bone mineral density in young Korean men and women. 

Calcified Tissue International, 78, 203 – 211. 

Chung, H.W., Seo, J.S., Hur, S.E., Kim, H.L., Kim, J.Y., Jung, J.H., Kim, L.H., Park, B.L., & Shin, H.D. (2003) 

Association of interleukin‐6 promoter variant with bone mineral density in pre‐menopausal women. 

Journal of Human Genetics, 48, 243 – 248. 

Chung, H.Y., Sung, B., Jung, K.J., Zou, Y., & Yu, B.P. (2006) The molecular inflammatory process in ageing. 

Antioxidants and redox signalling, 8, 572 – 581. 

Clark, A.G. (2003) Finding genes underlying risk of complex disease by linkage disequilibrium mapping. Current 

Opinion in Genetics and Development, 13, 296 – 302. 

Colhoun, H.M., McKeigue, P.M., & Smith, G.D. (2003) Problems of reporting genetic associations with complex 

outcomes. The Lancet, 361, 865 – 872. 

Colin, E.M., Uitterlinden, A.G., Meurs, J.B.J., Bergink, A.P., van der Klift, M., Fang, Y., Arp, P.P., Hofman, A., van 

Leeuwen, J.P.T.M., & Pols, H.A.P. (2003) Interactions between vitamin D receptor genotype and 

estrogen receptor α genotype influences vertebral fracture risk. Journal of Clinical Endocrinology and 

Metabolism, 88, 3777 – 3784. 

Cox, D.G., & Kraft, P. (2006) Quantification of the power of Hardy‐Weinberg equilibrium testing to detect 

genotyping error. Human Heredity, 61, 10 – 14. 

Crofts, L.A., Hancock, M.S., Morrison, N.A., & Eisman, J.A. (1998) Multiple promoters direct the tissue specific 

expression of novel N‐terminal variant human vitamin D receptor gene transcripts. Proceedings of the 

National Academy of Sciences, 95, 10529 – 1534. 



References 

185 

 

Cui, W., Zhang Ke, J., Zhang, Q., Ke, H.Z., Chalouni, C., & Vigneri, A. (2006) The intracellular domain of CD44 

promotes the fusion of macrophages, Blood, 107, 796 – 805. 

Cundy, T., Hegde, M., Naot, D., Chong, B., King, A., Wallace, R., Mulley, J., Love, D.R., Seidel, J., Fawkner, M., 

Banovic, T., Callon, K.E., Grey, A.B., Reid, I.R., Middleton‐Hardiem C,A,, & Cornishm J. (2002) A 

mutation in the gene TNFRSF11B encoding osteoprotegerin causes an idiopathic hypophosphatasia 

phenotype. Human Molecular Genetics, 11, 2119 – 2127. 

Curtis, D. (2000) Data analysis for genetic studies. In, SNP and Microsatellite Genotyping Markers for genetic 

analysis (Ed. Hajeer, A. et al.) 81 – 116. Eaton Publishing, USA. 

Dalgleish, R. (1997) The human type I collagen mutation database. Nucleic Acids Research, 25, 181 – 187. 

Darnay, B.G., Haridas, V., Ni, J., Moore, P.A., & Aggarwal, B.B. (1998) Characterisation of the intracellular 

domain of receptor activator of NF‐κβ (RANK). The Journal of Biological Chemistry, 273, 20551 – 

20555.  

Daroszewska, A., Hocking, L.J., McGuigan, F.E.A., Langdahl, B., Stone, M.D., Cundy, T., Nicholson, G.C., Fraser, 

W.D., & Ralston, S.H. (2004) Susceptibility to Paget’s disease of bone is influenced by a common 

polymorphic variant of osteoprotegerin. Journal of Bone and Mineral Research, 19, 1506 – 1511. 

De La Chapelle, A., & Wright, F.A. (1998) Linkage disequilibrium mapping in isolated populations, The example 

of Finland revisited. Proceedings of the National Academy of Science, 95, 12416 – 12423. 

Deng, H.W., Li, J., Li, J.L., Dowd, R., Davies, K.M., Johnson, M., Gong, G., Deng, H., & Recker, R.R. (2000) 

Association of estrogen receptor α genotypes with body mass index in normal healthy 

postmenopausal Caucasian women. Journal of Clinical Endocrinology and Metabolism, 85, 2748 – 

2751. 

Devlin, B., Roeder, K., Otto, C., Tiobech, S., & Byerley, W. (2001) Genome wide distribution of linkage 

disequilibrium in the population of Palau and its implications for gene flow in remote Oceania. Human 

Genetics, 108, 521 – 528. 

Devoto, M., Shimoya, K., Caminis, J., Ott, J., Tenenhouse, A., Whyte, M.P., Sereda, L., Hall, S., Considine, E., 

Williams, C.J., Tromp, G., Kuivaniemi, H., Ala‐Kokko, L., Prockop, D.J., & Spotila, L.D. (1998) First‐stage 

autosomal genome screen in extended pedigrees suggests genes predisposing to low bone mineral 

density on chromosomes 1p, 2p and 4q. European Journal of Human Genetics, 6, 151 – 157. 

Devoto, M., Specchia, C., Li, H.H., Caminis, J., Tenenhouse, A., Rodriguez, H., & Spotila, L.D. (2001) Variance 

component linkage analysis indicates a QTL for femoral neck bone mineral density on chromosome 

1p36. Human Molecular Genetics, 10, 2447 – 2452. 



References 

186 

 

Devoto, M., Spotila, L.D., Stabley, D.L., Wharton, G.N., Rydbeck, H., Korkko, J., Kosich, R., Prockop, D., 

Tenenhouse, A., & Sol‐Church, K. (2005) Univariate and bivariate variance component linkage analysis 

of a whole‐genome scan for loci contributing to bone mineral density. European Journal of Human 

Genetics, 13, 781 – 788. 

Di Lullo, G.A., Sweeney, S.M., Korkko, J., Ala‐Kokko, L., & San Antonio, J.D. (2002) Mapping of the ligand 

binding sites and disease associated mutations of the most abundant protein in the human, type I 

collagen. Journal of Biological Chemistry, 277, 4223 – 4231. 

Ding, K., Zhou, K., He, F., & Shen, Y. (2003) LDA – A java based linkage disequilibrium analyzer. Bioinformatics, 

19, 2147 – 2148. 

Dohi, Y., Iki, M., Ohgushi, H., Gojo, S., Tabata, S., Kajita, E., Nishino, H., & Yonemasu, K. (1998) A novel 

polymorphism in the promoter region for the human osteocalcin gene, The possibility of a correlation 

with bone mineral density in postmenopausal Japanese women. Journal of Bone and Mineral 

Research, 13, 1633 – 1639. 

Douroudis, K., Tarassi, K., Ioannidis, G., Giannakopoulos, F., Moutsatsou, P., Thalassinos, N., & Papasteriades, 

Chr. (2003) Association of the vitamin D receptor gene polymorphisms with bone mineral density in 

postmenopausal women of Hellenic origin. Maturitas, 45, 191 – 197. 

Duan, Z., Stamatoyannopoulos, G., & Li, Q. (2001) Role of NF‐Y in the In Vivo regulation of the γ‐globin gene. 

Molecular and Cellular Biology, 21, 3083 – 3095. 

Ducy, P., Amling, M., Takeda, S., Priemel, M., Schilling, A.F., Beil, F.T., Shen, J., Vinson, C., Rueger, J.M., & 

Karsenty, G. (2000) Leptin inhibits bone formation through a hypothalamic relay, A central control of 

bone mass. Cell, 100, 197 – 207. 

Ducy, P., Starbuck, M., Priemel, M., Shen, J., Pinero, G., Geoffroy, V., Amling, M., & Karsenty, G. (1999) A Cbfa1 

dependent genetic pathway controls bone formation beyond embryonic development. Genes and 

Development, 13, 1025 – 1036. 

Duncan, E.L., Brown, M.A., Sinsheimer, J., Bell, J., Carr, A.J., Wordsworth, B.P., & Wass, A.H. (1999) Suggestive 

linkage of the parathyroid receptor type 1 to osteoporosis. Journal of Bone and Mineral Research, 14, 

1993 – 1999. 

Dvornyk, V., Long, J.R., Xiong, D.H., Liu, P.Y., Zhao, L.J., Shen, H., Zhang, Y.Y., Liu, Y.J., Rocha‐Sanchez, S., Xiao, 

P., Recker, R.R., & Deng, H.W. (2004) Current limitations of SNP data from public domain for studies 

of complex disorders: a test for ten candidate genes for obesity and osteoporosis. BMC Genetics, 5, 4. 



References 

187 

 

Econs, M.J., & Speer, M.C. (1996) Genetic studies of complex diseases, Let the reader beware. Journal of Bone 

and Mineral Research, 12, 1835 – 1840. 

Econs, M.J., Koller, D.L., Hui, S.L., Fishburn, T., Conneally, P.M., Johnston, C.C., Peacock, J.M., & Foroud, T.M. 

(2004) Confirmation of linkage to chromosome 1q for peak vertebral bone mineral density in 

premenopausal white women. American Journal of Human Genetics, 74, 223 – 228. 

Efstathiadou, Z., Kranas, V., Ionnnidis, J.P.A., Georgiou, I., & Tsatsoulis, A. (2001) The Sp1 COL1A1 gene 

polymorphism, and not vitamin D receptor or estrogen receptor gene polymorphisms, determines 

bone mineral density in postmenopausal Greek women. Osteoporosis International, 12, 326 – 331. 

Elefteriou, F., Ahn, J.D., Takeda, S., Starbuck, M., Yang, X., Liu, X., Kondo, H., Richards, W.G., Bannon, T.W., 

Noda, M., Clement, K., Vaisse, C., & Karsenty, G. (2005) Leptin regulation of bone resorption by the 

sympathetic nervous system and CART. Nature, 434, 514 – 520. 

Ellegren, H. (2002) Microsatellite evolution, a battle between replication slippage and point mutation. Trends 

in Genetics, 18, 70. 

Enger, O. (1996) Use of a fluorescent dye PicoGreenTM for quantification of PCR products after agarose gel 

electrophoresis. Biotechniques, 21, 372 – 374. 

Erlebacher, A., Filvaroff, E.H., Ye, J.Q., & Derynck, R. (1998) Osteoblastic responses to TGF‐β during bone 

remodeling. Molecular Biology of the Cell, 9, 1903 – 1918. 

Etzel, C.J., & Guerra, R. (2002) Meta‐analysis of genetic linkage analysis of quantitative trait loci. American 

Journal of Human Genetics 71, 56 – 65. 

European Parliament Osteoporosis Interest Group. (2003) Osteoporosis at a glance. Newsletter 2, 2. 

Everts, V., Delaisse, J.M., Korper, W., Jansen, D.C., Tigchelaar‐Gutter, W., Saftig, P., & Beertsen, W. (2002) The 

bone lining cell, Its role in cleaning Howship’s lacunae and initiation of bone formation. Journal of 

Bone and Mineral Research, 17, 77 – 90. 

Falchetti, A., Sferazza, C., Capollaro, C., Gozzini, A., Del Monte, F., Masi, L., Napoli, N., Di Fede, G., Cannone, V., 

Cusumano, G., Pandolfo, M.C., Rini, G.B., Tanini, A., & Brandi, M.L. (2007) FokI polymorphism of the 

vitamin D receptor gene correlates with parameters of bone mass and turnover in a female 

population of the Italian island of Lampedusa. Calcified Tissue International, 80, 15 – 20. 

Fang, Y., Rivadeneira, F., van Meurs, J.B., Pols, H.A.P., Ioannidis, J.P.A., & Uitterlinden, A.G. (2006) Vitamin D 

receptor gene BsmI and TaqI and fracture risk: A meta‐analysis. Bone, 39, 938 – 945. 



References 

188 

 

Fang, Y., van Meurs, J.B., Bergink, A.P., Hofman, A., van Duijn, C.M., van Leeuwen, J.T., Pols, H.P., & 

Uitterlinden, A.G. (2003) Cdx‐2 polymorphism in the promoter region of the human vitamin D 

receptor gene determines susceptibility to fracture in the elderly. Journal of Bone and Mineral 

Research 18, 1632 – 1641. 

Fang, Y., van Meurs, J.B., d’Alesio, A., Jhamai, M., Zhao, H., Rivadeneira, F., Hofman, A., van Leeuwen, J.T., 

Jehan, F., Pols, H.A.P., & Uitterlinden, A.G. (2005) Promoter and 5’Untranslated region haplotypes in 

the vitamin D receptor gene predispose to osteoporotic fracture: The Rotterdam Study. American 

Journal of Human Genetics, 77, 807 – 823. 

Farrugia, R., Scerri, C.A., Attard Montalto, S., Parascandalo, R., Neville, B.G.R., & Felice, A.E. (2007) Molecular 

genetics of the tetrahydrobiopterin (BH4) deficiency in the Maltese population. Molecular Genetics 

and Metabolism, 90, 277 – 283. 

Favus, M.J., Christakos, S., Gohron Robey, P., Goldring, S.R., Holick, M.F., Kaplan, F.S., Khosla, S., Kleerekoper, 

M., Langman, C.B., Lian, J.B., Shane, E., Shoback, D.M., Stewart, A.F., & Whyte, M.P. (1999) Primer on 

the metabolic bone diseases and disorders of mineral metabolism. American Society for Bone & 

Mineral Research, Philadelphia, USA. 

Feng, J.Q., Ward, L.M., Liu, S., Lu, Y., Xie, Y., Yuan, B., Yu, X., Rauch, F., Davis, S.I., Zhang, S., Rios, H., Drezner, 

M.K., Quarles, D., Bonewald., L.F., & White, K.E. (2006) Loss of DMP1 causes rickets and osteomalacia 

and identifies a role for osteocytes in mineral metabolism. Nature Genetics, 38, 1310 – 1315.  

Ferrari, S.L., Deutsch, S., Baudoin, C., Cohen‐Solal, M., Ostertag, A., Antonarakis, S.E., Rizzoli, R., & de 

Vernejoul, M.C. (2005) LRP5 gene polymorphisms and idiopathic osteoporosis in men. Bone, 37, 770 – 

775. 

Ferrari, S.L., Deutsch, S., Choudhury, U., Chevalley, T., Bonjour, J.P., Dermitzakis, E.T., Rizzoli, R., & Antonarakis, 

S.E. (2004) Polymorphisms in the low density lipoprotein receptor‐related protein 5 (LRP5) gene are 

associated with variation in vertebral bone mass, vertebral bone size and stature in whites. American 

Journal of Human Genetics, 74, 866 – 875. 

