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Summary

Previous studies have identified the 3p14-p22 closmmal region as a quantitative
trait locus for bone mineral density (BMD). The walé aim of this thesis is to

identify the gene or genes from this region tha eesponsible for the linkage
observed. The studies described within are cemrnetthe analysis of polymorphisms
within candidate genes from 3pl4-p22 for assoaiatth BMD phenotypes in

Caucasian women. Some functional work has also lpmformed to provide

information on the role of these genes in bonescdllis hoped that by identifying

the genes that regulate BMD, a better understanafirogteoporosis may be gained,
more effective treatments can be developed andiithdils at increased risk of

developing the disease can be identified.

Osteoporosis is a systemic bone disease characebg low bone density and
micro-architectural deterioration which resultsfiagile bones that are at increased
risk of low-trauma fracture. Peak bone mass isiregth in early adult life, but
declines in postmenopausal women, in particulag tua reduction in oestrogen
production with effects on bone as well as intedtiand renal calcium handling.
However, in addition to the effects of oestrogealciom and other environmental
factors on bone structure and fracture, theresg@ng genetic effect on peak bone
mass, bone loss and fracture rates in postmendpawsaen. Twin and family
studies have suggested that 50 — 90 % of the \@ignpeak bone mass is heritable.
Multiple genetic linkage studies have identifie@ tBp14-p22 region of the human
genome as a quantitative trait locus for BMD. Tha it was hypothesised that
one or more genes in this genomic region are sagmifly associated with BMD in

Caucasian women.

Based on a review of the literature, WRHGEF3gene was identified as a positional
candidate in this chromosomal region. Common gendriation within this gene
was analysed by genotyping tagging single nuclegiiolymorphisms (SNPs) in two
populations of Caucasian women using the IllumirddénGate assay and matrix-
assisted laser desorption/ionisation time-of-fligMtALDI-ToF) mass spectrometry
techniques, the latter of which was performed inde Multiple associations were
identified between polymorphism within tiRHGEF3gene and BMD, with the

strongest associations observed between the SNF16834 and various BMD



phenotypes in both population® € 0.001 — 0.038 This SNP was also found to be
significantly associated with fragility fracturetea = 0.029. The SNP rs7646054
was found to be located within the 5 untranslatedion of a recently described
transcript variant oARHGEF3designated NM_00112861k silico bioinformatics
analysis suggested that polymorphism at rs7646@84ts the folding and stability
of NM_001128616.

Based on the associations identified between ARHGEF3 gene and BMD
phenotypes and a review of the literature, RiOA gene was identified as a second
positional candidate in the 3p14-p22 chromosomgibre Common variation within
this gene was analysed by genotyping tagging SNFsei same two populations of
Caucasian women that were used inARHGEF3study using the same genotyping
techniques. Multiple associations were identifiedween polymorphism within the
RHOA gene and BMD, with the strongest associations rebdebetween the SNP
rs17595772 and various BMD phenotypes in both mimmrs P = 0.001 — 0.03p
The SNP rs17595772 was found to tag a very larg@dje disequilibrium block that
spans across several other genes in the region.

Mutation within another gene from the 3pl14-p22 amwsomal regionFLNB (see
below), has been implicated in a variety of humanegic disorders characterised by
skeletal malformation. Disruption of the gene ircenalso results in severe skeletal
abnormalities. A recent publication has identifegnmon sequence variation within
this gene as significantly associated with vari®@MD phenotypes and has also
identified five SNPs from the 5’ region of the geaseassociated withLNB mRNA
expression. These five SNPs were genotyped in algpn of Caucasian women
using the TagMan technique. Significant associatioere observed between the
three SNPs rs11720285, rs11130605 and rs980931aaiodis BMD phenotype$(
=0.004 — 0.043

Subsequent to the aforementioned studies, fundtishalies were performed to
examine the role of thaARHGEF3andRHOAgenes in bone cells. Expression of the
ARHGEF3and RHOA genes was identified in both osteoblast-like astkaclast-
like cells, however expression of tA&kRHGEF3transcript variant NM_001128616
was identified in the osteoclast-like cells onhheTeffect ofARHGEF3andRHOA

Vi



gene knockdown in human osteoblast-like and osisttke cells was then
investigated to give clues as to the role of thggmees in bone cells. Knockdown of
RHOA in the Saos-2, hFOB 1.19 and MG-63 osteoblast-lde#l lines was
consistently found to significantly reduce the egsion of alpha 2 actin, smooth
muscle (ACTA2) mRNA P < 0.00), indicating a possible role for RHOA
signalling in regulation oACTA2gene expression. Knockdown ARHGEF3in the
Saos-2 osteoblast-like cell line was found to digaitly reduce the expression of
osteoprotegerin mMRNAR(< 0.001 — 0.0 an effect that was replicated in the hFOB
1.19 osteoblast-like cell lineP(= 0.003. Knockdown of RHOA in the Saos-2
osteoblast-like cell line was found to significgntincrease the expression of
parathyroid hormone 1 receptor mRNR € 0.003. The protein products of these
MRNA transcripts are both involved with the meckamniby which parathyroid
hormone stimulates the osteoblast to promote dstgiogenesis, suggesting a role
for the ARHGEF3andRHOA genes in this process. Knockdown of ARHGEF3
and RHOA genes in the osteoclast-like cells proved morécdit. However, there
was some evidence to suggest that knockdowRH®A significantly reduces the
expression of Rho GDP dissociation inhibitor alpha< 0.001 — 0.00¢and ACTA2
MRNA (P < 0.001 — 0.008 The effect ofARHGEF3andRHOA gene knockdown
on the bone resorbing capabilities of osteocl&st-tiells was then examined. Gene
knockdown was performed on osteoclast-like cellsuced on bovine bone slices,
with the mean resorption pit volume subsequentligutated for each treatment
group. No significant differences were observedveen either of th&RHGEF3or
RHOA knockdown groups and the negative control groBp=(0.47 and 0.33

respectively).

These studies have identified common variation iwithe ARHGEF3and RHOA
genes as significantly associated with BMD in Catara women. Variation within
these genes has not been previously implicatedD Begulation or osteoporosis.
These studies have also provided supporting eveddoc association between
variation in theFLNB gene and BMD in Caucasian women. All three of éhgsnes
are involved with cytoskeletal reorganisation astinapolymerisation, mechanisms
that have been shown to have a role in osteoblifferehtiation and osteoclast
function. This suggests a role for genetic regakabf the cell cytoskeleton as a key

pathway in osteoporosis susceptibility. In additimnthis, the functional studies
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performed have highlighted some potential rolesieARHGEF3andRHOAgenes
in bone cells and have provided some leads fordustudy. Knockdown of these
genes in osteoclast-like cells was not found tduerfce their bone resorptive

capabilities, however this could be due to insigfit gene knockdown.
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Nomenclature used in this thesis

The genetic nomenclature used in this thesis ca®plith the Guidelines for

Human Gene Nomenclature (Wain et al., 2002). Whianraan gene is referred to,
the symbol of the gene is presented in capitalisditised letters. When a mouse
gene is referred to, the symbol of the gene isgmtes! in italicised letters with only

the first letter of the symbol capitalised. Wheimwman protein is referred to, the
symbol of the protein is presented in capitalised-italicised letters. When a mouse
protein is referred to, the symbol of the proteirpresented in non-italicised letters

with only the first letter of the symbol capitalisé=or example:

HumanARHGEF3gene, human ARHGEF3 protein.
MouseArhgef3gene, mouse Arhgef3 protein.

SNPs are identified by their reference SNP (rs) ID.

Where possible, the Mendelian Inheritance in ManMMreference number for a

disease is included.
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Chapter 1 — General introduction and literature review

1.1 General introduction

Osteoporosis is a common and debilitating boneadisdhat is characterised by a
low bone mineral density (BMD), which leads to anreased risk of fracture (Kanis
et al., 1994). The disease is particularly prevalepostmenopausal women due to a
reduction in oestrogen production, with subsequeffécts on bone as well as
intestinal and renal calcium handling (Prince andkP1997). In addition to the
effects of oestrogen, calcium and other environalgattors on bone structure, there
is a strong genetic effect on peak bone massrfattan early adult life), bone loss
and fracture rates (Flicker et al., 1995, Michamisst al., 2005). Twin and family
studies suggest that 50 — 90 % of the variatiomeiak bone mass is heritable (Evans
et al., 1988, Pocock et al., 1987, Seeman et 886)1 The genome-wide linkage
scanning approach has identified at least 11 raglt quantitative trait loci (QTL)
for BMD (loannidis et al., 2007, Lee et al., 2006a0 et al., 2006), suggesting that
the genetic effect for common variation in BMD isder polygenic control. The
3p14-p22 region of the human genome has been figehtds a QTL for BMD in
multiple studies (Lee et al., 2006, Wilson et 2003, Wynne et al., 2003, Xiao et al.,
2006). It is hoped that by identifying the genest thave a role in BMD regulation, a
better understanding of the mechanisms and bidbg&ignalling pathways
underlying osteoporosis will be attained. This colglad to better treatments for the
disease and the development of a panel of genetrkantests that could identify
individuals at increased risk of developing osteopis. Once these individuals have
been identified, early intervention strategies banapplied to reduce their risk of

developing the disease.

This chapter focuses on reviewing the literatuteviant to bone. The basic elements
of bone structure and remodelling are initially adissed before an overview of
osteoporosis and a detailed description of the magl types involved with
maintaining the bone structure is given. Environtakand genetic factors thought to
influence bone are then covered with particulaerdaibn given to studies aimed at
identifying genes that influence bone density. Fynathe aims and unifying

hypothesis of the thesis are presented.

1.2 Bone structure



The skeleton is comprised of both bone and cadilagpd serves three main
functions: to provide mechanical support, protéet internal organs and to act as a
storage vessel in mineral homeostasis (particulagievant for calcium and
phosphate) (Ng et al., 1997). Bone is made up ofrhain constituents: cells and the
extracellular matrix. There are three main celleyphat are involved in maintaining
the bone matrix: osteoblasts, which are responsanl¢he production of new bone;
osteoclasts, which are responsible for the resorpif bone; and osteocytes, which
have a role in maintaining the bone structure spoase to mechanical forces and
damage (Clarke, 2008). The extracellular matrix,icwhis the most abundant
constituent, is comprised of collagen fibres ana-oollagenous proteins and is
hardened by mineralisation with calcium phosphatéé form hydroxyapatite (Lian
et al., 1999).

The bones of the skeleton can be divided into tvainngroups: long bones, such as
the humerus and femur, and flat bones, such asctiygula and ilium (pelvis). Long
bones can be divided into 3 main segments: theatider sections at each end of the
bone (the epiphyses), a cylindrical section inrnfiddle (the midshaft or diaphysis)
and an intermediate section between them (metaghfSigure 1.1). The epiphysis
and the metaphysis are separated in growing bopesldyer of cartilage known as
the epiphyseal cartilage or growth plate. This fay@ntains proliferative cells that
are responsible for the longitudinal growth of tbag bones (Baron, 1999). Long
bones and flat bones are primarily derived by twieknt processes: endochondral
and intramembranous ossification, respectively §Bal999). There are two main
types of mature bone: cortical (or compact) boned acancellous (or
trabecular/spongy) bone. These two types of bore made up of the same
constituent cells and matrix elements but displayuctural and functional
differences, particularly relevant with regardptoosity and micro-architecture.

Cortical bone has a dense ordered structure, isdfon the shaft of long bones
(Figure 1.1) and the surfaces of flat bones andwus for approximately 85 % of
the total bone in the human body (Mundy, 1999).tiCak bone is laid down

concentrically around central canals (known as IHa&e canals), forming structural
units that are known as Haversian systems. Haversygtems contain nerves,

connective tissue, blood vessels and lymphaticsh vdach Haversian canal
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Figure 1.1. A section through a growing long bone ith the location of the main
anatomical features indicated. Figure adapted from Arthur's Medical Clipart
(Arthur, 2008).



surrounded by a concentric layer of rings or lageelbf bone matrix. Each lamella
contains tiny spaces called lacunae that contai@oogtes. 80 — 90 % of cortical
bone volume is calcified (Baron, 1999); it has gremsile strength and a high
resistance to bending and torsion. Cortical bose akts as a major reservoir for
various chemical elements such as calcium, phospaiadl magnesium (Broadus,
1999).

Cancellous bone is less dense than cortical benlgghter, more elastic and has an
irregular structure. It is less common than coliimme, making up approximately 15
% of the total bone in the human body (Mundy, 19€3ncellous bone is typically

found proximal to joints, in the expanded endsomigl bones (Figure 1.1) and in the
interior of flat bones. The structure of cancellobsne is comprised of

interconnecting beams, rods and bars called trddecwhich act as a supporting
structure for the bone, with intervening marrow.eTinabeculae are aligned along
lines of stress, which adds considerably to thengtth of the bone by providing

additional mechanical support (Mosekilde et alQ@015 — 25 % of cancellous bone
volume is calcified and the bone is very resistantcompressive stress (Baron,
1999). Cancellous bone is highly vascular, usuatigtains red bone marrow and is

the site of haematopoiesis (Arai et al., 2005).

Each bone generally has an outer layer of corboale overlying cancellous bone
and the medullary cavity. Cortical bone has anroumembrane called the periosteum
(Figure 1.1) which is divided into two layers: aater fibrous layer and an inner
layer which has osteogenic, or bone forming, padéntiew bone is formed within
this inner layer allowing the bone to enlarge, mdra process known as periosteal
apposition (Rauch, 2005). An additional layer pnésen the inner surface of the
cortex of cortical bone is called the endosteurgyfe 1.1).

In bone tissue, a network of collagen fibres isspre in the extracellular matrix and
is an important element of the bone structure, withpattern of these fibres having
an influence on the mechanical properties of theebét the microscopic level, two

types of bone can be identified: lamellar bone &ogen bone. Lamellar bone has a
highly organised structure and contains collagkere§ that are arranged in a parallel

fashion into concentric sheets, whereas woven bon&ins collagen fibres that are



arranged randomly (Baron, 1999). Lamellar bone hadower proportion of

osteocytes than woven bone and has greater meehamiength. Woven bone is
formed quickly and is primarily found in the growiskeleton, at the site of healing
injuries and in various pathological conditions.th¢ site of a fracture, woven bone
is formed initially and is slowly replaced by lanaelbone in a process known as

“bony substitution”.

1.3 Bone remodelling

Bone is a dynamic organ that undergoes significantodelling and is constantly
being broken down and reformed through the cootddhactions of osteoblasts,
osteoclasts and osteocytes. This process is tigbtiylated and is essential for
repairing damage to the bone tissue as well asnfintaining bone strength and
controlling plasma calcium homeostasis (Ng et1#8197). Bone remodelling activity
is regulated by a variety of systemic hormonesalldrormones/cytokines and
mechanical stimuli. The remodelling activity variesdifferent types of bone, with
cancellous bone having a higher turnover rate twtical bone (Hadjidakis and
Androulakis, 2006). Approximately 20 % of the cdimes bone surface is
undergoing remodelling at any one time (Hill, 1998pne remodelling takes place
in geographically and chronologically separatediomg throughout the skeleton,
suggesting that activation of the sequence of legllevents that leads to the process
is primarily controlled by local mechanisms in th@ne microenvironment (Mundy,
1999).

The bone remodelling cycle consists of three camser stages: the resorptive
phase, when bone is actively resorbed by ostescldéisé reversal phase, when
macrophage-like cells and subsequently osteohlegtace the osteoclasts within the
resorption lacuna; and the formative phase, wherosteoblasts produce new bone
(see Figure 1.2 for full cycle) (Hadjidakis and Aodlakis, 2006). The remodelling

cycle starts with the retraction of the cells lopithe endosteal surface, leading to
exposure of the endosteal membrane which is subs#gudigested by matrix

metalloproteinases and collagenases (Meikle et1892). Osteoclast precursors
(from the myeloid lineage) are then activated, Wwhiitise to become large

multinucleated osteoclasts that resorb the expometeralised bone creating a

resorption pit. Once the resorption pit has reaclitsd maximum depth, the
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Figure 1.2. The bone remodelling cycle.



osteoclasts are replaced by macrophage-like dedispgrepare the bone surface for
the arrival of osteoblasts and stimulate osteobthferentiation and migration
(Hadjidakis and Androulakis, 2006). Osteoblaststhesn recruited to the bottom of
the resorption pit and lay down fresh osteoid whschubsequently mineralised. This
is continued until the resorption pit is completélied. The complete remodelling
cycle typically takes from 3 to 6 months (Baron92p Defects in the turnover,
structure and density of bone can lead to disesisgls as osteoporosis, characterised
by reduced bone density with an increased riskradtéire (Sipos et al., 2009), or
osteopetrosis, characterised by increased bonétylarsch often results in scoliosis
and brittle bones (Stark and Savarirayan, 2009).

1.4 Osteoporosis and fracture risk

1.4.1 Osteoporosis

Osteoporosis is a systemic bone disease charactehy low bone mass and
disturbed micro-architecture of bone tissue (Figdr8), resulting in increased
fragility with a corresponding increase in fractuisk (Kanis et al., 1994). There are
four clinical forms of osteoporosis: postmenopauskbpathic, steroid-induced and
senile (Wingate, 1984). The studies contained witthis thesis are primarily
concerned with postmenopausal osteoporosis, hareceotm will be discussed here.
Peak bone mass is usually attained during the thexchde of life, after which the
bone mass of an individual steadily declines wdliaancing age (Eastell, 1999). This
decline is particularly pronounced in postmenophusanen due to a reduction in
oestrogen production with subsequent effects ore l§Bnince and Dick, 1997). The
World Health Organisation (WHO) has proposed thamen with bone density
values greater than 2.5 standard deviations (S@wbthe young adult mean value
are considered osteoporotic (Kanis et al., 1994yofding to this definition, based
on the use of x-ray densitometry as a non-invasieasurement of bone mass and
size, as many as 30 % of postmenopausal womenffiicked with osteoporosis
(Melton, 1995). Since postmenopausal osteoporgsisdisease that predominantly
affects individuals beyond the reproductive yedrdas not been strongly selected
against through the process of natural selection.

Bone loss in postmenopausal women occurs primbdbause of an increase in the

rate of bone remodelling and an imbalance betwbkenattivity of osteoblasts and



Figure 1.3. An image comparing the micro-architecteal differences between normal bone (left) and ostgorotic bone (right). Note the

thinning and loss of trabeculae in the osteopotmice. Figure adapted from the International Osisagis Foundation (IOF, 2010).



osteoclasts (Eastell, 1999). If the process of bmmodelling were perfect, all
resorbed bone would be replaced and there woulibb®verall loss or gain of bone
mass. However, miniscule reductions in the amodirttome replaced during each
bone remodelling cycle create a remodelling imbedaand accumulate to produce
significant reductions in bone mass over time. Thane loss is magnified in

postmenopausal women by the increased rate of ieomedelling (Eastell, 1999).

Bone loss in postmenopausal women occurs in twegshahe first is a period of
rapid bone loss that lasts for approximately 5 yedter menopause and the second
is a period of slower bone loss that also affeats rfRiggs et al., 1998). The main
reason for the first rapid phase of bone loss istrogen deficiency, since the
circulating quantity of oestradiol decreases by®@fter menopause (Eastell, 1999).
Oestrogen is an inhibitor of bone remodelling (Kani996), with studies in
ovariectomised primates revealing an increase italpodic activity on bone surfaces
(Thompson et al., 1992) and increased circulatevgls of bone turnover markers
(Hotchkiss et al., 2001). Oestrogen has been showdirectly inhibit osteoclastic
bone resorption by inducing osteoclast apoptosasr(&da et al., 1997). There is also
evidence to suggest that oestrogen deficiency &itesithe production of interleukin
6 (IL6) (Manolagas and Jilka, 1992) and interleuKirfIL7) (Sato et al., 2007) in
bone, both of which have been shown to promoteooktstogenesis (Lowik et al.,
1989, Weitzmann et al., 2000). Oestrogen suppleatient in postmenopausal
women via hormone therapy has been shown to rettiecess of bone mass as well
as the incidence of vertebral and hip fracturesu(@aet al., 2003, Genant et al.,
1997, Lindsay et al., 1976).

1.4.2 Osteoporotic fracture

Osteoporotic fractures predominantly occur at the krist, forearm and in the
vertebral column. It has been estimated that Sionilfractures occurred worldwide
in the year 2000, of which 1.6 million were at thip, 1.7 million at the forearm and
1.4 million were clinical vertebral fractures (Jefinand Kanis, 2006). The
prevalence of vertebral fracture is thought to &ely underestimated since the
majority of these fractures are clinically sileGufnmings and Melton, 2002). It has
been estimated that irrespective of the site ofebdensity measurement, for every

decrease in bone density of one SD, the risk of wentebral fracture increases by a



factor of 2.0 — 2.4 (Wasnich, 1993). As the popatatages and the proportion of
people aged 80 years and over increases, the nuadef osteoporotic fracture is
also expected to increase, particularly in the el world (Johnell and Kanis,
2006, Reginster and Burlet, 2006, Riggs and Melt@95).

Hip fractures are regarded as being the most sesMethe osteoporotic fractures
(Johnell and Kanis, 2005), with almost all hip frae patients requiring
hospitalisation (Pasco et al., 2005). Sernbo ahtelbfound that only 50 % of hip
fracture patients managed to regain their preiracstatus regarding ability to walk
and the need for aids at home to increase molg#iegynbo and Johnell, 1993). Pasco
et al. published similar findings, observing th&hest 50 % of women who had
suffered a hip fracture had not regained theirfpaeture mobility after 1 year (Pasco
et al., 2005). Hip fracture patients also have ghhmortality rate, with the age-
adjusted relative risk of dying following a hip ¢tare estimated at 6.7 (Cauley et al.,
2000). Vertebral fractures are slightly less compwith estimates suggesting that 1
% of women at the age of 65 years and 2.9 % betweeages of 75 and 79 suffer
from a new vertebral fracture each year (2002). i@, the reduction in quality of
life is almost as severe as for hip fractures (@dhand Kanis, 2005), with
suggestions that approximately 34 % of women whweehsuffered a vertebral
fracture have impaired mobility 1 year later (Pastal., 2005). Mortality is also
high in patients who have suffered a vertebraltina; with the age-adjusted relative
risk of dying following a clinical vertebral fraate estimated at 8.6 (Cauley et al.,
2000).

The economic burden associated with osteoporaitudre is substantial, with much

of the burden attributed to hip fractures (Reginsted Burlet, 2006, Riggs and

Melton, 1995). More than 2 million osteoporotic dhares are suspected to have
occurred in the US in 2005, and the costs assalwitd these are predicted to be in
the region of US $16.9 billion (Burge et al., 2000f this, hip fractures were found

to account for 14 % of all fractures and 72 % ef tibtal cost (Burge et al., 2007).

1.5 The osteoblast

1.5.1 Background and function of the osteoblast
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Osteoblasts differentiate from mesenchymal stents gqallso known as marrow
stromal cells or MSCs), a multipotent stem celt ten differentiate into a variety of
cell types including chondroblasts/chondrocytesrtilege producing cells) and
adipocytes (fat storage cells). Osteoblasts araldapof producing a variety of
growth factors under a range of stimuli, some oifclwhnclude: transforming growth
factor beta (Canalis et al., 1993b), the bone nmamgphic proteins (Chen et al., 2004)
and the insulin-like growth factors (Canalis et &4093a). They are characterised by
a well-developed rough endoplasmic reticulum ared ghesence of a large circular
Golgi complex. The plasma membrane of the cellygictlly rich in alkaline
phosphatase, the concentration of which, in sensmgften used as a marker of
osteoblastic activity or bone formation (Rodan, 299he osteoblast is responsible
for the formation of new bone, a process that imes] initially, the secretion of
osteoid (the organic portion of the bone matrixhick is primarily composed of
fibres and ground substance. The primary fibre-fypesent in the osteoid is type 1
collagen and the ground substance is composed ymadtl osteocalcin and
chondroitin sulphate (Netter, 1987). The secresinlg of the cell is characterised by
cytoplasmic processes that extend deep into thepiolstatrix. Approximately 10
days after secretion of the osteoid (a periodraétknown as the osteoid maturation
period), osteoblasts mineralise the matrix throuble ordered deposition of

hydroxyapatite onto the collagen and matrix lat{iebin, 1998).

The functions of osteoblasts and osteoclasts aselgl linked. Osteoblasts have been
shown to mediate the effects of PTH on osteoclaétSheehy and Chambers, 1986)
and secrete factors that control osteoclastogenasi@gocess that has been well
establishedh vivo (Teitelbaum, 2000) ania vitro (Kobayashi et al., 2009). This will
be discussed later.

1.5.1.i Intramembranous ossification

There are two types of processes involved in thend&tion of new bones during
foetal development: intramembranous ossificatiod andochondral ossification.
During intramembranous ossification, MSCs locatetthiw a vascularised region of
the embryonic connective tissue differentiate imsteoblasts. These osteoblasts then
synthesise woven bone, without the use of a cgntitais template, which contains

many large osteocytes that have differentiated famteoblasts that have become
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buried in the matrix (Franz-Odendaal et al., 2008%5Cs at the periphery of the
woven bone continue to differentiate into ostedislag/hile blood vessels that are
incorporated between the woven bone trabeculae fibren hematopoietic bone
marrow. The woven bone is then remodelled and giladweplaced with mature

lamellar bone (Baron, 1999). Bones that are forntesbugh the process of
intramembranous ossification are known as membbbanes (Franz-Odendaal et al.,
2006).

1.5.1.ii Endochondral ossification

Endochondral ossification involves the productida @artilage template of the bone
prior to synthesis of the bone matrix (Olsen, 1998%Cs first condense at the sites
of future bone formation, where they differentiatéo chondroblasts and begin
secreting cartilaginous matrix. Some of these d#lén become embedded in the
cartilage matrix that they have produced, where tbentinue to proliferate and

become large (hypertrophic) chondrocytes (Teix@taal., 2008). MSCs at the

periphery of the newly produced cartilage contitoeifferentiate and proliferate

resulting in appositional growth of the cartilagenplate. A bone collar is produced
around the shaft of the developing bone throughamémbranous ossification.

Vascular invasion of the cartilage subsequentlyucgctriggering apoptosis of the
chondrocytes. Osteoblasts then migrate from thee lmmtlar into the cartilage and

produce woven bone that is subsequently remodelhetl gradually replaced with

lamellar bone (Baron, 1999).

1.5.2 Influence of parathyroid hormone (PTH) ondbkteoblast

PTH is a systemic hormone that is secreted by #natipyroid glands in response to
reduced circulating levels of ionised calcium {8and is the principal regulator of
calcium homeostasis along with calcitonin and XRBdroxyvitamin
(1,25(0OH}D3) (Locker, 1996), the biologically active form afamin D. In its intact
form, PTH is an 84 amino acid peptide, althouglalgo exists in circulation as
smaller fragments (D'Amour, 2006). PTH has beemshim regulate blood calcium
levels through effects on bone (Parfitt, 1976), kmgney (Friedman, 2000) and
indirectly on the intestine through increased sgath of vitamin D in the kidney
(Brenza et al., 1998, Poole and Reeve, 2005). ParHexert anabolic or catabolic

effects on bone depending on the length of exposutd short exposures to high
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levels of the hormone stimulating anabolic respsras®l sustained exposure to high
levels, such as resulting from prolonged hypocalsag resulting in a catabolic
response (Poole and Reeve, 2005). PTH binds tpafrathyroid hormone receptors
1 and 2, known as PTH1R and PTH2R respectivelyh WATH1R the primary
receptor expressed in bone (Mannstadt et al., 198%) effects of PTH on bone
appear to be primarily mediated through the ostsibhlthough osteocytes and bone
lining cells may also have a role in the proceswi€éi et al., 2001, Dobnig and
Turner, 1995).

The anabolic effects of PTH on bone appear to kbemabined result of increased
osteoblast precursor proliferation, increased dsésbd differentiation and decreased
osteoblast apoptosis. Jilka et al. found that adnation of daily PTH injections in
mice with either normal bone mass or osteopen@du@ed bone density) stimulated
an increase in bone formation through preventioastéoblast apoptosis (Jilka et al.,
1999). This effect was subsequently confirmedvitro using rodent and human
osteoblasts (Jilka et al., 1999). A later studyVdgng et al. found that continuous
exposure to PTH blocked the differentiation of maricalvarial osteoblast cultures
whereas transient exposure to PTH ultimately redulin enhanced osteoblast
differentiation (Wang et al., 2005b). Pettway etsalbsequently published evidence
suggesting that PTH also promotes osteoblast wecproliferation (Pettway et al.,
2008). In this study, mesenchymal stem cells wemplanted into
immunocompromised mice before subjecting the nocg weeks of PTH or vehicle
treatment initiated at different time-points pasiplantation (Pettway et al., 2008).
An anabolic response in PTH-treated implants wasenked, as assessed by

histomorphometry and MicroCT analysis (Pettwayl et2808).

In addition its anabolic effects on bone, the caliakeffects of PTH on bone are also
mediated through the osteoblast and result in ase@ osteoclastic bone resorption
through increased osteoclastogenesis (McSheehyCaadbers, 1986), leading to
mobilisation of calcium from the bone (Poole ande®®e 2005). PTH stimulates
production of receptor activator of nuclear faat8rdigand (RANKL) and inhibits
the production of osteoprotegerin (OPG) by ostesibléHuang et al., 2004, Lee and

Lorenzo, 1999). This increase in RANKL and decraasePG production results in
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increased osteoclastogenesis. The role of these retecules in regulating
osteoclastogenesis is discussed later.

1.5.3 Transcription factors and signalling molesulewvolved in osteoblast

differentiation and function

Transcription factors are proteins that bind toc#pe DNA sequences and can
stimulate or inhibit the transcription or expressaf certain genes, often playing a
major role in cellular differentiation (Mitchell dnTjian, 1989). There are a wide
variety of interacting transcription factors an¢ated signalling molecules involved
in the differentiation, bone production and ostastkegulatory functions of the
osteoblast. Of these, the RUNX2, SP7 and ATF4 trgpison factors are considered
to be the major players (Marie, 2008) and are dised here. The established
(canonical) wingless int (Wnt) signalling pathwagshalso been shown to play an
important role in osteoblast differentiation anchdtion (Piters et al., 2008) and is
discussed here along with the Indian hedgehog hmgnd@lHH), an integral

component of the Indian hedgehog signalling pathwiaat has been shown to
promote osteoblast differentiation (Day and YanQ0&. Figure 1.4 presents an
overview of the potential interactions and relasioips between the regulatory

elements and signalling pathways discussed irsggson.

1.5.3.i Runt-related transcription factor 2 (RUNX2)

Osteoblastic differentiation is controlled by aiegy of transcription factors that are
expressed in a specific sequence (Figure 1.5) @V1a2008). One of these
transcription factors is RUNX2, which appears toéha central role in osteoblast
differentiation and function (Komori, 2008). Ducya. identified the murine Runx2
protein as a possible osteoblast-specific trangenpfactor and regulator of
osteoblast differentiation (Ducy et al., 1997). Yhabserved that its expression in
primary mouse osteoblasts was down-regulated By(Q@J2)%,D3 (Ducy et al., 1997),
which supports clinical evidence suggesting thatesg 1,25(OHP3; may prevent
osteoblast terminal differentiation and cause digld®ne disease (Goodman et al.,
1994), a disorder characterised by low bone forwnat{Andress et al., 1987).
Expression of the murinBunx2gene is evident during embryonic development and
precedes osteoblast differentiation; expressiah@jene at this point is restricted to

MSCs that progress to become either chondrocytesteoblasts (Ducy et al., 1997).
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It was initially suggested that later in developmexpression is restricted to
osteoblasts (Ducy et al., 1997), however varioudiss have confirmed that RUNX2
also has a role in the differentiation of chondtesy(Enomoto et al., 2000, Komori,
2002, Kim et al., 1999) (Figure 1.5) and odontotslaslentin synthesising tooth
homologs of osteoblasts) (D'Souza et al., 19B8hx2deficient mice are born with
a deficiency of osteoblasts and osteoclasts andepssa skeleton composed
completely of cartilage (Komori et al., 1997, O#dbal., 1997). Functional studies
have found that the murine Runx2 protein bindsht® dsteoblast-specific cis-acting
element 2 (OSE2) (Ducy and Karsenty, 1995). OSHE@usd in the promoter region
of many genes essential to osteoblast functionudng those encoding: type 1
collagen, bone gamma-carboxyglutamate (gla) profesteocalcin or BGLAP),
osteopontin, bone sialoprotein, alkaline phospleataad collagenase-3, as well as
theRunx2gene itself (Ducy et al., 1997, Harada et al.,.913menez et al., 1999).

In addition to its proposed role in osteoblastatéhtiation, RUNX2 also appears to
have a role in bone formation by differentiatedeoblasts. Ducy et al. generated
transgenic mice that over-expressed the DNA binddgnain of Runx2 in
differentiated osteoblasts postnatally (Ducy et #99). This DNA binding domain
has a higher affinity for DNA than wild-type Runx2as no transcriptional activity
and acts in a dominant-negative manner (Ducy etl8P9). Mice over-expressing
this domain were born with a normal skeleton butetigoed osteopenia thereatfter,
caused by a decrease in bone formation despiteraah@steoblast count (Ducy et
al., 1999). Expression analysis revealed that mastgoblast-related transcripts,
including several encoding bone extracellular mabrioteins, were virtually absent
and that the osteoblasts expressing the modifiedxRprotein were less active
(Ducy et al., 1999). In addition to this, Zirosat found that low level mechanical
deformation, or stretching, of human osteoblastsctly up-regulated the expression
of RUNX2 and its binding to OSE2 (Ziros et al., 2P0 This suggests that
mechanical stimulation may promote osteoblastogersesd/or osteoblast function
through effects on RUNX2.

Mutation in the humarRUNX2 gene has been implicated in multiple cases of
Cleidocranial Dysplasia (Bergwitz et al., 2001, lezal., 1997, Machuca-Tzili et al.,
2002, Mundlos et al.,, 1997, Zhou et al.,, 1999).sTisi an autosomal dominant
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condition characterised by a variety of skeletamtypes including underdeveloped
or absent collarbones, delayed closing of spacéseea the bones of the skull,
shortened fingers and forearms, scoliosis of theespdental abnormalities and
reduced BMD (Chitayat et al., 1992, Dore et al87,Qensen, 1990, Morava et al.,
2002, Vaughan et al., 2002).

1.5.3.ii Osterix (SP7)

SP7 is another transcription factor that is thoutghthave a role in osteoblast
differentiation. Nakashima et al. detected expoessif theSp7gene specifically in
the developing bones of mouse embryos and subskygemeratedSp#null mice
(Nakashima et al., 2002). The mice died within lurhof birth and a complete
absence of endochondral ossification in the sketd¢éanents was observed, that is,
calcification/mineralisation of the cartilaginouseteton, resulting in a lack of bone
formation (Nakashima et al., 2002). Intramembrammssfication was also affected,
with cells in the skeletal elements unable to défeiate into osteoblasts (Nakashima
et al., 2002). Kaback et al. analysed the expvasef Sp7 during endochondral
ossification in mice, finding that it is expressadosteochondroprogenitor cells and
mature osteoblasts but not in hypertrophic chondesc(Figure 1.5) (Kaback et al.,
2008). Over-expression of Sp7 in mouse embryomnb Iderived clonal cells was
found to promote osteoblast differentiation, whergdnibition of Sp7 expression in
these cells using small interfering RNA (siRNA) wiaand to promote chondrocyte
differentiation (Kaback et al., 2008). Baek etsalbsequently examined the effect of
Sp7 in the bones of adult mice by inactivation o $p7 gene in osteoblasts after
bone collar formation at embryonic day 14.5 (Batkale 2009). Newborn mice
showed no significant abnormalities, however bylihdwd the mice exhibited an
osteopenic phenotype including delayed osteoblagtnmation (Baek et al., 2009).
Overall, these results point to a role for SP7 steoblast differentiation and bone

formation in both developing and adult bone.

In terms of hierarchical relationships, there isdemce in the literature to suggest
that SP7 acts downstream of RUNX2 in the pathwaystéoblast differentiation and
that RUNX2 is required for expression of SP7. Noskti al. performed an analysis of
the murineSp7gene promoter and identified a putative Runx2 iniga@ite (Nishio et

al., 2006). They subsequently found that over-esgio; of Runx2 caused up-
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regulation of this region of th&p7 promoter 2-fold (Nishio et al., 2006). This
supports previous evidence published by Nakashimaale who found that
osteoblasts obtained frorBp7null mice continued to express Runx2 at levels
comparable to the wild-type but th&unx2null mice failed to express Sp7
(Nakashima et al., 2002).