Finck, A., van der Meer, J.W.M., Schaffer, A.A., Pfannstiel, J., Fieschi, C., Plebani, A., Webster, A.D.B., 

Hammarstrom, L., & Grimbecher, B. (2006) Linkage of autosomal‐dominant common variable 

immunodeficiency to chromosome 4q. European Journal of Human Genetics, 14, 867 – 875. 

Fingerlin, T.E., Abecasis, G.R., & Boehnke, M. (2006) Using sex‐averaged genetic maps in multipoint linkage 

analysis when identity‐by‐descent status is incompletely unknown. Genetic Epidemiology, 30, 384 – 

396. 



References 

189 

 

Franklin‐Barbajosa, C. (2004) The wake of the Phoenicians, DNA study reveals a Phoenician‐Maltese link. 

National Geographic Magazine, 10.  

Freedman, M.L., Reich, D., Penney, K.L., McDonald, G.J., Mignault, A.A., Patterson, N., Gabriel, S.B., Topol, E.J., 

Smoller, J.W., Pato, C.N., Pato, M.T., Petryshem, T.L., Kolonel, L.N., Lander, E.S., Sklar, P., Henderson, 

B., Hirschorn, J.N., & Altshuler, D. (2004) Assessing the impact of population stratification on genetic 

association studies. Nature Genetics, 36, 388 – 393. 

Friso, S., Choi, S.W., Girelli, D., Mason, J.B., Dolnikowski, G.G., Bagley, P.J., Olivieri, O., Jacques, P.F., Rosenberg, 

I.H., Carrocher, R., & Selhub, J. (2002) A common mutation in the 5,10‐methylenetetrahydrofolate 

reductase gene affects genomic DNA methylation through an interaction with folate status. 

Proceedings of the National Academy of Science, 99, 5606 – 5611. 

Frisse, L., Hudson, R.R., Bartoszewicz, A., Wall, J.D., Donfack, J., & Di Rienzo, A. (2001) Gene conversion and 

different population histories may explain the contrast between polymorphism and linkage 

disequilibrium levels. American Journal of Human Genetics, 69, 831 – 843. 

Fujita, T. (2001) Global assessment of risk factors for osteoporosis. Journal of Bone and Mineral Metabolism, 

19, 131 – 132. 

Garcia‐Giralt, N., Enjuanes, A., Bustamante, M., Mellibovsky, L., Nogues, X., Carreras, R., Diez‐Perez, A., 

Grinberg, D., & Balcells, S. (2005) In vitro functional assay of alleles and haplotypes of two COL1A1 

promoter SNPs. Bone, 36, 902 – 908. 

Garcia‐Giralt, N., Nogues, X., Enjuanes, A., Puig, J., Mellibovski, L., Bay‐Jensen, A., Carreras, R., Balcells, S., Diez‐

Perez, A., & Grinberg, D. (2002) Two new single nucleotide polymorphisms in the COLIA1 upstream 

regulatory region and their relationship to bone mineral density. Journal of Bone and Mineral 

Research, 17, 384 – 393. 

Gaughan, D.J., Barbaux, S., Kluijtmans, L.A., & Whitehead, A.S. (2000) The human and mouse 

methylenetetrahydrofolate reductase (MTHFR) genes, genomic organisation, mRNA structure and 

linkage to the CLCN6 gene. Gene, 257, 279 – 289. 

Gelehrter, T.D., Collins, F.S., & Ginsburg, D. (1998) Principles of Medical Genetics. Williams and Wilkins, 

Pennysylvania, USA. 

Gennari, L., Becherini, L., Mansari, R., Masi, L., Falchetti, A., Morelli, A., Colli, E., Gonnelli, S., Cepollaro, C., & 

Brandi, M.L. (1999) FokI polymorphism at the translation initiation site of the vitamin D receptor gene 

predicts bone mineral density and vertebral fractures in postmenopausal Italian women. Journal of 

Bone and Mineral Research, 14, 1379 – 1386. 



References 

190 

 

Gerdhem, P., Brandstrom, H., Stiger, F., Obrant, K., Melhus, H., Ljunggren, O., Kindmark, A., & Akesson, K. 

(2004) Association of Collagen type 1 (COL1A1) Sp1 binding site polymorphism to femoral neck bone 

mineral density and wrist fracture in 1044 elderly Swedish women. Calcified Tissue International, 74, 

264 – 269. 

Gianfrancesco, F., Esposito, T., Ombra, M.N., Forabosco, P., Maninchedda, G., Fattorini, M., Casula, S., 

Vaccargiu, S., Casu, G., Cardia, F., Deiana, I., Melis, P., Falchi, M., & Pirastu, M. (2003) Identification of 

a novel gene and a common variant associated with uric acid nephrolithiasis in a Sardinian genetic 

isolate. American Journal of Human Genetics, 72, 1479 – 1491. 

Ginaldi, L., Di Benedetto, M.C., & De Martinis, M. (2005) Osteoporosis, inflammation and aging. Immunity and 

Ageing, 2, 14. 

Goddard, K.A.B., Hopkins, P.J., Hall, J.M., & Witte, J.S. (2000) Linkage disequilibrium and allele frequency 

distributions for 114 single nucleotide polymrophisms in five populations. American Journal of Human 

Genetics, 66, 216 – 234. 

Golbahar, J., Hamidi, A., Aminzadeh, M.A., & Omrani, G.R. (2004) Association of plasma folate, plasma total 

homocysteine, but not methylenetetrahydrofolate reductase C677T polymorphism, with bone 

mineral density in postmenopausal Iranian women, a cross‐sectional study. Bone, 35, 760 – 765. 

Goldstein, D.B. (2001) Islands of linkage disequilibrium. Nature Genetics, 29, 109 – 111. 

Goltzman, D. (2002) Discoveries, drugs and skeletal disorders. Nature Reviews, 1, 784 – 796. 

Gong, Y., Slee, R.B., Fukai, N., Rawadi, G., Roman‐Roman, S., Reginato, A.M., Wang, H., Cundy, T., Glorieux, 

F.H., Lev, D., Zacharin, M., Oexle, K., Marcelino, J., Suwairi, W., Heeger, S., Sabatakos, G., Apte, S., 

Adkins, W.N., Allgrove, J., Arslan‐Kirchner, M., Batch, J.A., Beighton, P., Black, G.C., Boles, R.G., Boon, 

L.M., Borrone, C., Brunner, H.G., Carle, G.F., Dallapiccola, B., De Paepe, A., Floege, B., Halfhide, M.L., 

Hall, B., Hennekam, R.C., Hirose, T., Jans, A., Juppner, H., Kim, C.A., Keppler‐Noreuil, K., Kohlschuetter, 

A., LaCombe, D., Lambert, M., Lemyre, E., Letteboer, T., Peltonen, L., Ramesar, R.S., Romanengo, M., 

Somer, H., Steichen‐Gersdorf, E., Steinmann, B., Sullivan, B., Superti‐Furga, A., Swoboda, W., van den 

Boogaard, M.J., Van Hul, W., Vikkula, M., Votruba, M., Zabel, B., Garcia, T., Baron, R., Olsen, B.R., & 

Warman, M.L. (2001) LDL receptor related protein 5(LRP5) affects bone accrual and eye development. 

Cell, 107, 513 – 523. 

Gong, Y., Vikkula, M., Boon, L., Beighton, P., Ramesar, R., Peltonen, L., Somer, H., Hirose, T., Dallapiccola, B., De 

Paepe, A., Swoboda, W., Zabel, B., Superti‐Furga, A., Steinmann, B., Brunner, H. G., Jans, A., Boles, R. 

G., Adkins, W., van den Boogaard, M.‐J., Olsen, B. R., & Warman, M. L. (1996) Osteoporosis‐



References 

191 

 

pseudoglioma syndrome, a disorder affecting skeletal strength and vision, is assigned to chromosome 

region 11q12‐13. American Journal of Human Genetics, 59, 146 – 151. 

Goseki‐Sone, M., Sogabe, N., Fukushi‐Irie, M., Mizoi, L., Orimo, H., Suzuki, T., Nakamura, H., Orimo, H., & 

Hosoi, T. (2005) Functional analysis of the single nucleotide polymorphism (787T>C) in the tissue‐

nonspecific alkaline phosphatase gene associated with BMD. Journal of Bone and Mineral Research, 

20, 773 – 782. 

Grant, F.A., Reid, D.M., Blake, G., Herd, R., Fogelman, I., & Ralston, S.H. (1996) Reduced bone density and 

osteoporosis associated with a polymorphic Sp1 binding site in the Collagen type 1α1 gene.  Nature 

Genetics, 14, 203 – 205. 

Gravallese, E.M., Galson, D.L., Goldring, S.R., & Auron, P.E. (2001) The role of TNF‐receptor family members 

and other TRAF‐dependent receptors in bone resorption. Arthritis Research, 3, 6 – 12. 

Gray, I.C., Campbell, D.A., & Spurr, N.K. (2000) Single nucleotide polymorphisms as tools in human genetics. 

Human Molecular Genetics, 9, 2403 – 2408. 

Griffin, T.J., & Smith, L.M. (2002) Single nucleotide polymorphism analysis by MALDI‐TOF mass spectrometry. 

Trends in Genetics, S10 – S18. 

Gross, C., Eccleshall, T.R., Malloy, P.J., Villa, M.L., Marcus, R., & Feldman, D. (1996) The presence of a 

polymorphism at the translation initiation site of the vitamin D receptor gene is associated with low 

bone mineral density in postmenopausal Mexican‐American women. Journal of Bone and Mineral 

Research, 11, 1850 – 1855. 

Grundberg, E., Brandstrom, H., Ribom, E.L., Ljunggren, O., Kindmark, A., & Mallmin, H. (2003) A poly adenosine 

repeat in the human vitamin D receptor gene is associated with bone mineral density in young 

Swedish women. Calcified Tissue International, 73, 455 – 462. 

Gustafsson, J.A. (1999) Estrogen receptor β – a new dimension in estrogen mechanism of action. Journal of 

Endocrinology, 163, 379 – 383. 

Haines, J.L., & Pericak–Vance, M.A. (1998) Approaches to Gene Mapping in Complex Human Diseases. Whiley 

Liss Inc, USA. 

Hajeer, A., Worthington, J., & John, S. (2000) SNP and Microsatellite Genotyping – Markers for Genetic 

Analysis. Eaton Publishing, Madison, USA. 

Hanson, R.L., Ehm, M.G., Pettitt, D.J., Prochazka, M., Thompson, D.B., Timberlake, B., Foroud, T., Kobes, S., 

Baier, L., Burns, D.K., Almasy, L., Blangero, J., Garvey, W.T., Bennett, P.H., & Knowler, W.C. (1998) An 



References 

192 

 

autosomal genomic scan for loci linked with type II diabetes mellitus and bone‐mass index in Prima 

Indians. American Journal of Human Genetics, 63, 1130 – 1138.  

Harpending, H.C., Batzer, M.A., Gurven, M., Jorde, L.B., Rogers, A.R., & Sherry, S.T. (1998) Genetic traces of 

ancient demography. Proceedings of the National Academy of Science, 95, 1961 – 1967. 

Harris, S.S., Eccleshall, T.R., Gross, C., Dawson‐Hughes, B., & Feldman, D. (1997) The vitamin D receptor start 

codon polymorphism (FokI) and bone mineral density in premenopausal American black and white 

women. Journal of Bone and Mineral Research, 12, 1043 – 1048. 

Hartikka, H., Makitie, O., Mannikko, M., Doria, A.S., Daneman, A., Cole, W.G., Ala‐Kokko, L., & Sochett, E.B. 

(2005) Heterozygous mutations in the LDL receptor related protein 5 (LRP5) gene are associated with 

primary osteoporosis in children. Journal of Bone and Mineral Research, 20, 783 – 789. 

Hassager, C., Risteli, J., Risteli, L., Jensen, S.B., & Christiansen, C. (1992) Diurnal variation in serum markers of 

type I collagen synthesis and degradation in healthy premenopausal women. Journal of Bone and 

Mineral Research, 7, 1307 – 1311.  

Haussler, M.R., Whitfield, G.K., Haussler, C.A., Hsieh, J.C., Thompson, P.D., Selznick, S.H., Dominguez, C.E., & 

Jurutka, P.W. (1998) The nuclear vitamin D receptor, Biological and molecular regulatory properties 

reviled. Journal of Bone and Mineral Research, 13, 325 – 349. 

Hayer, S., Steiner, G., Görtz, B., Reiter, E., Tohidast‐Akrad, M., Amling, M., Hoffmann, O., Redlich, K., Zwerina, 

J., Skriner, K., Hilberg, F., Wagner, E.F., Smolen, J.S., & Schett, G. (2005) CD44 is a determinant of 

inflammatory bone loss. The Journal of Experimental Medicine, 201, 903 – 914. 

Heaney, C., Shalev, H., Elbedour, K., Carmi, R., Staack, J.B., Sheffield, V.C., & Beier, D.R. (1998) Human 

autosomal recessive osteopetrosis maps to 11q13, a position predicted by comparative mapping of 

murine osteosclerosis (oc) mutation. Human Molecular Genetics, 7, 1407 – 1410. 

Hecht, J. T., Hogue, D., Strong, L. C., Hansen, M. F., Blanton, S. H., & Wagner, M. (1995) Hereditary multiple 

exostosis and chondrosarcoma: linkage to chromosome 11 and loss of heterozygosity for EXT‐linked 

markers on chromosomes 11 and 8. American Journal of Human Genetics, 56, 1125 – 1131. 

Heiman, G.A. (2005) Robustness of case‐control studies to population stratification. Cancer Epidemiology 

Biomarkers and Prevention, 14, 1579 – 1582. 

Hofbauer, L.C., & Heufelder, A.E. (2000) The role of receptor activator of nuclear factor‐κβ ligand and 

osteoprotegerin in the pathogenesis and treatment of metabolic bone diseases. Journal of Clinical 

Endocrinology and Metabolism, 85, 2355 – 2363. 



References 

193 

 

Hofbauer, L.C., & Schoppet, M. (2002) Osteoprotegerin gene polymorphism and the risk of osteoporosis and 

vascular disease. Journal of Clinical Endocrinology and Metabolism, 87, 4078 – 4079. 