1.5.3.iii Activating transcription factor 4 (ATF4)

Yang et al. identified the transcription factor ATFas a critical regulator of
osteoblast terminal differentiation (Figure 1.5) darosteoblast-specific gene
expression (Yang et al., 2004). They demonstrdteadATF4 regulates the synthesis
of type 1 collagen and that deficiency of Atf4 incencauses delayed bone formation
during embryonic development and reduced bone tmasaghout adult life (Yang
et al.,, 2004). They also presented evidence sugget$tat the protein may have a
role in the pathophysiology of Coffin-Lowry syndreniMIM 303600) (Yang et al.,
2004), a rare genetic disease characterised bjlertteal disability and skeletal
abnormalities (Coffin et al., 1966, Lowry et al971). In a subsequent study, Yang
and Karsentry demonstrated that ATF4 is regulatest-panslationally and has the
ability to induce the expression of the osteobfgseific gendBglap (which encodes
osteocalcin) in mouse non-osteoblastic cells (Yamd) Karsenty, 2004). Zhang et al.
found that deficiency of Atf4 in murine osteoblagtesd mouse primary MSCs
resulted in severe proliferative defects includdeday of cell cycle progression and
an increased rate of apoptosis (Zhang et al., 2008)

There is evidence in the literature to suggest A4 has a role in mediating the
effects of PTH on osteoblasts. Yu et al. found theitment of murine osteoblasts
and mouse primary MSCs with PTH increagétd gene expression and that Atf4
protein was required for PTH-stimulatdghglap gene expression in these cells,
suggesting that ATF4 is a downstream target of R€tibn in osteoblasts (Yu et al.,
2008). A more recent study by Yu et al. producqgpsuting evidence for this when
they found that the anabolic effects of PTH on bare severely impaired iAtf4-
null mice (Yu et al., 2009). They also found thatH?induced stimulation o6p7
gene expression in murine osteoblasts was complatsblished by Atf4 protein
deficiency (Yu et al., 2009).
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1.5.3.iv Wingless int (Wnt) signalling

Many studies have indicated a role for Wnt signglland in particular the canonical
Wnt signalling pathway in the processes of bonenfdion, osteoblast differentiation
and skeletal development. The canonical Wnt sigiplbathway is activated when
secreted Wnt glycolipoproteins bind to transmemérasaceptors of the Frizzled
family and their co-receptors, low density lipo@iot receptor-related proteins 5 and
6 (LRP5 and LRP®6), ultimately resulting in regubatiof the transcriptional co-
activator beta-catenin (MacDonald et al., 2009)n@ge@t al. identified mutation
within theLRP5gene as responsible for osteoporosis-pseudoglsymadrome (MIM
259770) (Gong et al., 2001), a genetic disorderatdtarised by severe juvenile-
onset osteoporosis and blindness (Gong et al.,)199@y also found that the LRP5
protein is able to mediate Wnt signalling via tlamanical pathwayjn vitro and that
dominant-negative mutants of LRP5 can interferén whiis signalling pathway and
cause a reduction in bone thickness in murine calvexplant cultures (Gong et al.,
2001). The authors also demonstrated thatlLitp® gene is expressed by murine
osteoblasts and that expression of the gene waml flmiincrease upon osteoblastic
differentiation of a pluripotent mesenchymal celel (Gong et al., 2001). Ellies et al.
subsequently found that the product of tbelerostin (SOS) gene physically
interacts with LRP5 and LRP6 to inhibit the canahidVnt signalling pathway
(Ellies et al., 2006). Mutation in tr#OSTgene has been identified as responsible for
the rare bone disease sclerosteosis (MIM 269508le(Bans et al., 2001, Brunkow
et al., 2001), which is an autosomal-recessiverdesocharacterised by hyperactive

osteoblasts and progressive bone overgrowth (Hanzees al., 2003).

Additional evidence for a role of the canonical Wsignalling pathway in the

osteoblast was published by Day et al., who dematest that expression of beta-
catenin promotes the differentiation of osteoblastpreference to chondrocytes
from mesenchymal progenitors (Day et al., 2005)s Timding led the authors to

suggest that the canonical Wnt signalling pathway mct as a molecular switch in
mesenchymal cells, determining whether they diffeate towards an osteoblast or
chondrocyte fate (Day et al., 2005). In additiorths, Glass et al. found that beta-
catenin promotes the ability of differentiated o$ti@sts to inhibit osteoclast
differentiation and therefore bone resorption tigtogroduction of OPG (Glass et
al., 2005).
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1.5.3.v Indian hedgehog homolog (IHH)

The IHH is an integral component of the Indian heddgy signalling pathway that
has been shown to control various aspects of skelewvelopment (Day and Yang,
2008). A study published by St-Jacques et al. emadhimice deficient inhh (St-
Jacques et al., 1999), a gene that had previowsty limplicated in chondrocyte
differentiation (Vortkamp et al., 1996). The authéwund that in addition to reduced
chondrocyte proliferation and maturation, thé-null mice were born with severely
impaired skeletal development as a result of aeratesof osteoblast development in
the endochondral bones (St-Jacques et al., 199®)g ket al. produced supporting
evidence for this when they found that mouse entbwyibth defective Ihh signalling
presented with impaired osteoblast differentiatishich led to formation of a
defective bone collar during endochondral ossificat(Long et al., 2004). To
examine the role of IHH postnatally, Maeda et anerated tamoxifen-inducible
conditionallhh-knockout mice (Maeda et al., 2007). They obseavedntinued loss
of trabecular bone over time in the knockout migweduced Wnt signalling in the
osteoblastic cells (Maeda et al., 2007). In additm this, dwarfism was observed in
the knockout mice (Figure 1.6) that appeared tocaesed by premature fusion of the
growth plates of various endochondral bones (Maetdal., 2007). These results
would suggest that in addition to its role in enttmadral ossification, IHH also has a

role in osteoblast function and maintenance ositedeton postnatally.

Additional evidence for a role of IHH in skeleta\wklopment has come from studies
implicating mutation within the humaiHH gene in two genetic diseases with
skeletal phenotypes. Gao et al. identified 3 hetggous missense mutations within
the IHH gene in 3 unrelated large Chinese families withistory of type Al
brachydactyly (MIM 112500) (Gao et al., 2001), axd@ition characterised by the
shortening or absence of the middle fingers (B&B1). Mutations within this gene
were subsequently identified in many other instanalethe disease (Kirkpatrick et
al., 2003, Liu et al., 2006, McCready et al., 2002¢llemans et al. identified 2
missense mutations within thilH gene in two consanguineous families with
multiple instances of the genetic disease acroaf@pitoral dysplasia (MIM 607778)
(Hellemans et al., 2003). This disease is chanaeby cone shaped epiphyses in
the hands and hips and shortened limbs with braattyty (Mortier et al., 2003).
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Figure 1.6. Wild-type andlhh-null mice. 8-week old littermates: the mouse on the
right has had induced knockout of tida gene at postnatal day O while the mouse on
the left is wild-type. Note the smaller size of tkeockout mouse thought to be
caused by premature fusion of the growth platesasfous endochondral bones.

Figure adapted from Maeda et al. (Maeda et al.7p00
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1.5.4 Osteoblast-produced bone gamma-carboxygligafg) protein (osteocalcin

or BGLAP)
BGLAP is a small highly-conserved non-collagenoustgin (Carr et al., 1981) that

is exclusively produced by osteoblasts and bindsgty to hydroxyapatite (Boivin
et al., 1990). It is associated with the mineraigeatrix of bone, is the most
abundant non-collagenous protein in the bone exittdar matrix (Boivin et al.,
1990, Weinreb et al., 1990) and is secreted intoggneral circulation where it can
be used as a clinical indicator of bone formatiBagani et al., 2005). To investigate
the role of BGLAP in bone, Ducy et al. generaiglapnull mice and observed
increased bone mass relative to wild type mice assalt of an increase in bone
formation without impairment of bone resorption @uet al., 1996). They also
found that bone mineralisation was unaffectedBglap-null mice, prompting the
authors to suggest that BGLAP works to limit booenfation without impairing
bone resorption or mineralisation (Ducy et al., @9Boskey et al. also generated
Bglap-null mice and observed differences in bone minextbs relative to wild type
mice (Boskey et al., 1998), indicating a role f@BIBAP in stimulating bone mineral
maturation. However, despite these early findings dxact role of BGLAP in bone

remains to be determined.

Interestingly, in addition to its apparent rolekione, osteoblast-produced BGLAP
appears to have a systemic role in glucose metaboDucy et al. noted that mice
null for Bglap appeared mildly hypoglycaemic and had increasedeval fat (Ducy
et al., 1996). Lee et al. observed similar effectthat mice null foBglap displayed
decreased pancreatecell proliferation, glucose intolerance and insulesistance
(Lee et al., 2007). They also demonstrated that B&Etimulates insulin expression
in pancreaticp-cells and adiponectin in adipocytes (Lee et &07). Supporting
evidence for this was published by Ferron et ahoWound that the Bglap protein is
involved in the regulation of glucose metabolisnd &t mass in mice (Ferron et al.,
2008). Several recent clinical studies have repditks between BGLAP levels and
plasma glucose as well as various measures of @ithigdém et al., 2008, Kindblom
et al., 2009, Pittas et al., 2009). It thereforpesmys that in addition its role in bone

turnover, the osteoblast may have a role in enkogyeostasis.

1.6 The osteoclast
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1.6.1 Background and function of the osteoclast

The mature osteoclast is a large cell that canagorftom four to twenty nuclei
(Baron, 1999). It is responsible for the resorptainbone and is usually found in
contact with a calcified bone surface or withireaarption lacuna. The cytoplasm of
the osteoclast typically contains many vacuoles|giGoomplexes and transport
vesicles that contain lysosomal enzymes which asergial to the bone resorptive
capabilities of the cell. Walker was the first tenabnstrate that the osteoclast is of
hematopoietic origin (Walker, 1975a, Walker, 197%¥alker, 1975c). Udagawa et
al. published evidence to suggest that the ostsbcia derived from the
monocyte/macrophage family and that the principatprsor is located in the bone
marrow (Udagawa et al., 1990). Subsequent studaeg ldetermined that the
osteoclast is derived from mononuclear precursarsthe myeloid lineage of
hematopoietic cells (Boyce and Xing, 2008).

When an osteoclast comes into contact with boneixnahe plasma membrane
forms deep foldings in the area facing the bonedBal999). A ruffled border in the
centre of this is surrounded by a ring of conttactiroteins that is known as the
sealing zone. The sealing zone is responsiblehferattachment of the cell to the
bone surface (Marchisio et al., 1984) and for tle&aiion of an isolated compartment
between the cell and the bone surface. Integriaptecs bind to specific sequences
within the matrix proteins which results in attagmhof the cell to the matrix. The
lysosomal enzymes synthesised in the osteoclastidimg cathepsin K (CTSK) and
tartrate resistant acid phosphatase (TRAP), aretgecthrough the ruffled border
into the isolated extracellular compartment (Figuter) (Baron, 1999). The
osteoclast then acidifies this compartment by pwgrotons, present at a high
concentration in the cytosol as a result of theaadf carbonic anhydrase, across the
ruffled border membrane via an electrogenicATPase (proton pump) (Figure 1.7)
(Blair et al., 1989). Mutations in the genes enngdihe protein subunits of this
pump have been identified as a common cause of@ut@ recessive osteopetrosis
(Frattini et al.,, 2000). The cell avoids alkalirtisa of the cytosol by exchanging
bicarbonate (HC®) for chloride (Cl) at the basolateral membrane (Figure 1.7)
(Baron, 1989). These Clons are then transported to the isolated extridael
compartment through a chloride channel known asricid channel 7 (CLCN7)

(Figure 1.7) where they are charge coupled to théAFPase, producing HCI and
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cytokines M-CSF and RANKL.
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lowering the pH of the compartment to around 4.8h(&singer et al., 1997).
Mutations to theCLCN7 gene have been known to cause decreased bonpti@sor
leading to osteopetrosis (Blair et al., 1986). bhae matrix is exposed when the low
pH in the isolated extracellular compartment fidg#grades the hydroxyapatite-
collagen links, then subsequently dissolves therdyyhpatite crystals. The
lysosomal enzymes, which are now at optimal pH,ceed in degrading the
proteinaceous bone matrix (Blair et al., 1986). Bhements released during bone
resorption are either internalised, transportedugh the osteoclast for release at the
basolateral membrane, or released directly fronréserption pit during periods of
relapse of the sealing zone (Baron, 1999).

1.6.2 Cytokines and signalling molecules involvadosteoclast differentiation and

function

There are many different cytokines and interacsiggalling molecules involved in
osteoclast differentiation and function. As mengidmpreviously, PTH has a major
role in promoting osteoclastogenesis through rdguiaof RANKL and OPG
production by the osteoblast (Huang et al., 20@&%& &nd Lorenzo, 1999). The role
of these and other cytokines in regulating ostestatgenesis will be discussed here,
including the pro-osteoclastogenic cytokines malcage colony stimulating factor
(M-CSF or CSF1) (Asagiri and Takayanagi, 2007), dumnecrosis factor alpha
(TNF) (Teitelbaum, 2007) and the intracellular sigtransducer TNF receptor-
associated factor 6 (TRAF6) (Blair et al., 2005puFfe 1.8 presents an overview of
the potential interactions and relationships betwé®e regulatory elements and

signalling pathways discussed in this section.

1.6.2.i Receptor activator of nuclear facte-ligand (RANKL)

RANKL is encoded for by th& NFSF11lgene (Anderson et al., 1997), is a member
of the tumour necrosis factor superfamily and isisidered to be the primary
osteoclastogenic cytokine. It had been suggestezhdg as 1981 that osteoblastic
cells may have a role in osteoclast recruitment acavity (Rodan and Martin,
1981). A study by Udagawa et al. found that osesiolgenesis was dependent upon
physical contact between osteoclast precursor eelts certain mesenchymal cells
such as osteoblasts or their precursors (Udagaaia 4990). This finding led to the
discovery of RANKL (Lacey et al., 1998, Yasuda kt 8998). RANKL resides on
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the surface of cells of the osteoblast lineageismdiso produced in both membrane-
bound and soluble forms by T lymphocytes duringestaf skeletal inflammation
such as rheumatoid arthritis or osteomyelitis @titen of the bone) (Kong et al.,
1999). Kong et al. generatélthfsf1tnull mice and observed severe osteopetrosis
with shortening of the long bones resulting frofnome-remodelling defect (Kong et
al., 1999). The mice also suffered from failureadth eruption, a typical finding in
osteopetrosis since bone resorption is requireghém a pathway through the bone of
the jaw through which the teeth can erupt. Hemattjgoprecursor cells obtained
from the spleens of th&nfsf1inull mice were found to be capable of undergoing
osteoclastogenesis when cultured with M-CSF and RIANh vitro (Kong et al.,
1999). Subsequent studies have identified solulA&IlRL. as capable of inducing
severe skeletal catabolism in rats (Yuan et alD82@nd loss of function mutations
in the humanTNFRSF11gene have been implicated in osteoclast-poor aotak
recessive osteopetrosis (Sobacchi et al., 2007).

RANKL stimulates osteoclastogenesis in hematopoiegils by binding to receptor
activator of nuclear factatB (RANK) (Nakagawa et al., 1998), which is encoded
for by the TNFRSF11Agene (Anderson et al., 1997). Dougall et al. gdedra
Tnfrsfllanull mice and observed pronounced osteopetrosis shortened limbs
and failure of tooth eruption which appeared taiteBom a complete absence of
osteoclasts (Dougall et al., 1999). Hematopoietitsdrom theTnfrsf11lanull mice
cultured with M-CSF and RANKL failed to differentéinto osteoclasts (Dougall et
al., 1999). Li et al. also generaté&dfrsfl1lanull mice, again observing osteopetrosis
along with a complete absence of osteoclasts (Lalgt2000). Transfection of
hematopoietic cells from these mice with a funaiofmnfrsfllagene was found to

rescue the osteoclastogenic capabilities of the (lalet al., 2000).

The intracellular signalling mechanism by which RN stimulates
osteoclastogenesis is thought to occur as follaetivation of RANK by RANKL
results in the recruitment of an adaptor proteiovim as TRAF6 (discussed later).
TRAF6 acts as a second messenger to activate sanoiogen-activated protein
kinase pathways and the nuclear fagBr{NF«B) family of transcription factors
(Ross, 2000). Once activated, dB-transcription factors translocate to the nucleus
where they bind to DNA target sites (Lee and Kifi02). Mice lacking NkB
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signalling present with osteopetrosis as a redutnpaired osteoclast differentiation
(lotsova et al., 1997). See Figure 1.8 for an aeev\of this pathway.

1.6.2.ii Osteoprotegerin (OPG)

OPG, which is encoded for by tAieNFRSF11Bgene (Morinaga et al., 1998), is a
soluble member of the TNF receptor family that ast® decoy receptor for RANKL
that competes with RANK (Hofbauer and Schoppet4208imonet et al. identified
OPG as a secreted glycoprotein, over-expressiowhich causes osteopetrosis in
mice (Simonet et al.,, 1997). The authors also ofeserthat OPG inhibits
osteoclastogenesis of hematopoietic dellgitro (Simonet et al., 1997). Bucay et al.
subsequently generatélchfrsfl1bnull mice and observed decreased bone density
characterised by porosity of the trabecular andicarbones with a high incidence
of fracture (Bucay et al., 1998). Mizuno et al.catgenerated nfrsf11bnull mice,
which presented with severe osteoporosis and redooee strength as a result of
increased osteoclastogenesis (Mizuno et al., 1998)dition to its role in inhibiting
osteoclastogenesis, various studies have identdiedle for OPG in suppressing
osteoclast survival (Akatsu et al.,, 1998), activijakeda et al., 1998) and
attachment to bone surfaces (O'Brien et al., 2008)G has been shown to exist in
monomeric and homodimeric forms, with evidence sstjgg that the homodimeric

arrangement has a greater affinity for RANKL (Sahweis et al., 2005).

Mutation within theTNFRSF11R)ene has been identified as responsible for jugenil
Paget’'s disease (also known as idiopathic or hemgdhyperphosphatasia) (MIM
239000), a disorder characterised by increased Woneover, loss of bone
mineralisation, broadened bone shafts, osteopemigased susceptibility to fracture
and increased levels of alkaline phosphatase ibltia, the latter of which possibly
reflects increased osteoblast activity (Caffey,2,93olob et al., 1996). Whyte et al.
discovered that homozygous deletionTMFRSF11Bwas responsible for juvenile
Paget’'s disease in two unrelated patients of Nalmjean ancestry (Whyte et al.,
2002). Cundy et al. subsequently identified a hoygoms inactivating deletion
within the TNFRSF11Bgene as responsible for juvenile Paget's diseasa in
consanguineous family of Iraqi origin (Cundy et 2002). A study by Chong et al.
analysed th@ NFRSF11Rjene in 8 patients suffering from juvenile Pagdisease,
identifying mutations in 5 of the subjects (Chongle 2003).
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1.6.2.iii Macrophage colony stimulating factor (M5€ or CSF1)

M-CSF, which is encoded for by ti@SF1gene (Morris et al., 1991) and is produced
by osteoblasts and their precursors (Takahashi.,e131), has been shown to be
essential for macrophage survival and proliferatiasm well as regulation of
osteoclastogenesis (Yoshida et al., 1990). M-CSBtexn both membrane-bound
and secreted forms (Cosman et al., 1988) and pemtbé proliferation of osteoclast
precursors and survival of the differentiated osliest through effects on the colony
stimulating factor 1 receptor (also known as c-FMISCSF1R) (Faccio et al.,
2003b), expression of which has been found to beegplated by TNF (Yao et al.,
2006).

Yoshida et al. identified a nonsense (protein-tating) mutation within the murine
Csflgene as responsible for a form of recessive osteagis in mice (Yoshida et al.,
1990). These mice present with a restricted bomedelling ability and are deficient
in mature osteoclasts and macrophages (Marks and, 1®76). Administration of
recombinant human M-CSF to the mice was found twecb their impaired bone
resorption (Felix et al., 1990). Dobbins et al.ntiged a similar mutation in th€sfl
gene as responsible for a form of osteopetrosisaia (Dobbins et al., 2002).
Subsequent studies have also implicated M-CSF thopgical bone loss during
inflammatory osteolysis, a disorder characterisgdekcessive bone resorption by
osteoclasts and can result in joint collapse, Wititckade of M-CSF signalling found

to arrest the condition (Kitaura et al., 2005).

1.6.2.iv Tumour necrosis factor alpha (TNF)

The inflammatory cytokine TNF, which exists in battembrane-bound and soluble
forms, appears to have a synergistic relationship RANKL and has been shown
to promote osteoclastogenesis in both postmenopast&porosis (Weitzmann and
Pacifici, 2005) and inflammatory osteolysis (Tdigaim, 2006). Lam et al. published
evidence suggesting that TNF could not induce c#stogenesis of murine
osteoclast precursors in the absence of RANKL palgh the cytokine was found to
augment RANKL-stimulated osteoclastogenesis insedtependent mannier vitro
(Lam et al.,, 2000). Kim et al. subsequently fourithtt TNF can stimulate

osteoclastogenesis of murine hematopoietic precaedts of myeloid lineage in the
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absence of RANKL, although this could only occuceills treated with M-CSF and
transforming growth factor beta 1 (TGFB1) (Kim ét 2005). Other groups have
presented evidence suggesting that TNF can activliyedifferentiated osteoclasts
in a mechanism that is independent of RANK signglijFuller et al., 2006, Fuller et
al., 2002).

The TNF cytokine binds to two different membraneegors, the type 1 receptor
p55 (TNFRSF1A) and the type 2 receptor p75 (TNFREFlwith the
osteoclastogenic effects of the cytokine differdepending on the receptor that has
been activated. Abu-Amer et al. found that boneravafrom mice expressing only
the Tnfrsfla receptor produced substantially mastearlasts than the wild type,
whereas marrow from mice only expressing the Thlrsteceptor produced
substantially fewer than the wild type (Abu-Amerakt 2000). They also found that
the soluble form of the cytokine preferentially bduto the Tnfrsfla receptor,
whereas the membrane-bound form preferentially 8adonTnfrsflb (Abu-Amer et
al., 2000).

1.6.2.v TNF receptor-associated factor 6 (TRAF6)

TRAF6 is an intracellular signalling molecule that activated upon binding of
RANKL to RANK (Asagiri and Takayanagi, 2007) andpeprs to be involved in
both osteoclastogenesis (Naito et al., 1999, Yal.e2002) and osteoclast function
(Lomaga et al., 1999). Naito et al. generafedf6-deficient mice and observed an
osteopetrotic phenotype that appeared to be a tredulimpaired osteoclast
differentiation (Naito et al., 1999). Withodtraf6, the murine osteoclast precursor
cells were unable to differentiate into osteoclaster stimulation with RANKL
(Naito et al.,, 1999). Ye et al. published suppagrtiavidence for this after
demonstrating that cell-permeable peptides comtgirthe TRAF6-binding motif
inhibit TRAF6 signalling and prevent osteoclastagg@sain vitro (Ye et al., 2002).
Lomaga et al. published evidence suggesting th&FBRmay also be involved with
osteoclast function when they generated mice dgficin Trafé and observed an
osteopetrotic phenotype with defects in bone reriadethat appeared to be due to

impaired osteoclastic bone resorptive capabiliesnaga et al., 1999).

1.6.3 Role of integrins and cytoskeletal dynamicthie osteoclast
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Communication between the integrin receptors (&sown as integrins) and the
cytoskeleton is an important mechanism in ostetglas it is essential for the
successful attachment of the cell to the bone sardad subsequent resorption of the
bone. Integrins located on the surface of an okiebcan recognise specific bone
matrix proteins and transmit signals to the interd the cell that bring about
cytoskeletal responses (Zou and Teitelbaum, 200lYse processes are relevant to
themes that appear in subsequent chapters inhssst therefore they are discussed

here.

1.6.3.i Integrins

Integrins, which aid in the attachment of the oskest to bone matrix as well as the
transmission of matrix-derived signals to the imterof the cell (outside-in
signalling) (Miyauchi et al., 1991), are made upmlgha and beta heterodimers. The
heterodimer usually consists of a long extracelldlamain and a relatively short
intracellular domain. Outside-in signalling by igtens can mediate numerous
intracellular events, one of the most promineningeieorganisation of the actin
cytoskeleton. Various integrins have been implidateosteoclast function. McHugh
et al. demonstrated that thef3 integrin complex, made up of the alpha V and beta
3 integrins, is essential for normal osteoclastfiom in mice (McHugh et al., 2000).
They found that osteoclasts lacking in the complexe characterised by abnormal
formation of the ruffled membrane and actin rimgsivo in addition to failure of the
cells to spreadh vitro (McHugh et al., 2000). This supported previouslifigs that
the expression of thevp3 integrin replaces that eivf5 during osteoclastogenesis
(Inoue et al., 1998) and that the integrin is esakto the resorptive process (Crippes
et al., 1996, Horton et al., 1991, Ross et al.,3198hao et al. published evidence
suggesting that unoccupied3 integrins transmit a positive death signal resglt
in osteoclast apoptosis (Zhao et al., 2005). Otttegrins that have been implicated
in osteoclast function include the alpha L and alBhintegrins, both of which have
been found to be significantly up-regulated duroseoclastogenesis of peripheral

blood mononuclear cells (Day et al., 2004).

1.6.3.ii Cytoskeletal dynamics
To achieve the various tasks required of an osasbadlluring bone resorption,

substantial and rapid cytoskeletal reorganisateomecessary. Actin is one of the
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most abundant proteins found in eukaryotic celsthe major component of the
cytoskeleton and has a role in a variety of cellelzents including: determination of
cell shape, cell division, motility and DNA trangation (Oda and Maeda, 2010).
Actin in monomeric form is known as globular or &ia, which can be assembled
into a polymeric form known as filamentous or FwadPollard, 2007). When an
osteoclast comes into contact with bone, it forntsrge circular ring of actin which
becomes the sealing zone, enabling the securehattant of the cell to the bone
surface (Luxenburg et al., 2007, Vaananen et @00R This actin ring surrounds the
ruffled membrane and is responsible for the isofaf the acidified extracellular
compartment in which bone resorption occurs (Faetal., 2003a).

Cytoskeletal reorganisation in the osteoclast cantrlygered through outside-in
integrin signalling, occurring when the extracellutegion of the integrin complex
comes into contact with Arg-Gly-Asp (RGD)-contaigiproteins in the bone matrix
such as bone sialoprotein 1 and 2, vitronectin fdordnectin (Helfrich et al., 1992,
Horton et al., 1995). The intracellular regionsifegrin complexes often reside
within podosomes, which are located within the ractng (Faccio et al., 2003a).
Podosomes were first described by Marchisio etaaldd are dynamic dot-like
structures composed of an F-actin core surroundethé integrin and a ring of
scaffolding proteins which can include vinculinxpin and talin (Marchisio et al.,
1984). Osteoclasts possess unique podosomal amandge and can reorganise their
podosomes into superstructures. Binding of theaegttular portion of the integrin to
a ligand causes the intracellular portion of thegnin complex to dissociate from the
podosome and move to the lamellipodia, which isytmskeletal actin projection
located on the mobile edge of the cell and is resipbe for mediating osteoclast
motility (Small et al.,, 2002). The integrin thencbenes localised in the ruffled

membrane during bone resorption.

It has been suggested that Rho family GTPases hvari regulators of intracellular
actin dynamics, may also mediate integrin activatiéaccio et al. published
evidence suggesting that the vav 3 guanine nudieaxchange factor (VAV3),
which activates the RhoGTPases RHOA, RHOG and RAlessential for
stimulated osteoclast activation (Faccio et alQ30They found that mice deficient

in Vav3 presented with increased bone mass and were fgdtéom bone loss
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mediated by systemic bone resorption stimuli sushtraatment with PTH or
RANKL (Faccio et al., 2005). Osteoclasts deficienVav3 demonstrated impaired
actin cytoskeletal organisation, polarisation, agineg and resorptive capabilities
resulting from impaired signalling downstream o€ thM-CSF receptor andvp3

integrin (Faccio et al., 2005).

1.7 The osteocyte

1.7.1 Background and function of the osteocyte

Osteocytes are terminally differentiated osteobldlat reside within microscopic
spaces in the bone matrix called lacunae. They fwhman an osteoblast becomes
trapped in the mineralised matrix that it has po®dl) various estimates suggest that
10 — 20 % of osteoblasts differentiate into ostéexyAubin and Turksen, 1996) and
that osteocytes make up over 90 % of bone celthenadult (Knothe Tate et al.,
2004). Osteocytes have much longer lifespans tl@iveaosteoblasts, are non-
proliferative and have a significantly lower boranhing activity than osteoblasts
(Manolagas, 2000). A large number of changes odouthe cell during the
osteoblast-osteocyte differentiation process inalgideduction in susceptibility to
apoptosis, permanent cell cycle arrest and prooluaf dendritic processes (Noble,
2008).

Osteocytes play an important role in the deternonaaind maintenance of bone
structure (Bonewald, 2007, Heino et al., 2002, KeoTate et al., 2004). Despite
being isolated from each other by the bone matagteocytes are able to
communicate with each other as well as bone-lintetis at the periosteal and
endosteal surfaces of the bone through an elabowti®ork of linked dentritic
processes that reside within canaliculi. It hasnbsgggested that this network of
processes can be reorganised (Bonewald, 2007) asdhle potential to stimulate
bone resorption (Tatsumi et al., 2007, Zhao et28l02). Altered osteocyte numbers
have been noted in many disease states, with aease in osteocyte density
observed in osteoporosis (Mullender et al., 19963teogenesis imperfecta
(Sarathchandra et al., 1996) and 1,25(§DH deficiency (Malluche et al., 1980).

Osteocytes are thought to play a role in bone refliad in response to mechanical

stimuli. Evidence has been published suggesting tisieocytes respond to
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mechanical stimuli by increasing production of was molecules including: nitric
oxide (Pitsillides et al., 1995), prostaglandin @&3ubi et al., 1996, Cherian et al.,
2005), insulin-like growth factor 1 (Lean et al99b, Reijnders et al., 2007) and
collagen type | (Sun et al., 1995). Some of theséeaules have been reported to
have a role in regulating osteoclastogenesis (Mgdret al., 1991, Mochizuki et al.,
1992, Take et al., 2005). While being the predomircall type found in bone, it has
been observed that the number of empty osteocgtméee increases with age (Frost,
1960) and that fewer osteocyte lacunae are asedaidth a reduced ability to repair

accumulated microdamage (Burr, 1993).

Interestingly, the availability of oxygen may haaeole in osteocyte differentiation.
It is likely that oxygen supply to the osteocyitevivo is relatively low, particularly
considering that the cells do not directly recdieod flow and instead rely on the
extracellular fluid contained within the lacuna-ahcular system as a sole provider
of oxygen and nutrients (Knothe Tate, 2003). It haen demonstrated that growing
murine MC3T3-E1 osteoblast-like cells in hypoxionddions (5 % Q) stimulates
osteocytogenesis (Hirao et al., 2007). This is etep by the fact that expression of
the protein hypoxia up-regulated 1 (HYOUL) is higlreosteocyte-like cells than in
osteoblast-like cells (Guo et al., 2005). This pmthas been detected in several
different cell types subjected to oxygen deprivatiguwabara et al., 1996) and may
play a role in the cytoprotective mechanisms newgs$or survival in hypoxic
conditions, having been shown to suppress apopiogiawa et al., 1999).

1.7.2 Proteins thought to be involved in osteoéyhetion

The osteocyte produces a variety of enzymes tleagéssential to the role of the cell
in determining and maintaining bone structure (KdMulend et al., 2003). The
matrix metallopeptidases 14 and 2 (MMP14 and MM#&) the dentin matrix acidic
phosphoprotein 1 (DMP1) are produced by the ostecmyd appear to have a role in
modifying the extracellular matrix (Holmbeck et,aR005, Inoue et al., 2006,
Narayanan et al., 2003). These are discusseddierg with the matrix extracellular
phosphoglycoprotein (MEPE) and klotho (KL), whicte &oth thought to play an
important role in the osteocyte (Igarashi et 8002 Suzuki et al., 2005) although

their exact function in this cell type remains ®determined. Figure 1.9 presents an
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overview of the potential interactions and relasioips between the regulatory
elements and signalling pathways discussed irsggson.

1.7.2.i Matrix metallopeptidases 14 and 2 (MMP14 &tMP2)

Many genes have been suggested to have a roletencgte function, including
several encoding matrix metallopeptidases. Holmbetlal. published evidence
suggesting that deficiency of MMP14 leads to disnmp of collagen cleavage in
osteocytes, resulting in a loss of formation okosite processes with no effects on
osteocyte number or viability (Holmbeck et al., 2p0rhe MMP14 protein has been
shown to activate MMP2 (Sato et al., 1994) andazras a collagenase. It appears
that this collagen-cleaving activity is essentiat bsteocyte function and that a
degree of bone matrix destruction is necessarynfaintenance of the canalicular
network. This theory is supported by the observatioat in the absence of live
osteocytes the canalicular network gradually fiigh mineralised matrix, a process
known as micropetrosis (Frost, 1960). In additiorthis, it has been demonstrated
that osteocyte viability is reduced and canalicutagnber decreased in animals
containing a targeted mutation which results in preduction of collagenase-
resistant type 1 collagen (Inoue et al., 2006, Zétaal., 2000).

Inoue et al. produced evidence to suggest that MEIB@ plays a crucial role in the
formation and maintenance of the osteocytic canl@icnetwork, when they found
that mice deficient iMmp2displayed opposing bone phenotypes with reduce®BM
in the long bones and increased calvarial BMD (&net al., 2006). These effects
appeared to be caused by disruptions to the catalimetwork with associated
osteocyte death (Inoue et al., 2006). The authaggested that the opposing bone
phenotypes were a result of differences in the néxta canalicular network
impairment in each bone type: the long bones ptegpwith reduced canaliculi and
the calvariae presenting with a completely disrdptanalicular network (Inoue et
al., 2006). In addition to this, Martignetti et mlentified mutations within thsIMP2
gene as responsible for an autosomal recessiveddrscalled nodulosis, arthropathy
and osteolysis (NAO) syndrome (also known as Toigeéhester syndrome) (MIM
259600) (Martignetti et al., 2001), which is chaeaised by joint erosion, osteolysis,
facial abnormalities and generalised osteoporddidlayouf et al., 2000, Al-Otaibi
et al., 2002).
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1.7.2.ii Dentin matrix acidic phosphoprotein 1 (DM)P

Another protein thought to have a role in osteodytection is DMP1. Toyosawa et
al. identified the DMP1 protein as highly expressedhicken and rat osteocytes and
preosteocytes (Toyosawa et al., 2001). Gluhak-kt#inet al. subsequently found
that expression ddmplis up-regulated in mouse osteocytes obtained bone that
has been subjected to mechanical loading (Gluhakridk et al., 2003), suggesting
that osteocytes modify their matrix microenvironin@m response to mechanical
stimuli. The Dmpl protein has also been shown tetoeluced in undifferentiated
mouse osteoblasts, where it functions as a nupledein involved in the expression
of osteoblastic genes (Narayanan et al.,, 2003). ddew as the cell matures and
reaches the later stages of osteoblast differemtiathe murine Dmpl protein is
phosphorylated after production and exported to ekieacellular matrix where it
regulates the nucleation of hydroxyapetite (Narayaret al., 2003). Lorenz-
Depiereux et al. and Feng et al. identified los$doction mutations within the
DMP1 gene in five families demonstrating autosomal ssisee hypophosphatemic
rickets (MIM 241520) (Feng et al., 2006, Lorenz-i2epux et al., 2006). Feng et al.
also found thatDmpZXnull mice presented with defective osteocyte nadion,
which resulted in pathological changes in bone naisation and the development
of osteomalacia (softening of the bones) (Fend.eR@06). The authors concluded
that lack of functional DMP1 leads to altered stadlenineralisation and disturbed

phosphate homeostasis as a result of defectivemaeefunction (Feng et al., 2006).

1.7.2.iii Matrix extracellular phosphoglycoprotefMEPE)

There is evidence to suggest that the glycoprddtPE may also have a role in the
osteocyte, although its exact function is yet todieéermined. Igarashi et al. found
that theMepegene is first expressed in mice at day 17 of eodpgesis in a small

number of mature osteoblasts (Igarashi et al., ROBZpression of the gene was
subsequently seen in osteocytes during ossificatiadhe skeleton and production of
the protein seemed to correlate with increased ddiérentiation to osteocytes

(Igarashi et al., 2002). The authors concluded Mape represents an important
marker of the osteocyte phenotype in mice and fgbhas a role in regulating

osteocyte function (lgarashi et al., 2002). Gowerale studied mice deficient in

Mepe and observed a phenotype characterised by inctdasge mass, suggesting

that the protein plays an inhibitory role in boreniation (Gowen et al., 2003).
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Particularly high expression of tiMEPE gene was subsequently found in osteocytes
residing within mineralised bone (Nampei et al. 020 Gluhak-Heinrich et al. found
that the expression d¥lepein mice was stimulated by mechanical loading in a

delayed manner (Gluhak-Heinrich et al., 2007).

1.7.2.iv Klotho (KL)

TheKL gene encodes a type-l membrane protein relatedttsdlucosidases and has
been of much interest to the scientific and medioahmunity over the last few years
due to its suspected role in a variety of age-edlatiseases in mice (Kuro-o et al.,
1997, Suga et al., 2000, Utsugi et al., 2000). Kued al. generated transgenic mice
with an insertional mutation of th€ gene (Kuro-o et al., 1997). Mice homozygous
for this mutated gene presented with various alpe@ diseases such as
arteriosclerosis, skin atrophy, ectopic calcifioatiemphysema and osteoporosis, as
well as growth retardation, shortened lifespan snfelrtility (Kuro-o et al., 1997).
Impairment of osteoblast and osteoclast differéotiaresulting in low-turnover
osteopenia was subsequently identified Kirdeficient mice (Kawaguchi et al.,
1999). Suzuki et al. conducted a study of the logioal and ultrastructural features
of bone matrix obtained frorl-deficient mice, observing an abundance of empty
osteocytic lacunae as well as evidence of increasdoblastic and osteocytic
apoptosis (Suzuki et al., 2005). This suggestssziple role foKl in the osteocyte
as well as raising the possibility that the osteopis seen irKl-deficient mice is
partly due to effects in osteocytes.