Hofbauer, L.C., Khosla, S., Dunstan, C.R., Lacey, D.L., Boyle, W.J., & Riggs, B.L. (2000) The roles of 

osteoprotegerin and osteoprotegerin ligand in paracrine regulation of bone resorption. Journal of 

Bone and Mineral Research, 15, 2 – 12. 

Hofbauer, L.C., Khosla, S., Dunstan, C.R., Lacey, D.L., Spelsberg, T.C., & Riggs, B.L. (1999) Estrogen stimulates 

gene expression and protein production of osteoprotegerin in human osteoblastic cells. 

Endocrinology, 140, 4367 – 4370. 

Holick, M.F. (1999) Vitamin D, Photobiology, metabolism, mechanism of action and clinical applications. In, 

Primer on the Metabolic Bone Diseases and Disorders of Mineral Metabolism (Ed. Favus, M.J.), 92 ‐ 98. 

Lippincott Williams and Wilkins, USA. 

Horikawa, Y., Oda, N., Cox, N.J., Li, X., Orho‐Melander, M., Hara, M., Hinokio, Y., Lindner, T.H., Mashima, H., 

Schwartz, P.E.H., del Bosque‐Plata, L., Horikawa, Y., Oda, Y., Yoshiuchi, I., Collila, S., Polonsky, K.S., 

Wei, S., Concannon, P., Iwasaki, N., Schulze, J., Baier, L.J., Bogardus, C., Groop, L., Boerwinkle, E., 

Hanis, C.L., & Bell, G.I. (2000) Genetic variation in the gene encoding calpain‐10 is associated with 

type II diabetes mellitus. Nature Genetics, 26, 163 – 175. 

Huang Q.Y., Recker R.R., & Deng, H.W. (2003) Searching for osteoporosis genes in the post‐genome era, 

progress and challenges. Osteoporosis International, 14, 701 – 715. 

Huang, D.Y., Kuo, Y.Y., Lai, J.S., Suzuki, Y., Sugano, S., & Chang, Z.F. (2004) GATA‐1 and NF‐Y cooperate to 

mediate erythroid specific transcription of Gfi‐1B gene. Nucleic Acids Research, 32, 3935 – 3946. 

Huang, W., He, Y., Wang, H., Wang, Y., Liu, Y., Wang, Y., Chu, X., Wang, Y., Xu, L., Shen, Y., Xiong, X., Li, H., Wen, 

B., Qian, J., Yuan, W., Zhang, C., Wang, Y., Jiang, H., Zhao, G., Chen, Z., & Jin, L. (2006) Linkage 

disequilibrium sharing and haplotype tagged SNP portability between populations. Preceedings of the 

National Academy of Sciences, 103, 1418 – 1421. 

Ichida, F., Nishimura, R., Hata, K., Matsubara, T., Ikeda, F., Hisada, K., Yatani, H., Cao, X., Komori, T., Yamaguchi, 

A., & Yoneda, T. (2004) Reciprocal roles of MSX2 in regulation of osteoblast and adipocyte 

differentiation. Journal of Biological Chemistry, 279, 34015 – 34022. 

Idris, A.I., Greig, I.R., Gray, M., Ralston, S.H., & van’t Hof, R.J. (2007) Small molecular inhibitors of TRAF‐

dependent signalling as anti‐resorptive and anti rheumatic drugs. Calcified Tissue International, 80, 

Supl1, OC034 (abstract). 



References 

194 

 

International Human Genome Consortium. (2001) Initial sequencing and analysis of the human genome. 

Nature, 409, 860 – 921. 

Ioannidis, J.P., Ng, M.Y., Sham, P.C., Zintzaras, E., Lewis, C.M., Deng, H.W., Econs, M.J., Karasik, D., Devoto, M., 

Kammerer, C.M., Spector, T., Andrew, T., Cupples, L.A., Duncan, E.L., Foroud, T., Kiel, D.P., Koller, D., 

Langdahl, B., Mitchell, B.D., Peacock, M., Recker, R., Shen, H., Sol‐Church, K., Spotila, L.D., 

Uitterlinden, A.G., Wilson, S.G., Kung, A.W., & Ralston, S.H. (2007) Meta‐analysis of genome‐wide 

scans provides evidence for sex‐ and site‐specific regulation of bone mass. Journal of Bone and 

Mineral Research, 22, 173 – 183. 

Ioannidis, J.P., Ralston, S.H., Bennett, S.T., Brandi, M.L., Grinberg, D., Karassa, F.B., Langdahl, B., van Meurs, 

J.B., Mosekilde, L., Scollen, S., Albagha, O.M., Bustamante, M., Carey, A.H., Dunning, A.M., Enjuanes, 

A., van Leeuwen, J.P., Mavilia, C., Masi, L., McGuigan, F.E., Nogues, X., Pols, H.A., Reid, D.M., Schuit, 

S.C., Sherlock, R.E., & Uitterlinden, A.G.; GENOMOS Study. (2004) Differential genetic effects of ESR1 

gene polymorphisms on osteoporosis outcomes. The Journal of American Medical Association, 292, 

2105 – 2114. 

Ioannidis, J.P.A., Stavrou, I., Trikalinos, T.A., Zois, C., Brandi, M.L., Gennari, L., Albagha, O., Ralston, S.H., & 

Tsatsoulis, A. (2002) Association of polymorphisms of the estrogen receptor α gene with bone mineral 

density and fracture risk in women, A meta‐analysis. Journal of Bone and Mineral Research, 17, 2048 – 

2060. 

Ioannidis, J.P.A., Trikalinos, T.A., Ntzani, E.A., & Contopoulos‐Ioannidis, D.G. (2003) Genetic associations in 

large versus small studies, an empirical assessment. The Lancet, 361, 567 – 571. 

Jochum, W., David, J.P., Elliott, C., Wutz, A., Plenk, H., Matsuo, K., & Wagner, E.F. (2000) Increased bone 

formation and osteosclerosis in mice over expressing the transcriptional factor Fra‐1. Nature 

Medicine, 6, 980 – 984. 

Johnson, M.L., Gong, G., Kimberling, W., Recker, S.M., Kimmel, D.B., & Recker, R.R. (1997) Linkage of a gene 

causing high bone mass to human chromosome 11 (11q12‐13). American Journal of Human Genetics, 

60, 1326 – 1332. 

Jorgensen, H.L., Kusk, P., Madsen, B., Fenger, M., & Lauritzen, J.B. (2004) Serum osteoprotegerin (OPG) and the 

A163G polymorphism in the OPG promoter region are related to peripheral measures of bone mass 

and fracture odds ratios. Journal of Bone and Mineral Metabolism, 22, 132 – 138. 

Jorgensen, H.L., Madsen, J.S., Madsen, B., Saleh, M.M.A., Abrahamsen, B., Fenger, M., & Lauritzen, J.B. (2002) 

Association of a common allelic polymorphism (C677T) in the methylene tetrahydrofolate reductase 



References 

195 

 

gene with reduced risk of osteoporotic fractures. A case control study in Danish postmenopausal 

women. Calcified Tissue International, 71, 386 – 392. 

Juppner, H., Brown, E.M., & Kronenberg, H.M. (1999) Parathyroid hormone. In, Primer on the Metabolic Bone 

Diseases and Disorders of Mineral Metabolism (Ed. Favus, M.J.), 80 ‐ 87. Lippincott Williams and 

Wilkins, USA. 

Jurutka, P.W., Remus, L.S., Whitfield, K., Thompson, P.D., Hsieh, J.C., Zitzer, H., Tavakkoli, P., Galligan, M.A., 

Dang, H.T.L., Haussler, C.A., & Haussler, M.R. (2000) The polymorphic N terminus in human vitamin D 

receptor isoforms influences transcriptional activity by modulating interaction with transcriptional 

factor IIB. Molecular Endocrinology, 14, 401 – 420. 

Kabe, Y., Yamada, J., Uga, H., Yamaguchi, Y., Wada, T., & Handa, H. (2005) NF‐Y is essential for the recruitment 

of RNA polymerase II and inducible transcription of several CCAAT box‐containing genes. Molecular 

and Cellular Biology, 25, 512 – 522. 

Kajickova, K., Krepelova, A., & Zofkova, I. (2003) A single nucleotide polymorphism under the reverse primer 

binding site may lead to BsmI mis‐genotyping in the vitamin D receptor gene. Journal of Bone and 

Mineral Research, 18, 1754 – 1757. 

Kambouris, M. (2005) Target gene discovery in extended families with type 2 diabetes mellitus. Atherosclerosis 

Supplements, 6, 31 – 36. 

Kammerer, C.M., Schneider, J.L., Cole, S.A., Hixson, J.E., Samollow, P.B., O’Connell, J.R., Perez, R., Dyer, T.D., 

Almasy, L., Blangero, R.L., Bauer, R.L., & Mitchell, B.D. (2003) Quantitative trait loci on chromosomes 

2p, 4p, and 13q influence bone mineral density of the forearm and hip in Mexican Americans. Journal 

of Bone and Mineral Research, 18, 2245 – 2252. 

Kang, S.S., Wong, P.W., Zhou, J.M., Sora, J., Lessick, M., Ruggie, N., & Grcevich, G. (1988) Thermolabile 

methylenetetrahydrofolate reductase in patients with coronary artery disease. Metabolism, 37, 611 – 

613. 

Kanis, J.A. (2002) Diagnosis of osteoporosis and assessment of fracture risk. The Lancet, 359, 1929 – 1936. 

Kanis, J.A., Melton, L.J., Christiansen, C., Johnston, C.C., & Khaltaev, N. (1994) The diagnosis of osteoporosis. 

Journal of Bone and Mineral Research, 9, 1137 – 1141.  

Karsenty, G. (2001) Minireview, Transcriptional control of osteoblast differentiation. Endocrinology, 142, 2731 

– 2733. 



References 

196 

 

Kato, M., Patel, M.S., Levasseur, R., Lobov, I., Chang, B.H.J., Glass, D.A., Hartmann, C., Li, L., Hwang, T.H., 

Brayton, C.F., Lang, R.A., Karsenty, G., & Chan, L. (2002) Cbfa‐1 independent decrease in osteoblast 

proliferation, osteopenia, and persistent embryonic eye vascularization in mice deficient in LRP5, a 

Wnt co‐receptor. Journal of Cell Biology, 157, 303 – 314. 

Kawano, K., Ogata, N., Chiano, M., Molloy, H., Kleyn, P., Spector, T.D., Uchida, M., Hosoi, T., Suzuki, T., Orimo, 

H., Inoue, S., Nabeshima, Y., Nakamura, K., Kuro‐o, M., & Kawaguchi, H. (2002) Klotho gene 

polymorphisms associated with bone density of aged postmenopausal women. Journal of Bone and 

Mineral Research, 17, 1744 – 1751. 

Kawano, K., Ogata, N., Chiano, M., Molloy, H., Kleyn, P., Spector, T.D., Uchida, M., Hosoi, T., Suzuki, T., Orimo, 

H., Inoue, S., Nabeshima, Y., Nakamura, K., Kuro‐o, M., & Kawaguchi, H. (2002) Klotho gene 

polymorphisms associated with bone mineral density of aged postmenopausal women. Journal of 

Bone and Mineral Research, 17, 1744 – 1751. 

Kerstetter, J.E., O’Brien, K., & Insogna, K.L. (2003) Dietary protein, calcium metabolism and skeletal 

homeostasis revisited. American Journal of Clinical Nutrition, 78, 584S – 592S. 

Khan, A.A., Bachrach, L., Brown, J.P., Hanley, D.A., Josse, R.G., Kendler, D.L., Leib, E.S., Lentle, B.C., Leslie, W.D., 

Lewiecki, E.M., Miller, P.D., Nicholson, R.L., O'Brien, C., Olszynski, W.P., Theriault, M.Y., & Watts, N.B. 

(2004) Standards and guidelines for performing central dual‐energy X‐ray absorptiometry in 

premenopausal women, men, and children. Journal of Clinical Densitometry, 7, 51 – 64. 

Khosla, S. (2001) Minireview: The OPG/RANKL/RANK system. Endocrinology, 142, 5050 – 5055. 

Kim, D.J., Park, B.L., Koh, J.M., Kim, G.S., Kim, L.H., Cheong, H.S., Shin, H.D., Hong, J.M., Kim, T.H., Shin, H.I., 

Park, E.K., & Kim, S.Y. (2006) Methionine synthase reductase polymorphisms are associated with 

serum osteocalcin levels in postmenopausal women. Experimental and Molecular Medicine, 38, 519 – 

524. 

Kim, J.G., Roh, K.R., & Lee, J.Y. (2002) The relationship among serum insulin‐like growth factor‐I, insulin‐like 

growth factor‐I gene polymorphism, and bone mineral density in postmenopausal women in Korea. 

American Journal of Obstetrics and Gynaecology, 186, 345 – 350. 

Kim, N., Kadono, Y., Takami, M., Lee, J., Lee, S.H., Okada, F., Kim, J.H., Kobayashi, T., Odgren, P.R., Nakano, H., 

Yeh, W.C., Lee, S.K., Lorenzo, J.A., & Choi, Y. (2005) Osteoclast differentiation independent of the 

TRANCE‐RANK‐TRAF6 axis. The Journal of Experimental Medicine, 202, 589 – 595. 



References 

197 

 

King, A.L., Fraser, J.S., Moodie, S.J., Curtis, D., Dearlove, A.M., Ellis, H.J., Rosen‐Bronson, S., & Ciclitira, P.J. 

(2001) Coeliac disease: follow‐up linkage study provides further support for existence of a 

susceptibility locus on chromosome 11p11. Annals of Human Genetics, 65, 377 – 386. 

Kirk B.W., Feinsod, M., Favis, R., Kliman, R.M., & Barany, F. (2002) Single nucleotide polymorphism seeking 

long term association with complex disease. Nucleotide Acid Research, 30, 3295 – 3311. 

Kitazawa, R., & Kitazawa, S. (2002) Vitamin D3 augments osteoclastogenesis via vitamin D responsive element 

on mouse RANKL gene promoter. Biochemical and Biophysical Research Communications, 290, 650 – 

655. 

Kiviranta, R., Marko, J., Alatalo, S.L., NicAmhlaoibh, R., Risteli, J., Laitala‐Leinonen, T., & Vuorio, E. (2005) 

Impaired bone resorption in cathepsin K‐deficient mice is partially compensated for by the enhanced 

osteoclastogenesis and increased expression of other proteases via an increased RANKL/OPG ratio. 

Bone, 36, 159 – 172. 