1.7.3 Requlatory effects of the osteocyte on odéstd and osteoclasts

There is evidence to suggest that the osteocyteahade in regulating osteoblast
function. Multiple studies have demonstrated thateocytes produce sclerostin
(SOST) (van Bezooijen et al., 2005, Poole et &052 Winkler et al., 2003), which
is a Wnt signalling pathway antagonist and negategulator of bone formation
through inhibiting the production of bone by ostiasks (Moester et al., 2010). As
mentioned previously, various mutations within 8@STgene have been implicated
in Sclerosteosis, an autosomal-recessive bone sdisé@at is characterised by
hyperactive osteoblasts (Balemans et al., 2001nim et al., 2001). This would
suggest that osteocytes are capable of negatiwgulating osteoblast function
through the production of SOST.
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In addition to its apparent influence on osteoblasiction, there is a significant
amount of evidence in the literature to suggest thee osteocytes negatively
regulate osteoclast function whereas osteocytetapigpstimulates osteoclastic bone
resorption. Verborgt et al. found that osteocytepapsis induced by bone fatigue
triggers osteoclastic bone resorption (Verborgt at, 2000). Heino et al.
subsequently demonstrated that osteocyte-like halle an active inhibitory role on
osteoclastic bone resorption (Heino et al., 2008)s effect was particularly strong
after treatment of the osteocytes with oestrogehagopeared to be mediated through
production of transforming growth factor beta 3 ift¢eet al., 2002). Noble et al.
subsequently studied the effects on osteocyte litiabf short periods of mechanical
loading applied to the ulnae of rats, observingerelase in osteocyte apoptosis with
light loading and an eightfold increase in osteecgpoptosis with heavy loading
(Noble et al., 2003). The authors speculated that lighter loading stimulated
adaptive bone remodelling characterised by decteasteocyte apoptosis, decreased
bone resorption and increased bone formation (Neblal., 2003). However, the
heavier loading caused micro-damage to the bondtires in increased osteocyte
apoptosis, which in turn stimulated osteoclastimébaesorption and thus the
remodelling cycle in an effort to repair the daméiyeble et al., 2003). Tatsumi et
al. published supporting evidence for this aftesaskiing large-scale bone resorption
in a transgenic mouse model subjected to targetéeboyte death (Tatsumi et al.,
2007). Ikeda subsequently developed a transgeousenmodel in which osteocytes
can be specifically ablatad vivo (Ikeda, 2008). This was found to trigger osteoclast

invasion of cortical bone with subsequent ostedicl&®ne resorption (Ikeda, 2008).

1.8 Major dietary and environmental influences on bne

Maintenance of healthy bone requires a good supply number of nutrients from

the diet. In addition to this, a number of envir@ntal factors have an influence on
bone health. Vitamin D (which can be obtained froath the diet and exposure to
sunlight) and calcium and are perhaps the most kmellvn dietary/environmentally

acquired factors involved in bone maintenance, @efitiency of either can result in

detrimental effects on BMD. Other factors such adybmass index (BMI), regular

resistance/weight bearing exercise and the avoelahwarious negative influences
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on bone such as high alcohol intake and tobaccalsseplay a role in the regulation
of BMD.

1.8.1 Calcium

Dietary calcium intake has a major influence on éanetabolism. Calcium is a
major component of bone mass and without sufficiemicium intake it is not
possible to build and maintain an adequate skeldétoaddition to its structural role,
bone also serves as a calcium store for the bddlyelcalcium requirements of the
body are not fulfilled through dietary absorptianwill be resorbed from the bone
through the actions of PTH (Juppner et al., 1989hé detriment of the structure and
strength of the bone (Heaney, 2002). Therefordicgerfit calcium must be obtained
from the diet to maintain bone strength. Howeues but one of a number of factors
which can influence BMD and studies into dietaricicem supplementation have had
mixed results. A meta-analysis of 19 studies intdciam supplementation in
children found that it increased total body BMDwewer the effects were small and
were not observed at the spine or hip sites (Wiberanet al., 2006). Studies into the
effect of calcium supplementation on fracture rdtage also had mixed results. A
meta-analysis published by Reid et al. found thithbagh total fracture numbers are
diminished in women supplemented with calcium, ghabability of sustaining a hip
fracture is in fact increased (Reid et al., 2008)e authors hypothesised that this is
due to reduced periosteal expansion in the womerg u=lcium supplementation
(Reid et al., 2008).

It is plausible that the inconsistent results obserin these studies are merely due to
the fact that calcium supplementation is only afdfé to individuals that have low
calcium levels. Lambert et al. published the resuwf a study into calcium
supplementation over an 18-month period in 96 adelet girls from the UK that
were judged to have low habitual calcium intakenjbart et al., 2008). They
observed a significant increase in BMD at all sgeglied in girls supplemented with
calcium. However, they also noted that the posigffects disappeared within two
years of withdrawal of the supplement (Lambert let 2008). A recent study into
calcium supplementation in pregnant Chinese woméh tabitual low calcium
intake also found a dose-dependent relationshipve®at calcium intake and BMD

(Liu et al.,, 2010). BMD values at the whole bodydaspine were found to be
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significantly higher in the calcium supplementedugy relative to the control group,
although these results should be treated with @awtue to the small sample sizes
used in the study (Liu et al., 2010).

1.8.2 Vitamin D
Vitamin D can be obtained from the diet throughstonption of such foods as oily

fish and eggs, however the main source for the bigdpbtained through its
production in the skin stimulated by exposure tolight (Holick, 1999). Vitamin @
produced by the skin does not have significantdgiglal activity and is first
converted to 25-hydroxyvitamingOn the liver. The 25-hydroxyvitamin s then
transported to the kidney where it is convertedlp5(OH}Ds, the biologically
active form of vitamin D. This compound has a majole in maintaining serum
calcium levels by increasing the efficiency ofestinal calcium absorption (Holick,
1999). Elderly individuals tend to suffer from dmshed calcium absorption from
the intestine which, when coupled with decreasednsel,25(OH)D3 resulting from
an age-related reduction in the ability of the skinproduce vitamin P when
exposed to sunlight (Holick et al., 1989), resuitshigh PTH levels leading to
mobilisation of calcium from the bone in an efftwtmaintain plasma calcium levels
(Duque and Troen, 2008). In addition to the effemtsplasma calcium regulation,
Duque et al. found that treatment with 1,25(glb4) decreased osteoclast number
while stimulating osteoblastogenesis and osteoldasvity resulting in enhanced
formation of new bone in a mouse model of senite@sorosis (Duque et al., 2005).
It has also been reported that 1,25(¢lH)reduces bone marrow adipogenesis and
stimulates osteogenic gene expression in the samesenmodel (Duque et al.,

2004b) as well as reducing apoptosis in human bksts (Duque et al., 2004a).

A meta-analysis published by Bischoff-Ferrari etslggested that oral vitamin D
supplementation between 700-800 IU per day reddicesrisk of hip and non-
vertebral fractures in ambulatory or institutioseli elderly persons (Bischoff-
Ferrari et al., 2005). However, the effect was se@n with a lower dose of 400 U
per day (Bischoff-Ferrari et al., 2005). Intereghyn it has also been observed that
supplementation with 700-1000 IU per day vitaminrd2luces the risk of falling
among elderly individuals by 19 %, although doseeer than this may not have any
effect (Bischoff-Ferrari et al., 2009). This reddcesk of falling could partially
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explain the reduction in fracture rate seen by IB$keFerrari et al. in individuals
supplemented with vitamin D (Bischoff-Ferrari et 2005).

Studies have suggested that supplementation with dadcium and vitamin D has a
positive effect on bone health. Zhu et al. publistiee results of a 5-year randomised
controlled trial into the effects of calcium alom®d calcium with vitamin D
supplementation in elderly ambulatory Australiannvem (Zhu et al., 2008). They
found that hip BMD was preserved in both the caltialone and calcium with
vitamin D supplementation groups at year 1, howexdhe year 3 and year 5 time
points hip BMD was preserved only in the calciunthwiitamin D group (Zhu et al.,
2008). A recent meta-analysis of 29 randomisedstffiaund that supplementation
with either calcium alone or calcium and vitamirirDpeople aged 50 years or older
can reduce fracture risk by 24 % and significantiguce the rate of bone loss at the
spine and hip, as long as the compliance rateyls (fiang et al., 2007).

1.8.3 BMI and lean body mass

There is a significant amount of evidence in therditure to suggest that BMI and
lean body mass are involved in the regulation oflB& well as being major factors
in fracture risk. Heavier individuals subject thareight-bearing bones to greater
loads than lighter individuals, which can resulitive development of greater bone
density through the action of osteocytes (Lozupetnal., 1996). In addition to this,
increased fat mass can result in a greater pragucif oestrogens since adipose
tissue serves as the site of conversion of andrediene to the oestrogenic hormone,
oestrone (Schindler et al., 1972). Since adipossuéi is the major source of
oestrogen production in postmenopausal women (@lekt al., 1985), it could
explain why obese women do not lose bone as quakiyon-obese women after the
menopause (Dawson-Hughes et al., 1987, Ribot,et387, Ribot et al., 1994).

Felson et al. published the results of a studyxamene the effects of body weight
and BMI on BMD in elderly males and females (Felstal., 1993). They found that
BMI accounted for a substantial proportion of tregiance in BMD at all sites in
women, but only at weight-bearing sites such ade¢hwur and spine in men (Felson
et al., 1993). An Australian study published in @98und that BMD was associated
with lean mass independently of fat mass and henghi?2 female twin pairs with a
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mean age of 45 (Seeman et al., 1996). The authserwved a 5 — 10 % increment of
BMD to be associated with a 10 — 20 % incremenkean mass (Seeman et al.,
1996). Joakimsen et al. published data from a sioidyheight, weight and BMI in
relation to non-vertebral fracture risk in middigea Norwegians (Joakimsen et al.,
1998). They observed an increased risk of low-endrgcture in persons with a
lower BMI (Joakimsen et al., 1998). These findimgge supported by data from De
Laet et al., who conducted a meta-analysis incatpay almost 60,000 subjects
examining BMI as a predictor of BMD and fracturskr(De Laet et al., 2005). They
found that a low BMI is associated with a substdnincrease in fracture risk,
particularly with hip fracture, in both men and wemthat was largely dependent
upon BMD (De Laet et al., 2005). However, BMI wad $ound to be a significant
risk factor for hip fracture even after adjustmehfracture risk for BMD (De Laet et
al., 2005). This could be due to the thicknessaafding over the greater trochanter
(Nilsson, 1970), nutritional deficiencies resulting muscle weakness (Bischoff et
al., 2003) or a greater risk of falling (Willig at,, 2003). A recent study by Morin et
al. incorporating over 8,000 women aged 40 — 59nagaund that low BMI
predicted an increased fracture risk that was lgrdependent on BMD (Morin et
al., 2009).

1.8.4 Resistance exercise

Regular resistance training has been shown toaser8MD. Hind et al. published a
review of clinical trials examining the effectsefercise and bone mineral accrual in
children and adolescents (Hind and Burrows, 200Wgy found that exercise did
appear to enhance bone mineral accrual in childpanticularly those in early
puberty, however it was unclear as to the optimarase program (Hind and
Burrows, 2007). Winters-Stone et al. examined gsponse of bone to exercise at
specific skeletal sites in premenopausal women {®rStone and Snow, 2006).
They observed a site-specific positive responseipfand spine BMD to lower and
upper body exercise respectively (Winters-Stone &malwv, 2006). Martyn-St James
et al. published the results of a meta-analysis mgh-intensity resistance training
and postmenopausal bone loss, finding a generad ti@vards an increase in BMD
following resistance training which reached stat#t significance at the lumbar
spine site (Martyn-St James and Carroll, 2006).s€Hendings were supported by a

recent study in Brazilian postmenopausal women lwhocind that strength training
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over 24 weeks preserved BMD at the lumbar spine fantbral neck sites when
compared to untrained controls (Bocalini et alQ20 Maddalozzo et al. found that
resistance training was more effective than hormoeplacement therapy in
attenuating bone loss at the spine in early postpeunsal women (Maddalozzo et
al., 2007).

1.8.5 Neqative influences on bone

Several negative lifestyle influences on bone hed&lave been identified. An
Australian twin study published in 1995 found tHdetime tobacco use was
independently associated with a reduced BMD atldingbar spine, total hip and
forearm sites in postmenopausal women (Flicket.e1895). A meta-analysis of the
effects of cigarette smoking on BMD was publishgdWard et al., who found that
smokers had a significantly reduced BMD at all skéxamined when compared to
non-smokers (Ward and Klesges, 2001). These effests particularly pronounced
at the hip where smokers had on average one-ttiieh &SD less bone mass than
non-smokers (Ward and Klesges, 2001). A recentysitugremenopausal Japanese
women also found a negative effect of smoking on[Blst the lumbar spine
(Tamaki et al., 2009). Similar results have beeuantb in studies investigating
smoking and fracture risk. A meta-analysis publishg Kanis et al. looking at over
59,000 men and women found that current smokers hasignificantly higher risk
of fracture than non-smokers (Kanis et al., 2003lme highest increase in fracture
risk was observed at the hip and persisted even taking BMD into account (Kanis
et al., 2005b). Taes et al. found that smoking feoyoung age in men has a negative
effect on bone geometry, density and fracture (ates et al.,, 2009). The authors
speculated that this could be caused by interastwith the action of sex steroids
(Taes et al., 2009).

High alcohol intake has also been reported to lramegative effect on bone health
(Kanis et al., 2005, Lalor et al., 1986, Santoralet2008, Saville, 1965). Kanis et al.
examined BMD and fracture risk relative to alcohméke in a cohort comprised of
almost 17,000 men and women (Kanis et al., 2005gyTobserved significant

associations between alcohol intake and the riskstéoporotic and hip fracture,
although this was not caused by effects on BMD (Kath al., 2005). A recent study

in male alcoholics found that the skeletal damaayesed by alcohol abuse seems to
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occur through negative effects on bone formaticen{&i et al., 2008). It has also
been found that various factors thought to negbtiwvgluence bone health, such as
impaired vitamin D metabolism and malnutrition, a@mmon among alcoholics
(Pitts and Van Thiel, 1986, Stransky and Rysava90

1.9 Heritability of BMD

In addition to dietary and environmental influencgsbone structure and fracture,
there is a strong genetic effect on peak bone mawse loss and fracture rates
(Flicker et al., 1995, Krall and Dawson-Hughes, 3,98ichaelsson et al., 2005,
Pocock et al., 1987). Studies using both monozggatd dizygotic twin pairs have
proven very useful for examining the heritabilitytmne mass. Smith et al. analysed
bone mass and width in 71 juvenile and 80 adulntpairs, observing greater
phenotype discordance between dizygotic twins wbempared to monozygotic
twins which increased with age (Smith et al., 19&2jpporting evidence for this was
published by Pocock et al., who also observed greadrrelation between BMD in
monozygotic twins than in dizygotic twins (Pocodlkak, 1987). They found that the
genetic effect seemed to be strongest at the spideslightly weaker at the proximal
femur and forearm (Pocock et al., 1987). Evans. etomducted a case-control study
using 24 patients that had suffered an osteopofditure and 35 asymptomatic
relatives (Evans et al., 1988). They concluded bwate mass is lower in healthy
young and middle-aged relatives of osteoporoticeptd than in individuals with no
family history of osteoporosis (Evans et al., 1988)

Krall et al. analysed familial resemblance in BMCbaskeletal sites among 160 adult
members of 40 families (Krall and Dawson-Hughe93)9After adjustment of the
BMD data for age, height, weight and significafédtyle or environmental factors,
they concluded that 46 — 62 % of the variance inOBM heritable (Krall and
Dawson-Hughes, 1993). Flicker et al. ran a crosties®l twin study aimed at
determining the influence of lifestyle and gendéictors on BMD in elderly women
(Flicker et al., 1995). In 69 female twin pairs dgg — 89 years examined it was
found that 20 — 33 % of the variation in BMD was@uanted for by age, lifestyle and
body composition factors, with 75 % of the residuvatiation in BMD at the non-
forearm sites accounted for by genetic factorsckeli et al., 1995). Seeman et al.

published the results of a study in 56 monozygatid 56 dizygotic female twins
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with a mean age of 45 and concluded that 60 — 86f %he individual variance in
femoral neck BMD can be attributed to genetic fex{&eeman et al., 1996). A later
study published by Hunter et al. examined BMD aedl lultrasound variables in 360
pairs of female monozygotic twins and 885 pairgeofiale dizygotic twins (Hunter
et al., 2001). The authors found that their hetlitgbestimates for BMD at most
body sites was lower in the postmenopausal woméhpumh they produced
evidence to suggest that the same genes are inveltleer side of the menopause
(Hunter et al., 2001).

Michaélsson et al. ran a large study in over 33,8@@dish twins to examine the
genetic contribution to fracture risk in the elgefMichaelsson et al., 2005). They
found that the genetic influence on fracture rigkeded considerably depending on
the type of fracture and age of the patient (Mittsmn et al., 2005). The proportion
of age-adjusted fracture variance explained by tierariation for the entire cohort
was 0.16 for any fracture, 0.27 for osteoporotacture and 0.48 for hip fracture
(Michaelsson et al., 2005). These figures increatigttly when looking specifically
at the female subset of the cohort (Michaelssad.e2005). The proportion of age-
adjusted hip fracture variance explained by genetication was 0.68 for those
individuals younger than 69 years of age, 0.47tHose between 69 — 79 years of age
and 0.03 for those older than 79 years of age (Mitdson et al., 2005). The authors
concluded that the genetic influence on fracturgresater in females than in males

and decreases with advancing age (Michaelsson, @08)5).

A recent study by Zhai et al. looked at the heiiitgbof bone loss in 712
postmenopausal Caucasian women (Zhai et al., 2008nozygotic and dizygotic
twin pairs were measured at baseline and followeébuan average of 8 years (Zhai
et al., 2009). After adjustment of the data for agdaseline and weight change at
follow-up, the heritability estimates for bone Iaasthe femoral neck, lumbar spine
and forearm were 0.47, 0.44 and 0.56 respectivigi(et al., 2009).

1.10 Additional heritable factors that contribute to fracture risk
It is important to keep in mind that BMD is not tbaly heritable phenotype that
contributes to fracture risk (Albagha and Rals@2003). Studies have demonstrated

that some of the heritable component of fractusk is independent of BMD (Deng
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et al., 2002, Kanis et al., 2007), which is suppdrby the identification of
polymorphic variants that contribute to variation BMD but have no impact on
fracture risk (Andrew et al., 2005). Hip bone gettm@henotypes such as hip axis
length, which are critical components of bone gitkrand have been shown to be
under strong genetic control (Demissie et al., 2@&len et al., 2005, Xiong et al.,
2006a), have been demonstrated as important rs&réafor hip fracture (Brownbill
and llich, 2003). Differences in femoral neck getmnéave in fact been suggested
as partially responsible for the differences in tia¢e of hip fracture between
Caucasians and other ethnic groups (Cummings ,e1304). Biochemical markers
of bone turnover, including the bone formation nesrkundercarboxylated
osteocalcin and the bone resorption markers uritglopeptide cross-links of
collagen type | and free urinary deoxypyridinolileyve also been shown to predict
fracture risk independently of BMD (Garnero et 4996b, Szulc et al., 1993). In
addition, a recent study has highlighted impairathihce as a heritable phenotype
that contributes to fracture risk (Wagner et 20092).

1.11 Efforts at identifying the genes involved in BID regulation and fracture
risk

Identifying the specific genes that influence BMBDdafracture risk has proven a
daunting task. Bone mass is a polygenic trait at thappears to be influenced by
many different genes, each contributing a smallarhito the heritable portion of the
phenotype. To complicate things further, therevisience to suggest that the genes
that regulate BMD and influence fracture risk darsan age-specific (Kammerer et
al., 2003, Karasik et al., 2003) and gender-spe¢fieacock et al., 2005, Ralston et
al., 2005) manner. It has also been suggesteddiffatent genetic variants are
responsible for osteoporosis susceptibility inafiéint ethnic groups (Dvornyk et al.,
2003, Lei et al., 2006). These are all factors thast be taken into consideration

when examining the genetics of osteoporosis.

1.11.1 Candidate gene studies

Early efforts to identify the genes that influerm@e mass centred around candidate
genes, which are selected for study based soletherfunction of the gene product
and its role in bone. Candidate gene studies Hawedvantage of higher statistical

power and easier sample recruitment when compardiiiage and genome-wide
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association studies (Xu et al., 2010). The geneoding the vitamin D receptor
(VDR), which mediates the action of 1,25(QHEj3 on cells, was the first candidate
gene to be studied in relation to osteoporosisstBal 2003). Four early publications
reported significant associations between polymismlhin theVDR gene and BMD
(Fleet et al., 1995, Krall et al.,, 1995, Morrisonat., 1994, Riggs et al., 1995),
although subsequent publications produced conftictesults (Alahari et al., 1997,
Garnero et al.,, 1996a, Gross et al., 1996, Houstoal., 1996, Lim et al., 1995,
Tokita et al., 1996, Tsai et al., 1996, Viitanenaét 1996). More recent studies
examining the relationship between variation in #i2R gene and BMD have been
conducted using large cohorts. Macdonald et al.otyped five common
polymorphisms in th&/ DR gene in a population of 3,100 women from the UK bu
found no significant associations with bone massnebloss or fracture rates
(Macdonald et al., 2006). Uitterlinden et al. supsmtly analysed the same five
VDR gene polymorphisms in a meta-analysis incorpaga2®,242 participants from
European background, of which 18,405 were womettdtlinden et al., 2006). No
significant associations were observed betweenddrilie five polymorphisms and
BMD, although one of the polymorphisms was foundbéo marginally associated
with risk of vertebral fracture (Uitterlinden et,a2006).

Another early candidate gene to be studied inioglab osteoporosis was the gene
encoding the oestrogen receptor ASR) (Ralston and Uitterlinden, 2010). An
article published in late 1995 reported significassociations between a dinucleotide
repeat polymorphism lying upstream of this gene &MD as well as various
markers of bone turnover (BGLAP, wurinary pyridimgi and urinary
deoxypyridinoline) in postmenopausal Japanese wor(eano et al., 1995).
However, an obvious limitation of this study wae 8mall size of the cohort — only
144 women were used in the study and only 15 cfetlvarried the allele of interest
(Sano et al., 1995). A study published the follayvipear by Kobayashi et al.
produced supporting evidence for a role of EfeR1gene in BMD regulation in
postmenopausal Japanese women (Kobayashi et &6),18lthough subsequent
studies in varying ethnic groups produced mixedltegBagger et al., 2000, Deng et
al., 1998, Han et al., 1999, Salmen et al., 20@@nnidis et al. conducted a meta-
analysis that examined the role of three comni®R1 polymorphisms in a

population of 18,917 individuals from European lgrokind, of which 14,622 were
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women (loannidis et al., 2004). They found that enasf the polymorphisms

examined were significantly associated with BMDgpaeters, although one of the
polymorphisms was significantly associated withteleral and overall fracture risk
(loannidis et al., 2004).

The gene encoding collagen type | alph& D1A) has been extensively studied as
a candidate gene for BMD regulation. Grant et abligshed data suggesting that a
polymorphism located in the regulatory region oé ®OL1A1 gene is associated
with bone mass and vertebral fracture risk in twpylations of British women with
a combined total of 299 individuals (Grant et 4B996). This polymorphism was
reported to lie within a recognition site for tharscription factor Spl, suggesting
that variation at this site could affect transdaptof the gene (Grant et al., 1996). A
small study in Swedish postmenopausal women pudadish 1998 cast doubt over
these findings (Liden et al., 1998) and subsegserlies again produced conflicting
results (Heegaard et al., 2000, Nakajima et al9919Veichetova et al., 2000).
Ralston et al. conducted a meta-analysis that exaimithe role of the Spl
transcription factor site polymorphism in BMD regtibn in a population of 20,786
individuals from European background, of which ¥4 6vere women (Ralston et al.,
2006). They found that the polymorphism was sigaiiily associated with both
femoral neck and lumbar spine BMD, in addition tonaminally significant

association with incident vertebral fracture in tdes (Ralston et al., 2006).

A large number of additional genes have been redaat significantly associated
with BMD in candidate gene studies. Some of theemmmmonly studied include
those encoding: low density lipoprotein receptdaterl protein 5 LRPYH
(Mizuguchi et al., 2004, van Meurs et al., 200&nsforming growth factor beta 1
(TGFBJ) (Yamada et al., 1998), bone morphogenic protefBNMP2) (Xiong et al.,
2006b), sclerostinQOSY (Uitterlinden et al., 2004), runt-related trangtion factor

2 (RUNX2 (Doecke et al., 2006, Vaughan et al., 2002), RANKFSF11A (Koh et
al., 2007), RANKL TNFSF1)} (Hsu et al., 2006), osteoprotegerinNFRSF11B
(Arko et al., 2002, Zhao et al., 2005b) and intgkla 6 (L6) (Moffett et al., 2004,
Murray et al., 1997, Tsukamoto et al., 1999).
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A recent study by Richards et al. analysed moren tB&,000 common single
nucleotide polymorphisms (SNPs) selected from titerhational HapMap Project
(Phase 2 dataset) (Frazer et al., 2007) from thg @dpulation (Utah residents with
Northern and Western European ancestry) in 150 syemeviously proposed as
candidates for osteoporosis predisposition (Richatdal., 2009). These SNPs were
analysed in relation to BMD in over 19,000 Europeatividuals and fracture risk in
almost 6,000 people from the Netherlands (Richatdsl., 2009). They found that
SNPs from only 9 of the 150 gene loci were sigatifiity associated with BMD at the
femoral neck and lumbar spine (Richards et al. 9200hese 9 genes werleSR1
LRP4 (encoding low density lipoprotein receptor-relatgaotein 4), ITGAL
(encoding alpha 1 integrin,RP5 SOST SPP1(encoding secreted phosphoprotein
1), TNFRSF11ATNFRSF11BandTNFSF11(Richards et al., 2009).

1.11.2 Genome-wide linkage (GWL) studies

GWL studies use genetic markers (often microsssllito identify chromosomal
segments that are shared between family membangrgpa trait of interest (Dawn
Teare and Barrett, 2005). This information can beduto identify regions of the
genome potentially containing one or more genebkienting a particular trait.
Candidate genes can then be selected from thenrégioanalysis. As opposed to
candidate gene studies, GWL studies are robust wegprds to population
admixture/stratification (Xu et al., 2010) and daa used to study both monogenic
gene disorders (parametric linkage) and complexe gdisorders (non-parametric
linkage). Evidence for linkage of a particular tréo a region of the genome is
usually expressed as a logarithm of the odds (L®@Eyre. Despite the recent
popularity of genome-wide association (GWA) studiédiscussed below),
information obtained from GWL studies remains inipot, as GWL studies are
capable of capturing information from rare polyntogms/haplotypes and copy
number variations unlike many GWA studies that aggypotype common, low-effect
variants (Karasik et al., 2010). A large numbediskase-associated genes have been
identified through information provided by GWL stes. Some of these are thought
to have a role in various polygenic diseases, tholy Crohn's disease (Beckly et al.,
2008, Ogura et al., 2001), schizophrenia (Macingtral., 2010, Pimm et al., 2005),
chronic obstructive pulmonary disease (Hersh et 2009), attention deficit
hyperactivity disorder (Wigg et al., 2008) and asih(Van Eerdewegh et al., 2002).
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A number of GWL studies aimed at identifying qutative trait loci (QTL) for
BMD phenotypes have been performed. One of theviies published by Johnson et
al. who identified the chromosomal locus 11q12-%3iaked to a very high spinal
bone density phenotype in a single extended pesligoenprised of 22 individuals
(Johnson et al., 1997). They observed a LOD scbB7d with a marker in 11g12-
13, a genomic region that had also been linked witeoporosis-pseudoglioma
syndrome (MIM 259770) (Gong et al., 1996). Subsaggenotyping of additional
markers and a systematic search for mutationsstbgitegated with the phenotype
revealed that an amino acid change within tRE&5 gene, which is located within
the 11g12-13 chromosomal region, was responsibléhi high spinal bone density

phenotype in this family (Little et al., 2002).

Devoto et al. published the results of a GWL stadyed at identifying regions of
the genome likely to contain genes predisposingwoBMD (Devoto et al., 1998).
330 DNA markers spread across the autosomal gem@re analysed in relation to
spine and hip BMD in 149 members of 7 large pedigrevith recurrence of low
BMD (Devoto et al., 1998). They found evidence ofkhge to the following
chromosomal regions: 1p36 for hip BMD (LOD scorgl3, 2p23-24 for spine BMD
(LOD score 2.07) and 4qter for both hip and spiCB(LOD scores > 2.5) (Devoto
et al., 1998). Devoto et al. published a followsatpdy confirming and extending the
finding of linkage with 1p36 in an expanded sampfe42 families, observing
linkage of the region with femoral neck BMD (LODaose 3.53) (Devoto et al.,
2001).

Subsequent GWL studies have identified many diffe@TL for BMD phenotypes,
some of which include: 1921, 2p21, 3pl14-p22, 521, 10921, 20p12, 20913 and
21922 (Williams and Spector, 2007). Of these, th&43p22 chromosomal region
has proven to be one of the most replicated (sbkeTal for a summary). Duncan et
al. published the first evidence suggesting linkbgéween 3pl4-p22 and BMD
(Duncan et al., 1999). They analysed 64 genetikensraround 23 candidate genes
for BMD regulation in a cohort of 614 individualom 115 families (Duncan et al.,
1999). These markers were analysed in relatiorutablr spine and femoral neck

BMD (Duncan et al., 1999). They observed the steshgvidence of linkage with

52



Table 1.1. Summary of linkage findings between thgp14-p22 chromosomal region and BMD.

Study Population Phenotype Markers LOD score
Duncan et al. (1999) 258 males and 356 females frbfamilies Lumbar spine BMDD3S3559 1.3-1.6

Femoral neck BMD D3S3559, D3S51289 2.7-35
Wilson et al. (2003) 2,775 females from 1,348 fasil Lumbar spine BMD D3S1298 to D3S1285 2.1 -2.7
Wynne et al. (2003) 26 males and 402 females frésfamilies Lumbar spine BMD D3S3559, D3S1289 1.1-16
Xiao et al. (2006) 1816 males and 2682 females #&ifamilies Total hip BMD D3S2384 / D3S2409 2.3
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two markers in the 3pl4-p22 genomic region, whigreMinked with both lumbar
spine (LOD scores 1.3 — 1.6) and femoral neck BMDID scores 2.7 — 3.5)
(Duncan et al., 1999).

Wilson et al. compared the results between twopeddent GWL screens: one in
unselected female dizygotic twin pairs aged 18 y&frs (1,094 pedigrees) and one
in extremely discordant or concordant (EDAC) siglpairs aged 25 — 83 years (254
pedigrees) (Wilson et al., 2003). Lumbar spine tmtal hip BMD were analysed in
both cohorts and whole-body BMD was analysed in tinselected twin pairs
(Wilson et al., 2003). Maximum evidence of linkaige both the unselected twins
and EDAC siblings was observed for lumbar spine B&Bp14-p22 (LOD scores
of 2.7 and 2.1 respectively) (Figure 1.10) (Wilssiral., 2003). Evidence of linkage
in the unselected twin cohort was also observedh wihole-body BMD at 1p36
(LOD score 2.4) (Wilson et al., 2003).

Two later studies and a meta-analysis also founkiaje between the 3pl4-p22
region of the human genome and BMD phenotypes. \&wtal. analysed 24 genetic
markers across 7 chromosomal loci in 175 Irish fi@asicontaining probands with

low BMD (Wynne et al., 2003). They found that 2 kes within the 3pl14-p22

genomic region were linked with lumbar spine BMBD@ scores > 1.0) (Wynne et
al., 2003). These are the same two markers fromgénomic region identified by
Duncan et al. as linked with BMD (Duncan et al.99p Xiao et al. genotyped 4,126
European individuals from 451 families for a laggale GWL scan (Xiao et al.,

2006). They observed linkage between the 3pl4-p2@nwosomal region and total
hip BMD (LOD score 2.29) (Xiao et al., 2006). A raetnalysis of 11 GWL scans
performed by Lee et al. provided convincing suppariinkage between this region
and BMD (Lee et al., 2006). The study incorporat@¢b85 individuals from 3,097

families and divided the autosomal genome into HiR8 that were ranked according
to maximum evidence for linkage within each bindlet al., 2006). The 3p14-p22
chromosomal region was part of one of 7 bins thexewound to lie above the 95 %
confidence level (Lee et al., 2006).

Mouse genetic studies can provide data relevahuitoan disease gene studies since

there are regions of the mouse genome that are logms with regions of the
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Figure 1.10. Genome-wide linkage scans for quantiti@e trait loci that regulate lumbar spine BMD in: A) 1,094 twin pairs, and B) 254
EDAC sibling pairs. Note the strong linkage peaks on chromosome 3aahm @opulation. Figure adapted from Wilson et @lilgon et al.,

2003).
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human genome and these can provide supporting resed®r the importance of a
region. Mouse models help to eliminate many of ¢benplicating environmental
influences on a trait so that a more refined QTh ba identified. The region 3p14-
p22 in the human genome shares homology with mocls®mosome 14
(approximately 2 — 10 cM). Klein et al. performed>&VL study for whole-body
BMD in two genetically distinct strains of laboragomice that were raised under
strict environmental control (Klein et al., 1998hey observed a strong genetic
influence on the trait, indicating an estimatedthaéility of 0.35 — 0.6 and observed
linkage of the phenotype with 10 chromosomal s{t€ein et al., 1998). One of
these sites was on mouse chromosome 14 (approxynzate 10 cM) (Klein et al.,

1998), a region that is syntenic with the humarostosomal region 3p14-p22.

Collectively, the literature reviewed here providesnpelling evidence for linkage
between the 3pl4-p22 chromosomal region and BMDs Timkage has been
observed in multiple studies in both humans anslymenic chromosomal regions of
the mouse genome. Previous studies have attempidéritify the genes within the
3p14-p22 region that are responsible for the liekapserved. Th€TH1R gene,
which is located within this chromosomal region amdcodes the parathyroid
hormone 1 receptor, represents an attractive cataditlowever, previous studies on
the gene have reported mixed results (Lei et @b52Scillitani et al., 2006, Tenne et
al., 2008, Vilarino-Guell et al., 2007, Zhang et &006), suggesting that the main
gene or genes responsible for the linkage betweeBp14-p22 chromosomal region

and BMD remain to be identified.

1.11.3 Genome-wide association (GWA) studies

GWA studies utilise a non-hypothesis-driven apphoatereby a large number of
study subjects are genotyped for dense geneticarga(isually in the form of SNPs)
covering the genome in an unbiased fashion. Themd#ars are often selected for
their tagging properties, allowing for capture ofvimal genetic variation with a

minimal marker set which results in cost benefilagi et al., 2007). GWA studies
are well-suited to identifying novel genes with raet influences on complex
diseases/traits (Hirschhorn and Daly, 2005). Howetreere are many issues that
must be carefully considered when interpreting thsults from GWA studies,

including: use of appropriate sample sizes, cowador multiple testing (which is
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of course very stringent in GWA studies due tol#rge number of genetic markers
analysed), use of appropriate marker density, p@dgpopulation stratification and
adequate replication of findings (Xu et al., 20XBYVA studies have identified genes
thought to have a role in a variety of diseaseasgirancluding: height (Estrada et al.,
2009, Tonjes et al., 2009), hair/skin colour (Haale 2008), postmenopausal breast
cancer (Hunter et al., 2007), prostate cancer g&tlal., 2008, Thomas et al., 2008),
psoriasis (Zhang et al., 2009) and Parkinson’sadisgSatake et al., 2009, Simon-
Sanchez et al., 2009).

The results from the first GWA study aimed at idigimig genes associated with
bone mass phenotypes was published in 2007 (Kiehl.et2007). The authors
genotyped more than 70,000 autosomal SNPs in Intddiduals (495 men and 646
women with a total mean age of 62.5 years) for @ason with ten primary
guantitative traits including various measures bfB(femoral neck, trochanter and
lumber spine BMD), calcaneal ultrasound, and geometdices of the hip (Kiel et
al., 2007). They found that out of the top 40 SNRth the greatest number of
significantly associated BMD traits, one half tootthirds were in or near genes that
had not been previously implicated in osteopordkigl et al., 2007). Using the
additive generalised estimating equation (GEE) thedamily-based association test
(FBAT) models, the authors identified 12 and 2 asgmns respectively with the ten
primary phenotypes using a cut-off 8 < 1.0 x 10 (Kiel et al., 2007). The
polymorphisms responsible for these associationse wecated in the genes
encoding: ELKS/RAB6-interacting/CAST family memb&r (ERC2, zinc finger
protein 366 ZNF366, neuregulin INRGJ) and nuclear receptor subfamily 5, group
A, member 2 lR5A3 (Kiel et al., 2007).