Klein, R.F., Carlos, A.S., Vartanian, K.A., Chambers, V.K., Turner, R.J., Phillips, T.J., Belknap, J.K., & Orwoll, E.S. 

(2001) Confirmation and fine mapping of chromosomal regions influencing peak bone mass in mice. 

Journal of Bone and Mineral Research, 16, 1953 – 1961. 

Klug, W.S., & Cummings, M.R. (1997) Concepts of Genetics. Prentice‐Hall Inc., New Jersey, USA. 

Koay, M.A., Woon, P.Y., Zhang, Y., Miles, L.J., Duncan, E.L., Ralston, S.H., Compston, J.E., Cooper, C., Keen, R., 

Langdahl, B.L., MacLelland, A., O'Riordan, J., Pols, H.A., Reid, D.M., Uitterlinden, A.G., Wass, J.A., & 

Brown, M.A. (2004) Influence of LRP5 polymorphisms on normal variation in BMD. Journal of Bone 

and Mineral Research, 19, 1619 – 1627. 

Kobayashi, K., Takahashi, N., Jimi, E., Udagawa, N., Takami, M., Kotake, S., Nakagawa, N., Kinosaki, M., 

Yamaguchi, K., Shima, N., Yasuda, H., Morinaga, T., Higashio, K., Martin, T.J., & Suda, T. (2000) Tumor 

necrosis factor alpha stimulates osteoclast differentiation by a mechanism independent of the 

ODF/RANKL‐RANK interaction. Journal of Experimental Medicine, 191, 275 – 286. 

Kobayashi, N., Fujino, T., Shirogane, T., Furuta, I., Kobamatsu, Y., Yaegashi, M., Sakuragi, N., & Fujimoto, S. 

(2002) Estrogen receptor α polymorphism as a genetic marker for bone loss, vertebral fractures and 

susceptibility to estrogen. Maturitas, 41, 193 – 201. 

Kobayashi, N., Kadono, Y., Naito, A., Matsumato, K., Yamamoto, T., Tanaka, S., & Inoue, J. (2001) Segregation 

of TRAF6 mediated signalling pathways clarifies its role in osteoclastogenesis. The European Molecular 

Biology Organisation Journal, 20, 1271 – 1281. 



References 

198 

 

Kobayashi, S., Inoue, S., Hosoi, T., Ouchi, Y., Shiraki, M., & Orimo, H. (1996) Association of bone mineral density 

with polymorphism of the estrogen receptor gene. Journal of Bone and Mineral Research, 11, 306 – 

311. 

Koller, D.L., Econs, M.J., Morin, P.A., Christian, J.C., Hui, S.L., Parry, P., Curran, M.E., Rodriguez, L.A., Conneally, 

M., Joslyn, G., Peacock, M., Johnston, C.C., & Foroud, T. (2000) Genome screen for QTLs contributing 

to normal variation in bone mineral density and osteoporosis. Journal of Clinical Endocrinology and 

Metabolism, 85, 3116 – 3120. 

Koller, D.L., Liu, G., Econs, M.J., Hui, S.L., Morin, P.A., Joslyn, G., Rodriguez, L.A., Conneally, P.M., Christian, J.C., 

Johnston, C.C., Foroud, T., & Peacock, M. (2001) Genome screen for quantitative trait loci underlying 

normal variation in femoral structure. Journal of Bone and Mineral Research, 16, 985 – 991. 

Koller, D.L., Rodriguez, L.A., Christian, J.C., Slemenda, C.W., Econs, M.J., Hui, S.L., Morin, P., Conneally, P.M., 

Joslyn, G., Curran, M.E., Peacock, M., Johnston, C.C., & Foroud, T. (1998) Linkage of a QTL contributing 

to normal variation in bone mineral density to chromosome 11q12‐13. Journal of Bone and Mineral 

Research, 13, 1903 – 1908. 

Kong, A., & Cox, N.J. (1997) Allele sharing models: LOD scores and accurate linkage tests. American Journal of 

Human Genetics, 61, 1179 – 1188. 

Koziell, A., Grech, V., Hussain, S., Lee, G., Lenkkeri, U., Tryggvason, K., & Scambler, P. (2002) 

Genotype/phenotype correlations of NPHS1 and NPHS2 mutations in nephrotic syndrome advocate a 

functional inter‐relationship in glomerular filtration. Human Molecular Genetics, 11, 379 – 388. 

Kruglyak, L. (1999 a) Genetic isolates, separate but equal? Proceedings of the National Academy of Science, 96, 

1170 – 1172. 

Kruglyak, L. (1999) Prospects for whole genome linkage disequilibrium mapping of common disease genes. 

Nature Genetics, 22, 139 – 144. 

Kruglyak, L., Daly, M.J., Reeve‐Daly, M.P., & Lander, E. (1996) Parametric and non‐parametric linkage analysis, 

a unified multipoint approach. American Journal of Human Genetics, 58, 1347 – 1363. 

Kubota, K., Sakikawa, C., Katsumata, M., Nakamura, T., & Wakabayashi, K. (2002) Platelet‐derived growth 

factor BB secreted from osteoclasts acts as an osteoblastogenesis inhibitory factor. Journal of Bone 

and Mineral Research, 17, 257 – 265. 

Lai, C.F., Bai, S., Uthgenannt, B.A., Halstead, L.R., McLoughlin, P., Schafer, B.W., Chu, P.H., Chen, J., Otey, C.A., 

Cao, X., & Cheng, S.L. (2006) Four and half lim protein 2 (FHL2) stimulates osteoblast differentiation. 

Journal of Bone and Mineral Research, 21, 17 – 18. 



References 

199 

 

Lander, E., & Kruglyak, L. (1995) Genetic dissection of complex traits, guidelines for interpreting and reporting 

linkage results. Nature Genetics, 11, 241 – 247. 

Langdahl, B.L., Carstens, M., Stenkjaer, L., & Eriksen, E.F. (2003) Polymorphisms in the transforming growth 

factor beta 1 gene and osteoporosis. Bone, 32, 297 – 310.  

Langdahl, B.L., Carstens, M., Stenkjaer, L., & Eriksen, E.F. (2002) Polymorphisms in the osteoprotegerin gene 

are associated with osteoporotic fractures. Journal of Bone and Mineral Research, 17, 1245 – 1255. 

Langdahl, B.L., Gravholt, C.H., Brixen, K., & Eriksen, E.F. (2000) Polymorphisms in the vitamin D receptor gene 

and bone mass, bone turnover and osteoporotic fractures. European Journal of Clinical Investigation, 

30, 608 – 617. 

Langdahl, B.L., Lokke, E., Carstens, M., Stenkjaer, L.L., & Eriksen, E.F. (2000) A TA repeat polymorphism in the 

estrogen receptor gene is associated with osteoporotic fractures but polymorphisms in the first exon 

and intron are not. Journal of Bone and Mineral Research, 15, 2222 – 2230. 

Lappalainen, M., Paavola‐Sakki, P., Halme, L., Turunen, U., Heliö, T., Färkkilä, M., & Kontula, K. (2006) Screening 

of tumour necrosis factor‐associated factor 6 as a candidate gene for inflammatory bowel disease. 

Scandinavian Journal of Gastroenterology, 41, 424 – 429. 

Lau, H.H.L., Ng, M.Y.M., Ho, A.Y.Y., Luk, K.D.K., & Kung, A.W.C. (2005) Genetic and environmental determinants 

of bone mineral density in Chinese women. Bone, 36, 700 – 709. 

Lee, A.J., Hodges, S., & Eastell, R. (2000) Measurement of osteocalcin. Annals of Clinical Biochemistry, 37, 432 – 

446. 

Lee, M.H., Kwon, T.G., Park, H.S., Wozney, J.M., & Ryoo, H.M. (2003) BMP‐2 induced osterix expression is 

mediated by Dlx5 but is independent of Runx2. Biochemical and Biophysical Research 

Communications, 309, 689 – 694. 

Lee, N.K., Sowa, H., Hinoi, E., Ferron, M., Ahn, J.D., Confavreux, C., Dacquin, R., Mee, P.J., McKee, M.D., Jung, 

D.Y., Zhang, Z., Kim, J.K., Mauvais‐Jarvis, F., Ducy, P., & Karsenty, G. (2007) Endocrine regulation of 

energy metabolism by the skeleton. Cell, 130, 456 – 469. 

Lei, S.F., Deng, F.Y., Liu, X.H., Huang, Q.R., Qin, Y., Zhou, Q., Jiang, D.K., Li, Y.M., Mo, X.Y., Liu, M.Y., Chen, X.D., 

Wu, X.S., Shen, H., Dvornyk, V., Zhao, L., Recker, R.R., & Deng, H.W. (2003) Polymorphisms of four 

bone mineral density candidate genes in Chinese populations and comparison with populations of 

different ethnicity. Journal of Bone and Mineral Metabolism, 21, 34 – 42. 



References 

200 

 

Lei, S.F., Deng, F.Y., Xiao, S.M., Chen, X.D., & Deng, H.W. (2005) Association and haplotype analysis of the 

COL1A2 and ER‐α gene polymorphisms with bone size and height in Chinese. Bone, 36, 533 – 541. 

Lemos, M.C., Kotonko, P., Christie, P.T., Harding, B., Javor, T., Smith, C., Eastell, R., & Thakker, R.V. (2005) A 

novel EXT1 splice site mutation in a kindred with hereditary multiple exostoses and osteoporosis. 

Journal of Clinical Endocrinology and Metabolism, 90, 5386 – 5392. 

Lian, J.B., Stein, G.S., Canalis, E., Robey, P.G., & Boskey, A.L. (1999) Bone formation, Osteoblast lineage cells, 

growth factors, matrix proteins, and the mineralization process. In, Primer on the Metabolic Bone 

Diseases and Disorders of Mineral Metabolism (Ed. Favus, M.J.), 14 ‐ 29. Lippincott Williams and 

Wilkins, USA. 

Lindberg, M.K., Moverare, S., Eriksson, A.L., Skrtic, S., Gao, H., Dahlman‐Wright, K., Gustafsson, J., & Ohlsson, 

C. (2002) Identification of estrogen regulated genes of potential importance for the regulation of 

trabecular bone mineral density. Journal of Bone and Mineral Research, 17, 2183 – 2195. 

Lindner, T.H., & Hoffmann, K. (2005) EasyLINKAGE: a PERL script for easy and automated two‐/multipoint 

linkage analyses. Bioinformatics, 21, 405 – 407. 

Liu, J.M., Zhao, H.Y., Ning, G., Zhao, Y.J., Chen, Y., Zhang, Z., Sun, L.H., Xu, M.Y., & Chen, J.L., (2005) 

Relationships between the changes of serum levels of OPG and RANKL with age, menopause, bone 

biochemical markers and bone mineral density in Chinese women aged 20 – 75. Calcified Tissue 

International, 76, 1 – 6. 

Liu, P.Y., Lu, Y., Long, J.R., Xu, F.H., Shen, H., Recker, R.R., & Deng, H.W. (2004) Common variants at the PCOL2 

and Sp1 binding sites of the COL1A1 gene and their interactive effect influence bone mineral density 

in Caucasians. Journal of Medical Genetics, 41, 752 – 757. 

Liu, Y.Z., Liu, Y.J., Recker, R.R., & Deng, H.W. (2003) Molecular studies of identification of genes for 

osteoporosis, the 2002 update. Journal of Endocrinology, 177, 147 – 196. 

Liu, Y.Z., Shen, H., Xiao, P., Xiong, D.H., Li, L.H., Recker, R.R., & Deng, H.W. (2006) Molecular genetic studies of 

gene identification for osteoporosis: A 2004 update. Journal of Bone and Mineral Research, 21, 1511 – 

1535. 

Livshits, G., Deng, H.W., Nguyen, T.V., Yakovenko, K., Recker, R.R., & Eisman, J.A. (2004) Genetics of bone 

mineral density: Evidence for a major pleiotropic effect from an intercontinental study. Journal of 

Bone and Mineral Research, 19, 914 – 923. 



References 

201 

 

Lohmueller, K.E., Pearce, C.L., Pike, M., Lander, E.S., & Hirschorn, J.N. (2003) Meta‐analysis of genetic 

association studies supports a contribution of common variants to susceptibility to common disease. 

Nature Genetics, 33, 177 – 182. 

Long, A.D. & Langley, C.H. (1999) The power of association studies to detect the contribution of candidate 

genetic loci to variation in complex traits. Genome Research, 9, 720 – 731. 

Lorentzon, M., Lorentzon, R., Backstrom, T., & Nordstrom, P. (1999) Estrogen receptor gene polymorphism, 

but not estradiol levels, is related to bone density in healthy adolescent boys, a cross‐sectional and 

longitudinal study. Journal of Clinical Endocrinology and Metabolism, 84, 4597 – 4601. 

Lubec, B., Fang‐Kircher, S., Lubec, T., Blom, H.J., & Boers, G.H. (1996) Evidence for McKusick’s hypothesis of 

deficient collagen cross‐linking in patients with homocystinuria. Biochemistry and Biophysical Acta, 

1315, 159 – 162. 

MacDonald, H.M., McGuigan, F.A., New, S.A., Campbell, M.K., Golden, M.H.N., Ralston, S.H., & Reid, D.M. 

(2001) COL1A1 Sp1 polymorphism predicts perimenopausal and early postmenopausal spinal bone 

loss. Journal of Bone and Mineral Research, 16, 1634 – 1641. 

MacDonald, H.M., McGuigan, F.A., Stewart, A., Black, A.J., Fraser, W.D., Ralston, S., & Reid, D.M. (2006) Large 

scale population based study shows no evidence of association between common polymorphism of 

the VDR gene and BMD in British women. Journal of Bone and Mineral Research, 21, 151 – 162. 

Malacara, J.M., Perez‐Luque, E.L., Martinez‐Garza, S., & Sanchez‐Marin, F.J. (2004) The relationship of estrogen 

receptor α polymorphism with symptoms and other characteristics in post‐menopausal women. 

Maturitas, 49, 163 – 169. 

Malloy, P.J., Hochberg, Z., Tiasano, D., Pike, J.W., Hughes, M.R., & Feldman D. (1990) The molecular basis of 

hereditary 1,25‐dihydroxyvitamin D3 resistant rickets in seven unrelated families. Journal of Clinical 

Investigation 86, 2071 – 2079. 

Mangelsdorf, D.J., Thummel, C., Beato, M., Herrlich, P., Schutz, G., Umesono, K., Blumberg, B., Kastner, P., 

Mark, M., Chambon, P., & Evans, R.M. (1995) The nuclear receptor superfamily, The second decade. 

Cell, 83, 835 – 839. 

Mann, V., & Ralston, S.H. (2003) Meta‐analysis of COL1A1 Sp1 polymorphism in relation to bone mineral 

density and osteoporotic fracture. Bone, 32, 711 – 717. 

Mann, V., Hobson, E.E., Li, B., Stewart, T.L., Grant, S.F.A., Robins, S.P., Aspden, R.M., & Ralston, S.H. (2001) A 

COLIA1 Sp1 binding site polymorphism predisposes to osteoporotic fracture by affecting bone density 

and quality. Journal of Clinical Investigation, 107, 899 – 907. 



References 

202 

 

Mantovani, R. (1998) A survey of 178 NF‐Y binding CCAAT boxes. Nucleic Acids Research, 26, 1135 – 1143. 

Mao, J., Wang, J., Liu, B., Pan, W., Farr, G.H., Flynn, C., Yuan, H., Takada, S., Kimelman, D., Li, L., & Wu, D. 

(2001) Low density lipoprotein receptor related protein 5 binds to axin and regulates the canonical 

Wnt signalling pathway. Molecular Cell, 7, 801 – 809. 

Markianos, K., Daly, M.J., & Kruglyak, L. (2001) Efficient multipoint linkage analysis through reduction of 

inheritance space. American Journal of Human Genetics, 68, 963 – 977. 

Marshall, D., Johnell, O., & Wedel, H. (1996) Meta‐Analysis of how well measures of bone mineral density 

predict occurrence of osteoporotic fractures. British Medical Journal, 312, 1254 – 1259. 

Massart, F., Reginster, J.Y., & Brandi, M.L. (2001) Genetics of menopause associated diseases. Maturitas, 40, 

103 – 106. 

Matkovic, V., Jelic, T., Wardlaw, G.M., Ilich, J.Z., Goel, P.K., Wright, J.K., Andon, M.B., Smith, K.T., & Heaney, 

R.P. (1994) Timing of peak bone mass in Caucasian females and its implication for the prevention of 

osteoporosis. Journal of Clinical Investigations, 93, 799 – 808. 

McLean, R.R., Karasik, D., Selhub, J., Tucker, K.L., Ordovas, J.M., Russo, G.T., Cupples, L.A., Jacques, P.F., & Kiel, 

D.P. (2003) Association of a common polymorphism in the Methylentetrahydrofolate reductase 

(MTHFR) gene with bone phenotypes depends on plasma folate status. Journal of Bone and Mineral 

Research, 19, 410 – 418. 

McPherson, M.J., & Moller, S.G. (2000) PCR. BIOS Scientific Publishers Limited, Cromwell Press, Trowbridge, 

UK. 

Medici, M., van Meurs, J.B., Rivadeneira, F., Zhao, H.Y., Arp, P.P., Hofman, A., Pols, H.A.P., & Uitterlinden, A.G. 

(2006) BMP‐2 gene polymorphisms and osteoporosis: The Rotterdam study. Journal of Bone and 

Mineral Research, 21, 845 – 854. 

Melton, L.J. (1995) How many women have osteoporosis now? Journal of Bone and Mineral Research, 10, 175 

– 177. 

Melton, L.J. (2002) Who has osteoporosis? A conflict between clinical and public health perspectives. Journal 

of Bone and Mineral Research, 15, 2309 – 2314. 

Miller, S.A., Dykes, D.D., & Polesky, H.F. (1988) A simple salting out procedure for extracting DNA from human 

nucleated cells. Nucleic Acid Research, 16, 1215.  



References 

203 

 

Mitchell, R.J., Earl, L., & Fricke, B. (1997) Y‐chromosome specific alleles and haplotypes in European and Asian 

populations, Linkage disequilibrium and geographic diversity. American Journal of Physical 

Anthropology, 104, 167 – 176. 

Miyake, N., Hoshi, K., Sano, Y., Kikuchi, K., Tadano, K., & Koshihara, Y. (2001) 1,25‐DihydroxyVitaminD 

promotes VitK2 metabolism in human osteoblasts. Osteoporosis International, 12, 680 – 687. 

Miyamoto, K., Kesterson, R.A., Yamamoto, H., Taketani, Y., Nishiwaki, E., Tatsumi, S., Inoue, Y., Morita, K., 

Takeda, E., & Pike, J.W. (1997) Structural organization of the human vitamin D receptor gene and its 

promoter. Molecular Endocrinology, 11, 1165 – 1179. 

Miyao, M., Morita, H., Kurihara, H., Inoue, S., Hoshino, S., Shiraki, M., Yazaki, Y., & Ouchi, Y. (2000) Association 

of Methylenetetrahydrofolate reductase (MTHFR) polymorphism with bone mineral density in 

postmenopausal Japanese women. Calcified Tissue International, 66, 190 – 194. 

Mizuguchi, T., Furuta, I., Watanabe, Y., Tsukamoto, K., Tomita, H., Tsujihata, M., Ohta, T., Kishino, T., 

Matsumoto, N., Minakami, H., Niikawa, N., & Yoshiura, K. (2004) LRP5, low density lipoprotein 

receptor related protein 5, is a determinant for bone mineral density. Journal of Human Genetics, 49, 

80 – 86. 

Moffett, S.P., Zmuda, J.M., Cauley, J.A., Ensrud, K.E., Hillier, T.A., Hochberg, M.C., Li, J., Cayabyab, S., Lee, J.M., 

Peltz, G., & Cummings, S.R. (2007) Association of the VDR translation start site polymorphism and 

fracture risk in older women. Journal of Bone and Mineral Research, 22, 730 – 736. 

Moffett, S.P., Zmuda, J.M., Cauley, J.A., Stone, K.L., Nevitt, M.C., Ensrud, K.E., Hillier, T.A., Hochberg, M.C., 

Joslyn, G., Morin, P., & Cummings, S.R.; SOF Research Group. (2004) Association of the G‐174C variant 

in the interleukin‐6 promoter region with bone loss and fracture risk in older women. Journal of Bone 

and Mineral Research, 19, 1612 – 1618. 

Morinaga, T., Nakagawa, N., Yasuda, H., Tsuda, E., & Higashio, K. (1998) Cloning and characterization of the 

gene encoding human osteoporotegerin/osteoclastogenesis‐inhibitory factor. European Journal of 

Biochemistry 254, 685 – 691. 

Morrison, N.A., Cheng Qi, J., Tokita, A., Kelly, P.J., Crofts, L., Nguyen, T.V., Sambrook, P.N., & Eisman, J.A. 

(1994) Prediction of bone density from vitamin D receptor alleles. Nature, 367, 284 – 287. 

Morrison, N.A., Cheng Qi, J., Tokita, A., Kelly, P.J., Crofts, L., Nguyen, T.V., Sambrook, P.N., and Eisman, J.A. 

(1997) Prediction of bone density from vitamin D receptor alleles. Correction. Nature, 387, 106. 

Mukhopadhyay, N., & Weeks, D.E. (2003) Linkage analysis of adult height with parent‐of‐origin effects in the 

Framingham Heart Study. BMC Genetics, 4, 576. 



References 

204 

 

Munafo, M.R., & Flint, J. (2004) Meta‐analysis of genetic association studies. TRENDS in genetics 20, 439 – 444. 

Munafo, M.R., Clark, T., & Flint, J. (2005) Promise and pitfalls in the meta‐analysis of genetic association 

studies: a response to Sen and Schinka. Molecular Psychiatry, 10, 895 – 897. 

Mundy, G.R. (1999) Bone remodelling. In, Primer on the Metabolic Bone Diseases and Disorders of Mineral 

Metabolism (Ed. Favus, M.J.), 14 ‐ 29. Lippincott Williams and Wilkins, USA. 

Myllyharju, J., & Kivirikko, K.I. (2004) Collagens, modifying enzymes and their mutations in humans, flies and 

worms. Trends in Genetics, 20, 33 – 43. 

Naito, A., Azuma, S., Tanaka, S., Miyazaki, T., Takaki, S., Takatsu, K., Nakao, K., Nakamura, K., Katsuki, M., 

Yamamoto, T., & Inoue, J. (1999) Severe osteopetrosis, defective interleukin‐1 signalling and lymph 

node organogenesis in TRAF6‐deficient mice. Genes to Cells, 4, 353 – 362. 

Nakamura, M., Udagawa, N., Matsuura, S., Mogi, M., Nakamura H., Horiuchi, H., Saito, N., Hiroaka, B.Y., 

Kobayashi, Y., Takaoka, K., Ozawa, H., Miyazawa, H., & Takahashi, N. (2003) Osteoprotegerin regulates 

bone formation through a coupling mechanism with bone resorption. Endocrinology, 144, 5441 – 

5449.  

Nakashima, K., Zhou, X., Kunkel, G., Zhang, Z., Deng, J.M., Behringer, R.R., & de Crombrugghe, B. (2002) The 

novel zinc finger‐containing transcriptional factor osterix is required for osteoblast differentiation and 

bone formation. Cell, 108, 17 – 29. 

Nashimoto, S.K., Waite, J.H., Nashimoto, M., Kriwacki, W. (2003) Structure, activity, and distribution of fish 

osteoclacin. Journal of Biological Chemistry, 278, 11843 – 11848. 

National Statistics Office (2003) Demographic review 2002. Published by National Statistics Office, Valletta, 

Malta. 

Nyholt, D.R. (2001) GENEHUNTER, Your ‘one‐stop shop’ for statistical genetic analysis? Human Heredity, 53, 2 

– 7. 

O’Connell, J.R., & Weeks, D.E. (1998) PedCheck: a program for identification of genotype incompatibilities in 

linkage analysis. American Journal of Human Genetics, 63, 259 – 266. 

Ohbayashi, N., Shibayama, M., Kurotaki, Y., Imanishi, M., Fujimori, T., Itoh, N., & Takada, S. (2002) FGF18 is 

required for normal cell proliferation and differentiation during osteogenesis and chondrogenesis. 

Genes and Development, 16, 870 – 879. 



References 

205 

 

Ohmori, H., Makita, Y., Funamizu, M., Hirooka, K., Hosoi, T., Orimo, H., Suzuki, T., Ikari, K., Nakajima, T., Inoue, 

I., & Hata, (2002) A. Linkage and association analyses of the osteoprotegerin gene locus with human 

osteoporosis. Journal of Human Genetics, 47, 400 – 406. 

Ongphiphashanakul, B., Chanprasertyothin, S., Payattikul, P., Saetung, S., Piaseu, N., Chailurkit, L., & 

Rajatanavin, R. (2001) Association of a G2014A transition in exon 8 of the estrogen receptor α gene 

with postmenopausal osteoporosis. Osteoporosis International, 12, 1015 – 1019. 

Ott, J. (1991) Analysis of human genetic linkage. John Hopkins University Press, USA. 

Paavola‐Sakki, P., Ollikainen, V., Helio, T., Halme, L., Turunen, U., Lahermo, P., Lappalainen, M., Farkkila, M., & 

Kontula, K. (2003) Genome‐wide search in Finnish families with inflammatory bowel disease provides 

evidence for novel susceptibility loci. European Journal of Human Genetics, 11, 112 – 120. 

Pacifici, R. (1996) Estrogen, cytokines and pathogenesis of postmenopausal osteoporosis. Journal of Bone and 

Mineral Research, 11, 1043 – 1051. 

Parhami, F., Mody, N., Gharavi, N., Ballard, A.J., Tintut, Y., & Demer, L.L. (2002) Role of the cholesterol 

biosynthetic pathway in osteoblastic differentiation of marrow stromal cells. Journal of Bone and 

Mineral Research, 17, 1997 – 2003. 

Peacock, M., Turner, C.H., Econs, M.J., & Foroud, T. (2002) Genetics of Ostoporosis. Endocrine Reviews, 23, 303 

– 326. 

Peltonen, L. (2000) Positional cloning of disease genes: Advantages of genetic isolates. Human Heredity, 50, 65 

– 75. 

Pharoah, P.D.P., Dunning, A.M., Ponder B.A.J., & Easton, D.F. (2004) Association studies for finding cancer‐

susceptibility genetic variants. Nature Reviews Cancer, 4, 850 – 860. 

Ponglikitmongkol, M., Green, S., & Chambon, P. (1988) Genomic organisation of the human oestrogen 

receptor gene. The EMBO Journal, 7, 3385 – 3388. 

Pottelbergh, I.V., Goemaere, S., De Bacquer, D., De Paepe, A., & Koufman, M. (2002) Vitamin D receptor gene 

allelic variants, bone density, and bone turnover in community dwelling men. Bone, 31, 631 – 637. 

Pritchard, J.K., & Przeworski, M. (2001) Linkage disequilibrium in humans, models and data. American Journal 

of Human Genetics, 69, 1 – 14. 

Qureshi, A.M., McGuigan, F.E.A., Seymour, D.G., Hutchison, J.D., Reid, D.M., & Ralston, S.H. (2001) Association 

between COL1A1 Sp1 alleles and femoral neck geometry. Calcified Tissue International, 69, 67 – 72. 



References 

206 

 

Ralston, S.H., Galwey, N., MacKay, I., Albagha, O.M.E., Cardon, L., Compston, J.E., Cooper, C., Duncan, E., Keen, 

R., Langdahl, B., McLellan, A., O`Riordan, J., Pols, H.A., Reid, D.M., Uitterlinden, A.G., Wass, J., & 

Bennett, S.T. (2005) Loci for regulation of bone mineral density in men and women identified by 

genome wide linkage scan: the FAMOS study. Human Molecular Genetics, 14, 943 – 951. 

Ralston, S.H., Uitterlinden, A.G., Brandi, M.L., Balcells, S., Langdahl, B.L., Lips, P., Lorenc, R., Obermayer‐

Pietsch, B., Scollen, S., Bustamante, M., Husted, L.B., Carey, A.H., Diez‐Perez, A., Dunning, A.M., 

Falchetti, A., Karczmarewicz, E., Kruk, M., van Leeuwen, J.P., van Meurs, J.B., Mangion, J., McGuigan, 

F.E., Mellibovsky, L., del Monte, F., Pols, H.A., Reeve, J., Reid, D.M., Renner, W., Rivadeneira, F., van 

Schoor, N.M., Sherlock, R.E., & Ioannidis, J.P.; GENOMOS Investigators. (2006) Large‐scale evidence 

for the effect of the COL1A1 Sp1 polymorphism on osteoporosis outcomes: The GENOMOS Study. 