Following the initial study published by Kiel et ahere was a flurry of publications
reporting the results from GWA studies investigatithe genetics of bone mass
regulation. Strykarsdottir et al. genotyped oved,800 SNPs and tested these for
association with hip and lumbar spine BMD in a disary population comprised of
5,861 Icelandic men and women, subsequently geimafygp subset of 74 SNPs in 3
replication cohorts comprised of 4,165, 2,269 amb1 individuals from Iceland,
Denmark and Australia respectively (Styrkarsdo#ir al., 2008). The authors
identified and replicated significant associatidmstween variation in 5 genomic
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regions and BMD (Styrkarsdottir et al., 2008). Maiants within these 5 regions
lay within or around the gene$NFSF11 TNFRSF11BESR1 ZBTB40(encoding
zinc finger and BTB domain containing 40) and thajon histocompatibility
complex region (6p21) (Styrkarsdottir et al., 2008pllectively, these variants were
found to account for approximately 3 % of the tatatiation in hip and spine BMD
(calculated from the replication cohorts) (Styrkentsir et al., 2008). The loci at the
genesTNFRSF11BZBTB40and the major histocompatibility complex regionrgve
also significantly associated with osteoporoticfuae (Styrkarsdottir et al., 2008).
By enlarging the discovery and replication cohats 6,865 and 8,510 (total)
individuals respectively, four additional loci sificant at the genome-wide level
were identified near the gen8©ST MARKS3 (encoding MAP/microtubule affinity-
regulating kinase 3)5P7(encoding osterixand TNFRSF11A(Styrkarsdottir et al.,
2009).

Richards et al. analysed over 300,000 SNPs forcaggm with lumbar spine and
femoral neck BMD in a population of 2,094 womemirthe UK (mean age of 49.7
years), with replication of significant findingsempted in 6,463 individuals from 3
other cohorts in Western Europe (Richards et &l082 Associations with BMD
significant at a genome-wide leveP (< 5 x 10°) were identified for two SNPs
located near to theTNFRSF11Band LRP5 genes (Richards et al., 2008).
Polymorphism at the SNP neBNFRSF11Bwvas also found to be associated with an
increased risk of osteoporosis and expression dewtlthe TNFRSF11Bgene in
lymphoblast cell lines (Richards et al., 2008).yRrwrphism at the SNP ihRP5
causes a non-synonymous coding change (Ala > VdlXfsis SNP was also found to
be significantly associated with osteoporotic fuaetat the lumbar spine and femoral
neck sites (Richards et al., 2008). Collectivelhe tariance in BMD accounted for
by polymorphism at these two SNP sites was 1 %eaiumbar spine and 0.6 % at
the femoral neck (Richards et al., 2008). The preseof both risk alleles at these
two SNPs was found to increase the risk of ostemifofracture independently of
BMD (Richards et al., 2008).

Xiong et al. genotyped over 370,000 SNPs to test$sociation with BMD at the
spine and hip in a discovery cohort of 1,000 uneeglaCaucasian men and women
(Xiong et al., 2009). This GWA study was somewhaijue as the authors decided
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to attempt replication of the most significant fimgs in four populations of varying
ethnic background, including: a cohort comprisedb88 Caucasian families (n =
1,972), a Chinese hip fracture population (n = 7&0Fhinese BMD population (n =
2,955) and a population from Tobago of African atge(n = 908) (Xiong et al.,
2009). In the discovery cohort the authors idegdifsignificant associations between
BMD and polymorphism in two genesADAMTS18 (encoding ADAM
metallopeptidase with thrombospondin type 1 mdtB) and TGFBR3(encoding
transforming growth factor, beta receptor Ill) (K@et al., 2009). These associations
were subsequently replicated and polymorphismtADAMTS18was found to be
associated with hip fracture in the Chinese sarfigieng et al., 2009). The results
from this study indicate a role for th®DAMTS18and TGFBR3genes in BMD
regulation in multiple ethnic groups (Xiong et &009).

Yang et al. performed a slightly different GWA syuthat involved genome-wide
copy-number variation (CNV) analysis in 700 elde@fiinese individuals, 350 of
whom had suffered from osteoporotic hip fractureg#mage of 69.4 years) and 350
of whom were controls (mean age of 69.5 years) ¢¥etral., 2008). A genomic map
was completed containing 727 CNV regions in Chinieséviduals and association
with osteoporotic fracture was identified for aeteln variant of th&JGT2B17gene
(encoding UDP glucuronosyltransferase 2 family,ypeptide B17) on 4q13.2, the
product of which is an enzyme that cataboliseo&tdrormones (Yang et al., 2008).
This association was subsequently replicated ininglependent Chinese cohort
comprised of 399 individuals that had suffered frbip osteoporotic fracture and
400 negative controls (Yang et al., 2008). Assamigt were also identified with hip
BMD and femoral-neck bone geometry in additionalineke (n = 689) and
Caucasian populations (n = 1000), with th&T2B17CNV accounting for 1.4 %
and 0.7 % of the variation in BMD in each of thespulations respectively (Yang et
al., 2008). Deletion of th&JGT2B17 gene was also found to be associated with
higher serum testosterone and oestrogen in a papulaf 236 young Chinese males
(Yang et al., 2008).

Meta-analysis of GWA data can greatly enlarge sfolyulations and improves the
power of the study to detect associations. Rivadere al. conducted a large-scale

collaborative meta-analysis of five GWA studiesarmmorating 19,195 subjects of
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Northern European background (age range of 18 ye@6s) for loci associated with
femoral neck and lumbar spine BMD (Rivadeneiralgt2909). They identified 20
loci that achieved genome-wide significanBe<(5 x 10°), of which 13 were located
in genomic regions not previously associated wikhIB(Table 1.2) (Rivadeneira et
al., 2009). The remaining 7 were located in genoragions that have previously
been identified as significantly associated with BMind included the regions
containing the genesRP5 TNFSF11 TNFRSF11Aand TNFRSF11BRivadeneira

et al., 2009). 15 of the 20 loci were significardlysociated with lumbar spine BMD
and 10 were significantly associated with femorackh BMD (Table 1.2)
(Rivadeneira et al., 2009). A highly significamdiar decrease in the mean lumbar
spine and femoral neck BMD was seen with increasimgnber of low BMD risk
alleles (Rivadeneira et al., 2009). A risk allefalysis was then conducted using the
top associated SNPs from the 15 lumbar spine anded@ral neck BMD loci
(Rivadeneira et al., 2009). They found that whemlgimed, the 15 lumbar spine
SNPs accounted for around 2.9 % of the variandantbar spine BMD and the 10
femoral neck SNPs accounted for around 1.9 % ofvém&ance in femoral neck
BMD (Rivadeneira et al., 2009).

One of the 20 loci identified by Rivadeneira et ad. significantly associated with
BMD at genome-wide significance is located withire t3p22 chromosomal region
(Table 1.2) (Rivadeneira et al., 2009). The polyohesm within this region that
showed maximal association with BMD is situatedragpnately 103 Kb upstream
of the nearest gen€TNNBJ which encodes beta-catenin (Rivadeneira et @09
As discussed earlier, beta-catenin is an integpatponent of the Wnt signalling
pathway (Wagner et al., 2010) and thus presentanagxcellent candidate for
regulation of BMD. TheCTNNB1 gene is located within the support intervals
defined for the 3p14-p22 chromosomal region by Wilet al. as linked with BMD
by GWL (Wilson et al., 2003). It is therefore pddsithat this gene is responsible for
the linkage observed between this chromosomal megitd BMD. However, the
CTNNB1gene is located approximately 10 Mb from the @epfrthis linkage region,
which would suggest that one or more additionalegelocated within this region

also contribute to the linkage observed betweed 322 and BMD.
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Table 1.2. Twenty loci identified by Rivadeneira etl. as significantly associated with femoral neclnd/or lumbar spine BMD in 19,195

subjects of Northern European background.

Locus Site Candidate genes in region Gene product
1p31.3 FNand LS WLS Wntless homolog
1p36 FN and LS ZBTB40 Zinc finger and BTB domain containing 40
2p21 LS SPTBN1 Spectrin, beta, non-erythrocytic 1
3p22 FN CTNNB1 Catenin (cadherin-associated protein), beta 1,88 k
4921.1 LS MEPE Matrix extracellular phosphoglycoprotein
5914 FN MEF2C Myocyte enhancer factor 2C
6025 FNand LS ESR1 Oestrogen receptor 1
7pl4 LS STARD3NL STARD3 N-terminal like
7921.3 FNand LS FLJ42280 Hypothetical LOC401388
8024 FN and LS TNFRSF11B Osteoprotegerin
11pl1.2 FN ARHGAP1 Rho GTPase activating protein 1
LRP4 Low density lipoprotein receptor-related protein 4
11pl4.1 LS DCDC5 Doublecortin domain containing 5
DCDC1 Doublecortin domain containing 1
11p15 FN SOX6 SRY (sex determining region Y)-box 6
11g13.4 LS LRP5 Low density lipoprotein receptor-related protein 5
12913 LS SP7 Osterix
13914 LS TNFSF11 Tumour necrosis factor (ligand) superfamily, memhbe(RANKL)
16924 LS FOXC2 Forkhead box C2 (MFH-1, mesenchyme forkhead 1)
FOXL1 Forkhead box L1
17912 LS CRHR1 Corticotropin releasing hormone receptor 1
17921 FN HDACS5 Histone deacetylase 5
C170rf53 Chromosome 17 open reading frame 53
18921 LS TNFRSF11A Tumour necrosis factor receptor superfamily, menldex, NFKB activator (RANK)
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The results from these GWA studies have helpedgblight the importance of the
whnt signalling and RANK-RANKL-OPG pathways in thergetic regulation of bone
mass as well as the complex architecture that lindefariation in BMD. They have
also proved useful for identifying genes that mayeha role in BMD regulation that
do not stand out as strong candidate genes, suZBB840 However, the genetic
variants identified as significantly associatedmBMD in these studies account for
only a small amount of the variance of each phgretyhis would suggest that there
are still a large number of BMD-influencing geneghe human genome that are yet
to be identified, a notion supported by the facitthenes strongly associated with
BMD are yet to be identified for many of the chrsumal regions that have been
linked with BMD in GWL studies.
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1.12 Aims and unifyinghypothesis of this thesis
1.12.1 Aims

The broad aims of this thesis are to identify tle@egor genes located within the

3p14-p22 chromosomal region that are responsibléhtolinkage observed between

the region and BMD, and further, to explore theeraf these genes in bone

metabolism. The thesis incorporates a series oétge@and functional studies, a

number of which are follow-up studies to findingsngrated during the course of the

work.

The specific aims are:

1)

2)

3)

4)

5)

7)

Determine whether common polymorphism withicamdidate gene from the
3pl4-p22 chromosomal regioARHGEF3 is associated with bone density in

Caucasian women.

Determine whether common polymorphism withiseaond candidate gene from
the 3p14-p22 chromosomal regidRHOA is associated with bone density in

Caucasian women.

Analyse variation at five polymorphic sites lteh in the FLNB gene (also
situated in the 3pl4-p22 chromosomal region), wthelie been identified as
significantly associated witRLNB mRNA expression, for associated with bone

density phenotypes in Caucasian women.

Analyse expression of the NM_001128616 trapsorariant of ARHGEF3in

human osteoblast-like and osteoclast-like cells.
Identify genes, from a list of candidates, wh@sgression is influenced by
ARHGEF3andRHOAgene knockdown in human osteoblast-like and okistc

like cells.

Determine whether knockdown of tA&RHGEF3and RHOA genes influences

the bone-resorptive capabilities of osteoclast-tikks.
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1.12.2 Unifying hypothesis of this thesis
One or more genes in the human genomic region B@24are significantly

associated with bone mineral density in Caucasiamewn.

Specific hypotheses are contained within each ehapt
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Chapter 2 — Materials and methods
2.1 Materials

2.1.1 Whole-genome amplification

Item Supplier
REPLI-g Midi Kit QIAGEN, USA
- Buffer D1

- Buffer N1

- 4X REPLI-g Buffer

- REPLI-g DNA Polymerase

96-Well PCR Microplate Axygen, USA
8-Cap Strips Axygen, USA

2.1.2 PicoGreen DNA guantitation

Item Supplier

Quant-iT PicoGreen dsDNA Assay Kit Invitrogen, USA

- Quant-iT PicoGreen dsDNA Reagent

- Lambda DNA Standard (100 pg/mL)

96-Well OptiPlate PerkinElmer, USA

2.1.3 SNP genotyping by single nucleotide extensisimg matrix-assisted laser

desorption/ionisation time-of-flight (MALDI-TOF) n$g spectrometry

Item Supplier

Multiplex PCR Kit QIAGEN, USA

- 2X Multiplex PCR Master Mix

Shrimp Alkaline Phosphatase (1 unit/uL) USB Corgiora USA
Shrimp Alkaline Phosphatase Dilution USB Corporation, USA
Buffer

Dideoxynucleotide Triphosphate Amersham Biosciences, USA
(ddNTP) Set 5 mM

Oligonucleotide primers 100 uM Sigma-Aldrich, USA
Thermo Sequenase (32 units/puL) Amersham Bioscieht®4
Thermo Sequenase Dilution Buffer Amersham Bios@ent/SA
384-Well Hard-Shell PCR Plate MJ Research, USA
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Microseal ‘A’ Film

AG 501-X8(D) 20-50 Mesh lonic
Exchange Resin
3-Hydroxypicolinic Acid & 99 %)
Acetonitrile

Ammonium Citrate

2.1.4 Agarose gel electrophoresis

ltem

DNA Grade Agarose

DirectLoad Wide Range DNA Marker
Ethidium Bromide

1Kb DNA Ladder

2.1.5 TagMan SNP genotyping

ltem

10X PCR Buffer Il

25mM MgCbhb

dNTP set 100mM

AmpliTaq Gold DNA Polymerase (5
units/puL)

384-Well Hard-Shell PCR Plate (Black)

Microseal ‘A’ Film

TagMan SNP Genotyping Assay

Bio-Rad, USA
Bio-Rad, USA

Fluka, Switzerland
EM Science, USA
Sigma-Aldrich, USA

Supplier
Progen Biosciences, Australia
Sigma-Aldrich, USA
Sigma-Aldrich, USA
Promega, USA

Supplier

Applied Biosystems, USA

Applied Biosystems, USA
Promega, USA

Applied Biosystems, USA

Bio-Rad, USA
Bio-Rad, USA
Applied Biosystems, USA

2.1.6 Isolation of peripheral blood mononucleaiscel

Item
Vacutainer K2E 10 mL

Ficoll-Paque

2.1.7 RNA extraction

ltem
RNeasy Mini Kit

Supplier
Becton, Dickinson and Compas$A

Pharmacia, Sweden

Supplier
QIAGEN, USA
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- Buffer RLT
- Buffer RW1
- Buffer RPE
- RNeasy Spin Column

2.1.8 Reverse transcription

Item Supplier
QuantiTect Reverse Transcription Kit QIAGEN, USA
- gDNA Wipeout Buffer

- 5X QuantiScript Reverse Transcription

Buffer

- Reverse Transcription Primers

- QuantiScript Reverse Transcriptase

96-Well PCR Microplate Axygen, USA
8-Cap Strips Axygen, USA

2.1.9 Real-time PCR

Item Supplier

QuantiFast SYBR Green PCR Kit QIAGEN, USA

- 2X QuantiFast SYBR Green Master

Mix

96-Well iCycler iQ PCR Plates Bio-Rad, USA
Microseal ‘B’ Film Bio-Rad, USA
QuantiTect Primer Assay QIAGEN, USA
Oligonucleotide primers 100 uM Sigma-Aldrich, USA

2.1.10 Cell culture

Item Supplier
Dulbecco’s Modified Eagle’s Medium Sigma-Aldrich, USA
(DMEM)

a-Modified Eagle’s Mediumd-MEM) Invitrogen, USA
Opti-Modified Eagle’s Medium (Opti- Invitrogen, USA
MEM)
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Foetal Bovine Serum (FBS) Sigma-Aldrich, USA
Penicillin/Streptomycin 100X (10,000 Sigma-Aldrich, USA
units penicillin and 10 mg

streptomycin/mL)

Trypsin-EDTA Solution 1X (0.25 % Sigma-Aldrich, USA
trypsin, 0.1% EDTA)

Small interfering RNA (siRNA) QIAGEN, USA
HiPerFect Transfection Reagent QIAGEN, USA
Recombinant Human RANKL Invitrogen, USA
Recombinant Human M-CSF Invitrogen, USA

25 cnf Tissue Culture Flasks DKSH, Switzerland

75 cnf Tissue Culture Flasks DKSH, Switzerland
24-Well Tissue Culture Plates Greiner Bio-One, Gann
96-Well Tissue Culture Plates Greiner Bio-One, Gann
Bovine Bone Obtained from butcher

Cell Dissociation Solution Non-EnzymaticSigma-Aldrich, USA

1X

Sodium Bicarbonate (NaHGD Ajax Finechem, Australia
HEPES Sigma-Aldrich, USA

2.1.11 Microarray

Item Supplier
TotalPrep RNA Amplification Kit Applied Biosystem& SA
HumanHT-12 v3 Kit lllumina Inc., USA

2.1.12 Statistical and other software packages

Item Supplier

PASW Statistics 17 SPSS Inc., USA

Statistica v8.0 StatSoft Inc., USA

BeadStudio v3.4.0 lllumina Inc., USA

MetroPro v8.2.0 Zygo Corp., USA

REST2008 v2.0.7 Corbett Research Pty. Ltd., Austral
2.1.13 Other
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ltem

Ethanol

Gloves, Non-Sterile, Latex
Trizma Base (NBC(CH,OH)s3)
Ethylenediaminetetra-Acetic Acid
(EDTA)

Sodium Hydroxide (NaOH)
Glacial Acetic Acid
Bromophenol Blue

Xylene Cyanol

Glycerol

Sodium Chloride (NacCl)
Potassium Chloride (KCI)

Sodium Phosphate Dibasic (¢ Oy)

Potassium Phosphate (KIPOy)
Paraformaldehyde
Sodium Acetate (§H3NaQ,)

Sodium Tartrate Dihydrate gHgNaOg)

2-Ethoxyethanol (¢H100,)
Fast Red Violet LB Salt
0.8 um Filter

Naphthol AS-MX Phosphate Disodium

Salt

2.1.14 Equipment

Item

PTC-220 DNA Engine Dyad Peltier

Thermal Cycler

iQ5 Multicolor Real-Time PCR
Detection System

2100 Bioanalyzer

ND-1000 Spectrophotometer
DNA Electrophoresis Cell Tank

Supplier

Thermo Fisher Scientific, USA

Ansell, USA
Sigma-Aldrich, USA
Sigma-Aldrich, USA

APS Finechem, Australia
Biolab, New Zealand
Sigma-Aldrich, USA
Sigma-Aldrich, USA
Ajax Finechem, Australia
Sigma-Aldrich, USA
Merck Pty Ltd., Australia
Sigma-Aldrich, USA
Sigma-Aldrich, USA
Merck Pty Ltd., Australia
BDH Chemicals, Australia
Ajax Finechem, Australia
Sigma-Aldrich, USA
Sigma-Aldrich, USA
Millipore, USA
Sigma-Aldrich, USA

Supplier
MJ Research, USA

Bio-Rad, USA

Agilent Technologies, USA

NanoDrop Technologie®A US

Bio-Rad, USA
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COy Incubator — Hera Cell 150 Forma Scientific, USA

MicroCL 21R Centrifuge Thermo Electron Corporatit/§A
Orbital 420 Centrifuge Clements Medical Equipmdnistralia
Vortex, ST19 Sentra, USA

Victor? Multilabel Plate Reader Wallac, USA

PowerPack 3000 Bio-Rad, USA

Voyager-DE PRO 6066 Mass Applied Biosystems, USA
Spectrometer

384-Well MALDI-ToF Array Applied Biosystems, USA

Ultraviolet Transilluminator (UVT) 100 InternatiohBiotechnologies Inc., USA
Pipettes — P1000, P200, P20, P2 Gilson Inc., USA

Phase Contrast Microscope, IMT-2 Olympus, Japan

pH and Temperature Meter, 900-P TPS Pty Ltd., Alistr

10 mL Transfer Pipette Falcon, USA

3.5 mL Transfer Pipette Sarstedt, Germany

Polaroid Camera, Model QSP International Biotecbgigs Inc., USA
Orbital 900 Centrifuge Clements Medical Equipméntstralia
Plate Rotator, IKA-VIBRAX-VXR Wiarton, Canada

Light Microscope, CH-2 Olympus, Japan

LaborLux Il Light Microscope Leitz, Germany

DXC-390P 3CCD Colour Video Camera Sony, Japan

XL30 Scanning Electron Microscope Philips, Netheds

NewView 6300 3D Optical Profilometer Zygo Corp., NS

2.2 General methods

2.2.1 Whole-genome amplification

Whole-genome amplification was performed as a wamareasing the quantity of
template DNA available for SNP genotyping from agmic DNA sample. This was
carried out using the REPLI-g Kit (QIAGEN), whiclses exonuclease-resistant
primers to non-specifically amplify all DNA sequenwithin a sample in a highly
uniform manner (Hosono et al., 2003). Each genddN& sample was first diluted
to a concentration of 20 ng/pL in 1X TE buffer FEDTA buffer, Appendix I). 2.5
puL of each template DNA sample was then added%6-aell PCR plate (Axygen).
One well on each plate was used for a negative@loard received 2.5 uL of IX TE
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buffer instead of template DNA and one well recdiaeduplicate sample. Therefore,
each 96-well PCR plate contained 94 different ganddiNA samples (1 of which
was present in duplicate) and 1 negative contrél. .2 of Buffer D1 (denaturation
buffer) was then added to each well on the platé #re samples were mixed
thoroughly by vortexing before being left to staatdoom temperature for 3 minutes.
5 uL of Buffer N1 (neutralisation buffer) was sutpgently added to each sample. A
master mix was then prepared by combining the Woilg components while

keeping the mixture chilled on ice:

Component Volume per reaction
4X REPLI-g Buffer (QIAGEN) 12.5 uL

(contains primers)

Distilled-deionised water 27 uL

REPLI-g DNA Polymerase (QIAGEN) 0.5 puL

Total volume 40 pL

Each sample was chilled using ice before 40 pLhaf master mix was added to
each. The microplate was then capped, mixed byexiog and centrifuged before

being incubated in a thermal cycler using the feilig temperature programme:

Temperature Duration Cycles
30 °C 8h 1
65 °C 3 min 1

Lid temperature tracking at 1 °C above block terapee

The mean quantity (x standard deviation) of whaeagne amplified DNA
produced in each 50 pL reaction was 31 (x 10) [ sgassessed by PicoGreen
guantitation (described below). An example of whgémome amplified DNA

electrophoresed on an agarose gel is shown iné&@r.

2.2.2 PicoGreen DNA guantitation

Whole-genome amplified DNA samples were quantitatesing the Quant-iT
PicoGreen dsDNA Assay Kit (Invitrogen). PicoGreanain ultrasensitive nucleic
acid stain that fluoresces when bound to doubbkmsed DNA (dsDNA), making it
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500 bp—

Figure 2.1. Seven whole-genome amplified DNA sampleelectrophoresed
alongside a 1 Kb DNA ladder in a 1 % agarose geThis image illustrates the large
size of the amplified DNA fragments, the majorifywdhich are over 1 Kb in length.
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ideal for specific quantitation of dsDNA in the pemce of other single-stranded
nucleic acids (Ahn et al., 1996). Compared to oA quantitation techniques, the
PicoGreen method is more sensitive than the Hodbidienzimide) dye (Singer et
al., 1997) and is more specific for dsSDNA than spgahotometric absorbance at 260
nm (Ahn et al., 1996).

All quantitations were performed in a darkened rdorprevent photodegredation of
the PicoGreen reagent. 1 uL of each whole-genonmifeed DNA sample was first
diluted in 9 puL of 1X TE buffer. 2 pL of this diloh was then added to a single well
in a 96-well OptiPlate (PerkinElmer) containing L @f Quant-iT PicoGreen dsDNA
Reagent diluted in 194 pL 1X TE buffer. The conseoit the well were then mixed
by pipetting and the fluorescence measured usig@r’ Multilabel Plate Reader
(Wallac). Each 96-well plate analysed contained hlemks (1X TE buffer instead of
whole-genome amplified DNA) and duplicate sets oflSDNA standards at the
following concentrations: 75 ng/uL, 50 ng/uL, 2%mmg 12.5 ng/pL, 6.25 ng/uL,
3.125 ng/uL, 1.5262 ng/uL. The fluorescence frowhestandard was then plotted
against concentration to create a standard cuowve ¥hich the concentration of each
sample could be read in a linear model. All samplese quantitated in duplicate

with the mean of the two values obtained used éovrdstream work.

2.2.3 SNP genotyping by single nucleotide extensisimg matrix-assisted laser

desorption/ionisation time-of-flight (MALDI-TOF) n$g spectrometry

The MALDI-ToF mass spectrometry method of SNP ggoiog involves two PCR
steps followed by analysis of the reaction products a MALDI-ToF mass
spectrometer (Ross et al., 1998). The first oftiihe PCR steps uses a forward and
reverse oligonucleotide primer pair to amplify thenomic region containing the
SNP site. The second PCR step is a single-baseeipertension reaction. This is
achieved using a sequence specific oligonuclea@tpiencing primer that binds to
the amplified template DNA sequence in such a viay the 3’ end of the primer is
bound to the base immediately adjacent to the St¢PThis primer is then extended
by a single nucleotide, the identity of which idetenined by the base present at the
SNP site on the template sequence (Figure 2.2)edghucleoside triphosphates
(ddNTPs) are used in this reaction instead of deo&ieoside triphosphates (ANTPs)
because they do not contain an OH group on theicaBbon atom. As a result,
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Sequencing primer
aagaccacactctgagcg/-5
Saagtccaggttctectaacttctggtgtgagactecgegtecac 3

Template DNA t )
SNP site

t a

Figure 2.2. lllustration of how the single nucleotie extension step works in the
MALDI-ToF mass spectrometry SNP genotyping techniqa. Note: due to the use
of dideoxynucleoside triphosphates the reactioh lv@lterminated after the addition

of theG nucleotide by the Thermo Sequenase enzyme.
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ddNTPs cannot bind to additional incoming nuclesgichnd hence the sequencing
primer is extended by a single base only. The ptsdinom the second PCR step are
de-salted before being analysed on a MALDI-ToF magectrometer. By
determining the mass of the sequencing primer gilugle base extension molecule,
the identity of the ddNTP that was attached togbguencing primer and hence the
identity of the SNP allele can be determined.

The two PCR steps were performed in a 384-well REl&e (MJ Research).
Reactions were multiplexed so that multiple SNRaeg) were amplified in a single
reaction. The Multiplex PCR Kit (QIAGEN) was usedperform the first PCR step
with sequence specific oligonucleotide primersgreb section 2.1.16 for primer

sequences). A mixture of the following componentaswmade up at room

temperature:

Component Volume per reaction
2X Multiplex PCR Master Mix (QIAGEN) 8.25 uL

2 uM forward and reverse primer solution 1.65 pL
Distilled-deionised water 5.6 puL

Total volume 15.5 uL

15.5 pL of this master mix was combined with 2.5gdnomic DNA (20 ng/uL) in
each well of the 384-well plate. The plate was tbewvered with Microseal ‘A’ Film
(Bio-Rad) before being vortexed and centrifugede Samples were then incubated

in a thermal cycler using the following temperatpregramme:

Temperature Duration Cycles
95 °C 15 min 1

98 °C 15s

60 °C 1.5 min 45

72 °C 1.5 min

72 °C 10 min 1

Lid temperature constant at 85 °C
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Randomly selected samples from each 384-well PC&Re plvere subsequently
electrophoresed on an agarose gel to confirm spextiplification of correct target

sequences (example displayed in Figure 2.3). Afterfirst PCR step each reaction
mix was dephosphorylated using shrimp alkaline phatase (USB Corp.) to

hydrolyse residual oligonucleotide primers and eaottles. This involves

preparation of a mixture at room temperature cairigithe following components:

Component Volume per reaction
Shrimp Alkaline Phosphatase Dilution 2 puL

Buffer (USB Corp.)

Shrimp Alkaline Phosphatase (1 unit/pL) 1 pL

(USB Corp.)

Total volume 3 uL

3 uL of this mixture was added to each sample en384-well PCR plate. The plate
was then covered with Microseal ‘A’ Film, vortexedd centrifuged. The samples

were incubated in a thermal cycler using the follgxtemperature programme:

Temperature Duration Cycles
37°C 1h 1
80 °C 15 min 1

Lid temperature constant at 100°C

Subsequent to dephosphorylation, the samples wbjected to a second PCR step
involving a single-base primer extension reacti@ief to section 2.1.16 for primer

sequences). A master mix for this step was prepatresbm temperature containing:

Component Volume per reaction
ddNTP mix (1.25 mM of each ddNTP) 0.4 uL
Sequencing primer (100 pM) 0.1 puL-0.18 puL
Thermo Sequenase Dilution Buffer 0.28 uL

(Amersham Biosciences, USA)

Thermo Sequenase (Amersham 0.01 pL
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Biosciences, USA)
Distilled-deionised water Variable

Total volume 4.5 uL

4.5 pL of this master mix was added to each sainglere the 384-well PCR plate
was covered using Microseal ‘A’ Film, vortexed asehtrifuged. The samples were

then incubated in a thermal cycler using the follmxtemperature programme:

Temperature Duration Cycles
94 °C 2 min 1

98 °C 7s

37 °C (ramp to 37 °C at 1.2 °C/s) 30s 50

72 °C (ramp to 72 °C at 1.2 °C/s) 10s

16 °C 5 min 1

Lid temperature constant at 100°C

Following the second PCR step, each sample wasltedsto allow for analysis
using the MALDI-ToF mass spectrometer. This wasiedrout by adding 10 mg of
AG 501-X8(D) 20-50 Mesh lonic Exchange Resin (BiadRto each sample and
incubating for 15 min with rotation. A batch of $fle MALDI-ToF matrix was then
prepared by combining 6 mg 3-hydroxypicolinic agiduka), 12.5 pL ammonium
citrate (50 mg/mL) and 100 pL acetonitrile. 1 plLtbis matrix was added to each
well of a 384-well MALDI-ToF sample analysis arragd left to dry before 1 pL of
sample was added to the dried matrix. The sampbey avas then analysed on a
Voyager-DE PRO 6066 mass spectrometer. Each nelément of the sample array
was sequentially irradiated with ultraviolet lagerses leading to ionisation of the
analyte molecules. The ions were then accelerdtenigh a detection region at a
velocity that was inversely proportional to theiags-to-charge ratio. Spectra were
obtained using an accelerating voltage of 25 kV axulaction delay time of 300
nsec with 20 laser pulses averaged. Spectra weralhsed using Data Explorer
Software v4.0 and were processed using a macrdapmde to handle accumulated
spectra and apply noise removal and baseline dmmedunctions (example

displayed in Figure 2.4).

77



2,000 bp——
1,500 bp——
1,000 tp—
750 bp—

500 bp—"
250 bp——_

Figure 2.3. Multiplexed PCR products.Reaction products from four DNA samples
(lanes 1 — 4) and one negative control (lane S)tipteked with five primer pairs

electrophoresed alongside a 1 Kb DNA ladder in% &garose gel. The five product
sizes are (in bp): 101, 241, 285, 339 and 435. Nmdaint band of unused primer at

the bottom of the negative control lane (~ 20 bp).
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Figure 2.4. An example of a processed MALDI-ToF smptrum showing the genotypes for six SNPs in a sirggmultiplexed reaction.SNP 1
=TC, SNP 2 =AG, SNP 3 =CC, SNP 4 =AA SNP 5 =TC, SNP 6 =CC.
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2.2.4 Agarose gel electrophoresis

1 — 3 % agarose gels containing 500 ng/mL ethidiwamide were prepared in 1X
TAE buffer. 2 pL of loading buffer was mixed withyd. of sample and loaded onto
the gel before being electrophoresed at 100 — 126r \20 — 50 min, depending on
DNA fragment size. The gel was then viewed usingultiraviolet transilluminator
(UVT) and photographed using a Polaroid cameraditd the UVT housing.

2.2.5 TagMan SNP genotyping

TagMan SNP genotyping reactions were performed &84well PCR plate (Bio-
Rad) using a TagMan SNP genotyping assay (AppliedyBtems) specific for each
SNP. Each TagMan SNP genotyping assay containadof@onucleotides: two as
forward and reverse primers to amplify the regiontaining the SNP site and two
allele specific oligonucleotide TagMan probes thagbridise to their respective
targets at the SNP site and which differ in seqgednca single base. Each of these
probes is labelled with either a FAM or VIC reportéye at their 5’ end and a
guencher at their 3’ end. Only one of the two psobal bind to a template DNA
fragment depending on the identity of the bas@@SNP site. Once the forward and
reverse primers have bound to a DNA fragment, eibenwill occur through
incorporation of nucleotides which is catalysedtbg polymerase enzyme. Upon
reaching the probe, the 5’ label is cleaved bypblgmerase which separates it from
the quencher and causes it to fluoresce. This-Eiesific fluorescence can then be
used to determine which probe has bound to the l#en@NA and hence the
identity of the allele at the SNP site.

To perform SNP genotyping using the TagMan metheodnaster mix was first

prepared at room temperature containing the folhgvdomponents:

Component Volume per reaction
10X PCR Buffer Il (Applied Biosystems) 0.5uL

25 mM MgCh (Applied Biosystems) 0.7 pL

dNTP mix (25 mM of each dNTP) 0.04 pL

TagMan SNP Genotyping Assay (including 0.125 pL

four oligonucleotides) (Applied Biosystems)
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AmpliTag Gold DNA Polymerase (5 0.06 pL
units/pL) (Applied Biosystems)

Distilled-deionised water 3.075 uL
Total volume 4.5 uL

4.5uL of this master mix was added to each wethef384-well PCR plate prior to
the addition of 0.5 pL of genomic DNA (20 ng/uL)h& 384-well PCR plate was
then covered using Microseal ‘A’ Film, vortexed aodntrifuged before being

incubated in a thermal cycler using the followiegperature programme:

Temperature Duration Cycles
50 °C 2 min 1
95°C 10 min 1

92 °C 15s

60 °C 1 min 35

Lid temperature constant at 100°C

Following PCR, fluorescence from the 384-well PCRte was detected using a
Victor’> Multilabel Plate Reader (Wallac). A scatter plasathen created using the
data on fluorescence emitted from each of the wbgs (Figure 2.5) and genotypes

were assigned to each sample.

2.2.6 RNA extraction

Total RNA was extracted from cells in culture usitite RNeasy Mini Kit
(QIAGEN). The first step involved lysis of the auwléd cells by adding 350 pL of
Buffer RLT (lysis buffer) directly to the cell culte vessel, with the lysate mixed and

homogenised by pipetting up and down at least 8<i850 pL of 70 % ethanol was
added to the lysate to precipitate the RNA with piygetting step repeated to mix.
The sample was then transferred to an RNeasy Sgum® (QIAGEN) placed in a

2 mL collection tube. The column was centrifuged dt0,000 rpm for 15 s and the
flow-through discarded. 700 puL Buffer RW1 (washfbufl) was then added to the
spin column and the centrifugation step was repeatgh the flow-through

discarded (care was taken at this point not tahletspin column contact the flow-
through). 500 pL Buffer RPE (wash buffer 2) wassaduently added to the spin
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Figure 2.5. An example of a TagMan scatter plot wi the GG, AG and AA genotype groups indicatedFor each sample, the fluorescence

emitted from the VIC reportefX allele) is plotted against the fluorescence ewmhittem the FAM reporterX allele).
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column and the centrifugation step repeated witd tlow-through discarded.
Another 500 pL aliquot of Buffer RPE was added ke tspin column with
centrifugation proceeding at 10,000 rpm for 2 min. The collection tube was
discarded with the flow-through after this step amchew collection tube was
attached to the spin column. The spin column wans ttentrifuged at 11,000 rpm
for 1 min before being placed in a clean 1.5 mUewmtion tube. 30 — 50 pL of
RNase-free water was subsequently added directlyetgpin column membrane and
centrifugation at> 10,000 rpm for 1 min followed to elute total RNRNA was
guantitated using an ND-1000 spectrophotometer §Naop Technologies) and was
kept chilled using ice while being used or at °80for long term storage.

2.2.7 Reverse transcription

Reverse transcription of RNA was performed using QuantiTect Reverse
Transcription Kit (QIAGEN). This kit removes contarating genomic DNA from
the RNA sample before using random hexamer prirteeggroduce cDNA from all
regions of the template RNA in an unbiased manR&A samples and reagents
were thawed while chilled on ice befarel pg of RNA was added to a single well in
a 96-well PCR plate (Axygen) made up to a totabmmé of 12 pL with RNase-free
water. 2 pL of gDNA Wipeout Buffer was then addedeaich sample while chilled
on ice before the samples were capped, mixed biexiog and centrifuged. The
samples were then incubated at 42 °C for 2 min itl@hed on ice. A reverse-

transcription master mix was then made up whil#ezhion ice containing:

Component Volume per reaction
5X QuantiScript Reverse Transcription Buffer4 pL

(QIAGEN)

Reverse Transcription Primers (QIAGEN) 1pL
QuantiScript Reverse Transcriptase (QIAGEN) 1 pL

Total volume 6 uL
6 puL of this master mix was added to each samplewhilled on ice before the 96-

well PCR plate was capped, mixed by vortexing agntrduged. The samples were

incubated in a thermal cycler using the followiegperature programme:
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Temperature Duration Cycles
42 °C 15 min 1
95 °C 3 min 1
Lid temperature tracking at 1 °C above block terapee

2.2.8 Real-time PCR

Real-time PCR was carried out using SYBR greenclwvid an asymmetrical cyanine

dye that fluoresces when bound to DNA (Cosa et28l01). The dye preferentially
binds to double-stranded DNA and can be used inspegific DNA guantitation.
Real-time PCR incorporating SYBR green technology be used to quantitate the
amount of template RNA, DNA or cDNA in a sample &yplifying a region of
interest within the template sequence using a at@hBCR primer pair and thermal
cycler protocol (Arya et al., 2005). During the exdion step of each PCR cycle a
fluorescence reading is taken, with the cycle numddewhich the SYBR green
fluorescence rises above a specific threshold y@lue) used to calculate the
concentration of the target sequence in the origgample (Figure 2.6a). Relative
guantitation can be performed by comparing a testpte against a control, or
absolute quantitation can be performed by compaitest sample against a standard

of known concentration.

Real-time PCR was carried out using the QuantiB¥®8R Green Kit (QIAGEN).
The following master mix was made up at room terajee:

Component Volume per reaction
2X QuantiFast SYBR Green Master Mix 7.5 uL

(QIAGEN)

10 uM Forward and Reverse Primer Mix 1.5uL
Distilled-deionised water 4.5 uL

Total volume 13.5 uL

13.5 pL of this master mix was combined with 1.5qfltemplate cDNA in a single
well of a 96-well iCycler iQ PCR plate (Bio-Rad)e&tions were then covered

using Microseal ‘B’ Film (Bio-Rad), mixed by vortexy and centrifuged before
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Amplification Chart

300.57

Cycle

Figure 2.6a. An example of a real-time PCR amplifiation plot with the baseline
threshold value set at 300.57The G values generated by this amplification chart

range from ~ 12.5 to ~ 33.
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Melt Peak Chart
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Figure 2.6b. An example of a melting-curve analysigor a set of samples
subjected to real-time PCR.The target sequence has been amplified in all EEmp
except one, where amplification of a primer-dimes loccurred (indicated). Note
that the melting temperature of the amplified prisdener is significantly lower than
that of the amplified PCR product (~ 74 °C compared 87 °C).
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being incubated in an iIQ5 Multicolor Real-Time PCRtection System (Bio-Rad)

using the following temperature programme:

Temperature Duration Cycles
95°C 5 min 1
95 °C 10s

60 °C (fluorescence data collection point) 30 s 35

Lid temperature constant at 100°C

Upon completion of the PCR protocol, a melting-euanalysis was performed by
the real-time PCR thermal cycler (Figure 2.6b).sTéan indicate whether a single
sequence was amplified in each sample during thenl cycling. To achieve this,
the temperature was slowly increased from 65 °®30°C with a fluorescence
reading taken at every 0.5 °C interval. This alldtws user to identify the melting
temperature of the amplified sequence within eaminpte, since there is a large
decrease in SYBR green fluorescence when the aetplDNA within a sample

becomes single-stranded. The amplification of pridimers can also be easily
detected using this technique, as they usually laaleev melting temperature due to
their short length. As an additional quality cohstep, PCR product from randomly
selected samples was electrophoresed on an agageiséo confirm specific

amplification of the correct target sequence.
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Chapter 3 — Analysis of variation within the ARHGEF3 gene for association
with bone mineral density phenotypes

3.1 Introduction

The ARHGEF3gene encodes the Rho guanine nucleotide exchawct® {GEF) 3.
Thiesen et al. identified th@RRHGEF3transcript as composed of 3,561 nucleotides
including a large 3’ untranslated region (UTR) ¢833 nucleotides (Thiesen et al.,
2000). The transcript encodes a protein of 526 aragids, expression of which was
detected in wide variety of tissues including tlear, brain, kidney, lung, pancreas,
spleen and skeletal muscle (Thiesen et al., 20060 ARHGEF3gene was mapped
to the 3pl4-p22 chromosomal region (Thiesen et2800) and represents a strong

candidate gene for BMD regulation.

The function ofARHGEF3was first discussed by Arthur et al., who stateat tt was

a Rho family GEF containing two domains: a Dbl hongyldDH) domain which is
responsible for catalytic activity and a pleckstnomology (PH) domain (Arthur et
al., 2002) which is thought to provide a site fegulation by phospholipids and
localise the GEFs to the plasma membrane wherecthreyegulate their downstream
targets (Schmidt and Hall, 2002). The product & ARHGEF3gene specifically
activates two members of the RhoGTPase family: RH@#&hur et al., 2002),
known to play a role in bone (Chellaiah et al., @0deyers et al., 2005), and RHOB
(Arthur et al., 2002), with a potential role in esarthritis (Gebhard et al., 2004,
Mahr et al., 2006). When expressed in fibroblaSRHGEF3 has been shown to
cause the assembly of more robust stress fibres facal adhesions than in
fibroblasts not expressing the protein through sjgeactivation of the RHOA and
RHOB GTPases (Arthur et al., 2002).

Members of the RhoGEF family have been found toehawole in bone cells. A
study published by Brazier et al. used gene araagsquantitative real-time PCR to
identify genes encoding members of the RhoGEF amaGRPase families that are
up-regulated during RANKL-mediated osteoclastogesnesmouse cells (Brazier et
al., 2006). They identified the RhoGTPase gBmeuand the RhoGEF genésetl
(also known asArhgef§ and Dock5 as significantly up-regulated by RANKL
treatment (Brazier et al.,, 2006). Silencing of tRéou and Netl genes was

subsequently found to inhibit osteoclastogenesissilencing ofDock5was lethal in
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osteoclast precursors (Brazier et al., 2006). Toduyct of the murinéletl gene has
been identified as a Rhoa-specific exchange f4étitverts and Treisman, 1998).

There is evidence in the literature to suggestrnie@nbers of the RhoGEF family are
involved in human genetic disease with skeletalnphges. TheFGD1 gene is
located in the pl1 region of the X chromosome (Gfost al., 1993, Pasteris et al.,
1994) and encodes a RhoGEF protein that specificaitivates the Rho family
GTPase CDC42 (Zheng et al., 1996). Mutation in ¢j@se has been linked with the
genetic disease faciogenital dysplasia (also kndarskog-Scott syndrome) (Figure
3.1) (MIM 305400) (Kaname et al., 2006, Orrico &t 2005, Orrico et al., 2004,
Orrico et al., 2000, Orrico et al., 2007, Pastetisl., 1994, Schwartz et al., 2000,
Shalev et al., 2006, Bedoyan et al., 2009, Bot¢aral., 2007, Orrico et al., 2010).
This disorder is rare, having first being describdeg Aarskog with additional
characterisation by Scott (Aarskog, 1970, Scotf,119The disorder is characterised
by a variety of skeletal abnormalities includingogh stature, hypertelorism,
brachydactyly and retarded bone age (Orrico et28i07, Schwartz et al., 2000).
Pasteris et al. was the first to identify a pointtation within theFGD1 gene as
responsible for the disorder in a small family witvo affected male siblings
(Pasteris et al., 1994). This mutation was idesdifas a single base insertion within
exon 7 of the gene, resulting in a frameshift dmel formation of a premature stop
codon causing the production of a truncated FGDitepr (Pasteris et al., 1994).
Orrico et al. analysed 13 independent patientesoff from faciogenital dysplasia
and identified a missense mutation (altering thénamacid sequence of the protein)
located within exon 10 of thEGD1 gene in one patient (Orrico et al., 2000). This
mutation was found to reside within one of the tAle domains of th&GD1 gene
and cause the substitution of a highly conservettlue (Orrico et al., 2000). Since
these early studies, many incidences of mutatiothtoFGD1 gene in patients
suffering from faciogenital dysplasia have beenorggg (Kaname et al., 2006,
Orrico et al., 2005, Orrico et al., 2004, Orrico at, 2007, Shalev et al., 2006,
Bedoyan et al., 2009, Bottani et al., 2007, Orgtal., 2010). These mutations seem
to be randomly distributed across all domains & BGD1 protein (Orrico et al.,
2010), some of which have been found to affectintracellular localisation of the
protein and/or its GEF activity (Bedoyan et al.0200rrico et al., 2004, Orrico et
al., 2000, Schwartz et al., 2000).
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Figure 3.1. A case of faciogenital dysplasia causdy mutation to the FGD1

gene.Note the clinical craniofacial features: palpelptasis (drooping of the upper
eyelid), downslanting palpebral fissures (sepamatetween the upper and lower
eyelids), long philtrum and low-set ears. Figuragdd from Orrico et al. (Orrico et
al., 2007).

90



The pattern ofFgdl expression has been examined in mice and hasfbaed to
correlate with faciogenital dysplasia skeletal mestations (Gorski et al., 2000).
Initial expression ofgdl was found during the onset of embryonic ossifaratin
regions of active bone formation and up-regulatbthe gene was found to cause an
increase in expression of osteopontin (Gorski €t28I00), a protein synthesised by
osteoblasts at the onset of matrix mineralisat®mar(co et al., 1991). This would
suggest thaFGDL1 plays a role in ossification and bone formatiod aot in earlier
stages of skeletogenesis. Evidence has also besenped to suggest that FGD1 is
preferentially associated with thieansGolgi network (TGN) and that reduced
expression of FGD1 causes a reduction in post-QGaddgisport of various cargoes
including bone-specific proteins in osteoblastsofiey et al., 2009). These effects
were found to be dependent upon CDC42 activatiorFGYp1 and appear to be
caused by impairment of TGN membrane extensiongafoitrotubules (Egorov et
al., 2009).

Due to the apparent role of members of the RhoGia#ly in bone and the location
of the ARHGEF3gene in the 3p14-p22 chromosomal region, the dirthe work
described in this chapter was to analyse commorati@r within the ARHGEF3
gene for association with BMD parameters in a discp cohort of Caucasian
women. Replication of significant findings was sedpsently performed in an

independent replication cohort.

3.1.1 Hypothesis
Polymorphism within theARHGEF3 gene is significantly associated with bone

density in Caucasian women.

3.2 Materials and methods

3.2.1 Subjects

3.2.1.i Discovery cohort

A total of 769 women from 335 families were receditin Australia and the UK.

This family-based population included siblings tetad in 1998 for a study of the
genetics of osteoporosis (Wilson et al., 2003). BiHScore values for the proband
at the spine, total hip and femoral neck sites vilkere- 1.54 (1.03), - 1.00 (0.95) and
- 1.03 (1.05) respectively (median (interquartéege)). Sibships within the cohort
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included two-hundred and sixty-four families with siblings, forty-nine with 3,
seventeen with 4, four with 5 and one with 7 siinThe median difference in Z
score between sibs with extreme BMD measurements. \spine Z = 2.2, total hip Z
= 1.5 and femoral neck Z = 1.6. Exclusion criteviere applied where possible and
included the presence of bone cancer, hyperpamthym, unstable thyroid disease,
long term steroid use (> 5 mg/day for more thanoditins and presently on therapy),
chronic immobility, rheumatoid arthritis, anorexiaervosa, osteomalacia,
amenorrhea for > 6 months, premature cessatiorgufiar menstruation or surgical
oophorectomy +/- HRT (age < 40 yrs), and epilepsth wse of anticonvulsant
medication for > 1 year. All subjects from the stugrovided written informed
consent, and the ethics committees of participatisgitutions including the Human
Research Ethics Committee at Curtin University adciinology approved the

experimental protocols.

At a clinic visit data including age, height, weigimedical, gynaecological, and
lifestyle data were recorded and a blood sampléecteld. Dual energy X-ray
absorptiometry (DXA) BMD was assessed (Hologic IBedford, MA, USA) at the
lumbar spine L1-L4 and the total hip that incluéesarea from the femoral neck to
just below the lesser trochanter. Within this atlea femoral neck sub-region is
widely used in clinical practice for prediction &acture propensity and was the
phenotype chosen for use in this study. Due tadhge of ages in this cohort, BMD
data were adjusted for age prior to analysis bwersion to BMD Z-scores. The
correlations between the BMD Z scores obtained fdiffierent sites were r = 0.82
(total hip and femoral neck), r = 0.63 (total hiplaspine) and r = 0.52 (femoral neck

and spine).

3.2.1.ii Replication cohort

This group of subjects was recruited in 1988 totigigate in a longitudinal

epidemiological study of rheumatic diseases (Thdangibrd Study). Women

between the ages of 45 and 64 were recruited fremgle large general practice in
Chingford, North-East London using a populationdsamethod. All women within

this age range that were on a register of > 11gQigénts were invited to participate
in the study. No exclusion criteria were appliedhisT cohort has similar

demographics and anthropometry to the general Upulation regarding height,
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weight, smoking status and hysterectomy rates (Aedel., 1996, Hart and Spector,
1993). Demographic and lifestyle factors data webtained by questionnaires
completed in 1988. DNA samples were obtained fr&®d individuals. Bone density
measurements were undertaken using a Hologic QIIR-2@nsitometer (Hologic
Inc., Bedford, MA, USA) in 1998 approximately 10aye after the subjects were
initially recruited, with hip and spine DXA BMD datobtained from 775 and 779
individuals respectively. The correlations betwésm BMD measurements obtained
from different sites were r = 0.89 (total hip amdnbral neck), r = 0.7 (total hip and
spine) and r = 0.67 (femoral neck and spine). Subjeere categorised as fracture-
free or having had a previous fracture as descrgesliously (Keen et al., 1999),
with fractures sustained at any skeletal site u®2@63 included in the analysis
excluding those caused by high-impact trauma. @lljects from the study provided
written informed consent, and the ethics committekgarticipating institutions
including the Human Research Ethics Committee atiCUniversity of Technology

approved the experimental protocols.

3.2.2 Genotyping

3.2.2.i Discovery cohort

Genomic DNA was extracted and purified from EDTAaMhblood obtained from
each subject (Johns and Paulus-Thomas, 1989). Wjkeoleme amplification was
performed on each DNA sample using the REPLI-g M{di (QIAGEN) (see
Chapter 2for a full description of the technique). Genotypwas then performed on
the amplified DNA using the lllumina GoldenGateassn an lllumina BeadStation
500 GX, utilising bead array hybridisation (Illurain2004). This part of the analysis
was performed by staff at lllumina Inc. (San DiegtA). The genotype call rate
using this technique was 99.8 % with an estimatent eate of < 0.1 %, as assessed
by comparing genotype calls between 8 samples geeotin duplicate.

3.2.2.ii Replication cohort

Genotyping in the replication cohort was perforntetiouse using the MALDI-ToF
mass spectrometry technique (Wise et al., 200@)(bapter 2for a full description
of the technique). Genotyping reactions were peréa using sequence specific
oligonucleotide primers designed using Primer3veafé (Rozen and Skaletsky,
2000) in a multiplex PCR (see Appendix Il for primsequences). The volume of
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each genotyping primer used was optimised prioartalysis of the test samples.
Using this technique the genotype call rate waé 96.and the estimated error rate
was < 0.1 %, as assessed by comparing genotygebedieen 8 samples genotyped

in duplicate.

3.2.3 SNP selection
17 SNPs were selected in the region of ARHGEF3gene for genotyping in the

discovery cohort. Tagging SNPs (tSNPs) were imtiaklected across the region
using the Perlegen Genome Browser (European Anmegogaulation) (Hinds et al.,
2005), which at the time was considered to be oh¢h® most comprehensive
resources available for viewing patterns of linkatigequilibrium (LD) across the
human genome. The Perlegen Genome Browser ident8iPs as being in linkage
LD of r2 > 0.8 with all other SNPs in the LD bin. An efforasvmade to tag all 13
LD bins identified within the gene and the 50 Kigiom immediately 5’ of the gene
that contained 2 or more SNPs. Due to assay dessges, 9 of the 13 LD bins were
able to be tagged. The remaining SNPs genotyped sadected from the Perlegen
Genome Browser (European American population) (Blinet al.,, 2005) as
independent SNPs not belonging to any LD bin, orewselected from the dbSNP

database.

One SNP from the 17 genotyped in the discovery dolvas initially selected for
genotyping in the replication cohort. In subsequemties, made possible by the
release of more detailed LD data for the Europeamerican population in the
Perlegen Genome Browser (Hinds et al., 2005), thdektional tSNPs around the 5’
end of ARHGEF3were selected for genotyping in the replicatiomard using a
tagging strength of r2 8.8. Two extra SNPs from the 17 genotyped in tkeavery
cohort were also analysed at this time.

3.2.4 Statistical analysis

Analysis of the data from the discovery cohort wesformed using the FBAT
(Family Based Association Tests) software to testdssociation within sib-pairs
(Laird et al., 2000). The empirical variance estwmnavas used to allow for prior
linkage to the region. Correction for multiple tegtwas performed by randomly

permuting phenotypes within sibships and repealh&§BAT tests on the permuted
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datasets. The minimum P-values were recorded f@0DOrandom reassignments of
the data (using an automated script written in)Paith an adjusted P-value 0.05

considered significant. This approach was usedtrect for tests of multiple SNPs
within each phenotype, and also for tests of migtiSNPs across multiple
phenotypes. For the latter, correlation betweennptypes was preserved by
permuting the whole phenotype vector for each sibfeor individual BMD scores,

adjusting for multiple SNPs, this corresponds toumadjusted P-value of about
0.0037. For adjustment for testing BMD scores aedhsites, the corresponding
unadjusted P-value was 0.002. To examine the etieeceducing the number of
correlated traits, principal component analysis veasried out. The effect of
menopausal status on BMD in the discovery cohors waalysed using multiple

linear regression implemented in Statistica v8.0.

QPDTPHASE v2.404, which is part of the UNPHASEDtwafe suite (Dudbridge,

2003), is a program for association analysis oftilogls haplotypes from unphased
genotype data and was used to estimate the geeiédict size in the discovery
cohort. This program was also used to perform doiygpe analysis. Throughout,
two-tailed P-values are reported, wih< 0.05considered significant. LD between
the different SNPs was evaluated using the JLINW&oE (Carter et al., 2006) and
Graphical Overview of Linkage Disequilibrium (GOLMAbecasis and Cookson,
2000).

Statistical analysis of the data from the replmaticohort was performed using
Statistica v8.0. One-way analysis of variance (AMQOMwvas used to test for
differences between genotype groups. BMD data \adpested for age and weight
using analysis of co-variance (ANCOVA). QTPHASEA®, which is also part of
the UNPHASED software suite (Dudbridge, 2003), waed to perform an allelic
association test for the replication cohort. Gepetgffects on the prevalent fracture

rate were examined using a Chi-square test.

3.3 Results
3.3.1 Discovery cohort

All SNPs genotyped were in Hardy-Weinberg equilibmi (x* test,P < 0.09. The

demographic and morphometric characteristics of gbpulations are detailed in
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Table 3.1. The discovery cohort recorded a lowearmBMD than the replication
cohort at each site studied despite a younger raganwhich was expected due to
the high proportion of osteoporotic individuals tims population. The discovery
cohort also recorded a lower mean weight than ép&cation cohort. For the total
hip and femoral neck sites, menopausal status wasarsignificant predictor of
BMD. At the spine, menopausal status was founattoant for < 1% of the variance
in BMD.

The chromosomal position and allele distributiontbé 17 SNPs genotyped is
detailed in Table 3.2 with the location of each Si¢Ritive to the various splice
variants ofARHGEF3displayed in Figure 3.2. Using FBAT, significasisaciations
were seen between the SNPs rs4681928, rs134414P10866, rs7646054 and
rs3772219 and various measures of BMD Z scBre 0.001 — 0.04)L The strongest
associations were observed with rs7646054, which associated with BMD Z
score at the total hig?(= 0.006, femoral neck® < 0.00) and spineR = 0.006.
Among the other SNPs, rs4681928 was significargbpaiated with BMD Z score of
the femoral neckR = 0.01) and spineR = 0.03, rs1344142 with spind’(= 0.04),
rs1110866 with femoral neclP (= 0.02 and rs3772219 with spin® (= 0.03. The
significant association between rs7646054 and fahmrck BMD Z score persisted
after adjustment of the data for testing multipldPS @ = 0.007%, as did the

association corrected further for testing multiphatomical sites = 0.029.

Principal component analysis was also applied @oBNID trait group. The first two
principal components explained 94.5 % of the tvatiance. However, using the
eigenvalue > 1 criterion, only the first componenmhich explained 77.3 % of the
variance in BMD, should be retained. This comporstitwed maximal association
with rs7646054R = 0.002.

The more commors allele at rs7646054 is associated with a lower BEIBcore at

each site studied (Table 3.3), indicating that #flisle has a negative effect on BMD.
Note that the mean BMD Z scores reported by QPDT8HAre loosely interpreted
as the expected trait value for an individual dagythat particular allele, and are not

interpretable as additive effects on the mean.
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Table 3.1. Demographics and bone density parameteos the discovery and replication populations.

Variable

Discovery Replication

Age (years)

Weight (Kg)

Prevalent fractures (%)

Total Hip DXA BMD (mg/cnf)
Total Hip BMD Z Score

Femoral Neck DXA BMD (mg/cf)
Femoral Neck BMD Z Score
Spine L1-L4 DXA BMD (mg/cm)
Spine BMD Z Score

54.2+ 12.7 (769) 62.% 5.9 (780)
62.7+11.27 (699)  69.% 12.6 (778)

- 34 (780)
801+ 136 (760) 86% 128 (775)
- 0.420+ 0.992 (760) 0.489+ 0.994 (775)
700+ 133 (749) 747 119 (775)
- 0.355+ 1.050 (749) 0.276+ 1.019 (775)
855+ 158 (767) 955 155 (779)

- 0.669+ 1.252 (767) 0.745+ 1.384 (779)

Results are given asean + SD (number of measurements)
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Table 3.2. Position and allele distribution of alARHGEF3 SNPs genotyped.

SNP Chromosome Function/ Genotype Distribution in the
Position* Location* Discovery Cohort (%)
rs17288993 56940107 5’ region AA (79.7), AG (18@%; (1.4)
rs4681928 56901206 5’ region AA (63.6) (65.7)T, £63.5) (30)T,
GG (2.9) (4.3)t
rs1039381 56849769 5’ region AA (61.8), AG (35), GXal)
rs9311623 56846106 5’ region TT (56.8), TC (38), BQ)
rs9842692 56844958 5’ region CC (73.1), TC (2411 (2.2)
rs1344142 56832473 5’ region GG (26.4) (30.1)T,(A&6)
(48.1)1, AA (21) (21.8)t
rs17288922 56826427 5’ region GG (68.4), AG (2944,(2.2)
rs1566487 56822871 5’ region TT (36.8)T, TC (49.©C (13.6)T
rs4681898 56811780 5’ region CC (44.1), TC (4318)(12.2)
rs13434307 56809329 Intron 1 AA (75.9), AG (22385 (1.3)
rs6803697 56806588 Intron 1 GG (49)t, AG (42)T, AN
rs4681888 56805127 Intron 1 TT (70.1), TC (26.4},@B.5)
rs12632941 56804703 Intron 1 GG (70.8)1, AG (26.84 (2.4)
rs1110866 56801364 Intron 1 AA (41.2), AC (47.2; (11.6)
rs7646054 56784668 Intron 1 GG (29.1) (33.2)1, A& X)
(47.4)t, AA (18.8) (19.4)t
rs2171855 56764783 Intron 2 TT (73.8), TC (23.3},@.9)
rs3821412 56762491 Intron 4 AA (24.3), AG (53.15 22.6)
rs3772219 56746291 Exon 8 TT (45.6), TG (42.5), GG (11.9)
Change of aa
335 (Leu to
Val)
rs11919130 56732292 3’ region CC (73), TC (25.4)(1.7)
rs2317248 56714619 3’ region TT (33.9), AT (484 (17.6)

* From GenBank reference sequence NM_019555, Geririteé 36.2.

T Allele distribution in the replication cohort.

aa — amino acid.
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Figure 3.2. 17 SNPs genotyped in thARHGEF3 gene.Diagram showing the localisation of the 17 SNPARHGEF3genotyped in the
discovery cohort relative to the 3 RefSeq spliceavas of the gene according to the University afiférnia - Santa Cruz (UCSC) Genome
Browser (February 2009 assembly). The SNPs higidayhin red are those that are significantly assediavith BMD parameters in the
discovery cohort prior to adjustment for multipésting.
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Table 3.3. Association between rs7646054 and BMD stores in the discovery
cohort.

BMD Z Score Phenotype Mean BMD Z Score P
G allele A allele

Total hip - 0.437+ 1.235 (837) - 0.399+ 1.222 (683) 0.013

Femoral neck - 0.383% 1.325 (825) - 0.322+ 1.264 (673) 0.001

Spine - 0.686+ 1.619 (842) - 0.650+ 1.538 (692) 0.008

Results are given asean+ SD (number of alleles contributing to the meat®rived
from QPDTPHASE v2.404.
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Pair-wise linkage disequilibrium D’ and r? values the five SNPs are shown in
Figure 3.3. A haplotype analysis was undertakenthenfemoral neck and spine
BMD Z score data using UNPHASED to determine whetrgy haplotypes were
more strongly associated with either phenotype tladividual SNPs. Each
haplotype analysis incorporated only the 3 SNP4 there most significantly
associated with the phenotype in the FBAT analysis.femoral neck BMD Z score
the SNPs included in the haplotype analysis wed68%928, rs1110866 and
rs7646054 whereas the SNPs rs4681928, rs764605¢3n02219 were included in
the spine BMD Z score analysis. Significant asdmmna were observed with both
phenotypes (Table 3.4), including a stronger oVvesdociation with spine BMD Z
score than in the individual SNP analysis sugggstidependent effects of the SNPs
on BMD. In the femoral neck BMD haplotype analyis significance of the overall
association did not surpass that of the individBBIP analysis. However, a very
strong association was observed between femor&l BBtD Z score and the most
commonAAA haplotype (588 alleles) in a post hoc analyBis 0.00]).

3.3.2 Replication study

Because rs7646054 was the strongest predictoriné sgmd hip bone density, it was
taken forward to the replication study to determimeether the effect would be
detectable in a population-based cohort of postp@meal women. Significant
associations were observed between rs7646054 aneé smd total hip BMD
including the femoral neck area, all of which pstesil after adjustment of the BMD
data for the covariates age and weight (Table &86hsistent with the results for the
discovery cohort, subjects homozygous for (heallele compared to individuals
homozygous for thé allele had lower BMD at the total hip, femoral kemd spine
sites (- 3.7 %, - 3.3 %, and - 3.5 % respectivelypmpared to heterozygous
individuals with theAG genotype GG individuals agairhad lower BMD at the three
sites (- 1.8 %, - 2.4 % and - 3.7 % respectivélig.significant associations between

genotype and the covariates age or weight weredfoun

An allelic association test of the replication cdhasing BMD Z score as the
phenotype was then carried out using QTPHASE tdirrorreplication with the
same type of association test and the same phenagy/phat used for the discovery

cohort. Significant associations were observed eéetwrs7646054 and total hip
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Figure 3.3. Pairwise linkage disequilibrium plot fa the five SNPs in the
ARHGEF3 geneassociated with BMD in the discovery population.Different

colours represent the strength of LD accordingngscale shown on the right.
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Table 3.4. BMD Z-scores forARHGEF 3 3-SNP haplotypes in the discovery cohort.

BMD Z Score Phenotype Haplotype (rs4681928, rs166067646054)
AAA allele ACG allele AAG allele GCG allele GAA allele GAG allele P
Femoral neck -0.341+ -0.376+ - 0.408+ - 0.358+ - 0.205+ - 0.359+ 0.003

1.188 (588) 1.162 (374) 1.129 (239) 0.974 (144) 1.072(81)  0.781 (65)

Haplotype (rs4681928, rs7646054, rs3772219)

AGT allele AAT allele AAG allele AGG allele GGT allele GGG allele P
Spine -0.677% -0.573+ -0.720+ - 0.665+ -0.725+ -0.722+ 0.002
1.378 (450) 1.299 (375) 1.187(228) 1.171(177) 1.161 (151‘) 0.864 (61)

Results are given aseanz+ SD (number of allelesylerived from QPDTPHASE v2.404.
% < 0.05 P < 0.01and°P < 0.001for individual haplotypes compared to all others.
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Table 3.5. Osteodensitometry parameters and fracta@r rate in relation to the genotype distribution ofrs7646054 in the replication

cohort.

Phenotype AA Genotype AG genotype GG genotype P
Total Hip DXA BMD (mg/cnf) 889 + 128(150) 872 +128(354) 857 +122(252) 0.013
Femoral Neck DXA BMD (mg/cf) 759 + 118(150) 753 + 128(354) 735+ 117(252) 0.038
Spine DXA BMD (mg/crf) 967 + 172(150) 969 + 148(356) 934 + 152(253)  0.007
Prevalent Fracture (%) 36(451) 29.1 (358) 39.1 (253) 0.026

Results are given asean + SD (number of measurements)
The BMD data are adjusted for age and weight.
3 significantly different fronf in post hoc analysi$(< 0.05.
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BMD Z score P = 0.00%, femoral neck BMD Z scord’(= 0.02 and spine BMD Z
score P = 0.02.

In the replication cohort 265 subjects had suffeaaddacture prior to 2004, giving a
prevalent fracture rate of 34 %. rs7646054 was daienbe significantly associated

with fracture rateGG individuals having an increased fracture rate [@&x5).

As mentioned previously, more comprehensive genemde- LD data became
available for the European American populationha Perlegen Genome Browser
(Hinds et al., 2005). Subsequently, a more detapattern of LD across the
ARHGEF3gene in the European American population becarparapt. In an effort
to tag additional variation around the 5’ regiontioé gene, three additional tSNPs
around the 5 end oARHGEF3were selected for genotyping in the replication
cohort. These SNPs are rs1566487, rs6803697 a@6838%41. In addition to this,
two SNPs from the 17 genotyped in the discoveryodothat were significantly
associated with BMD phenotypes were also analysedeplication: rs4681928 and
rs1344142. No significant associations were obsebetween any of the additional
5 SNPs genotyped and BMD phenotypes. The chromdspostion and allele
distribution of these SNPs in this cohort is detiin Table 3.2.

3.4 Discussion

The data presented in this chapter provide evidehe¢ variation within the
ARHGEF3 gene affects BMD in women aged 40 to 70 in the ped early
postmenopausal phase of life, at the time thatdraaisk is rising. Strong evidence
was found for an influence of individual SNPs amghlbtypes on spine and femoral
neck BMD Z score. The SNP rs7646054, located withiron 1 of theARHGEF3
gene, was the best predictor of bone density andréBults were replicated in a
second cohort including a statistically significassociation with fracture rate. In
general, fracture risk rises by about two timesdareduction in hip BMD of one
standard deviation (15 % of the mean) (Marshadlgt1996). We saw decreases in
BMD of about 3 % that equate to an increase intdiracrisk for the "disease"
genotype of about 20 %, in keeping with the obsgffvacture rate in the replication

cohort.
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Using the genetic power calculator developed byc&bland colleagues (Purcell et
al., 2003), with QTL variance set as 0.05, QTL amatker frequency 0.5 and 0.55
respectively, D’ = 0.9 and sib correlation of Gl power of the discovery cohort is
0.91 at a type-1 error rate of 0.05. If the QTLiaace is only 0.03, then the power is
0.72. Similarly for the replication cohort, if tligTL variance is set as 0.05 then the
power for this study is 0.99, whilst for a QTL \ace of 0.03 the power is estimated
as 0.98.

Since rs7646054 is located within an intron, itmikely that polymorphism at this
site would result in structural changes to the ARG protein. According to
updated LD data provided by the International HapNRaoject (Phase 3 dataset)
(Altshuler et al., 2010), rs7646054 is in strong (tD> 0.8) with the SNPs rs983739
and rs4681859 in the CEU population (Utah residents Northern and Western
European ancestry). These two SNPs are both lo&tedrs7646054, with the LD
between the three SNPs spanning a region of appat&ly 13.7 Kb located within
the first intron of the predominantly express&RHGEF3 transcript (RefSeq
accession number NM_019555) (Figure 3.4). The reg@djacent to exon 2 of this
splice variant, although no polymorphisms withimstexon have been identified to
date. The region is, however, positioned immedatel of a recently described
transcript variant oARHGEF3(RefSeq accession number NM_001128616) (Totoki
et al.,, 2007). Indeed, the rs7646054 SNP is locatgdin the 5° UTR of this
transcript. Since mRNA UTRs have been identifiedraitegral component of post-
transcriptional regulation of gene expression (Migm et al., 2002), the 5 UTR
sequence from the NM_001128616 transcript was aadlyising the Vienna RNA
Websuite (Gruber et al., 2008) using both AvendG alleles at the rs7646054 SNP
site (Figures 3.5a and 3.5b respectively). The mimn free energy, which is the
difference in free energy between the unfolded fmbded mMRNA states (Ringner
and Krogh, 2005), was 3.5 kcal/mol lower for thelBIR containing theA allele
than for the 5 UTR containing th& allele. This would suggest that the mRNA
transcript containing thA allele has a more stable secondary structuregtargethat

is associated with lower translation rates and dviginanscript turnover in yeast
(Muhlrad et al., 1995, Ringner and Krogh, 2005)éded, this effect has been
observed with differences in minimum free energysemll as 1 kcal/mol (Ringner

and Krogh, 2005). Collectively, these data wouldjgast that polymorphism at
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Figure 3.4. The location of 3 SNPs that are in strgg LD, relative to two splice
variants of ARHGEF3. The solid boxes represent exons and the empty boxes

represent untranslated regions (UTRS).
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rs7646054 could influence the stability and hende texpression of the
NM_001128616 mRNA transcript of thARHGEF3 gene. Future studies could
investigate whether polymorphism at this SNP site associated with
NM_001128616 mRNA levels (discusseddhapter 7.

A recent study published by Li et al. analysed i$#646054 SNP froMRHGEF3
for association with BMD parameters in a case-abrgopulation of 1,080 Chinese
females, 533 of whom were postmenopausal (Li et2810). The authors did not
observe any associations between the rs7646054&®NMBMD (Li et al., 2010).
Comparisons between this study and the resultepied in this chapter must be
done with caution due to differences in study desaig well as differences in the
ethnicity of the study subjects. There are welldoented differences in typical bone
mass and bone turnover phenotypes between diffetantc groups (Araujo et al.,
2007, Davis et al., 1994, Finkelstein et al., 2082|son et al., 2000, Tobias et al.,
1994) and it has been suggested that these groapsal®o have different genetic
susceptibility loci for osteoporosis (Dvornyk et, 003, Lei et al., 2006). There is
also a substantial difference in the frequencyhef& andG alleles at the rs7646054
SNP site in Caucasian and Chinese populations. rdogp to the International
HapMap Project (Phase 3 dataset) (Altshuler e@llQ) the frequency of theand

G alleles in the CEU population is 0.46 and 0.54¢eetively, which is similar to
those seen in our study populations (0.45 and €Spectively in our discovery
cohort; 0.43 and 0.57 respectively in our replmatcohort). Li et al. did not publish
the allele frequencies that they observed for r6@64 in their study population (Li
et al.,, 2010), however according to the InternatioHapMap Project (Phase 3
dataset) (Altshuler et al., 2010) the frequencthefA andG alleles for rs7646054 in
the CHB population (Han Chinese in Beijing, Chirga).19 and 0.81 respectively.