PLOS Medicine, 3, e90. 

Reed, P.W., Davies, J.L., Copeman, J.B., Bennett, S.T., Palmer, S.M., Pritchard, L.E., Gough, S.C.L., Kawaguchi, Y., 

Cordell, H.J., Balfour, K.M., Jenkins, S.C., Powell, E.E., Vignal, A., & Todd, J.A. (1994) Chromosome‐

specific microsatellite sets for fluorescence‐based, semi‐automated genome mapping. Nature 

Genetics, 7, 390 – 395. 

Reneland, R.H., Mah, S., Kammamer, S., Hoyal, C.R., Marnellos, G., Wilson, S.G., Sambrook, P.N., Spector, T.D., 

Nelsen, M.R., & Braun, A. (2005) Association between variation in the phosphodiesterase 4D gene and 

bone mineral density. BMC Medical Genetics, 6, 9. 

Reseland, J.E., Syversen, U., Bakke, I., Qvigstad, G., Eide, L.G., Hjertner, O., Gordeladze, J.O., & Drevon, C.A. 

(2001) Leptin is expressed in and secreted from primary cultures of human osteoblasts and promotes 

bone mineralization. Journal of Bone and Mineral Research, 16, 1426 – 1433. 

Riancho, J.A., Zarrabeitia, M.T., Valero, C., Sanudo, C., Mijares, V., & Gonzales‐Macias, J. (2006) Gene‐gene 

interaction between aromatase and oestrogen receptors influences bone mineral density. European 

Journal of Endocrinology, 155, 53 – 59. 

Riggs, B.L., Khosla, S., & Melton, L.J. (1998) A unitary model for involutional osteoporosis, Estrogen deficiency 

causes both type I and type II osteoporosis in postmenopausal women and contributes to bone loss in 

aging men. Journal of Bone and Mineral Research, 13, 763 – 773. 

Rivadeneira, F., van Meurs, J.B., Kant, J., Zillikens, M.C., Stolk, L., Beck, T.J., Arp, P., Schuit, S.C., Hofman, A., 

Houwing‐Duistermaat, J.J., van Duijn, C.M., van Leeuwen, J.P., Pols, H.A., & Uitterlinden, A.G. (2006) 

Estrogen receptor beta (ESR2) polymorphisms in interaction with estrogen receptor alpha (ESR1) and 

insulin‐like growth factor I (IGF1) variants influence the risk of fracture in postmenopausal women. 

Journal of Bone and Mineral Research, 21, 1443 – 1456. 



References 

207 

 

Roder, K., Wolf, S.S., Beck, K.F., & Schweizer, M. (1997) Cooperative Binding of NF‐Y and Sp1 at the DNase I‐

hypersensitive Site, Fatty Acid Synthase Insulin‐responsive Element 1, Located at ‐500 in the Rat Fatty 

Acid Synthase Promoter. The Journal of Biological Chemistry, 272, 21616 – 21624. 

Rousselle, A.V., & Heymann, D. (2002) Osteoclastic acidification pathways during bone resorption. Bone, 30, 

533 – 540. 

Rubin, J., Ackert‐Bicknell, C.L., Zhu, L., Fan, X., Murphy, T.C., Nanes, M.S., Marcus, R., Holloway, L., Beamer, 

W.G., & Rosen, C.J. (2002) IGF‐I regulates osteoprotegerin (OPG) and receptor activator of nuclear 

factor ‐ κβ ligand in vitro and OPG in vivo. Journal of Clinical Endocrinology and Metabolism, 87, 4273 

– 4279. 

Ruse, C.E., & Parker, S.G. (2001) Molecular genetics and age‐related disease. Age and Ageing, 30, 449 – 454. 

Salanti, G., Amountza, G., Ntzani, E.E., & Ioannidis, J.P.A. (2005) Hardy‐Weinberg equilibrium in genetic 

association studies: an empirical evaluation of reporting, deviations, and power. European Journal of 

Human Genetics 13, 840 – 848. 

Salanti, G., Sanderon, S., & Higgins, P.T. (2005) Obstacles and opportunities in meta‐analysis of genetic 

association studies. Genetics in Medicine, 7, 13 – 20. 

Sambrook, J., Fritsch, E.F., & Maniatis, T. (1989) Molecular Cloning. A laboratory manual (2nd Edition). Cold 

Spring Harbor Laboratory Press, New York, USA. 

Schoofs, M.W., van der Klift, M., Hofman, A., van Duijn, C.M., Stricker, B.H., Pols, H.A., & Uitterlinden, A.G. 

(2004) ApoE gene polymorphisms, BMD, and fracture risk in elderly men and women, The Rotterdam 

study. Journal of Bone and Mineral Research, 19, 1490 – 1496. 

Schoppet, M., Preissner, K.T., & Hofbauer, L.C. (2002) RANK ligand and osteoprotegerin paracrine regulators of 

bone metabolism and vascular function. Arteriosclerosis, Thrombosis and Vascular Biology, 22, 549 – 

553. 

Screaton, G.R., Bell, M.V., Jackson, D.G., Cornelius, F.B., & Gerth, U. (1992) Genomic structure of DNA encoding 

the lymphocyte homing receptor CD44 reveals at least 12 alternatively spliced exons. Proceedings of 

the National Academy of Sciences, 89, 12160 – 12164. 

Service, S., DeYoung, J., Karayiorgou, M., Roos, J.L., Pretorious, H., Bedoya, G., Ospina, J., Ruiz‐Linares, A., 

Macedo, A., Palha, J.A., Heutink, P., Aulchenko, Y., Oostra, B., van Duijn, C., Jarvelin, M.R., Varilo, T., 

Peddle, L., Rahman, P., Piras, G., Monne, M., Murray, S., Galver, L., Peltonen, L., Sabatti, C., Collins, A., 

& Freimer, N. (2006) Magnitude and distribution of linkage disequilibrium in population 



References 

208 

 

isolates and implications for genome‐wide association studies. Nature Genetics, 38, 556 – 

560. 

Service, S.K., Ophoff, R.A., & Freimer, N.B. (2001) A genome‐wide distribution of background linkage 

disequilibrium in a population isolate. Human Molecular Genetics, 10, 545 – 551. 

Shen, H., Liu, Y., Liu, P., Recker, R.R., & Deng, H.W. (2005) Non replication of genetic studies of complex disease 

– lessons learned from studies of osteoporosis and tentative remedies. Journal of Bone and Mineral 

Research, 20, 365 – 376. 

Shen, H., Zhang, Y.Y., Long, J.R., Xu, F.H., Liu, Y.Z., Xiao, D.H., Liu, Y.J., Dvornyk, V., Sanchez, S.R., Liu, P.Y., Li, 

J.L., Conway, T., Davies, K.M., Recker, R.R., & Deng, H.W. (2004) A genome wide linkage scan for bone 

mineral density in an extended sample: evidence of linkage 11q23 and Xq27. Journal of Medical 

Genetics, 41, 743 – 751. 

Shifman, S., & Darvasi, A. (2001) The value of isolated populations. Nature Genetics, 28, 309 – 310. 

Shin, J.N., Kim, I., Lee, J.S., Koh, G.Y., Lee, Z.H., & Kim, H.H. (2002) A novel zinc finger protein that inhibits 

osteoclastogenesis and the function of tumour necrosis factor receptor associated factor‐6. The 

Journal of Biological Chemistry, 277, 8346 – 8353.  

Sillanpaa, M.J., & Auranen, K. (2004) Replication in genetic studies of complex traits. Annals of Human 

Genetics, 68, 646 – 657. 

Simonet, W.S., Lacey, D.L., Dunstan, C.R., Kelly, M., Chang, M.S., Luthy, R., Nguyen, H.Q., Wooden, S., Bennett, 

L., Boone, T., Shimamoto, G., DeRose, M., Elliott, R., Colombero, A., Tan, H.L., Trail, G., Sullivan, J., 

Davy, A., Bucay, N., Renshaw‐Gegg, L., Hughes, T.M., Hill, D., Pattison, W., Campbell, P., Sander, S., 

Van, G., Tarpley, J., Derby, P., Lee, R., Program, A.E.S.T, & Boyle, W.J. (1997) Osteoprotegerin, A novel 

secreted protein involved in the regulation of bone mass. Cell, 89, 309 – 319. 

Slager, S.L., & Schaid, D.J. (2001) Case‐Control studies of genetic markers: power and sample size 

approximations for Armitage’s test for trend. Human Heredity, 52, 149 – 153. 

Slatkin, M., & Excoffier, L. (1996) Testing for linkage disequilibrium in genotypic data using the expectation‐

maximization algorithm. Heredity, 76, 377 – 383. 

Sobacchi, C., Vezzoni, P., Reid, D.M., McGuigan, F.E., Frattini, A., Mirolo, M., Albhaga, O.M., Musio, A., Villa, A., 

& Ralston, S.H. (2004) Association between a polymorphism affecting an AP1 binding site in the 

promoter of the TCIRG1 gene and bone mass in women. Calcified Tissue International, 74, 35 – 41. 



References 

209 

 

Solomon C., Macoritto, M., Gao, X.L., White, J.H., & Kremer, R. (2001) The unique tryptophan residue of the 

vitamin D receptor is critical for ligand binding and transcriptional activation. Journal of Bone and 

Mineral Research, 16, 39 – 45. 

Soufi, M., Schoppet, M., Sattler, A.M., Herzum, M., Maisch, B., Hofbauer, L.C., & Schaefer, J.R. (2004) 

Osteoprotegerin gene polymorphisms in men with coronary artery disease. Journal of Clinical 

Endocrinology and Metabolism 89, 3764 – 3768. 

Splawski, I., Yoo, D.S., Stotz, S.C., Cherry, A., Clapham, D.E., & Keating, M.T. (2006) CACNA1H mutations in 

autism spectrum disorders. The Journal of Biological Chemistry, 281, 22085 – 22091. 

Spotila, L.D., Rodriguez, H., Koch, M., Tenenhouse, H.S., Tenenhouse, A., Li, H., & Devoto, M. (2003) 

Association analysis of bone mineral density and single nucleotide polymorphisms in two candidate 

genes on chromosome 1p36. Calcified Tissue International, 73, 140 – 146. 

Stear, S.J., Prentice, A., Jones, S.C., & Cole, T.J. (2003) Effect of a calcium and exercise intervention on the bone 

mineral status of 16 – 18 y old adolescent girls. American Journal of Clinical Nutrition, 77, 985 – 992. 

Strachan, T., & Read, A.P. (2004) Human Molecular Genetics 3. Garland Publishing, New York, USA. 

Strandberg, S., Nordstrom, P., Lorentzon, R., & Lorentzon, M. (2003) Vitamin D receptor start codon 

polymorphism (FokI) is related to bone mineral density in healthy adolescent boys. Journal of Bone 

and Mineral Metabolism, 21, 109 – 113. 

Strauch, K., Fimmers, R., Baur, M.P., & Wienker, T.F. (2003) How to model a complex trait. Human Heredity, 55, 

202 – 210. 

Strauch, K., Furst, R., Ruschendorf, F., Windemuth, C., Dietter, J., Flaquer, A., Baur, M.P., & Wienker, T.F. (2005) 

Linkage analysis of alcohol dependence using MOD scores. BMC Genetics, 6, S162. 

Streeten, E.A., McBride, D.J., Pollin, T.I., Ryan, K., Shapiro, J., Ott, S., Mitchell, B.D., Shuldiner, A.R., & 

O’Connell, J.R. (2006) Quantitative trait loci for BMD identified by autosomal‐wide linkage scan to 

chromosomes 7q and 21q in men from Amish family osteoporosis study. Journal of Bone and Mineral 

Research, 21, 1433 – 1442. 

Strewler, G.J. (2001) Local and systemic control of the osteoblast. Journal of Clinical Investigation, 107, 271 – 

272. 

Styrkarsdottir, U., Cazier, J.B., Kong, A., Rolfsson, O., Larsen, H., Bjarnadottir, E., Johannsdottir, V.D., 

Sigurdadottir, M.S., Bagger, Y., Christiansen, C., Reynisdottir, I., Grant, S.F.A., Jonasson, K., Frigge, 



References 

210 

 

M.L., Gulcher, J.R., Sigurdsson, G., & Stefansson, K. (2003) Linkage of osteoporosis to chromosome 

20p12 and association to BMP2. PLoS Biology, 1, 1 – 10. 

Suda, T., Nakamura, I., Jimi, E., & Takahashi, N. (1997) Regulation of osteoclast function. Journal of Bone and 

Mineral Research, 12, 869 – 879. 

Sundaram, K., Nishimura, R., Senn, J., Youssef, R.F., London, S.D., & Reddy, S.V. (2007) RANK ligand signaling 

modulates the matrix metalloproteinase‐9 gene expression during osteoclast differentiation. 

Experimental Cell Research, 313, 168 – 178.  

Sunyaev, S., Ramensky, V., Koch, I., Lathe, W., Kondrashov, A.S., & Bork, P. (2001) Prediction of deleterious 

human alleles. Human Molecular Genetics, 10, 591 – 597. 

Takanayagi, H. (2005) Mechanistic insight into osteoclast differentiation in osteoimmunology. Journal of 

Molecular Medicine, 83, 170 – 179. 

Takanayagi, H., Ogasawara, K., Hida, S., Chiba, T., Murata, S., Sato, K., Takaoka, A., Yakochi, T., Oda, H., Tanaka, 

K., Nakamura, K., & Taniguchi, T. (2000) T‐cell mediated regulation of osteoclastogenesis by signalling 

cross‐talk between RANKL and IFN‐γ. Nature, 408, 600 – 605. 

Takanayagi, H., Sato, K., Takaoka, A., & Taniguchi, T. (2005) Interplay between interferon and other cytokine 

systems in bone metabolism. Immunological Reviews, 208, 181 – 193. 

Taubman, M.A., & Kawait, T. (2001) Involvement of T‐cells in periodontal disease and in direct and indirect 

induction of bone resorption. Critical Reviews in Oral Biology and Medicine, 12, 125 – 135. 

Taymans, S.E., Pack, S., Pak, E., Orban, Z., Barsony, J., Zhuang, Z., & Stratakis, C.A. (1999) The human vitamin D 

receptor gene (VDR) is localized to region 12cen‐q12 by fluorescent in situ hybridization and radiation 

hybrid mapping, genetic and physical VDR map. Journal of Bone and Mineral Research, 14, 1163 – 

1166. 