The primary role of the RhoGEFs such as ARHGER® activate the RhoGTPases,
key regulators of actin dynamics that cycle betwaennactive GDP-bound and an
active GTP-bound state (Figure 3.6). RhoGEFs aehithws by catalysing the
exchange of GDP for GTP through stabilisation o€ thucleotide-free state
(Rossman et al., 2005). GTP then spontaneouslystand renders the protein active.
The RHOA GTPase, which is activated by the prodefcthe ARHGEF3 gene
(Arthur et al., 2002), has been implicated in ostast differentiation and osteoclast
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Figure 3.6. Mechanism of action of the RhoGEFshe RhoGEFs work to activate
the RhoGTPases, which cycle between an inactive-8dnd and an active GTP-
bound state. The RhoGEFs achieve this by catalybmgxchange of GDP for GTP.
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function (discussed i@hapter 4. The RHOB GTPase, which is also activated by the
product of theARHGEF3gene (Arthur et al., 2002), seems to have a rotaitilage
biology, having been linked to osteoarthritis inigtha chondrocyte disorder plays a
major role (Gebhard et al., 2004, Mahr et al., 2006

In conclusion, it has been shown that genetic tianawithin theARHGEF3gene is
associated with variation in BMD in Caucasian womawssibly through effects on
MRNA folding and stability. Therefore, the hypotisekas been supported by the
data. There is evidence in the literature to sugped the two RhoGTPases that are
specifically activated by the product of tAdcRHGEF3gene, RHOA and RHOB,

have a role in bone and cartilage cell biology.
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Chapter 4 — Analysis of variation within the RHOA gene for association with
bone mineral density phenotypes

4.1 Introduction

The Rho genes were first isolated from a cDNA liprereated from RNA obtained
from abdominal ganglia of molluscs (Aplysia) (Matkuand Axel, 1985).
Evolutionarily conserved counterparts encoding gnst of around 21 kDa in size
were subsequently identified in flies, yeast cetds and humans (Madaule and
Axel, 1985). Indeed, these homologs were so cordetivat amino-acid sequence
analysis revealed 96.8 % homology between the huarah Aplysia proteins
(Madaule and Axel, 1985). The mammalian Rho faroflyGTPases belongs to the
Ras superfamily of small GTP-binding proteins.dh@ins 20 members from eight
subfamilies (Boureux et al., 2007) that cycle be&twan inactive GDP-bound and an
active GTP-bound state. The three most commonlgieumembers of the Rho
family are RHOA, CDC42 and RAC1, and these thredegims have been shown to
interact with each other (Nobes and Hall, 1995) Rmho family of proteins can be
distinguished from other small GTPases by the mEsef the Rho insert domain
which is located between the fiffhstrand and the fourtdn helix in the small GTPase
domain (Valencia et al., 1991). There are threesypf regulatory protein that have
been shown to influence the activation state oRheGTPases: the GEFs, of which
ARHGEF3 is a member, which catalyse the exchangecbP for GTP thus
activating the RhoGTPases (Hart et al.,, 1996); @ls (GDP dissociation
inhibitors), which inhibit the release of GDP, thley keeping the RhoGTPases in an
inactive state (Fukumoto et al., 1990); and the &ABTPase activating proteins),
which increase the hydrolysis rate of GTP by the Rioteins and thus the rate at
which they become inactivated (Diekmann et al.,1)99he humarRHOA gene,
which encodes the Ras homolog gene family membés gifuated within the 3p14-
p22 chromosomal region (Cannizzaro et al.,, 199@skat al., 1997). The human
RHOA protein is 193 amino acids in length (Avrahand Weinberg, 1989,
Yeramian et al., 1987) and shares 88 % homology thi¢ RHOB protein (Avraham
and Weinberg, 1989). It is located primarily in tbgtosol with smaller amounts

bound to the plasma membrane (Adamson et al., 1992)

Paterson et al. injected a constitutively activeP&@bund form of RHOA into Swiss

3T3 cells, observing contraction of the cell bodasd formation of finger-like
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processes at the cell periphery within minutes €Ran et al., 1990). Subsequent
actin staining with phalloidin revealed strong adtress fibres extending from these
finger-like processes across the cell, leadingaihors to suggest that the RHOA
protein has a role in cytoskeletal organisationtdRan et al., 1990). A later study
also using Swiss 3T3 cells found that RHOA couldabgvated by the addition of

extracellular ligands (for example, lysophosphatiaicid) and that activation of this

protein lead to the assembly of contractile actyesin stress fibres and focal

adhesion complexes (Ridley and Hall, 1992). Theralso evidence to suggest that
RHOA activity is essential to maintain focal adleesi in attached cells (Hotchin and
Hall, 1995). These combined data suggest that tt@GRPase family members are
key regulatory molecules that link cell surfaceeqgors with the actin cytoskeleton

(Hall, 1998).

There is evidence from gene knockout work in mic the RhoGTPases have a role
in skeletal development. Wang et al. generated mitiea targeted disruption of the
Arhgapl gene (Wang et al., 2005a), the product of which basn shown to
deactivate the RhoGTPase CDC42 by catalysing GTdrohysis of the protein
(Moon and Zheng, 2003). The authors found that gorbc and neonatal mice
homozygous for the disruption were approximately-28 % smaller than those that
were wild-type and suffered severe growth retaotatjwang et al., 2005a). A
subsequent study by the same group found Ahlatjaptknockout mice presented
with shortened lifespan, multiple premature agikg-phenotypes, osteoporosis and
severe lordokyphosis (Figure 4.1) (Wang et al., 7200his led the authors to
speculate that CDC42 has a role in DNA damage regiality and aging related
physiology (Wang et al., 2007).

Due to the location of thRHOAgene in the 3p14-p22 chromosomal region, its role
in bone cells (discussed below), the apparentabte RhoGTPase CDC42 in bone
and the associations observed between polymorphisthe ARHGEF3gene and
BMD phenotypes, the aim of the work described iis tthapter was to analyse
polymorphism within theRHOA gene for association with BMD parameters in a
discovery cohort of Caucasian women. Replicationsighificant findings was
subsequently performed in an independent replicatiochort. These are the same
cohorts as those used in thBRHGEF3study.
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Figure 4.1. X-rays of 15-month old male wild type ad Arhgapl knockout mice.
Note the severe lordokyphosis and reduced boneitgensthe knockout mouse.
Figure adapted from Wang et al. (Wang et al., 2007)
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4.1.1 Hypothesis

Polymorphism within th&HOAQgene is significantly associated with bone density

Caucasian women.

4.2 Materials and methods

4.2.1 Subjects

4.2.1.i Discovery cohort

For a full description of the discovery cohort refe Chapter 3 section 3.2.1.
Briefly, a total of 769 women from 335 families werecruited in Australia and the
UK. This family-based population included siblingruited in 1998 for a study of
the genetics of osteoporosis (Wilson et al., 2009). subjects from the study
provided written informed consent, and the ethicsnmittees of participating
institutions including the Human Research Ethicen@uttee at Curtin University of
Technology approved the experimental protocols.

4.2.1.ii Replication cohort

For a full description of the replication cohorfeeto Chapter 3 section 3.2.1i.
Briefly, women between the ages of 45 and 64 weceurted using a population-
based method. DNA samples were obtained from 7@®@iduals, with hip and spine
DXA BMD data obtained from 775 and 779 individua¢spectively. All subjects
from the study provided written informed consemd ahe ethics committees of
participating institutions including the Human Rasd Ethics Committee at Curtin

University of Technology approved the experimeptatocols.

4.2.2 Genotyping

4.2.2.i Discovery cohort

Genotyping in the discovery cohort was performeddascribed inChapter 3
sections 3.2.2. Briefly, genotyping was performed using the llina GoldenGate
assay (lllumina, 2004) on whole-genome amplified DN'he genotype call rate

using this technique was 99.6 % with an estimateat eate of < 0.1 %.

4.2.2.ii Replication cohort
Genotyping in the discovery cohort was performeddascribed inChapter 3
sections 3.2.2. Briefly, genotyping was performed in-house using MALDI-ToF
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mass spectrometry technique (Wise et al., 2003¢ (&ppendix Il for primer
sequences). Using this technique the genotypeatallwas 97.1 % and the estimated

error rate was < 0.1 %.

4.2.3 SNP selection

Nine SNPs were selected in the region of Ri¢OA gene for genotyping in the

discovery cohort. Tagging SNPs (tSNPs) were imtiaklected across the region
using the Perlegen Genome Browser (European Anmegogaulation) (Hinds et al.,
2005) as described @hapter 3 We were able to tag all 3 LD bins identified wiith
the immediate vicinity of th&@HOA gene (Perlegen LD bins 1050962, 1046850 and
1046281). The remaining SNPs genotyped were sedldoten the dbSNP database
(Build 132), which does not currently contain aegard of exonic polymorphisms

within the humarRHOAGgene with a minor allele frequency > 1 % (discddaéer).

Two SNPs from the nine genotyped in the discovesiioct were selected for

genotyping in the replication cohort.

4.2.4 Statistical analysis

For a full description of the statistical analypisrformed in the discovery cohort
refer toChapter 3 section 3.2.4. Briefly, the data from the disagveohort were

analysed using the FBAT (Family Based Associati@st3) software to test for
association within sib-pairs (Laird et al., 200CQprrection for multiple testing was
performed to correct for tests of multiple SNPshwiteach phenotype, and also for

tests of multiple SNPs across multiple phenotypes.

To estimate the genetic effect size, the genotpeeiic adjustment to the trait
values that leads to an FBAT statistic of zero floe residuals was calculated
(Vansteelandt et al., 2008). This gives an estiroatbe additive effect on the mean
that is consistent with the testing method used.plétgpe analysis used
QPDTPHASE v2.404, which is part of the UNPHASEDtwsafe suite (Dudbridge,
2003). Throughout, two-tailedP-values are reported, witR < 0.05 considered
significant. LD between the different SNPs was eatdd using the JLIN software
(Carter et al., 2006).
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Statistical analysis of the data from the replmatcohort was performed in Statistica
v8.0 using ANOVA for differences between genotypeups. BMD Z-score data
were adjusted for weight by ANCOVA. Genotype eféecin fracture rate were

examined using a Chi-square test.

4.3 Results
4.3.1 Discovery cohort

All SNPs genotyped were in Hardy-Weinberg equilibri (° test,P < 0.05. Of the

9 SNPs genotyped in the discovery cohort, one wasid to be monomorphic
(rs6446270), that is, only one allele was iderdifimm the entire cohort. The
remaining 8 fell into 3 distinct LD blocks as defthby a tagging strength of r20=8
(Figure 4.2). The chromosomal position and allelstridbution of all 9 SNPs
genotyped is detailed in Table 4.1. LD block 1 eamtd the SNPs rs6446272 and
rs17080528 (Perlegen LD bin 1050962); block 2 doethrs4855877, rs17595772
and rs17650792 (Perlegen LD bin 1046850); block dhtaned rs940045,
rs10155014 and rs4955426 (Perlegen LD bin 1046288ing FBAT, significant
associations were observed between various measiuBdD Z-score and the SNPs
in block 1 (rs6446272, rs17080528) and block 2 8586877, rs17595772,
rs17650792)R = 0.001 — 0.03p No significant associations were seen between th
SNPs in block 3 (rs940045, rs10155014, rs4955426 )BMD phenotypesH = 0.46

— 0.8. The SNP rs17080528 was selected to represeck hl@and rs17595772 was
selected to represent block 2, since these two SidPsonstrated the strongest
associations with BMD parameters. The SNP rs17080%&s significantly
associated with BMD Z-scores for the total hip< 0.026 and femoral neckR =
0.003 whereas rs17595772 was significantly associatiéd BMD Z-scores for the
total hip @ = 0.019, femoral neck B = 0.00) and spine sitesP( = 0.036.
Significant associations for rs17595772 with tdtgd and femoral neck sites were
maintained after correction for testing multiple BN € = 0.038 and 0.002
respectively),and the association with femoral neck was mainthiater further
correction for testing multiple anatomical sit€s< 0.007). Estimates of the additive
genetic effect suggest that the less commaallele at rs17080528 and the more
commonG allele at rs17595772 are associated with a redBdé&d Z-score (Table
4.2a and 4.2b).
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Table 4.1. Position and allele distribution of th(RHOA SNPs investigated

SNP Chromosome Function/ Genotype Distribution in the
Position* Location* Discovery Cohort (%)
rs6446272 49438291 5’ region GG (45.8), AG (45), @)
rs940045 49424642 5’ region TT (54.6), TC (39.1¢, B.3)
rs4855877 49423531 Intron 1 AA (32.4), AG (51), G®.5)
rs6446270 49420781 Intron 1 CC (100)
rs10155014 49407325 Intron 1 TT (54.3), TC (393}, (6.4)
rs17595772 49384708 Intron 2 GG (32.1) (29.9)1,(B@Y)
(50.0)t, AA (17.0) (20.1)t
rs17650792 49365254 3’ region AA (32.4), AG (50@5%; (17.2)
rs17080528 49364846 3’ region CC (45.8) (50.9)1(3%2)
(41.3)t, TT (9.0) (7.8)t
rs4955426 49118442 3’ region TT (60.7), TG (33G¢ (5.6)

* From GenBank reference sequence NM_001664, Geriuiie 36.3.

T Allele distribution in the replication cohort.
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Table 4.2a. Additive effect of theT allele at rs17080528 on BMD Z-score

phenotypes in the discovery cohort.

BMD Z-score Phenotype  Additive effect dhllele

Total hip -0.12
Femoral neck -0.15
Spine -0.13

Results are given as the effect size that givesiawal FBAT statistic of zero.

Table 4.2b. Additive effect of the G allele at rs17595772 on BMD Z-score
phenotypes in the discovery cohort.

BMD Z-score Phenotype  Additive effect Gfallele

Total hip -0.20
Femoral neck -0.25
Spine -0.20

Results are given as the effect size that givesiawal FBAT statistic of zero.
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A 2-SNP haplotype analysis was undertaken on rdI528 and rs17595772 to
determine whether haplotypes of the LD blocks tddmeeach SNP would prove to
be more significantly associated with BMD Z-scotlean either block individually.
The TA haplotype had an estimated frequency of zero,estgg a lack of historical
recombination. The association of @& haplotype was therefore equivalent to that
of the A allele of rs17595772, and the associatiod Gfequivalent to that of th&
allele of rs17080528. ThEG haplotype had no significant association, so it wa

concluded that no additional information was oledifrom the haplotype analysis.

4.3.2 Replication cohort
The SNPs rs17080528 and rs17595772 were genotybd replication cohort. The

allele distribution of these two SNPs in this cdhisr detailed in Table 4.1. No

significant associations between rs17080528 and BEivdoores were observel €
0.21 — 0.42 However, rs17595772 demonstrated significanmd@atons with BMD
Z-scores for the total hip, femoral neck and sites after adjustment of the BMD
Z-score data for the covariate weight (Table 43)nsistent with the results for the
discovery cohort, subjects homozygous for @hallele at rs17595772 compared to
individuals homozygous for thA allele had lower BMD at the total hip, femoral
neck and spine sites (- 3.4 %, - 3.8 %, and - 5.9e%pectively). Compared to
heterozygous individuals with th&G genotype,GG individuals againhad lower
BMD at the three sites (- 1.1 %, - 1.8 % and - & fespectively). No significant
association between rs17595772 genotype and tteiatesweight was found.

In the replication cohort 265 subjects had suffeaaddacture prior to 2004, giving a
prevalent fracture rate of 34 %. Neither rs1708052& rs17595772 were
significantly associated with fracture rate.

4.4 Discussion

The results presented here suggest that genetiativarin the RHOA gene, in
addition to that in th@RHGEF3gene, may influence BMD in women. These genes
are both situated in the 3p14-p22 region of theogexn an area that has been linked
with BMD in multiple studies (Duncan et al., 1998ilson et al., 2003, Wynne et al.,
2003, Klein et al., 1998, Xiao et al., 2006, Lealet2006). This certainly raises the

possibility that more than one gene from this rag® responsible for the linkage
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Table 4.3.BMD Z-scores in relation to the allele distributionof rs17595772 in the replication cohort.

Phenotype AA Genotype  AG genotype GG genotype P

Total Hip BMD Z score 0.7 £1%1149) 0.5+1.8(371) 0.4+0.8(225) 0.034
Femoral Neck BMD Z score 0.4+ £(149) 0.3+1.¢371) 0.2+0.8(225) 0.036
Spine BMD Z score 1.1 + °6150) 0.8+1.8(374) 0.6 +1.2(225) 0.002

Results are given asean + SD (number of measurements)
The BMD Z-score data are adjusted for weight.
3 significantly different fronf in post hoc analysi$(< 0.05.
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observed, a phenomenon that has been reportedpsrivith genetic susceptibility
to tuberculosis (Jamieson et al.,, 2004) and esddntpertension (chronically
elevated blood-pressure with no identifiable caus&hang et al., 2007). This is
discussed further i@hapter 7

According to updated LD data provided by the Ind¢iomal HapMap Project (Phase
3 dataset) (Altshuler et al., 2010), for the CEydation the two SNPs rs17080528
and rs17595772 tag two large LD blocks that speegen approximately 219 Kb on
chromosome 3 (Figure 4.3). Seven genes have beattifidd in this region
(including RHOA and it is possible that variation within any oné these is
responsible for the associations observed. Aftégriagation of the literature to
investigate the function of each gene product (@db4), it was found that theCTA
GPXlandUSP4genes all have potential roles in bone metabolisocannot be ruled
out that polymorphism within these two LD block$luences BMD through effects
on these genes. Howev&iHOAIs considered to be the most likely candidate agnon
these for a role in BMD regulation especially whamnsidering the associations
identified in these same populations between ARHGEF3 gene and BMD
phenotypes (refer tGhapter 3.

The RHOA GTPase has been implicated in osteobitistehtiation. McBeath et al.

found that cell shape regulates the commitmentunhidn mesenchymal stem cells
(hMSCs) to the adipocyte or osteoblast lineagesbygulating endogenous RHOA
activity (McBeath et al., 2004). They also demaaistl that RHOA expression
committed hMSCs to an osteoblastic fate whereaseegmn of dominant-negative
RHOA caused adipogenesis (McBeath et al., 2004gsé&heffects overrode the
presence of differentiation factors in the media ane thought to occur through
regulation of cytoskeletal tension (McBeath et 2004). Meyers et al. found that
over-expression of RHOA restored actin cytoskelaiabngement, enhanced the
expression of osteoblastic genes and suppresseaphnession of adipocytic genes in
hMSCs cultured in modelled microgravity (MMG) (Mege et al., 2005).

Interestingly, it was found that the quantity otiaated RHOA protein dropped by
88 + 2% in hMSCs cultured in MMG whereas the tetgbression of RHOA did not

change significantly (Meyers et al., 2005), indiegtthat the RhoGEFs responsible
for activating RHOA could have had a role in théef. A recent publication by
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Figure 4.3.LD blocks tagged by rs17080528 and rs17595772 acdmyg to the International HapMap Project (Phase 3 dtaset) (Altshuler
et al., 2010).

124



Table 4.4.Role of gene products, including any potential rolén bone metabolism, for each of the 6 genes (in @ition to RHOA) covered
by the linkage disequilibrium blocks tagged by rs1@80528 and rs17595772.

Gene

Role of gene product

DAG1

NICN1

AMT

TCTA

GPX1

USP4

Encodes dystroglycan 1, an integral componentefiistrophin-glycoprotein complex. This complexypdes a link between the
subsarcolemmal cytoskeleton and the basement mamfBarresi and Campbell, 2006). Reduced glycasylaif dystroglycan has
been implicated in some cases of muscular dystr@dieycuri et al., 2009).

Encodes nicolin 1, which is a nuclear protein (Bdeh et al., 2002). Not a great deal is known allmistprotein, however the
murineNicnlgene has been highlighted as a possible candida&for alcohol preference (Mulligan et al., 2006)

Encodes aminomethyltransferase, which is partaamaplex involved with glycine cleavage (Nanao etE94). Mutations in this
gene have been implicated in nonketotic hypergbmia, a condition characterised by severe neurcdbgymptoms resulting from
disturbed glycine metabolism (Toone et al., 2001).

Encodes T-cell leukemia translocation altered geoneein, which was originally implicated in T-celtute lymphoblastic leukemia
(Aplan et al., 1995). A recent study has suggestatthis protein may play an important role in tedlular fusion that takes place
during osteoclastogenesis (Kotake et al., 2009).

Encodes glutathione peroxidase 1, a selenium-aangaantioxidant enzyme that appears to have aimateetabolising hydrogen
peroxide (Lei et al., 2007) and has been implicatedarious types of cancer (Hu et al., 2005). @xpression of Gpx1 in a mouse
macrophage cell line has been found to impair atistogenesis (Lean et al., 2005) and a receny staslidentified associations
between polymorphism i@PX1and BMD in humans (Mlakar et al., 2010).

Encodes ubiquitin specific peptidase 4, which deabiquitinating enzyme that has been implicatddmg cancer (Frederick et al.,
1998, Gray et al., 1995). USP4 has recently beemtified as a member of the Wnt signalling pathweiyh suppression of USP4
having been found to activate beta-catenin depdrdarscription (Zhao et al., 2009).
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Wang and Stern has also suggested a possibléorodRHOA in the production of
RANKL and OPG by osteoblasts in response to PThHgétion (discussed in
Chapter j (Wang and Stern, 2010).

In addition to its role in osteoblast differenteat] the RHOA GTPase has also been
implicated in osteoclast function. Osteoclasts l@Eghly motile cells that rely on
rapid changes to their cytoskeleton to achieventbgement and attachment that is
required for bone resorption (Kanehisa and Heerst®@8, Lakkakorpi et al., 1993,
Lakkakorpi and Vaananen, 1991, Lakkakorpi and Vaana1996). Chellaiah et al.
identified RHOA as playing a major role in this pess (Chellaiah et al., 2000). By
transducing active and inactive RHOA into aviareostasts they demonstrated that
the protein is essential for podosome assemblgsstfibre formation, osteoclast
motility and bone resorption (Chellaiah et al.,, @D0In addition, farnesyl
pyrophosphate synthase, the specific target obgein-containing bisphosphonates
widely used in the treatment of osteoporosis, seesal for the prenylation and
therefore activity of RhoGTPases including RHOA ¢Rea and Rodan, 2004).
Bisphosphonates cause loss of osteoclast activdyraluction of apoptosis, possibly
through the inactivation of RhoGTPases (Denoyéllal.e 2003). Zhang et al. found
that the actin ring structure that is typical ofesorbing osteoclast is disrupted by
ADP-ribosyltransferase C3 (C3 exoenzyme) (Zharg.etL995). This exoenzyme is
produced byClostridium botulinumand is specifically involved in ADP-ribosylation
of Rho proteins, thereby inactivating them (Selebal., 1989, Narumiya and Morii,
1993, Nemoto et al., 1991).

As mentioned previously, the RHOA protein appeardé very highly conserved
across multiple species. Indeed, the dbSNP datgBaskel 132) does not presently
contain any record of exonic polymorphisms withe humarRHOA gene with a
minor allele frequency > 1 %. There is also no emke of polymorphism within the
gene that could influence splicing. This suggebtt the function of the RHOA
protein is critical for survival, a theory suppattey the fact that RHOA is involved
with a wide range of biological processes in midtigissue types (Etienne-
Manneville and Hall, 2002). As such, all of the SNdgenotyped in this study are
either intronic or located 5’ or 3’ of tiRHOAgene. When considering this, it seems

likely that if the SNPs genotyped in this studyidituence BMD, they do so through
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mild regulatory effects on thRHOA gene as opposed to structural changes to the
RHOA protein, the latter of which could result imofound phenotypic changes.
Future studies could investigate whether polymanphat rs17595772 or rs17080528
is associated witRHOAMRNA levels (discussed @hapter 7.

In conclusion, the evidence presented here suggestssommon genetic variation
within the RHOA gene region is associated with BMD in Caucasian &mm
Therefore, the hypothesis has been supported byldke There is a substantial
amount of evidence to suggest that RHOA has aimotee biology of osteoblasts
and osteoclasts. These data further support afooldhe RhoGTPase-RhoGEF

pathway in osteoporosis.
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Chapter 5 — Analysis of variation within the FLNB gene for association with
bone mineral density phenotypes

5.1 Introduction

Mammals carry three filamin genes, encoding: filaii(FLNA), filamin B (FLNB)
and filamin C FLNC). The FLNC gene appears to be predominantly expressed in
muscle, whereas thHELNA and FLNB genes are widely expressed (Brocker et al.,
1999, Chakarova et al., 2000). A comparison betvikerLNA, FLNB andFLNC
genes revealed a highly conserved intron-exon tstreicwith significant differences
observed in the 32 exon of each gene encoding the hinge 1 regionk&baa et
al., 2000). Filamins exigh vivo as dimers, with around 70 % homology existing
between the FLNA, FLNB and FLNC protein structure@n der Flier and
Sonnenberg, 2001). The FLNB monomer is a 278 kdepr (Xu et al., 1998)
consisting of an N-terminal actin-binding domainmgamsed of two calponin
homology domains (CH1 and CH2) (Gorlin et al., 1996llowed by a series of 24
B-sheet repeats that bind to various cytoplasmicteaxdsmembrane proteins (Gorlin
et al.,, 1990, Xu et al., 1998). The C-termifiatheet repeat (repeat number 24) is
known as the dimerisation domain and allows for fleemation of FLNB
homodimers (Weihing, 1988). TH&LNB gene is located in the pl14-p22 region of
human chromosome 3 (Brocker et al., 1999) and ptess another strong candidate
for BMD regulation. The gene is made up of 45 exand 44 introns, spanning
around 80 Kb of genomic DNA (Chakarova et al., 2000

Mutations to the=LNB gene have been implicated in a variety of gerdisorders
characterised by skeletal malformation. Steinealeperformed a linkage study in
three consanguineous families and one non-consaegus family with high
incidences of spondylocarpotarsal synostosis (S€&yndrome (MIM 272460)
(Steiner et al., 2004), a rare autosomal recesBsgrder characterised by fusions of
the vertebrae as well as the carpal and tarsalsb@oenger et al., 1994). They
observed linkage of the disorder with the 3p14aegf the human genome (LOD
6.49) (Steiner et al., 2004). Krakow et al. subsadly examined thELNB gene for
mutations in these four families, identifying a qué nhonsense mutation (creating a
premature stop codon) in each (Krakow et al., 2004 authors concluded that
SCT syndrome results from the absence or truncaifothe FLNB gene product

(Krakow et al., 2004). This theory was supportedvwy later studies that identified
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nonsenseFLNB mutations in two individuals suffering from SCT nsiyome
(Brunetti-Pierri et al., 2008, Mitter et al., 2008)

Larsen syndrome (LS) is a genetic disease chaisatierby craniofacial
abnormalities in addition to multiple dislocation$ the large joints such as the
knees, elbows and hip joints (Larsen et al., 1958 condition can be inherited as
an autosomal dominant (MIM 150250) or recessiveMMI45600) form, with the
recessive form arguably the more severe (Bonaventtiral., 1992, Chen et al.,
1982). Vujic et al. published the results of a &gk study in a large Swedish
pedigree suffering from autosomal dominant LS (¥wit al., 1995). This study
highlighted the 3p14-p21 region of the human genameotentially harbouring the
gene responsible for the disorder (LOD 13.4) (Vugical., 1995). Krakow et al.
analysed theFLNB gene for mutations in four individuals with spacadly
occurring LS and one family with a dominantly inked form of the condition
(Krakow et al., 2004). They identified a uniqde novomissense mutation within the
FLNB gene in each of the five cases (Krakow et al.,420@icknell et al.
subsequently identifie@LNB mutations in 20 unrelated individuals sufferingnfr
LS, these mutations seemed to cluster in the d&otiding domain of the FLNB
protein and in th@-sheet repeats 13-17 (Bicknell et al., 2007).

Atelosteogenesis is a heritable lethal chondro@dgsalcharacterised by insufficient
ossification of various bones including the humefamur, thoracic spine and hand
bones (Maroteaux et al., 1982). The disease shamayg phenotypic features with LS
(Nishimura et al., 1997, Schultz et al., 1999).kéna et al. examined thELNB gene
in five unrelated individuals suffering from ateiesgenesis: three suffering from
atelosteogenesis type | (AOI) (MIM 108720) and twsuffering from
atelosteogenesis type Il (AOII) (MIM 108721) (Ka@w et al., 2004). They
observed missense mutations in fHeNB gene in all five individuals, with one
individual suffering from AOI and another sufferifigm AOIIIl carrying the same
mutation (Krakow et al., 2004). Farrington-Rockagt subsequently identified 14
novel FLNB missense mutations in 15 unrelated patients wi@l And AOIII
(Farrington-Rock et al., 2006). Most of these miatet were found to reside within
exons 2 and 3 which encode part of the actin-bopdegion of the protein, with the

remainder found in exons 28 and 29 which encodeBtbleeet repeats 14 and 15
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(Farrington-Rock et al., 2006). Some of these ntatare thought to act in a gain-
of-function mechanism, resulting in increased abtmding affinity (Sawyer et al.,
2009).

Boomerang dysplasia (MIM 112310) is a perinatahdétosteochondrodysplasia
characterised by insufficient or non-existent asatfon of the limb bones and
vertebrae (Kozlowski et al., 1985). Bicknell et adlentified missense~LNB
mutations in two individuals suffering from the alider (Figure 5.1) (Bicknell et al.,
2005). These mutations were found to reside witleigions of the gene that are
evolutionarily well conserved and encode partshef actin-binding domain of the
protein (Bicknell et al., 2005).

Wilson et al. published the results of the firstdstinto common variation within the
FLNB gene and BMD (Wilson et al., 2009). The four SN&&37505, rs9822918,
rs2177153 and rs2001972, were identified as sanfly associated with age-
adjusted femoral neck BMD (BMD Z-score) in a disegv population of 767
women from 334 families of European background €Al et al., 2009). Each of
these four SNPs is located in either an intron’asf3he FLNB gene. Of these four
SNPs, rs7637505 was significantly associated wathdral neck and lumbar spine
BMD Z-score in a replication population of 1,08%nfge twins from the UK, while
rs9822918 and rs2177153 were significantly assediatith femoral neck BMD Z-
score in an additional replication population coisga of 1,315 unrelated
postmenopausal Australian women (Wilson et al., 9200Subsequent gene
expression analysis in 96 human osteoblast cefliad derived from 96 unrelated
donors revealed that rs9822918, rs2177153 and 18Z@0did not reveal any
association wittFLNB mRNA expression levels (rs7637505 was not reptedeon
the analysis chip) (Wilson et al., 2009). Howeviare SNPs located either 5’ or in
intron 1 of theFLNB gene, all in moderate LD (D’ > 0.5) with eithe7 837505 or
rs2177153, were identified as significantly assiedavith FLNB mRNA expression:
rs11130605, rs839230, rs11720285, rs1718481 a@@9335 (Wilson et al., 2009).
The aim of the work described in this chapter wasambalyse these 5 SNPs for

association with BMD phenotypes in a populatiofCaficasian women.

130



Figure 5.1. A male foetus delivered at 22 weeks $efing from boomerang
dysplasia.This radiograph reveals unossified humeri, absemiofa and a complete
lack of ossification in the hands and feet. Figadapted from Bicknell et al.
(Bicknell et al., 2005).
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5.1.1 Hypothesis

Variation at one or more of the polymorphic sitesl1r130605, rs839230,
rs11720285, rs1718481 and rs9809315 inRbNB gene is significantly associated

with bone density in Caucasian women.

5.2 Materials and methods

5.2.1 Subjects

For a full description of the cohort used in thiady refer toChapter 3 section
3.2.1i. Briefly, a total of 769 women from 335 familie®re recruited in Australia
and the UK. This family-based population includddlisgs recruited in 1998 for a
study of the genetics of osteoporosis (Wilson gt24103) and is the same cohort as
used in the “Discovery Study” by Wilson et al. (%dh et al., 2009) with the
inclusion of one additional sibling pair. All subje from the study provided written
informed consent, and the ethics committees ofiggaating institutions including
the Human Research Ethics Committee at Curtin Usityeof Technology approved

the experimental protocols.

5.2.2 Genotyping

Genomic DNA was extracted and purified from EDTAaMhblood obtained from
each subject (Johns and Paulus-Thomas, 1989). @emgtwas performed on
genomic DNA using the TagMan assay, which utilifie®rogenic 5' nuclease
chemistry, in 384-well PCR plate format (€kapter 2for a full description of the
technique). Using this technique the genotyperadd was 99.3 % and the estimated
error rate was < 0.1 %, as assessed by comparmgyge calls between 8 samples

genotyped in duplicate.

5.2.3 SNP selection
5 SNPs from the 5’ region of tiFeLNB gene were selected for genotyping. These

were selected based on previously published dajgesting that all five SNPs are
significantly associated with expressionFafNB mRNA in 96 human osteoblast cell
cultures (Wilson et al., 2009).

5.2.4 Statistical analysis
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For a full description of the statistical analygisrformed in this cohort refer to
Chapter 3 section 3.2.4 (discovery cohort). Briefly, thealérom the cohort were
analysed using the FBAT (Family Based Associati@st3) software to test for
association within sib-pairs (Laird et al., 200Qprrection for multiple testing was
performed to correct for tests of multiple SNPshimiteach phenotype, and also for

tests of multiple SNPs across multiple phenotypes.

UNPHASED v3.1.3 was used to estimate the genefextesize in this cohort by
generating an additive value as an estimate to éaeh allele influences the trait
value relative to the most common allele (Dudbrjd2@03). This program was also
used to perform a haplotype analysis. Througheoud;tailed P-values are reported,
with P < 0.05considered significant. LD between the differentPSNvas evaluated
using the JLIN software (Carter et al., 2006).

5.3 Results

All 5 SNPs genotyped were in Hardy-Weinberg eqtiliim ()(2 test,P < 0.05. LD
analysis revealed that none of the 5 SNPs genotypeel in LD of f > 0.8 with each
other (Figure 5.2). An additional LD analysis relegiathat one of the 5 SNPs
genotyped in this study, rs839230, is in strong (tb> 0.8) with rs704529 which
was genotyped by Wilson et al. (Wilson et al., 2008wever, none of the other 4
SNPs genotyped in this study were in LD &f>r 0.8 with any of the 13 SNPs
genotyped by Wilson et al. (Figure 5.2) (Wilsonakt 2009). The chromosomal
position and allele distribution of the 5 SNPs dggped is detailed in Table 5.1.

Using FBAT, significant associations were seenféonoral neck BMD Z-score with
the SNPs rs11720285, rs11130605 and rs9809B15 (.005 0.043 and 0.004
respectively). These three SNPs were also fourtmetsignificantly associated with
total hip BMD Z-score R = 0.014 0.026 and 0.022 respectively). No significant
associations were observed between any of the 5 8kiddnined and spine BMD Z-
score. After correction of the data for testing $PS across 3 anatomical sites, the
significant association between rs9809315 and fampeck BMD Z-score was
maintained P = 0.028. Estimates of the additive genetic effect sugtfest the less
commonC allele at rs11720285, th€ allele at rs11130605 and the allele at
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Figure 5.2. LD analysis of the 13 SNPs ikLNB genotyped by Wilson et al.
(Wilson et al., 2009), plus the additional 5 SNPsegotyped in this study
(highlighted).
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Table 5.1.Position and allele distribution of the 5 SNPs genygped around the 5’ region of theFLNB gene.

SNP Chromosome Function/ Location relative to Genotype Distribution (%)
Position* Location transcription start site*

rs11720285 57936410 5’ region 32,757 bp upstream (5%K9), AC (39.8), CC (5.2)

rs11130605 57964209 5’ region 4,958 bp upstream (36G%), TC (48.6), TT (14.9)

rs1718481 58000943 Intron 1 31,776 bp downstream (32@), AG (50.3), AA (17.5)

rs839230 58011832 Intron 1 42,665 bp downstream (4bQ), AG (47.4), AA (12.5)

rs9809315 58025305 Intron 1 56,138 bp downstream  (49%), TC (40.7), TT (9.8)

* Relative to GenBank reference sequence NM_001&&nome Build 36.3.
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rs9809315 are associated with an increased BMDoFesat both the total hip and
femoral neck sites (Table 5.2).

A 3-SNP haplotype analysis was carried out usiridl#20285, rs11130605 and
rs9809315 to determine whether haplotypes of thebldaks tagged by each SNP
would prove to be more significantly associatechvi@moral neck or total hip BMD
Z-score than in the individual SNP analysis. 6 bpes with a frequency greater
than 4 % in the population were identified. Sigrafit associations were observed
with femoral neck BMD Z-score only (Table 5.3),haligh the level of significance
did not surpass that observed in the individual SN&lysis for this phenotype. The
CTT haplotype was found to have a strong positiveuerice on femoral neck BMD

Z-score.

5.4 Discussion

The results presented here suggest that genetatigarwithin the 5’ region of the
FLNB gene has a role in determining bone density inc&sian women. Wilson et
al. identified 5 SNPs from the 5’ region of tHd.NB gene that were strongly
associated with expression leveld=&fNB mMRNA, 3 of which have been shown here
to be significantly associated with age-adjustedltbip and femoral neck BMD in
Caucasian women (Wilson et al., 2009). The lessncomallele at each of these 3
SNP sites was associated with an increased BMDo#Zesa this studyFLNB is the
third gene from the 3p14-p22 region of the humamogee that has been implicated
in the regulation of bone density in this populatiof women. This supports the
theory raised irChapter 4that more than one gene from this chromosomal neigio
responsible for the linkage observed between 3[24and BMD.

A recent study published by Li et al. analysed seyBPs from th&LNB gene (Li et

al., 2010), including the SNPs rs9822918 and rs233 genotyped by Wilson et al.
(Wilson et al., 2009), for association with BMD pareters in a case-control
population of 1,080 Chinese females, 533 of whomewmstmenopausal (Li et al.,
2010). The authors were not able to replicate thairfgs for rs2177153 (probably
due to the fact that this SNP had a minor alletgdency of only 0.02 in their
population), however they did observe significargsagiations between the
rs9822918 SNP and BMD at the total hip (Li et 2010). Although providing more
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Table 5.2. Additive value of the less common allele at rs117285, rs11130605
and rs9809315 relevant to BMD Z-score.

SNP BMD Z Score Phenotype  Additive value of lesswocmn allele
rs11720285 Femoral neck + 0.306 (366)

Total hip +0.274 (373)
rs11130605 Femoral neck +0.241 (575)

Total hip +0.268 (592)
rs9809315 Femoral neck + 0.304 (435)

Total hip + 0.254 (448)

Results are given amlditive effect on the trait of the less commoslalfelative to
the more common allele (number of alleles includedanalysis) derived from
UNPHASED v3.1.3.
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Table 5.3.Haplotype analysis and additive value of each hapigpe relevant to femoral neck BMD Z-score.