Teitelbaum, S.L. (2000) Osteoclasts, integrins and osteoporosis. Journal of Bone and Mineral Metabolism, 18, 

344 – 349. 

Teitelbaum, S.L. (2004) RANKing c‐JUN in osteoclast development. Journal of Clinical Investigation, 114, 463 – 

465. 

Terwillinger J.D., & Ott J. (1994) Linkage disequilibrium between alleles at marker loci. In: Handbook of Human 

Genetic Linkage. John Hopkins University Press, Baltimore, MD, USA, 188 – 198. 



References 

211 

 

Tezuka, K., Yasuda, M., Watanabe, N., Morimura, N., Kurido, K., Miyatani, S., & Hozumi, N. (2002) Stimulation 

of osteoblastic cell differentiation by notch. Journal of Bone and Mineral Research, 17, 231 – 239. 

Thakkinstian, A., D’Este, C., Eisman, J., Nguyen, T., & Attia, J. (2004) Meta‐Analysis of molecular association 

studies, vitamin D receptor gene polymorphisms and BMD as a case study. Journal of Bone and 

Mineral Research, 19, 419 – 428. 

Thang, Y.G., Rabinowitz, Y.S., Taylor, K.D., Li, X., Hu, M., Picornell, Y., & Yang, H. (2005) Genomewide linkage 

scan in a multigeneration Caucasian pedigree identifies a novel locus for keratoconus on chromosome 

5q14.3‐q21.1. Genetics in Medicine, 7, 397 – 405. 

The International HapMap Consortium (2003) The International HapMap project. Nature, 426, 789 – 796. 

Thirunvakkarasu, K., Halladay, D.L., Miles, R.R., Yang, X., Galvin, R.J.S., Chandrasekhar, S., John Martin, T., & 

Onyia, J.E. (2000) The osteoblast‐specific transcriptional factor Cbfa1 contributes to the expression of 

osteoprotegerin, a potent inhibitor of osteoclast differentiation and function. Journal of Biological 

Chemistry, 275, 25163 – 25172. 

Thirunvakkarasu, K., Miles, R.R., Halladay, D.L., Yang, X., Galvin, R.J.S., Chandrasekhar, S., John Martin, T., & 

Onyia, J.E. (2001) Stimulation of osteoprotegerin (OPG) gene expression by transforming growth 

factor‐β (TGF‐β). Journal of Biological Chemistry, 276, 36241 – 36250. 

Thys, M., Van Den Bogaert, K., Iliadou, V., Vanderstraeten, K., Dieltjens, N., Schrauwen, I., Chen, W., 

Eleftheriades, N., Grigoriadou, M., Pauw, R.J., Cremers, C.R., Smith, R.J., Petersen, M.B., & Van Camp, 

G. (2007) A seventh locus for otosclerosis, OTSC7, maps to chromosome 6q13‐16.1. European Journal 

of Human Genetics, 15, 362 – 368. 

Tsuji, K., Bandyopadhyay, A., Harfe, B.D., Cox, K., Kakar, S., Gerstenfeld, L., Einhorn, T., Tabin, C.J., & Rosen, V. 

(2006) BMP2 activity, although dispensable for bone formation, is required for the initiation of 

fracture healing. Nature Genetics, 38, 1424 – 1429. 

Udagawa, N., Takahashi, N., Yasuda, H., Mizuno, A., Itoh, K., Ueno, Y., Shinki, T., Gillespie, M.T., Martin, T.J., 

Higashio, K., & Suda, T. (2000) Osteoprotegerin produced by osteoblasts is an important regulator in 

osteoclast development and function. Endocrinology, 141, 3478 – 3484. 

Uitterlinden, A.G., Arp, P.P., Paeper, B.W., Charmley, P., Proll, S., Rivadeneira, F., Fang, Y., van Meurs, J.B., 

Britschgi, T.B., Latham, J.A., Schatzman, R.C., Pols, H.A., & Brunkow, M.E. (2004) Polymorphisms in the 

sclerosteosis/van Buchem disease gene (SOST) region are associated with bone mineral density in 

elderly whites. American Journal of Human Genetics, 75, 1032 – 1045. 



References 

212 

 

Uitterlinden, A.G., Fang, Y., Bergink, A.P., van Meurs, J.B., van Leeuwen, H.P., & Pols, H.A. (2002) The role of 

vitamin D receptor gene polymorphisms in bone biology. Molecular and Cellular Endocrinology, 29, 15 

– 21. 

Uitterlinden, A.G., Ralston, S.H., Brandi, M.L., Carey, A.H., Grinberg, D., Langdahl, B.L., Lips, P., Lorenc, R., 

Obermayer‐Pietsch, B., Reeve, J., Reid, D.M., Amedei, A., Bassiti, A., Bustamante, M., Husted, L.B., 

Diez‐Perez, A., Dobnig, H., Dunning, A.M., Enjuanes, A., Fahrleitner‐Pammer, A., Fang, Y., 

Karczmarewicz, E., Kruk, M., van Leeuwen, J.P., Mavilia, C., van Meurs, J.B., Mangion, J., McGuigan, 

F.E., Pols, H.A., Renner, W., Rivadeneira, F., van Schoor, N.M., Scollen, S., Sherlock, R.E., Ioannidis, J.P., 

APOSS Investigators, EPOS Investigators, EPOLOS Investigators, FAMOS Investigators, LASA 

Investigators, Rotterdam Study Investigators, & GENOMOS Study. (2006) The association between 

common vitamin D receptor gene variations and osteoporosis: A participant‐level meta‐analysis. 

Annals of Internal Medicine, 145, 255 – 264. 

Uitterlinden, A.G., Weel, A.E.A.M., Burger, H., Fang, Y., van Duijn, C., Hofman, A., van Leeuwen, J.P.T.M., & 

Pols, H.A.P. (2001) Interactions between the vitamin D receptor gene and collagen type 1α1 gene in 

susceptibility for fracture. Journal of Bone and Mineral Research, 16, 379 – 385. 

Urano, T., Shiraki, M., Ezura, Y., Fujita, M., Sekine, E., Hoshino, S., Hosoi, T., Orimo, H., Emi, M., Ouchi, Y., & 

Inoue, S. (2004) Association of a single nucleotide polymorphism in low density lipoprotein receptor 

related protein 5 gene with bone mineral density. Journal of Bone and Mineral Metabolism, 22, 341 – 

345. 

Van der Klift, M., Pols, H.A.P., Geleijnse, J.M., Van der Kuip, D.A.M., Hofman, A., & De Laet, C.E.D.H. (2002) 

Bone mineral density and mortality in elderly men and women, The Rotterdam Study. Bone, 30, 643 – 

648. 

Van der Put, N.M.J., Gabreels, F., Stevens, E.M.B., Smeitink, J.A.M., Trijbels, F.J.M., Eskes, T.K.A.B., Van den 

Heuvel, L.P., & Blom, H.J. (1998) A second common mutation in the methylenetetrahydrofolate 

reductase gene, An additional risk factor for neural tube defects? American Journal of Human 

Genetics, 62, 1044 – 1051. 

Van der Sluis, I.M., De Muinck Keizer‐Schrama, S.M.P.F., Krenning, E.P., Pols, H.A.P., & Uitterlinden, A.G. (2003) 

Vitamin D receptor gene polymorphism predicts height and bone size, rather than bone density in 

children and young adults. Calcified Tissue International, 73, 332 – 338. 

Van Driel, M.A., Cuelenaere, K., Kemmeren, P.P., Leunissen, J.A., Brunner, H.G., & Vriend, G. (2005) 

GeneSeeker: extraction and integration of human disease‐related information from web‐based 

genetic databases. Nucleic Acids Research, 33 (web server issue), W758 – 761. 



References 

213 

 

Van Meurs, J.B., Rivadeneira, F., Jhamai, M., Hugens, W., Hofman, A., van Leeuwen, J.P., Pols, H.A.P., & 

Uitterlinden, A.G. (2006) Common genetic variation of the low density lipoprotein receptor related 

protein 5 and 6 gene determines fracture risk in elderly white men. Journal of Bone and Mineral 

Research, 21, 141 – 150. 

Van Meurs, J.B., Schuit, S.C.E., Weel, A.E.A.M., van der Klift, M., Bergink, A.P., Arp, P.P., Colin, E.M., Fang, Y., 

Hofman, A., van Duijk, C.M., van Leeuwen, J.P.T.M., Pols, H.A.P., & Uitterlinden, A.G. (2003) 

Association of 5` estrogen receptor alpha gene polymorphisms with bone mineral density, vertebral 

bone area and fracture risk. Human Molecular Genetics, 12, 1745 – 1754. 

Van Wesenberg, L., Clein, E., Gram, J., Beals, R.K., Benichou, O., Scopelliti, D., Key, L., Renton, T., Bartels, C., 

Gong, Y., Warman, M.L., de Vernejoul, M.C., Bollerslev, J., & Van Hul, W. (2003) Six novel missense 

mutations in the LDL receptor related protein 5 (LRP5) gene in different conditions with an increased 

bone density. American Journal of Human Genetics, 72, 763 – 771. 

Vidal, C., Brincat, M., & Xuereb‐Anastasi, A. (2006) TNFRSF11B gene variants and bone mineral density in 

postmenopausal women in Malta. Maturitas, 53, 386 – 395. 

Vidal, C., Grima, C., Brincat, M., Megally, N., & Xuereb‐Anastasi, A. (2003) Associations of polymorphisms in the 

vitamin D receptor gene (BsmI and FokI) with bone mineral density in postmenopausal women in 

Malta. Osteoporosis International, 14, 923 – 928. 

Villadsen, M.M., Bunger, M.H., Carstens, M., Stenkjaer, L., & Langdahl, B.L. (2005) Methylenetetrahydrofolate 

reductase (MTHFR) C677T polymorphism is associated with osteoporotic vertebral fractures, but is a 

weak predictor of BMD. Osteoporosis International, 16, 411 – 416. 

Villard, J., Peretti, M., Masternak, K., Barras, E., Caretti, G., Mantovani, R., & Reight, W. (2000) The functional 

essential domain of RFX5 mediates activation of major histocompatibility complex class II promoters 

by promoting co‐operative binding between RFX and NF‐Y. Molecular and Cellular Biology, 20, 3364 – 

3376. 

Wachter, N.J., Krischak, G.D., Mentzel, M., Sarkar, M.R., Ebinger, T., Kinzl, L., Claes, L., & Augat, P. (2002) 

Correlation of bone mineral density with strength and microarchitectural parameters of cortical bone 

in vitro. Bone, 31, 90 – 95. 

Wan, M., Shi, X., Feng, X., & Cao, X. (2001) Transcriptional mechanisms of bone morphogenic protein‐induced 

osteoprotegerin gene expression. Journal of Biological Chemistry, 276, 10119 – 10125. 

Watts, N.B. (1999) Clinical utility of biochemical markers of bone remodelling. Clinical Chemistry, 45, 1359 – 

1368. 



References 

214 

 

Weel, A.E.A.M., Uitterlinden, A.G., Westendorp, I.C.D., Burger, H., Schuit, S.C.E., Hofman, A., Helmerhorst, 

T.J.M., van Leeywen, J.P.T.M., & Pols, H.A.P. (1999) Estrogen receptor polymorphism predicts the 

onset of natural & surgical menopause. Journal of Clinical Endocrinology and Metabolism, 84, 3146 – 

3150. 

Wei, Y., Renard, C.A., Labalette, C., Wu, Y., Levy, L., Neuveut, C., Prieur, X., Flajolet, M., Prigent, S., & Buendia, 

M.A. (2003) Identification of the LIM protein FHL2 as a co‐activator of beta‐catenin. Journal of 

Biological Chemistry, 278, 5188 – 5194. 

Weichetova, M., Stepan, J.J., Michalska, A., Haas, T., Pols, H.A.P., & Uitterlinden, A.G. (2000) COL1A1 

polymorphism contributes to bone mineral density to assess prevalent wrist fractures. Bone, 26, 287 – 

290. 

Wenz, H.M., Robertson, J.M., Menchen, S., Oaks, F., Demorest, D.M., Scheibler, D., Rosenblum, B.B., Wike, C., 

Gilbert, D.A., & Efcavitch, J.M. (1998) High precision genotyping by denaturing capillary 

electrophoresis. Genome Research, 8, 69 – 80. 

Wettinger, G. (2002) Slavery in the islands of Malta and Gozo ca 1000 – 1812. Publishers Enterprises Group 

(PEG) Ltd., San Gwann, Malta. 

Wilcken, B., Bamforth, F., Li, Z., Zhu, H., Ritvanen, A., Renlund, M., Stoll, C., Alembik, Y., Dott, B., Czeizel, A.E., 

Gelman‐Kohan, Z., Scarano, G., Bianca, S., Ettore, G., Tenconi, R., Bellato, S., Scala, I., Mutchinick, 

O.M., Lopez, M.A., de Walle, H., Hofstra, R., Joutchenko, L., Kavteladze, L., Bermejo, E., Martinez‐Frias, 

M.L., Gallagher, M., Erickson, J.D., Vollset, S.E., Mastroiacovo, P., Andria, G., & Botto, L.D. (2003) 

Geographical and ethnic variation of the 677C>T allele of 5,10 methylenetetrahydrofolate reductase 

(MTHFR): findings from over 7000 newborns from 16 areas world wide. Journal of Medical Genetics, 

40, 619 – 625. 

Willing, M.C., Torner, J.C., Burns, T.L., Janz, K.F., Marshall, T., Gilmore, J., Deschenes, S.P., Warren, J.J., & Levy, 

S.M. (2003) Gene polymorphisms, bone mineral density and bone mineral content in young children, 

the Iowa bone development study. Osteoporosis International, 14, 650 – 658. 

Wilson, S.G., Reed, P.W., Bansal, A., Chiano, M., Lindersson, M., Langdown, M., Prince, R.L., Thompson, D., 

Thompson, E., Bailey, M., Kleyn, P.W., Sambrook, P., Shi, M.M., & Spector, T.D. (2003) Comparison of 

genome screens for two independent cohorts provides replication of suggestive linkage of bone 

mineral density to 3p21 and 1p36. American Journal of Human Genetics, 72, 144 – 155. 

Winkler, D.G., Kung Sutherland, M.S., Ojala, E., Turcott, E., Geoghegan, J.C., Shpektor, D., Skonier, J.E., Yu, C., & 

Latham, J.A. (2005) Sclerostin inhibition of Wnt‐3a‐induced C3H10T1/2 cell differentiation in indirect 

and mediated by bone morphogenic proteins. The Journal of Biological Chemistry, 280, 2498 – 2502. 



References 

215 

 

Wright, A., Charlesworth, B., Rudan, I., Carothers, A., & Campbell, H. (2003). A polygenic basis for late‐onset 

disease. Trends in Genetics, 19, 97 – 106. 

Wright, A.F., Carothers, A.D., & Pirastu, M. (1999) Population choice in mapping genes for complex diseases. 

Nature Genetics, 23, 397 – 404. 

Wu, H., & Arron, J.R. (2003) TRAF6, a molecular bridge spanning adaptive immunity, innate immunity and 

osteoimmunology. BioEssays, 25, 1096 – 1105. 

Wu, X.B., Li, Y., Schneider, A., Yu, W., Rajendren, G., Iqbal, J., Yamamoto, M., Alam, M., Brunet, L.J., Blair, H.C., 

Zaidi, M., & Abe, E. (2003) Impaired osteoblastic differentiation, reduced bone formation, and severe 

osteoporosis in noggin‐overexpressing mice. Journal of Clinical Investigation, 112, 924 – 934. 

Wuyts, W., Reardon, W., Preis, S., Homfray, T., Rasore‐Quartino, A., Christians, H., Willems, P.J., & Van Hul, W. 

(2000) Identification of mutations in the MSX2 homeobox gene in families affected with foramina 

parietalia permagna. Human Molecular Genetics, 9, 1251 – 1255. 

Wuyts, W., Van Wesenbeeck, L., Morales‐Piga, A., Ralston, S., Hocking, L., Vanhoenacker, F., Westhovens, R., 

Verbruggen, L., Anderson, D., Hughes, A., & Van Hul, W. (2001) Evaluation of the role of RANK and 

OPG genes in Paget’s disease of bone. Bone, 28, 104 – 107.  

Wynne, F., Drummond, F., O’Sullivan, K., Daly, M., Shanahan, F., Molloy, M.G., & Quane, K.A. (2002) 

Investigation of the genetic influence of the OPG, VDR (FokI), and COL1A1 Sp1 polymorphisms on 

BMD in the Irish population. Calcified Tissue International, 71, 26 – 35. 

Wynne, F., Drummond, F.J., Daly, M., Brown, M., Shanahan, F., Molloy, M.G., & Quane, K.A. (2003) Suggestive 

linkage of 2p22‐25 and 11q12‐13 with low bone mineral density at the lumbar spine in the Irish 

population. Calcified Tissue International, 72, 651 – 658. 

Xie, X., & Ott, J. (1993) Testing linkage disequilibrium between a disease gene and marker loci. American 

Journal of Human Genetics, 53, 1107 (abstract). 

Xiong, D.H., Lei, S.F., Yang, F., Wang, L., Peng, Y.M., Wang, W., Recker, R.R., & Deng, H.W. (2007) Low density 

lipoprotein receptor related protein 5 (LRP5) gene polymorphisms are associated with bone mass in 

both Chinese and Whites. Journal of Bone and Mineral Research, 22, 385 – 393. 

Yamada, Y., Ando, F., Niino, N., & Shimokata, H. (2003) Association of polymorphisms of the osteoprotegerin 

gene with bone mineral density in Japanese women but not men. Molecular Genetics and 

Metabolism, 80, 344 – 349. 



References 

216 

 

Yamada, Y., Ando, F., Niino, N., & Shimokata, H. (2005) Associations of polymorphisms of the androgen 

receptor and klatho gene with bone mineral density in Japanese women. Journal of Molecular 

Medicine, 83, 50 – 57. 

Yamamoto, H., Miyamoto, K.I., Li, B., Taketani, Y., Kitano, M., Inoue, Y., Morita, K., Pike, J.W., & Takeda, E. 

(1999) The caudal related homeodomain protein Cdx‐2 regulates vitamin D receptor gene expression 

in the small intestine. Journal of Bone and Mineral Research, 14, 240 – 247. 

Yanagawa, Y., Chen, J.C., Hsu, L.C., & Yoshida, A. (1995) The transcriptional regulation of human aldehyde 

dehydrogenase I gene. The Journal of Biological Chemistry, 270, 17521 – 17527. 

Yang, T.L., Shen, H., Xiong, D.H., Xiao, P., Guo, Y., Guo, Y.F., Liu, Y.Z., Recker, R.R., & Deng, H.W. (2007) Epistatic 

interactions between genomic regions containing the COL1A1 gene and genes regulating osteoclast 

differentiation may influence femoral neck bone mineral density. Annals of Human Genetics, 71, 152 

– 159. 

Yim, C.H., Choi, J.T., Choi, H.A., Kang, Y.S., Moon, I.G., Yoon, H.K., Han, I.K., Kang, D.H., & Han, K.O. (2005) 

Association of the oestrogen receptor alpha gene microsatellite polymorphism with annual changes in 

bone mineral density in Korean postmenopausal women with hormone replacement therapy. Journal 

of Bone and Mineral Metabolism, 23, 395 – 400. 

Zajickova, K., Zofkova, I., Bahbouh, R., Krepelova, A. (2002) Vitamin D receptor gene polymorphisms, bone 

mineral density and bone turnover, FokI genotype is related to postmenopausal bone mass. 

Physiological Research, 51, 501 – 509. 

Zhang, K., Kurachi, S., & Kurachi, K. (2003) Limitations in use of heterologous reporter genes for gene promoter 

analysis. The Journal of Biological Chemistry, 278, 4826 – 4830. 

Zlotogora, J. (2007) Multiple mutations responsible for frequent genetic diseases in isolated populations. 

European Journal of Human Genetics, 15, 272 – 278. 

Zmuda, J.M., Cauley, J.A., & Ferrell, R.E. (2000) Molecular epidemiology of vitamin D receptor gene variants. 

Endocrinology Reviews, 22, 203 – 21. 

Zmuda, J.M., Cauley, J.A., Danielson, M.E., Theobald, T.M., & Ferrell, R.E. (1999) Vitamin D receptor translation 

initiation codon polymorphism and markers of osteoporotic risk in African‐American women. 

Osteoporosis International, 9, 214 – 219. 

Zmuda, J.M., Sheu, Y.T., & Moffett, S.P. (2006) The search for human osteoporosis genes. Journal of 

Musculoskeletal and Neuronal Interactions, 6, 3 – 15. 



References 

217 

 

Zorn, A.M. (2001) Wnt signalling, antagonistic Dickkopfs. Current Biology, 11, R592 – R595. 



 

 

 

 

 

APPENDICES 

 



219 
 

Appendix A 

Conversion of centrifugal forces 

 

The following formulae were used to convert RPM into g force and vice versa.  

 

    RPM  = 1000 







r
g
12.1

     

 

     g  = 1.12 r  
2

1000






 RPM

 

  

 where  RPM = revolutions per minute  

   g    = gravitational force 

   r   = rotating tip radius in millimetres 

 

 

 

 

 

Adapted from Clinical Chemistry: Principles, Procedures, Correlation, Lippincott‐Raven Publishers, Philadelphia, 

USA 
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Appendix B 

Preparation of buffers for DNA extraction and storage  

 

10 X SE buffer 

   NaCl    750 mM    43.9 g/L 

   Na2EDTA   250 mM    93.1 g/L 

Dissolve completely in deionised water and adjust to pH 8.0 

 

10 X Erythrocyte lysing buffer 

   NH4Cl    1.55 M    84.5 g/L 

   KHCO3    100 mM    10.0 g/L 

   Na2EDTA   1 mM    0.3722 g/L 

Dissolve completely in deionised water and adjust to pH 7.4 

N.B. To prepare working solution dilute to 1X concentration with deionised water 

 

TE Buffer 

   10 mM Tris‐Cl  1 ml of 1 M  

   1 mM EDTA  200 µl of 0.5 M (pH 8.0) 

   H2O    98.8 ml 

 

 

Preparation of electrophoresis buffer 

50 X Tris‐acetate (TAE) buffer (per litre) 

   Tris base     242 g 

   Glacial acetic acid   57.1 ml 

   0.5 M EDTA (pH 8.0)  100 ml 

After dissolving contents top up to 1 litre with deionised water. 

N.B. To prepare working solution dilute to 1X concentration with deionised water  
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10 x TBE per litre 

   Tris Base     108.0 g 

   Boric acid     55.0 g 

   0.5 M EDTA pH 8.0    40.0 ml 

 

Dissolve the tris base and boric acid in 800mls water add EDTA and make up to 1 litre 

 

0.5 M EDTA 

   Na2 EDTA.2H2O    186.1 g 

   NaOH      20 g 

Dissolve the above in 1 litre of distilled water and sterilise by autoclaving at 121°C for 15 

minutes. Store at 4°C in a refrigerator. 

 

Gel Loading Buffer 

Component and final concentration Amount to add per 10 ml

0.15% bromophenol blue 1.5 ml of 1%

0.15% xylene cyanole FF 1.5 ml of 1%

5 mM EDTA 100 µl of 0.5 M (pH 8.0)

15% Ficoll (type 400) 1.5 g

H2O Up to 10 ml

 

Store at room temperature 

 

Preparation of φx174 digest using HaeIII restriction enzyme 

                                                             

HaeIII digest of φx174 DNA 
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 The HaeIII digest of φx174 yields 11 fragments suitable to be used as molecular weight 

standards for agarose gel electrophoresis. The digest can either be obtained from a supplier 

and is ready for use (Eg. NEB, Promega) or it can be prepared in the laboratory.  

 Using a calibrated pipette add the following components to a sterile microcentrifuge 

tube. 

800µl volume 400µl volume 

50µg φx174 25µg φx174 

100 U enzyme 50 U enzyme 

10 X buffer (80µl) 10 X buffer (40µl) 

Up to 800 µl water Up to 400µl water 

Total vol 800µl 
Total vol 400µl 

134 µl 6X LB 66.6 µL LB 

18µl = 1µg  φx174 18µl = 1µg  φx174 

           * Volume of restriction enzyme used varies depending on concentration 

 

N.B. other restriction enzymes such as HinfI can be used for digesting φX174 DNA. These 

enzymes give fragments of different molecular weight. Store the digest in small aliquots at ‐

20°C until used. 
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Appendix C 

Media and Reagents used for Cloning 

 

100mg/ml Ampicillin stock solution 

 Ampicillin (1g) (Sigma Cat No. A‐9518) was completely dissolved by vortexing in 10ml 

sterile deionised water.  The solution was filter sterilized through a 0.22µm syringe 

filter, and was stored at ‐20°C in 1ml aliquots in sterile tubes. 

 

LB broth 

 LB Broth powder (20g) (Sigma Cat. No. L‐3022) was dissolved in 1000ml of deionised 

water.  The solution was transferred to 500ml autoclavable glass bottles, and 

autoclaved.  The sterile broth was stored at room temperature or at 4°C. 

 

LBAmp100 broth 

 LBAmp100 broth was prepared by adding 1µl ampicillin stock solution per ml of LB 

Broth, producing a final concentration of 100µg/ml. 

 

LB agar 

 LB Agar powder (35g) (Sigma Cat. No. L‐2897) was dissolved in 1000ml of deionised 

water.  The solution was transferred to 500ml autoclavable glass bottles, and 

autoclaved.  The sterile agar was stored at room temperature or at 4°C. 

 

LB Amp100 agar plates 

The LB agar prepared in (d) above was melted completely in a microwave oven at 

low power and allow to cool to below 50°C.  Ampicillin stock solution (1µl) was 

added per ml of agar, producing a final concentration of 100µg/ml. LBAmp100 agar 

was poured into sterile 85mm Petri dishes (25 ‐ 30ml per dish) under sterile 

conditions.  The Petri dishes were covered immediately, and allowed to set.  

Prepared plates were stored for up to one month at 4°C. 
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50% Glycerol 

 Equal volumes of glycerol and water were mixed with vigorous shaking, and the 

solution was autoclaved.  It was stored at room temperature or at 4°C. 

 

100mM Magnesium chloride solution 

 0.952g of anhydrous magnesium chloride was dissolved in 100ml deionised water, 

and the solution was autoclaved. 

 

100mM Calcium chloride solution 

 1.11g of anhydrous calcium chloride was dissolved in 100ml deionised water, and the 

solution was autoclaved. 

 

100mM Calcium chloride with 15% glycerol 

 1.11g of anhydrous calcium chloride was dissolved in 80ml deionised water.  Glycerol 

(15ml) was added and mixed with vigorous shaking.  The solution was made up to 

100ml with deionised water, mixed and autoclaved. 
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Appendix D 

 

Osteoclast Staining using Wright’s Stain 

Wright's stain is a Romanowsky type meta‐chromatic stain made by mixing old or 

specially treated methylene blue dye with eosin in a methanol diluent.  Basic components of 

the cell, such as hemoglobin or certain inclusions or granules, will unite with the acidic 

portion of the stain, eosin, and are said to be eosinophilic.  These components are stained 

varying shades of pink or red.  Acidic cell components, such as nucleic acids, reactive 

cytoplasm, etc. take up the basic dye components, methylene azure, and stain blue or 

purple. 

Cells were collected from tissue culture flask after Trypsinisation into a conical 

centrifuge tube and centrifuged at 100 g. The supernatant was removed and 3 ml of saline 

were added to the cell button and mixed well. Using a Pasteur pipette, one drop of the cell 

suspension was placed on a clean microscope slide and dried. The slide was than placed into 

a cyto‐centrifuged, fixed with 100% methanol and stained automatically using Wright’s 

stain. 
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Appendix E 

 

The genetic code (RNA to Amino Acids) 

 

First Position 

(5`end) 

 

 

Second Position 

Third 

Position 

(3`end) 

 U C A G  

 Phe Ser Tyr Cys U 

U Phe Ser Tyr Cys C 

 Leu Ser Stop Stop A 

 Leu Ser Stop Trp G 

 Leu Pro His Arg U 

C Leu Pro His Arg C 

 Leu Pro Gln Arg A 

 Leu Pro Gln Arg G 

 Ile Thr Asn Ser U 

A Ile Thr Asn Ser C 

 Ile Thr Lys Arg A 

 Met (start) Thr Lys Arg G 

 Val Ala Asp Gly U 

G Val Ala Asp Gly C 

 Val Ala Glu Gly A 

 Val (Met) Ala Glu Gly G 

Adapted from Molecular Cell Biology, Scientific American Books, New York, USA 

 

 

 

 