BMD Z score phenotype Haplotype (rs11720285, rs@f6@S, rs9809315)
ACC allele CTT allele ATC allele ACT allele ATTesd! CTC allele P
Femoral neck 0 (769) +0.72 (260) +0.184 (148) .048 (83) -0.442(82) -0.164 (76) 0.006

Results are given amdditive effect on the trait of each haplotype tigka to the most common haplotyfmeimber of alleles included in the
analysis) derived from UNPHASED v3.1.3.
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support of a role for thELNB gene in osteoporosis, comparisons with this sandy
that performed by Wilson et al. must be done wéhton due to differences in study
design as well as differences in the ethnicity led study subjects (Wilson et al.,
2009), as discussed @hapter 3

Filamins are promiscuous proteins, with over 70dlmg partners identified to date
(Popowicz et al., 2006, Sarkisian et al., 2008heyl are thought to have a role in
stabilising the actin cytoskeleton, providing &limetween the actin network and the
cellular membranes, and mediating interactions eetwactin and transmembrane
receptors (Stossel et al., 2001). Filamins act &ntain the structural integrity of
cells by crosslinking the actin cytoskeleton ind @els (Hartwig and Shevlin, 1986,
Stossel, 1989, Stossel et al., 2001). The abifitfilamin proteins to bind actin at
their N-terminus and form tail-to-tail homodimetstlaeir C-terminus allows them to
create the orthogonal actin networks and bundlasrésult in gelation (Gorlin et al.,
1990). It has also been proposed that filamins ianportant during foetal
development, regulating the communication betweednaeellular signals and the
cytoskeleton to guide migration of cells into therect anatomical sites (Stossel et
al., 2001).

There is a large amount of evidence to suggestRh&AIB has a role in bone in
humans, particularly when considering the varioesefic diseases with skeletal
phenotypes thought to be caused by mutation toFttéB gene (Bicknell et al.,
2007, Bicknell et al., 2005, Bonaventure et al.92,9Brunetti-Pierri et al., 2008,
Krakow et al., 2004, Mitter et al., 2008). In adudlit to this, there is evidence to
suggest that the murin€lnb gene has a role in bonElnb expression has been
detected in vertebral bodies obtained from moudergos, and it has been suggested
that the gene plays a role in vertebral segmematioint formation and
endochondral ossification (Krakow et al., 2004)odtet al.generated mice with a
targeted disruption of th&Inb gene and observed impaired development of the
microvasculature and skeletal systemsFinb-deficient embryos, few of which
reached term (Zhou et al., 2007). Those that were lwere very small and had
severe skeletal malformations including scoliotitd &kyphotic spines, fusion of
vertebral bodies, lack of intervertebral discs aeduced hyaline matrix in the

extremities, thorax and vertebrae (Zhou et al.,720hterestingly, the authors also
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noted that the expression of tihoa gene increased > 3-fold iRInb-deficient
fibroblasts.

Additional support for the role of FLNB in bone hasen generated through studies
on the highly homologous FLNA protein. Leung etrakently published evidence
suggesting a major role for tieNA gene in osteoclast differentiation (Leung et al.,
2010). Osteoclastogenesis kina-null mice was severely impaired as a result of
decreased migratory ability of monocyte precurgbesing et al., 2010). Activation
of the Rho proteins Racl, Cdc42 and Rhoa weregligirar completely abolished in
these monocytes, with addition of constitutivelyivee Racl and Cdc42 found to
rescue their migratory capabilities (Leung et 2010). These results suggest that
FLNA has a major role in osteoclastogenesis thraegjulation of the cytoskeleton
via RhoGTPases that are required for the migratapabilities of osteoclast
precursors. Interestingly, th@na-null mice generated by Leung et al. presented with
osteoporosis, suggesting that additional boneeelatechanisms are at work (Leung
et al., 2010).

There are two non-synonymous coding changes witierFLNB gene that have a
minor allele frequency > 1 % in Caucasians, botlwbich were genotyped in the
study by Wilson et al. and neither of which demoatsd significant associations
with BMD parameters (Wilson et al., 2009). It ighly likely that the associations
observed here between polymorphism at rs117202833,180605 and rs9809315
and BMD in women are a result of regulatory effeitisthe gene as opposed to
structural changes to the FLNB protein. Firstlyedt three SNPs are all located in
either the 5’ region or intron 1 of tHE_.NB gene. Secondly, all three of these SNPs
have been reported as significantly associated kithB mRNA expression (Wilson
et al., 2009). Interrogation of this genomic regiming the Eponine program (Down
and Hubbard, 2002), the SwitchGear TranscriptioartS8ite (TSS) prediction
algorithm (Trinklein et al., 2003) and the Cold f&pr Harbor Laboratory
Transcriptional Regulatory Element Database (TREIDgO et al., 2005a) revealed
the presence of 4, 1 and 2 predicted regulatomethes respectively. However, all 7
of these predicted regulatory elements are locatgtthin a 650 bp region

surrounding the 5’ UTR and first exon of theNB gene (Figure 5.3).
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Figure 5.3. Diagram of the 5’ end of thd&=LNB gene with significant SNPs and predicted regulatgrelements.The approximate locations
of the three SNPs significantly associated with Bptiznotypes, the LD blocks that they are a pafteaf), and the 650 bp region containing the

predicted regulatory regions (blue) are indicated.
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An analysis of the LD surrounding the SNPs rs11838302s11130605 and rs9809315
was carried out using data for the CEU populatimmfthe International HapMap
Project (Phase 3 dataset) (Altshuler et al., 20I0B¢ SNP rs11720285 was found to
be in strong LD &> 0.8) with the SNPs rs4681770, rs7637505 and r<#B®5
rs11130605 was in strong LD with rs7631741 and34763; and rs9809315 was in
strong LD with rs13096731 and rs13071918. The lonabf these LD blocks is
displayed in Figure 5.3. The LD block tagged bylig20285 stretches to within 24
Kb of the 650 bp region containing the predictegutatory elements and the LD
block tagged by rs11130605 spans across this 65@dpn. The LD block tagged
by rs9809315 on the other hand is quite small aniddated well away from this
area, near the 3’ end of intron 1. These data wsudgjest that polymorphism within
the LD block tagged by rs11130605 is the most Vikelndidate of the three as being
directly responsible for the regulatory effects rsem the gene. This is further
supported by the fact that rs11130605 was alsaiftehas the SNP most strongly
associated wittFLNB mRNA levels in the study by Wilson et al. (Wilsen al.,
2009). If this were the case, the associations dsetween rs11720285 and
rs9809315 and BMD phenotypes would probably besaltreof the moderate LD
between these two SNPs and rs11130605. Howevers #lso possible that
polymorphism tagged by the rs11720285 and rs98094Ps influences-LNB
MRNA expression and hence BMD independently of $i1130605 LD block
through regulatory elements that were not iderdifie the above analysis. This
theory is supported by the results from the hapletgnalysis, which identified a
strong positive influence on femoral neck BMD Z+scof theCTT haplotype which

could indicate independent contributions from eaictine three alleles.

In conclusion, polymorphism at the SNPs rs117202851130605 and rs9809315,
all of which are located in either the 5’ regionintron 1 of theFLNB gene, is
significantly associated with BMD in Caucasian wam&herefore, the hypothesis
has been supported by the data. The associaticesvelnl are almost certainly due to
regulatory effects on the expression of the gengurg studies could investigate
exactly how these polymorphisms regulate expressidhe FLNB gene (discussed
in Chapter 7.
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Chapter 6 — ARHGEF3 transcript profiling and effects of ARHGEF3 and
RHOA gene knockdown on osteoblast-like and osteoclastd cellsin vitro

6.1 Introduction

Rho proteins are thought to be involved in multipilelogical processes in numerous
tissue types, some of which include: gene transorip vesicle trafficking,
microtubule dynamics, establishment of cell pojaribtegrin signalling, cell cycle
progression and actin cytoskeletal reorganisatiBtiefne-Manneville and Hall,
2002). Activation of the RHOA protein can occur@sponse to extracellular stimuli
from a number of cytokines, growth factors, hormgnmtegrins and adhesion
molecules. Most of these activate RHOA through Gtgin coupled receptors
(GPCRs), a large family of transmembrane receptbets transfer extracellular
signals into the interior of a cell. The GPCRs uagous guanine nucleotide binding
proteins (G-proteins) for signal transduction, sashevhich activate RHOA though
regulation of the RhoGEFs (Siehler, 2009, Meyealet2008). RHOA can also be
activated by the ephrin A receptors through theroreal GEF (NGEF) (Shamah et
al., 2001), the insulin-like growth factor 1 recapthrough forming a complex with
ARHGEF12 (Becknell et al., 2003), and by the traestorane receptor kinectin 1
(Santama et al., 2004). Once activated, RHOA has lshown to interact with a
wide variety of downstream effectors, potentiafiitiating a vast array of signalling

cascades.

Much evidence has been presented as to the megtsahiswhich activated RHOA
influences the actin cytoskeleton. Watanabe eidehtified diaphanous homolog 1
(DIAPH1) as a downstream effector of RHOA (Watanabael., 1997). DIAPH1 is a
member of the formin group of proteins that areolagd in producing long, straight
actin filaments by catalysing actin nucleation gudymerisation (Goode and Eck,
2007). DIAPH1 was also found to bind profilin (Wiasde et al., 1997), a protein
that promotes the polymerisation of actin (Caolet1®92, Pantaloni and Carlier,
1993). RHOA, DIAPH1 and profilin were found to cmchlise in the membrane
ruffles of rapidly spreading cells, suggesting tB&PH1 acts as a molecular link
between RHOA and profilin in a cytoskeletal meckanthat appears to be involved
with cell motility (Watanabe et al., 1997). A lasudy by Peck et al. identified and
characterised a ubiquitously expressed RHOA-bingiogein designated Rhophilin-
2 (Peck et al., 2002). Through studies in the Hekavical cancer cell line, the
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authors produced evidence to suggest that Rhoghiiats as a scaffold protein that
increases filamentous actin turnover or limitssgrébre formation in the absence of
high levels of RHOA activity (Peck et al., 2002).

One of the main downstream effectors of RHOA is Ri®-associated coiled-coil
containing kinase (ROCK), which controls a numbieditierent signalling pathways
involved with cytoskeletal reorganisation. ROCKaisserine/threonine kinase that
phosphorylates various substrates (Riento and Ri@@03). One of these substrates
is the myosin-binding subunit of myosin phosphatasgeich is deactivated upon
phosphorylation by ROCK (Kimura et al., 1996, Uehat al., 1997). When this is
coupled with the ROCK-induced phosphorylation ofasip light chain (Amano et
al., 1996), actin cross-linking by myosin is stiateld which enhances actomyosin
contractility (Narumiya et al., 2009). ROCK hasaal®een found to stabilise existing
actin filaments by phosphorylating LIM-kinase, whisubsequently phosphorylates
and deactivates cofilin (Maekawa et al., 1999)malk protein that stimulates actin
filament disassembly (Lappalainen and Drubin, 19873tudy by Hirakawa et al. in
human umbilical vein endothelial cells has alsohhigited a possible role for
RHOA - ROCK signalling in actin cytoskeletal reangaation mediated through
tyrosine phosphorylation of focal adhesion kinase paxillin (Hirakawa et al.,
2004). Figure 6.1 presents an overview of the RHEBHOA signalling pathways

discussed in this section.

As mentioned in previous chapters, RidOAgene has been shown to have a role in
both osteoblasts (McBeath et al., 2004, Meyers lgt 2005) and osteoclasts
(Chellaiah et al., 2000). Given the results in thissis showing association between
polymorphism in theARHGEF3 and RHOA genes and BMD in postmenopausal
women, the role of the products of these genessiaoblasts and osteoclasts was
investigated. The first aim of the work presentadthis chapter was to analyse
expression of the NM_001128616 transcript varignthe ARHGEF3gene, which
carries the SNP rs7646054 (s€kapter 3, in osteoblast-like and osteoclast-like
cells using quantitative real-time PCR. The secaindwas to identify genes, from a
list of candidates, whose expression was influergekinockdown of thdRHGEF3
and RHOA genes in osteoblast-like and osteoclast-like caltng microarray.

Quantitative real-time PCR was then used to vadidgaime of the more significant
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microarray findings, since this technique is coastd to be an appropriate method
of confirming microarray-generated data (Provenzame Mocellin, 2007). The third
aim of this chapter was to determine whether knoekd of the ARHGEF3and

RHOAgenes influences the resorptive capabilities tdadast-like cells.

6.1.1 Hypotheses
The NM_001128616 transcript variant of tARHGEF3gene is expressed in bone

cells.

Knockdown of theARHGEF3andRHOAgenes in osteoblast-like and osteoclast-like
cells results in significant changes to the expoessf genes involved with bone cell

function or the RHOA signalling pathway.

Knockdown of theARHGEF3and RHOA genes in osteoclast-like cells results in

significant changes to their bone-resorptive cdjegs.

6.2 Materials and methods
6.2.1 Cell culture

The human osteoblast-like cell lines Saos-2 (ddrifrem osteosarcoma tissue),

hFOB 1.19 (immortalised foetal osteoblasts) and 683 derived from osteosarcoma
tissue) were used for the gene knockdown work. &leedl lines were cultured in
DMEM (Sigma-Aldrich) pH 7.4 supplemented with 4.47L HEPES, 3.7 g/L
NaHCG;, 10 % FBS and 1 % penicillin/streptomycin (100tsirpenicillin and 100
pg streptomycin per mL of media). The human BE(2)#Mell line (derived from
neuroblastoma tissue) was cultured in Opti-MEM ithogen) pH 7.4 supplemented
with 2.4 g/L NaHCQ, 5 % foetal bovine serum (FBS) and 1 %
penicillin/streptomycin. Peripheral blood mononaclecells/osteoclast-like cells
(described below) were cultured ssMEM (Invitrogen) pH 7.4 supplemented with
2.2 g/L NaHCQ, 10 % FBS and 1 % penicillin/streptomycin. All lcelilture media
was sterilised prior to addition of FBS by filtati through a 0.8 pum filter. All cells
were cultured at 37 °C with 5 % Gé&nd the medium was changed every 2 — 3 days.
Total RNA was harvested from each culture usingRNeasy Mini Kit (QIAGEN)
and reverse transcription of the RNA was performsithg the QuantiTect Reverse

Transcription Kit (QIAGEN) (seeChapter 2 for a full description of these
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techniques). Quantitation of total RNA was perfodmesing an ND-1000
spectrophotometer (NanoDrop Technologies).

6.2.2 Isolation of peripheral blood mononuclealscaehd osteoclastogenesis

Osteoclast-like cells were differentiated from phagral blood mononuclear cells
isolated from 4 donors: a 47 year old Caucasianenf@bnor 1), a 28 year old
Caucasian male (donor 2), a 56 year old Caucas#&e (donor 3) and a 62 year old
Caucasian male (donor 4). Each batch of cells s@ated from 30 mL whole blood
collected in 10 mL KEDTA Vacutainer tubes (Becton, Dickinson and Conypan
Anti-coagulated whole blood samples were centrifuge 2,200 rpm for 10 min at
room temperature before buffy coats were colleeted diluted to a total volume of
4 mL with 1X PBS (phosphate buffered saline, Appemd The cell suspension was
then gently layered over 3 mL of Ficoll-Paque (PPineria) before being centrifuged
again at 1,600 rpm for 40 min at room temperatline top layer of plasma was then
removed before the lymphocyte layer was collected teansferred to a clean tube.
These cells were gently re-suspended in 6 mL 1X BB®& centrifuged at 800 rpm
for 10 min at room temperature. The supernatant tvas removed and this wash
step was repeated. The washed cells were re-susphenmd 5 mL medium

supplemented with 10 ng/mL macrophage colony sttmg factor (M-CSF) and

seeded directly into either a 24-well tissue celtpliate or 25 cftissue culture flask.

After two days, the medium was replaced with medaupplemented with 10 ng/mL
M-CSF and 100 ng/mL RANKL. The cells were then gnowsing this medium

formulation for 17 days while osteoclastogenessuaed (Figure 6.2).

6.2.3 siRNA knockdown

Transfection of cells with sSiRNA sequences was usekinockdown expression of

each of theARHGEF3andRHOAgenes. Two different sSiRNA sequences were used
in tandem to knockdown expression of each genereTiseevidence to suggest that
the RHOA protein has a half-life of up to 31 ho(Backlund, 1997), therefore a
minimum gene knockdown period of 48 hours was ueeshsure that the reduction
in expression of th&RHOAgene was sufficiently prolonged so as to havefimuteat

the protein level. Negative controls treated withSears Negative Control siRNA
(QIAGEN) were included in each experiment. This ateg@ control siRNA is a
tested and validated non-silencing siRNA that hashomology to any known
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Figure 6.2.Peripheral blood mononuclear cells undergoing ostetastogenesis as
viewed under a phase contrast microscope (100X ma§nation). These cells
were cultured for 16 days. Note the presence ofiptlnuclei in some of the cells.
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mammalian genes and has minimal off target effastsonfirmed with Affymetrix
GeneChip arrays (QIAGEN, 2010). All knockdown expmmts were performed in

triplicate.

6.2.3.i Osteoblast-like cells

siRNA knockdown experiments were performed in 24-tigsue culture plates with
each well containing 500 pL of the aforementioneddEM-based culture medium.
For the Saos-2, hFOB 1.19 and MG-63 osteoblastdiié lines, each well was
seeded with 5 x TOcells. Cells were grown for 24 hours before fresbdium was

added to each culture and transfections were peedrusing a final siRNA
concentration of 30 nM for transfection. The miedsad the following composition

and was prepared at room temperature:

Component Volume (per well)

10 uM siRNA 1.82 pL of each of the 2
siRNA sequences

FBS-free DMEM 96.36 pL

HiPerFect Transfection Reagent (QIAGEN) 6 uL
Total volume 106 pL

The above transfection mix was left at room temjpeeafor 10 min to allow
formation of transfection complexes before 106 dswdded dropwise to each well.
Cells in each well were incubated with the transéecmix for 48 hours at 37 °C
prior to washing with 1X PBS (at room temperatumayl subsequent extraction of
total RNA.

6.2.3.ii Peripheral blood mononuclear cells/ostestilike cells

500 uL of freshly isolated peripheral blood mondeac cells were aliquotted into
each of 9 wells in a 24-well tissue culture pla#dter osteoclastogenesis had
occurred, as observed microscopically and confirnbgathemically (discussed
later), siRNA knockdown experiments were performesing a final SiRNA

concentration of 100 nM for transfection. The mmetwsed had the following

composition and was prepared at room temperature:
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Component Volume (per well)

10 uM siRNA 6.07 pL of each of the 2
siRNA sequences

FBS-freea-MEM 87.86 uL

HiPerFect Transfection Reagent (QIAGEN) 6 pL

Total volume 106 pL

The above transfection mix was left at room temjoeeafor 10 min before 106 pL
was added dropwise to each well. Cells in each wete incubated with the
transfection mix for 48 hours at 37 °C prior to hiag with 1X PBS (at room

temperature) and subsequent extraction of total RNA

6.2.4 Microarray

A microarray analysis was performed on the RNA dampxtracted from the Saos-2
cells and osteoclast-like cells from donor 1 thatl tbeen treated witARHGEF3
RHOA and negative control siRNA. This was performeddentify genes that are
differentially expressed as a direct result of kumwn of ARHGEF3and RHOA
Microarray analysis was performed using the Humaiid V3 Expression BeadChip
Kit (Illumina Inc.) and the TotalPrep RNA Amplifitian Kit (Applied Biosystems).
The HumanHT-12 BeadChip profiles the expressiomofe than 25,000 annotated
genes derived from NCBI RefSeq (Build 36.2) (lllumaj 2008). An outline of the
approach used is given below:

Nine RNA samples extracted from Saos-2 cell cuiaed 9 RNA samples extracted
from osteoclast-like cell cultures (donor 1) weralgised by microarray. Each set of
9 samples was comprised of: 3 cultures treated SIRNA specific forARHGEF3 3
cultures treated with siRNA specific fRHOA and 3 cultures treated with negative
control siRNA. The quality and quantity of all RN#amples was checked prior to
microarray analysis using a 2100 Bioanalyzer (Adileechnologies). 10 pL of each
RNA sample was subsequently processed for amgpglditaand analysis by
microarray. These analyses were performed by dtaffited in the Molecular
Biology department at PathWest Laboratory Mediai.

6.2.5 Gene selection
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While data were generated for most of the 25,00 géncluded on the microarray,
only 264 candidate genes were selected for statistiaysis in order to limit the
potential for false positives. These candidate gemere selected on the basis of
belonging to any of the following categories: gertbeught to have a role in
osteoblast function (45), genes thought to havelain osteoclast function (62) or
genes thought to be a part of the RHOA signalliathway (157). Appendix Il has a

full list of the candidate genes analysed.

6.2.6 Real-time PCR
Quantitative real-time PCR was used to check f@ression of the NM_001128616

transcript variant of thARHGEF3gene, determine gene knockdown levels achieved
and to validate microarray results for selectedydesr (seeChapter 2for a full
description of the technique). This was performadcBDNA template using SYBR
Green technology. cDNA samples were diluted in B Bluffer (Tris-EDTA bulffer,
Appendix 1) before analysis. QuantiTect Primer AsséQIAGEN) were used to
amplify most gene transcript sequences. Bioinfolteaanalysis revealed that the
QuantiTect Primer Assay for thACTA2 gene only amplifies one of the two
transcript variants for this gene. Therefore, cusfwrimer pairs were designed for
this gene and the NM_001128616 transcript fromAR&IGEF3gene using the web-
based Primer3 software package (Rozen and Skale26K§)) (see Appendix Il for
primer sequences). The human 18S ribosomal RNA RR&I18% which has been
validated as a suitable internal reference (howeggkg gene) for quantitative real-
time PCR in a variety of human tissues (Aerts et 2004, Banda et al., 2008,
Catalan et al., 2007), was selected as an integfeence for this work. The purpose
of the internal reference is to allow for normdiisa of the data for variations in the
qguantity of cDNA added to each reaction. The reac#fficiency of each primer pair
was calculated by amplifying a 10-fold dilution iesr of target sequence across 5
orders of magnitude. This was performed to confinat the reaction efficiency of
each gene of interest is no more than 10 % frorh dhahe internal reference as
recommended by Schmittgen and Livak (Schmittgen bandk, 2008). The log
template dilution X-axis) was plotted against the cycle thresholg) (@lue obtained
for each dilution y-axis) with the slope of the line put into the ejpram = - (1 / log
E), wherem is the slope of the line anfl is the reaction efficiency. A reaction

efficiency of 2.0 equates to a perfect doublinguiplicon product during each PCR
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cycle. All reactions were performed in triplicatétiwthe mean € value used in the
statistical analysis. The reaction efficienciesivkgt from these experiments are
shown in Table 6.1. Melting-curve analysis was @anied on all real-time PCR
products to confirm amplification of a single seqce (seeChapter 2for a full
description of this technique). A random selectimin PCR products were also
subjected to agarose gel electrophoresis for additiconfirmation of the specificity

of amplification.

6.2.7 Bone resorption assays

Essentially, this involved incubation of osteocldst cells on bone slices and
monitoring of the subsequent resorption pit formrati Osteoclast-like cells from
donor 1 were grown on bovine bone slices to detemihether knockdown of the
ARHGEF3 or RHOA genes affects their resorption capabilities. Penigl blood
mononuclear cells were isolated from 30 mL whoteokll and seeded into a 25%<m
tissue culture flask. Osteoclastogenesis was irddimel0 — 14 days (as described
previously), by which time the cells had differetéid into small multinucleated
osteoclasts. At this point, the cells were detadheah the tissue culture flask using
Cell Dissociation Solution (Sigma-Aldrich), sinceleft to differentiate for longer
they become very difficult to detach. Processinghaf cells for resorption studies
was then performed according to the standard potdastablished by Prof Jiake Xu
and colleagues (Centre for Orthopaedic Researcle, Whiversity of Western
Australia). The detached osteoclasts were pelleyeckntrifugation at 1,500 rpm for
5 min and resuspended in fresh medium supplememitéd10 ng/mL M-CSF and
100 ng/mL RANKL. 100 uL of the cell suspension wvtlasn seeded into each of 18
wells containing a slice of bovine bone in a 964vislsue culture plate. The cells
were left for 2 hours to attach to the bone sllve®re the medium was removed and
replaced with 50 pL of fresh medium. Transfecticaswhen performed using a final
siRNA concentration of 100 nM. The mix used had ftlileowing composition and

was prepared at room temperature:
Component Volume (per well)

10 uM siRNA 1 pL of each of the 2

siRNA sequences
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FBS-freea-MEM 47 pL
HiPerFect Transfection Reagent (QIAGEN) 1 pL
Total volume 50 pL

The above transfection mix was left at room temipeeafor 10 min before 50 pL
was added dropwise to each well. Cells in each wete incubated with the
transfection mix for 96 hours at 37 °C. Each bdiwe svas then removed and either
stained for the osteoclast marker, tartrate redist&id phosphatase (TRAP), or
gently scrubbed to remove the osteoclast-like cafld analysed for resorption pit
formation. The resorption pit analyses were peréatnon 2 bone chips for each
treatment. Light microscopy was used to confirm ghesence of resorption pits on
each bone chip (Figure 6.3) and a NewView 6300 3idical Profilometer (Zygo
Corp.) was used in conjunction with the MetroPro2\@ (Zygo Corp.) software
package to quantitate the volume of each resorgib(Figure 6.4). The volume of
each resorption pit was measured 3 times with thamof these 3 readings used in

the statistical analysis.

6.2.8 TRAP staining

Osteoclast-like cells were TRAP stained (using aoriogenic TRAP enzyme

substrate) to confirm production of the TRAP enzyamw an indicator of the
osteoclast phenotype. This involved washing thes egith 1X PBS, fixation with 4
% paraformaldehyde for 15 min, washing 3 times wii¥ PBS before incubation
with filtered TRAP stain solution (Appendix I) af 3C for 25 min. The stained cells
were then washed 3 times with 1X PBS prior to Misation using light microscopy
(Figure 6.5).

6.2.9 Statistical analysis

6.2.9.i Microarray

Differential expression analysis of the microardata using the lllumina custom
error model was performed using the BeadStudio.03(Hlumina Inc.) software
package. Samples treated with the negative costRINA were specified as the
reference group. The raw microarray gene exprestatawere normalised using the
guantile normalisation algorithm (Bolstad et al003), which adjusts the sample

signals to minimise the influence of variation exgsfrom non-biological factors (eg.
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Table 6.1. Quantitative real-time PCR primer pair reaction efficiencies.

Template transcript ~ Reaction efficiency

ARHGEF3 1.92
RHOA 1.84
TNFRSF11B 1.93
ALPL 1.87
PTH1R 1.95
ACTA2 1.85
CCL5 1.94
OSCAR 1.94
ARHGDIA 1.86
RRN18S 1.88

A reaction efficiency of 2.0 is equivalent to afpet doubling of target sequence
during each PCR cycle.
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Figure 6.3. Image of an osteoclast resorption pit as viewed ued a light

microscope using 200X magnification.The location of the resorption pit is
indicated by the arrow.
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Figure 6.4.Image of an osteoclast resorption pit as viewed ugl a NewView

6300 3D Optical Profilometer.The depth of the pit is delineated by colour, blue
being the deepest, and orange/yellow being thdosinedt.
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Figure 6.5. Image of TRAP stained osteoclast-likeells attached to a bovine
bone slice as viewed under a light microscope (250Kagnification). The location
of a TRAP stained osteoclast-like cell is indicabgdhe arrow.
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pipetting variation) (lllumina, 2007). Backgroundbsraction was performed on the
data to minimise the variation in background ndiséween arrays and to remove
signal resulting from non-specific hybridisation ufithing et al., 2008). Once
background subtraction has been performed on the dae expected signal for
unexpressed targets is zero. The data were calréatemultiple testing using the

Benjamini-Hochberg False Discovery Rate algorithBerjamini and Hochberg,

1995).

6.2.9.ii Real-time PCR

Gene expression ratios were calculated using thepaative G method as
described by Schmittgen and Livak (Schmittgen aivaK, 2008). Briefly, theACt
(Cr of the test gene Gt of the internal reference) was calculated for egehe of
interest in each sample in the test and contraliggo This figure was then entered
into the equation 2" with the mean + standard deviation calculatedefich of the
test and control groups. The mean of the test greagthen divided by the mean of
the control group to generate the expression ratounpaired-test was performed
comparing the 2°" data from the test group with the control groupdegermine
whether differences in expression observed wetisttally significant.

6.2.9.iii Bone resorption assays
The volume of each resorption pit recorded for eafcthe knockdown groups was
compared with the negative control group using @pairedt-test. Throughout, two-

tailed P-values are reported, wiRh< 0.05considered significant.

6.3 Results

6.3.1 NM_001128616 transcript profiling in bonelgel

As mentioned inChapter 3 the ARHGEF3SNP rs7646054 that was found to be
significantly associated with BMD is located withthe 5 UTR of a recently
described transcript variant of the gene designalietd 001128616 (Totoki et al.,

2007). To determine whether this transcript varignéxpressed in osteoblast-like
cells, cDNA from the Saos-2 cell line was subjedtedeal-time PCR using 2 primer
pairs: one designed to amplify dRHGEF3transcript variants and one designed to
amplify a sequence that is specific for the 5’ UdiRhe NM_001128616 transcript.
While expression of theARHGEF3 gene was confirmed in this cell type, no
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NM_001128616-specific amplification was detectednc® the NM_001128616
transcript variant was originally discovered in ibraéissue (Totoki et al., 2007),
cDNA from the neuroblastoma cell line BE(2)-M17 wadsecked for presence of the
transcript as this cell line more closely resemithescell type found in brain tissue.
Again, expression of thARHGEF3gene was confirmed in this cell type but no
NM_001128616-specific amplification was detectethalty, cDNA from each of
the 4 batches of osteoclast-like cells (obtainedhfd different donors) and the hFOB
1.19 and MG-63 osteoblast-like cell lines were atbecked for presence of the
transcript. All 6 of these cell types were found express theARHGEF3 gene.
Neither of the hFOB 1.19 or MG-63 osteoblast-lilell ines were found to express
NM_001128616, however all 4 batches of osteoclistdells were found to express
the transcript. Therefore, the osteoclast-likescalere the only cell type found to
express the NM_001128616 transcript variant ofAR&IGEF3gene.

6.3.2 Microarray and real-time PCR in osteobldgt-tells

6.3.2.i Microarrayresults

Knockdown of theARHGEF3andRHOA genes was confirmed by quantitative real-
time PCR prior to microarray analysis. For tieHGEF3andRHOAGgenes, a mean
knockdown of 81 % and 79 % was achieved respeygtivethe Saos-2 cells (Table
6.2a and 6.2b). Out of the 202 candidate genes iexdnn the osteoblast-like cells,
ARHGEF3andRHOAknockdown resulted in significant changes in egpi@n of 8
and 2 genes respectively after adjustment for pieltiesting (Table 6.3 and Table
6.4). For theARHGEF3 knockdown cultures, the genes that were found @o b
influenced by knockdown includdiNFRSF11B, SR7ALPL, ANGPTL2 GNA1]
MYO9B GNAI2andPFN1 For theRHOAknockdown cultures, the genes that were
found to be influenced by knockdown incluTH1RandACTA2

6.3.2.ii Confirmation of microarray results by retéine PCR

Two of the differentially regulated genes from eadhthe ARHGEF3and RHOA
knockdown groups were selected for confirmation aslication analysis. These
genes were selected based on a number of factusling their potential relevance
in bone metabolism (Table 6.5), their level of egsion in the cell type and the size
and statistical significance of the regulatory efffeThe 2 genes selected from the
ARHGEF3 knockdown experiments werEBNFRSF11Band ALPL; those selected
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Table 6.2a. Quantitative real-time PCR validation 6 ARHGEF3 gene knockdown in each cell type.

Cell type 2°“T test group 2% control group ~ Expression ratio P
Saos-2 (first batch) 78xPx78x10 4.1x10+52x10° 0.19 < 0.001
Saos-2 (second batch) 6.6 X297.9x 10 26x10+21x10° 0.25 <0.001
hFOB 1.19 59x10+7.8x10 24x10+2.1x10° 0.25 <0.001
MG-63 31x10+26x10 19x10+1.4x10¢ 0.16 <0.001
Osteoclast-like (donor 1) 8.9x3%a85x10 24x10°+5.8x10° 0.37 <0.001
Osteoclast-like (donor2) 55x4@9.9x10° 9.2x10°+2.8x10° 0.59 0.003
Osteoclast-like (donor 3) 3.2x1@9.1x10° 6.8x10°+1.1x10° 0.48 0.01
Osteoclast-like (donor 4) 6.7 x1@5.7x10° 8.8x10°+2.1x 10" 0.75 0.15

2% values are given amean = SD

Expression ratios are given as expression of the gethe knockdown cultures relative to the negationtrol cultures.
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Table 6.2b. Quantitative real-time PCR validation é RHOA gene knockdown in each cell type.

Cell type 2°“T test group 2% control group ~ Expression ratio P
Saos-2 (first batch) 14xT*x1.1x100 65x10+4.4x10° 0.21 < 0.001
Saos-2 (second batch) 1.5x192.3x 100 4.7x10°+25x 10" 0.32 <0.001
hFOB 1.19 1.1x16+1.8x10" 49x10°+4.1x10" 0.23 <0.001
MG-63 6.4x10+26x10" 3.8x10°+29x10" 0.17 <0.001
Osteoclast-like (donor 1) 8.4x186.7x10° 5.4x10°+2.0x 10" 0.16 <0.001
Osteoclast-like (donor 2) 4.2x3a36x10" 6.6x10°+2.8x10° 0.64 <0.001
Osteoclast-like (donor 3) 2.4x3%a2.7x10" 44x10°+3.2x10° 0.55 0.001
Osteoclast-like (donor 4) 3.5x3%a@3.6x10" 52x10°+3.4x10° 0.68 0.004

2% values are given amean = SD

Expression ratios are given as expression of the gethe knockdown cultures relative to the negationtrol cultures.
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Table 6.3. List of genes significantly influenced y ARHGEF 3 knockdown in Saos-2 osteoblast-like cells as deteined by microarray

analysis.

Gene Gene product Mean signal — knockdowfean signal — control Expression P
(fluorescence units) (fluorescence units) ratio

TNFRSF11B Osteoprotegerin 235 308 0.76 <0.001

SP7 Osterix 434 381 1.14 0.007

ALPL Alkaline phosphatase 19262 17173 1.12 0.03

ANGPTL2 Angiopoietin-like 2 81 50 1.64 <0.001

GNA11 Guanine nucleotide binding protein alpha 11 352 469 0.75 0.002

MYO9B Myosin IXB 165 212 0.78 0.005

GNAI2 Guanine nucleotide binding protein alpha 1106 1330 0.83 0.006

inhibiting activity polypeptide 2
PFN1 Profilin 1 7458 8220 0.91 0.02

Expression ratios are given as expression of the gethe knockdown cultures relative to the negationtrol cultures.

P values have been adjusted for multiple testing.
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Table 6.4. List of genes significantly influenced yp RHOA knockdown in Saos-2 osteoblast-like cells as deteined by microarray

analysis.

Gene Gene product Mean signal — knockdownMean signal — control Expression P
(fluorescence units) (fluorescence units) ratio

PTH1R Parathyroid hormone 1 receptor 1166 492 2.37 0.002

ACTA2 Alpha 2 actin, smooth muscle 3059 7812 0.39 <D.00

Expression ratios are given as expression of the gethe knockdown cultures relative to the negationtrol cultures.

P values have been adjusted for multiple testing.
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Table 6.5. Genes selected for confirmation and reiphtion analysis in the osteoblast-like cells.

Gene

Potential relevance of gene product in bortalsogsm

TNFRSF11B OPG is an osteoblast-produced decoy receptor fodlAthat primarily works to inhibit osteoclastogesie (Hofbauer and

ALPL

PTHI1R

ACTA2

Schoppet, 2004). OPG has also been shown to hiale @ suppressing osteoclast survival (Akatsal.et1998), activity
(Hakeda et al., 1998) and attachment to bone ssf@@'Brien et al., 2000). Polymorphism within TiéFRSF11Bjene has
been identified as significantly associated with B multiple studies (Richards et al., 2009, Riclseet al., 2008,
Rivadeneira et al., 2009, Styrkarsdottir et alQ&0 Refer taChapter 1 section 1.4.2. for more information.

Alkaline phosphatase is a membrane-bound enzyniéstbapressed at high levels in osteoblasts atitbisght to play a role
in tissue mineralisation (Rodan, 1992). Increasenlilating levels of the enzyme are often seenanebdisorders such as
Paget’s disease (Golob et al., 1996) and osteomadksaftening of the bones due to defective bongenaiisation) (Rendina et
al., 2009).

A receptor for PTH and PTH-related protein thagpressed on the surface of osteoblasts and isnsifye for mediating
some of the effects of PTH on bone (discussechapter ). Mutations in thd®TH1Rgene have been implicated in Ollier
disease (Rendina et al., 2009), which is charasdiby the presence of multiple enchondromas kagirious tumours) in the
bone marrow (Silve and Juppner, 2006).

A cytoskeletal protein that appears to be a patth@RHOA signalling pathway (Mack et al., 2001adtet al., 2007),
expression of which has been found to be reducedglasteochondrogenesis of smooth muscle cells€Sgt al., 2010,
Zebboudj et al., 2003).
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from theRHOAknockdown experiments weRTH1RandACTA2 Quantitative real-
time PCR data confirmed the microarray findingsthese samples except for the
increased expression of tA¢PL gene in theARHGEF3knockdown Saos-2 cells,
which could not be confirmed as statistically sfigaint (Table 6.6).

A second set oARHGEF3and RHOA knockdown experiments was performed in
Saos-2 cells in an effort to validate the quantigateal-time PCR results. Mean
knockdown levels of 75 % and 68 % were achievedtietARHGEF3andRHOA
genes respectively as determined by quantitatiadtimme PCR (Table 6.2a and
6.2b). Out of the 4 genes selected for confirmatind replication analysis (2 from
the ARHGEF3and 2 from th&RHOAknockdown groups), the significant findings for
the TNFRSF11BPTH1Rand ACTA2genes were replicated (Table 6.6). TlePL
gene, which was found to be significantly up-retpdain response tdRHGEF3
knockdown in the microarray analysis, was founte¢csignificantly down-regulated
by ARHGEF3knockdown in the second batch of Saos-2 cells|€Tal®).

Two additional osteoblast-like cell lines, hFOB4 dand MG-63, were also used for
further replication analyses. In the hFOB 1.19 te#, a mean knockdown of 75 %
and 77 % was achieved for tARHGEF3andRHOAgenes respectively (Table 6.2a
and 6.2b). In the MG-63 cell line, a mean knockdowin84 % and 83 % was
achieved for thdRHGEF3andRHOAgenes respectively (Table 6.2a and 6.2b). Out
of the 4 genes selected for confirmation and repba analysis, the down-regulation
of the TNFRSF11Byene in response ®RHGEF3knockdown was replicated in the
hFOB 1.19 cells and the down-regulation of &E&TA2gene in response RHOA
knockdown was replicated in both the hFOB 1.19 lsi@&63 cells (Table 6.6). The
up-regulation of théLPL gene in response &’RHGEF3knockdown in the batch of
Saos-2 cells analysed by microarray was replicatdde MG-63 cells (Table 6.6).
Expression of the®TH1R gene was not detected in the hFOB 1.19 or MG-6i3 ce
lines, therefore possible regulatory effects caudtl be studied. Overall, the down-
regulation of theACTA2 gene in response tBRHOA knockdown was the most

consistent result observed.

6.3.3 Microarray and real-time PCR in osteocldst-tiells

6.3.3.i Microarrayresults
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Table 6.6. Quantitative real-time PCR validation ofgene regulation in osteoblast-like cells in respse to ARHGEF3 and RHOA gene

knockdown.
Cell type Knockdown Gene amplified 2" test group 2% control group ~ Expression ratio P
Saos-2 (first batch) ARHGEF3 TNFRSF11B 59x10°+50x10° 7.7x10'+6.1x10° 0.76 0.02
ALPL 29x10°+1.0x10° 27x10°F+2.7x10° 1.09 0.21
RHOA PTHR1 39x10°+6.0x10° 20x10°+1.7x10° 1.98 0.006
ACTA2 53x10°+54x10° 1.7x10°+8.7x10 0.32 <0.001
Saos-2 (second batch) ARHGEF3  TNFRSF11B 4.4 x10'+3.2x10° 59x10°+4.0x10° 0.73 0.006
ALPL 16x10°+1.1x10° 22x10¢+1.4x10° 0.75 0.007
RHOA PTHR1 23x10°+2.6x10 14x10°+36x10 1.60 0.03
ACTA2 78x10°+46x10° 22x10°+1.8x10 0.35 <0.001
hFOB 1.19 ARHGEF3 TNFRSF11B 2.6x10°+1.0x10° 3.7x10°+26x10 0.72 0.003
ALPL 57x10°+1.8x10° 6.2x10+6.9x10° 0.92 0.29
RHOA PTHR1 - - - -
ACTA2 21x10°+1.2x10° 4.2x10°+4.0x10° 0.50 < 0.001
MG-63 ARHGEF3 TNFRSF11B 8.2x10°+1.2x10° 8.0x10°+7.4x10° 1.02 0.83
ALPL 43x10°+2.7x10° 3.7x10+2.3x10° 1.16 0.04
RHOA PTHR1 - - - -
ACTA2 42x10°+1.3x10° 1.3x10'+85x10° 0.34 <0.001

2% values are given amean = SD

Expression ratios are given as expression of the gethe knockdown cultures relative to the negationtrol cultures.

The second batch of Saos-2 cells was used to talida results obtained from the first before peaieg with the additional cell lines.
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In the osteoclast-like cells, knockdown of tARHGEF3 and RHOA genes was
confirmed by quantitative real-time PCR prior tocmarray analysisFor the
ARHGEF3andRHOA genes, a mean knockdown of 63 % and 84 % was\athie
respectively in the osteoclast-like cells from dorb (Table 6.2a and 6.2b).
Expression of the genes encoding the osteoclastichémical markers TRAP
(ACPYH, cathepsin KCTSK and calcitonin receptolCALCR was confirmed from
the microarray output. ThACP5 and CTSK genes were found to be expressed at
particularly high levels in this cell type (mean cnoiarray signal > 14,000
fluorescence units). Out of the 219 candidate gexesnined in the osteoclast-like
cells, ARHGEF3andRHOAknockdown resulted in significant changes in eggpi@n

of 12 and 9 genes respectively after adjustmentrfoltiple testing (Table 6.7 and
Table 6.8). For théRHGEF3knockdown cultures, the genes that were foundeto b
influenced by knockdown includeCCL5 HLA-C, SNCA TNF, OSCAR CD44
BIRC3 ITGB7, ITGAE ITGAL ITGA3 and ITGAM. For the RHOA knockdown
cultures, the genes that were found to be influeérmoe knockdown includeTNF,
THBS2 CCL5, ITGB7, ARHGDIA IGF1, ACTA2 MYL9andITGAE Of these, the
influence ofRHOAknockdown on expression of tR&€TA2gene was also observed
in the osteoblast-like cells.

6.3.3.ii Confirmation of microarray results by retéine PCR

Two of the differentially regulated genes from eadhthe ARHGEF3and RHOA
knockdown experiments were selected for confirnrmatamd replication analysis.
These genes were selected based on a number ofsfactluding their potential
relevance in bone metabolism (Table 6.9), theiell®f expression in the cell type
and the size and statistical significance of tlguiatory effect. The 2 genes selected
from theARHGEF3knockdown experiments we@CL5andOSCAR those selected
from the RHOA knockdown experiments weARHGDIAandACTA2 Quantitative
real-time PCR was able to confirm the microarrayliings in these samples (Table
6.10).

Replication of the regulatory effects observedasponse tARHGEF3andRHOA
knockdown in the osteoclast-like cells from donowds attempted in osteoclast-like
cells from 3 additional donors. In the cells ob#infrom donor 2, a mean
knockdown of 41 % and 36 % was achieved for ARHGEF3and RHOA genes
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Table 6.7. List of genes significantly influencedypARHGEF 3 knockdown in osteoclast-like cells as determinedylmicroarray analysis.

Gene Gene product

Mean signal — knockdownMean signal — control Expression P

(fluorescence units) (fluorescence units) ratio
CCL5 Chemokine ligand 5 4402 588 7.48 <0.001
HLA-C Major histocompatibility complex, class I, C 235 87 2.71 <0.001
SNCA Synuclein, alpha 129 260 0.49 <0.001
TNF Tumour necrosis factor alpha 420 156 2.69 < 0.001
OSCAR Osteoclast associated immunoglobulin-like receptor 1950 1244 1.57 0.01
CD44  CD44 molecule 2279 3360 0.68 0.03
BIRC3 Baculoviral IAP repeat-containing 3 496 321 1.55 040.
ITGB7 Integrin, beta 7 588 106 5.54 <0.001
ITGAE Integrin, alpha E 256 483 0.53 < 0.001
ITGAL Integrin, alpha L 145 79 1.85 0.003
ITGA3 Integrin, alpha 3 107 221 0.48 0.003
ITGAM Integrin, alpha M 1033 1699 0.61 0.004

Expression ratios are given as expression of the gethe knockdown cultures relative to the negationtrol cultures.

P values have been adjusted for multiple testing.

Osteoclast-like cells derived from donor 1.
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Table 6.8. List of genes significantly influencedyoRHOA knockdown in osteoclast-like cells as determinedytimicroarray analysis.

Gene Gene product Mean signal — knockdownMean signal — control Expression P
(fluorescence units) (fluorescence units) ratio
TNF Tumour necrosis factor alpha 345 156 2.21 <0.001
THBS2 Thrombospondin 2 89 43 2.05 < 0.001
CCL5 Chemokine ligand 5 891 588 1.52 0.006
ITGB7 Integrin, beta 7 246 106 2.32 <0.001
ARHGDIA Rho GDP dissociation inhibitor alpha 579 998 0.58 <0.001
IGF1 Insulin-like growth factor 1 121 42 2.86 <0.001
ACTAZ2 Alpha 2 actin, smooth muscle 545 965 0.56 0.001
MYL9 Myosin, light chain 9, regulatory 22 49 0.46 0.04
ITGAE Integrin, alpha E 342 483 0.71 0.04

Expression ratios are given as expression of the gethe knockdown cultures relative to the negationtrol cultures.
P values have been adjusted for multiple testing.

Osteoclast-like cells derived from donor 1.
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Table 6.9. Genes selected for confirmation and reiphtion analysis in the osteoclast-like cells.

Gene

Potential relevance of gene product in bortalsosm

CCL5

OSCAR

ARHGDIA

ACTA2

The product of th€CL5gene is a chemoattractant cytokine (Schall ef@B) that has been implicated in rheumatoid
arthritis, osteoarthritis (Lisignoli et al., 2002glin et al., 1998) and osteomyelitis (infectiontbé bone) (Wright and
Friedland, 2002). Expression GfCL5 has been shown to be induced during osteocldsteitiation (Day et al., 2004) and
there is evidence to suggest that CCL5 produceast®oclasts induces osteoblast chemotaxis (Yaal, 005).

An osteoclast-associated receptor that is expresgg@osteoclasts and mature osteoclasts and lagweritical role in
osteoclast differentiation (Kim et al., 2002). OS€ Axpression has been found to be up-regulatedcul@ting monocytes
obtained from rheumatoid arthritis patients andreggion of the receptor seems to be related tmtlaenmatory activity of
the disease (Herman et al., 2008).

The product of thARHGDIAgene is a Rho GDP dissociation inhibitor thathitisiRHOA activation (DerMardirossian and
Bokoch, 2005), effectively working in an oppositammer to ARHGEF3. A recent study has suggesteceitpaession of
ARHGDIAIs significantly up-regulated in rat osteoblasemted with PTHN vivo andin vitro (Sun et al., 2009).

See Table 6.5.
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Table 6.10. Quantitative real-time PCR validation & gene regulation in osteoclast-like cells in respse toARHGEF3 and RHOA gene

knockdown.
Cell source Knockdown Gene amplified %2 test group 2% control group  Expression ratio P
Donor 1 ARHGEF3 CCL5 41x10°+1.3x10° 55x10'+1.2x10" 7.49 0.008
OSCAR 1.1x10°+39x10° 8.9x10°+8.4x10° 1.27 0.01
RHOA ARHGDIA 1.0x10°+1.2x 10" 1.8x10°+1.4x10° 0.57 0.002
ACTA2 1.1x10°+9.0x10° 1.9x10°+1.8x10° 0.62 0.003
Donor 2 ARHGEF3 CCL5 1.6x10°+2.6x 10" 2.3x10°+1.1x10° 0.67 0.009
OSCAR 1.8x10°+2.6x10° 22x10°+1.7x10 0.84 0.13
RHOA ARHGDIA 1.2x10°+9.4x10° 1.7x10°+82x10° 0.74 0.004
ACTA2 7.7x10°+1.1x10° 7.8x10°+4.7x10° 0.98 0.86
Donor 3 ARHGEF3 CCL5 1.9x10°+3.8x 10" 5.3x10°+8.9x10° 0.36 0.004
OSCAR 40x10°+6.2x10°0 5.0x10°+1.2x10" 0.81 0.30
RHOA ARHGDIA 86x10°+1.4x10" 1.1x10°+1.2x10* 0.81 0.14
ACTA2 58x10°+1.1x10° 7.1x10°+1.3x10° 0.82 <0.001
Donor 4 ARHGEF3 CCL5 22x10°+7.4x10" 3.0x10°+59x10* 0.72 0.19
OSCAR 29x10°+3.7x10° 3.1x10°+3.1x10° 0.96 0.66
RHOA ARHGDIA 8.8x10°+8.3x10° 1.0x10°+1.0x10* 0.85 0.11
ACTA2 8.7x10°+6.1x10° 1.0x10°+7.5x10° 0.88 0.09

2% values are given amean = SD

Expression ratios are given as expression of the gethe knockdown cultures relative to the negationtrol cultures.
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respectively (Table 6.2a and 6.2b). In the celltaimled from donor 3, a mean
knockdown of 52 % and 45 % was achieved for ARHGEF3and RHOA genes
respectively (Table 6.2a and 6.2b). In the cellsaibied from donor 4, a mean
knockdown of 25 % and 32 % was achieved for ARHGEF3and RHOA genes
respectively (Table 6.2a and 6.2b). Consistentigaipbn of the findings from the
microarray analysis proved difficult in this cefioe. However, the down-regulation
of the ARHGDIAandACTA2genes observed in responsdRidOA knockdown was
replicated in the cells obtained from donor 2 andat 3 respectively (Table 6.10).
The CCL5 gene, which was found to be significantly up-regedl in response to
ARHGEF3 knockdown in the cells obtained from donor 1, wiasnd to be
significantly down-regulated in the cells obtairfeain donors 2 and 3 (Table 6.10).

6.3.4 Bone resorption assays

The mean resorption pit volume observed + standardation was 54,441 i
36,693 pum, 34,593 um + 22,194 pr and 45,282 prh+ 33,416 pm for the
ARHGEF3 knockdown, RHOA knockdown and negative control -cultures
respectively. No significant differences were olbiedr between either of the
treatment groups and the negative control groBp=(0.47 and 0.33 for the
ARHGEF3andRHOAKknockdown groups respectively; Figure 6.6).

6.4 Discussion

The main objectives of the work described in tiiapgter were to determine whether
the NM_001128616 transcript variant 8RHGEF3is expressed in bone cells,
examine the influence ARHGEF3andRHOA knockdown on expression of genes
relevant to bone metabolism and the RHOA signaltiathway in osteoblast-like and
osteoclast-like cells, and to determine whetherckdown of ARHGEF3andRHOA
influences the bone resorptive capabilities of odtest-like cells.

Concerning the first objective, expression of BRHGEF3gene was detected in all
cell types examined, but was substantially highemnsteoclast-like cells than in
osteoblast-like cells (~19 fold higher in the ostaset-like cells based on the
microarray output). However, expression of the NPLIR8616 transcript variant of
the ARHGEF3gene was detected only in the osteoclast-likescélliis possible that

the NM_001128616 transcript variant is expressatienosteoblast-like cells but that
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Figure 6.6. Bone resorption pit formation of ostedasts treated with ARHGEF3, RHOA and negative control siRNA Neither the

ARHGEF3nor RHOASIRNA groups are significantly different from thegative control siRNA group. Values are givenrgsan £ SEMn =
number of pits analysed.
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its expression was below detectable levels, bist aiso possible that osteoblasts do
not express this particular transcript. In any cals@olymorphism at rs76546054
influences BMD through effects on the NM_001128@&Edscript variant, it seems
more likely that this effect is mediated througte thsteoclast than the osteoblast,
although an influence through the osteoblast cameototally excluded. Further
studies could focus on allele-specific expressioalysis of the NM_001128616
transcript in cells obtained from individuals tla@é heterozygous for polymorphism
at rs7646054 (discussed@hapter 7.

Due to the associations identified in this thesetween polymorphism in the
ARHGEF3andRHOA genes and bone density in women, the effects ofkaown
of these two genes on expression of selected catedigenes in bone cells was
investigated. Greater gene knockdown levels weleesed in the osteoblast-like
cells than in the osteoclast-like cells (78.7 %susr45.2 % mean knockdown for the
ARHGEF3gene; and 76.7 % versus 49.3 % mean knockdowhédrHOAgene, as
determined by quantitative real-time PCR). Concggrihe studies performed in the
osteoblast-like cells, expression of tA€TA2 gene was found to be significantly
down-regulated b)RHOAknockdown in all three osteoblast-like cell liresamined
(Saos-2, hFOB 1.19 and MG-63), with an averageesgion ratio of 0.38 seen in
knockdown cell cultures relative to control cellltaves by quantitative real-time
PCR. TheACTA2gene encodes an alpha actin cytoskeletal protethywas found to
be expressed at high levels in the Saos-2 celldséetermined by microarray and
guantitative real-time PCR analysis. This suppestpressed sequence tag (EST)
profile data for the gene from the NCBI databasékisuggest thaACTA2mRNA

is expressed in human bone and bone marrow. Tl leen very few studies on
the role of theACTA2gene product in bone metabolism, with most studasng
been carried out in smooth muscle cells. It is gomeomponent of the smooth
muscle cell contractile apparatus, accounting fouad 40 % of the total protein and
around 70 % of the total actin in smooth musclésdadtatigati and Murphy, 1984,
Owens, 1995). There is evidence in the literatareuggest that thaCTA2gene is
regulated by RHOA signalling, this is discussedHer inChapter 7

Knockdown of theARHGEF3 gene in both batches of Saos-2 cells resulted in
consistent and significant down-regulation of tlewels of TNFRSF11B(OPG)
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MRNA. This effect was replicated in the hFOB 1.88s; but not in the MG-63 cell
line. It is not clear why this effect was not seerthe MG-63 cells, it may be an
effect particular to the cell line. In addition tbese findings, knockdown of the
RHOA gene in both batches of Saos-2 cells resultedgmfiEant up-regulation of
PTH1R (parathyroid hormone 1 receptor) mRNA levels, @lih expression of this
gene was not detected in the hFOB 1.19 or MG-6l3inek. These genes both have
a major role in the mechanism by which osteoblasiteulate osteoclastogenesis
upon exposure to PTH, suggesting that ARHGEF3and RHOA genes may be
involved in this process. Supporting evidence fos theory comes from a recent
publication by Wang and Stern, who found that tls¢eaclastogenic activity of
UMR-106 rat osteoblast-like cells was inhibited wiike cells were transfected with
constitutively active Rhoa (Wang and Stern, 20IX)is is discussed further in
Chapter 7

Caution is advised in drawing any conclusions fiibi& gene expression data in the
osteoclast-like cells, since consistently high g&neckdown (> 60 %) was not
achieved in the cells obtained from donors 2, 34ndevertheless, some interesting
results were obtained. Expression of tARHGDIA gene was found to be
significantly reduced in response RHOA gene knockdown in the osteoclast-like
cells obtained from donors 1 and 2. The producthefARHGDIA gene is a Rho
GDP dissociation inhibitor (GDI) that is a negativegulator of several of the
RhoGTPases (DerMardirossian and Bokoch, 2005). Rite&eep the Rho proteins
in their inactive GDP-bound state by inhibiting tegchange of GDP for GTP
(Fukumoto et al., 1990) and sequestering themaencthiosol (Olofsson, 1999). The
down-regulation o0ARHGDIA expression seen in tiRHOAknockdown osteoclast-
like cells in this study could be a compensatorychma@ism for the reduced
expression of thdRHOA gene. Expression of th&CTA2 gene was found to be
significantly down-regulated in responseRBIOAknockdown in the osteoclast-like
cells obtained from donors 1 and 3. This adds &irtbupport to the earlier
suggestion that expression of this gene is regiilayehe RHOA signalling pathway.
The inconsistent nature of the results described for theARHGDIA andACTA2
genes is probably due to the variable gene knockdbat was achieved in this cell
type. However, it does appear that there is a ttemards down-regulation of these

genes in response RHOAknockdown.
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Finally, some preliminary studies were conductedhaninfluence oARHGEF3and
RHOA gene knockdown on osteoclast activity, as measimgdresorption pit
formation on bone slices. The osteoclast-like celese generatedh vitro from
peripheral blood mononuclear cells and demonstrated multi-nucleated
morphology that is characteristic of the osteoclesit type with production of
TRAP. That the cells could also form resorptiors piias further verification that the
differentiation of osteoclast-like cells had beercessful. However, there were no
significant differences observed between the basorptive capabilities of the
osteoclast-like cells treated wikRHGEF3or RHOASIRNA and those treated with
negative control siRNA. There are several possédplanations for this, one of
which is the large amount of variation observedimiteach treatment group during
the resorption pit volume analysis. Another possitplanation is the disappointing
level of gene knockdown achieved in this cell tygealluded to previously. As such,
one cannot come to any firm conclusion from thigatwe finding. Alternative
techniques that could be employed in future studmsachieve greater gene

knockdown in osteoclast-like cells are discusse@dhapter 7

In conclusion, the total expression of ARHGEF3transcript variants appears to be
much higher in the osteoclast-like cells examinieaintin the osteoblast-like cell
lines. Expression of the NM_001128616 transcripphBHGEF3was detected in the
osteoclast-like cells, therefore the hypothesis this transcript variant is expressed
in bone cells has been supported by the data. abethat this transcript only
appeared to be expressed by the osteoclast-likeindicates that if variation at the
rs7646054 SNP site is directly responsible fordksociations observed with BMD
via this transcript, the effect is likely to be nedd through the osteoclast.
Knockdown of theARHGEF3andRHOAgenes in the three osteoblast-like cell lines
revealed important regulatory changes, includirggifcant down-regulation of the
ACTA2 gene in response tAHOA knockdown in all three cell lines, significant
down-regulation of th&@ NFRSF11Bgene in response ®®RHGEF3knockdown in
the Saos-2 and hFOB 1.19 cell lines, and significgnregulation of thd®TH1R
gene in response RHOAknockdown in the Saos-2 cell line. These resultgest
that theRHOA gene product may regulate the expression ofAitG&A2 gene, and
that theARHGEF3andRHOA genes may have a role in PTH-mediated signalhng i
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the osteoblast, which could have downstream effent®steoclastogenesis. In the
osteoclast-like cells, greater than 60 % gene kdowk was achieved only in the
cells obtained from one of the donors (donor 1)n8&anteresting regulatory effects
were observed in these cells, including down-reguiaof both theARHGDIA and
ACTA2genes in response RHOAknockdown. The hypothesis that knockdown of
the ARHGEF3 and RHOA genes in osteoblast-like and osteoclast-like cells
influences the expression of genes involved witmebaell function has been
supported to some degree (for example, the inflelesicRHOA knockdown on
ACTAZ2expression in the osteoblast-like cells), althoalgiarly additional validation

is required for a number of the genes examined@saly in the osteoclast-like cells.
No significant effects on the bone-resorptive capas of the osteoclast-like cells
were observed as a result BRHGEF3 or RHOA knockdown, therefore the
hypothesis that knockdown of these genes wouldienite their bone resorptive
capabilities has not been supported by the dataveMer, this could be due to
insufficient gene knockdown. Future studies cottdrapt replication of some of the

other significant gene regulatory findings from thigroarray analysis.
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Chapter 7 — General discussion and conclusion

7.1 Role of theARHGEF 3, RHOA and FLNB genes in BMD regulation

The studies presented in this thesis provide eviEei® suggest that common
polymorphism within theARHGEF3 RHOA and FLNB genes may have a role in
BMD regulation. These three genes are all locatiglimthe 3p14-p22 chromosomal
region, which has been identified by multiple geeamde linkage (GWL) studies

as a potential quantitative trait locus for BMD (izan et al., 1999, Lee et al., 2006,
Wilson et al., 2003, Wynne et al., 2003, Xiao et 2006). Interestingly, all three of
these genes appear to have a role in cytoskelgtantics and actin polymerisation
(Stossel et al., 2001, Arthur et al., 2002, EtieManneville and Hall, 2002). There
is evidence in the literature to suggest that RHA the filamin proteins do in fact
interact and are involved in the same intracellsignalling pathways (Bellanger et
al., 2000, Bourguignon et al., 2006, Leung et 2010), which suggests that the
associations observed between these genes and BMmeaaliated through common

mechanisms or pathways.

Variants in multiple genes within biochemical pa#tys such as the Wnt signalling
and RANK-RANKL-OPG pathways have been shown to plagle in susceptibility
to osteoporosis (Richards et al., 2008, Rivadersdita., 2009, Styrkarsdottir et al.,
2008). The evidence presented here suggests thaPARHGEF3-RHOA-FLNB
pathway also has multiple genetic variants that mlyence an individual’s risk of
developing the disease. This would not be the fiins¢ that multiple genes involved
with a particular function or pathway have beemtd®d in the same chromosomal
region. Prokaryotes possess characteristic gerstectuthat are known as operons,
where multiple genes that function together in shene biochemical pathway are
located close together in the genome and theiresspyn is co-regulated (Osbourn
and Field, 2009). Functional gene clusters have béen identified in eukaryotes,
including humans, and this phenomenon has beenresteghto have evolutionary
benefits (Hurst et al.,, 2004). For example, theam&jistocompatibility complex,
which is a cluster of genes that are essentialh® immune system, has been
localised to the 6p21 region of the human genom®8q)L Another example would
be the close proximity of the gene encoding glutemiphosphoribosyl
pyrophosphate amidotransferase, which is involvedhie initial step inde novo

purine  synthesis, and that encoding phosphoribosg@midazole-
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succinocarboxamide synthase, which is involvedhéengame pathway (Brayton et al.,
1994). It is possible that the 3p14-p22 regionhaf human genome contains a non-
random clustering of genes involved with cytoskaletynamics and actin
polymerisation, with subsequent effects on bonesitigmegulation. However, it is
debatable whether thARHGEF3 RHOA and FLNB genes are in close enough
proximity to constitute a gene cluster. More evigers required to give this theory
credibility.

As discussed in previous chapters, cytoskeletahuhyes have a well documented
role in both the differentiation of osteoblasts @éath et al., 2004, Meyers et al.,
2005) and the bone resorption function of ostetel&@Shellaiah et al., 2000). It is
therefore plausible that common variation withie KARHGEF3 RHOA andFLNB
genes could result in small changes to the cytesielwith subsequent effects on
the lineage commitment of mesenchymal stem celld #e bone resorptive
capabilities of osteoclasts. These subtle effeatddcresult in miniscule changes to
the bone resorptive cycle that accumulate ovecthese of an individual’s lifetime

and result in a detrimental effect on BMD.

7.2 Relevance of th\RHGEF 3, RHOA and FLNB genes to the linkage observed
between the 3pl14-p22 chromosomal region and BMD

That the ARHGEF3 RHOA and FLNB genes are collectively responsible for the
linkage observed between the 3pl4-p22 chromosoegibn and BMD could
explain why a single gene from this region withaege influence on BMD has not
previously been identified, an outcome that perhapsld have been anticipated
based on the strength of the linkage observed @wig al., 2003, Xiao et al., 2006).
Indeed, this phenomenon could hold true for otegrans of the genome linked with
BMD in which no single gene with a large influerme BMD has been identified, a
plausible theory considering the large number aiegethought to have a minor
influence on the BMD phenotype. Analysis of the lb@tween the three SNPs
located in theARHGEF3 RHOA and FLNB genes that demonstrated the most
significant associations with BMD parameters (r&4, rs17595772 and
rs9809315 respectively) using JLIN (Carter et 28D06) suggests that the LD
between these three polymorphisms is very low (@ & < 0.2) (Figure 7.1). This
would strongly suggest that the associations regart this thesis between variation
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Figure 7.1. LD analysis of rs17595772 RHOA), rs7646054 ARHGEF3) and
rs9809315 FLNB) in the discovery cohort.
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in each of these genes and BMD phenotypes are endiemt. In addition to this,
Rivadeneira et al. identified significant assocma$ between variation in the
CTNNB1gene (Rivadeneira et al., 2009), which encodesi@gral component of
the Wnt signalling pathway (beta-catenin) (Wagnerle 2010), and BMD in a
large-scale meta-analysis of five genome-wide asBon studies (discussed in
Chapter ). This gene is located within the support intesvadéfined for the 3p14-
p22 chromosomal region by Wilson et al. as linkethvBMD, which is flanked by

the markers D3S1298 and D3S1285, so therefore tsaycantribute to the linkage
observed (Wilson et al., 2003).

7.2.1 Other instances of multiple genes contrilsutina single linkage peak
If the ARHGEF3 RHOAandFLNB genes are collectively responsible for the linkage

seen between the 3p14-p22 chromosomal region and, BiMvould not be the first
instance of multiple genes contributing to a singhkage peak. Jamieson et al.
genotyped 16 microsatellites located across thegengmic region in 92 multi-case
tuberculosis families (627 individuals) from BraZilamieson et al., 2004). The
authors decided to examine this region for linkagi tuberculosis susceptibility
after a region on mouse chromosome 11, which itegymwith 179 in humans, was
found to carry susceptibility genes to cutaneoushfeaniasis (a type of skin
infection caused by a single-celled parasite) (Metc&l., 1993, Roberts et al., 1993).
A single linkage peak for tuberculosis susceptilocated in the chromosomal
region 17912 was observed (Jamieson et al., 200w).authors then genotyped 49
SNPs with a minor allele frequency 0.1 located in various candidate genes
throughout the region, identifying significant asistions between polymorphism in
4 genes and susceptibility to tuberculosis (Jamiesb al., 2004). Subsequent
stepwise conditional logistic regression analydishe data suggested that the 4
genes contribute separate main effects, promptiagtithors to speculate that the 4

genes may collectively account for the linkage saetirql2 (Jamieson et al., 2004).

A more recent publication by Chang et al. describe&WL study aimed at
identifying regions of the human genome linked wiglssential-hypertension
(chronically elevated blood-pressure with no idiatbie cause) (Chang et al., 2007).
Five sets of microsatellite markers with an aversgermarker distance of 9.2 cM

were genotyped in 1,010 European American (EA) &kl African American (AA)
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subjects from 592 families (Chang et al., 2007) &hthors observed strong linkage
of diastolic blood pressure with chromosome 1lchim EA subset, a genomic region
that had been previously linked with blood presgetated phenotypes (Hunt et al.,
2002, James et al., 2003, Perola et al., 2000)te&ix additional microsatellite
markers were then genotyped within this chromosoraglon, with the original
linkage peak being resolved into two distinct pedsisated at 175.6 cM and 218.5
cM (Chang et al., 2007). The authors selected @idate genes from this region for
further analysis, with 58 SNPs located in or arothese 9 genes genotyped in both
the EA and AA subsets (Chang et al., 2007). Vammatithin two of these candidate
genes was found to be significantly associated it systolic and diastolic blood
pressure in both subsets, while variation in adtigene was found to be associated
with systolic blood pressure in the AA subset (Ghanal., 2007). Variation within
each of these three genes was then analysed irrephicgation populations, with
significant associations observed between each geddélood pressure phenotypes
in at least one of the replication groups (Changlet2007). For each SNP that was
significantly associated with blood pressure in entbran one cohort, the same allele
was associated with higher blood pressure in eattort (Chang et al., 2007).
Analysis of the pairwise linkage disequilibrium Wween the SNPs located in the
three genes that demonstrated associations withtlgoessure phenotypes suggested
that each gene is independently associated withditoessure (all pairwisé values

< 0.02) (Chang et al., 2007). The authors suggettatl since the susceptibility
alleles for most complex diseases have modesttaffé® linkage signals uncovered
by most GWL studies are likely to arise from mu#igenes located in the same
region that have a combined effect (Chang et @072 They also speculated that the
clustering of multiple genes that influence a sipeciphenotype may be

evolutionarily advantageous (Chang et al., 2007).

7.3 Expression of theACTA2 gene may be regulated by RHOA signalling in
bone cells

The most consistent regulatory effect seen in #reednockdown work described in
Chapter 6was the down-regulation CTA2mMRNA expression seen in all three
osteoblast-like cell lines (Saos-2, hFOB 1.19 an@-68) in response tRHOA
knockdown. The effect was also seen in the osteblike cells obtained from

donors 1 and 3. There is evidence in the literatarsuggest that expression of the
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ACTA2gene is influenced by RHOA activity. Mack et aluhd that expression of
constitutively active Rhoa in rat smooth muscld celtures significantly increased
the activity of theActa2 promoter, whereas inhibition of Rhoa decreasedthiwity

of the promoter (Mack et al., 2001). They also fbuhat stimulation of actin
polymerisation in these smooth muscle cells bytitneat with jasplakinolide, a
cyclic peptide isolated from marine sponge that hasn shown to bind to and
stabilise filamentous actim vivo (Bubb et al., 1994), increased the activity of the
Acta2 promoter by 13-fold (Mack et al., 2001). Zhao &t ublished evidence
suggesting that static tensile forces applied tdibeoblasts stimulates the promoter
activity of the Acta2 gene through the Rho signalling pathway (Zhaol.et2@07).
Collectively, these data suggest that expressiadhedACTA2gene may be regulated
through the RHOA signalling pathway, and the resytesented in this thesis
support this.

7.4 A possible role forARHGEF3 and RHOA in PTH-induced signalling in the
osteoblast with subsequent effects on osteoclastogsis

The cell culture work described i€hapter 6 found that knockdown of the
ARHGEF3gene in two of the three osteoblast-like cell distudied resulted in the
down-regulation ofTNFRSF11BnRNA (encoding OPG), and that knockdown of the
RHOA gene stimulated up-regulation &fTH1R mRNA (encoding parathyroid
hormone 1 receptor) in the Saos-2 cell line. Thgsees are both central to the
mechanism by which PTH stimulates osteoclast diffeation through the
osteoblast. As discussed @hapter 1 treatment of osteoblasts with PTH, which
binds to the receptor encoded by fR€H1R gene, has been shown to stimulate
osteoclastogenesis through increasing the produaiio RANKL (by promoting
expression of theTNFSF11 gene) and decreasing the production of OPG (by
inhibiting expression of th& NFRSF11Bgene) (Lee and Lorenzo, 1999, Huang et
al., 2004). There is a large amount of evidendaénliterature to suggest that RHOA
is a signalling intermediate for PTH in osteoblaRadeff et al. found that treatment
of UMR-106 rat osteoblast-like cells wi@lostridium difficiletoxin B (Radeff et al.,
2004), which specifically inhibits the Rho proteiimcluding RHOA) through
glucosylation of the nucleotide binding site (Wiiki and Lyerly, 1996), reduced
PTH-induced expression of th gene, the product of which has been shown to

promote osteoclastogenesis (Lowik et al., 1989 dithors concluded that the Rho
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proteins are an important component of PTH sigmglin osteoblasts and may have
a role in the activation of the intracellular mesger protein kinase C alpha (Radeff
et al., 2004). A recent study published by Wang &tetn stably transfected UMR-
106 rat osteoblast-like cells with either consiitelty active Rhoa (caRhoa) or
dominant negative Rhoa (dnRhoa) and co-culturedtiwgth RAW 264.7 mouse
monocyte/macrophage-like cells to examine the &ffemn hormone-stimulated
osteoclastogenesis (Wang and Stern, 2010). Thewdfainat when the cells
transfected with dnRhoa were treated with PTH andédcitriol, the production of
TNFSF11 mRNA (encoding RANKL) increased and production TO{FRSF11B
MRNA (encoding OPG) decreased, stimulating oststmignesis of the RAW 264.7
cells (Wang and Stern, 2010). However, when this telnsfected with caRhoa were
treated with PTH and/or calcitriol, the levelsTMIFSF11land TNFRSF11BmRNA
did not change significantly and osteoclastogenalsibe RAW 264.7 cells failed to
occur (Wang and Stern, 2010). When the UMR-106sdetinsfected with caRhoa
were treated with the ROCK inhibitor Y27632, theligbof the cells to stimulate
osteoclastogenesis of the RAW 264.7 cells was meg$t@/Nang and Stern, 2010).
These results led the authors to suggest that REi@#alling can inhibit hormone-
stimulated osteoclastogenesis through effects olNKRAand OPG expression in
osteoblasts (Wang and Stern, 2010). The resulsepted in this thesis add to the
body of evidence that exists in the literature ®stigg a role for RHOA in PTH-
induced signalling in the osteoblast.

7.5 Limitations of these studies
7.5.1 Gene knockdown levels in osteoclast-likescell
A significant limitation to theARHGEF3 and RHOA gene knockdown work

performed was the poor levels of gene knockdowneael in the osteoclast-like
cells. The failure to obtain maximal gene knockdaenfounds the interpretation of
results obtained from experiments performed inedhedls, particularly where the
results are negative. Several strategies couldniygoged to increase the level of
gene knockdown achieved. siRNA knockdown could agied out at an earlier
stage of osteoclast differentiation when the caks smaller and have a higher ratio
of surface area to cell volume. Additional metho@iglelivering siRNA to the cells
could also be explored, such as electroporatiomiigaes (Stroh et al., 2010) or the

use of a viral vector (Chen et al., 2005). Virattees can also be used in the nuclear
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delivery of gene expression cassettes that exmkesg hairpin RNA (SshRNA),
which act as endogenous interfering RNA and haeeptbtential to achieve stable
gene knockdown (Sliva and Schnierle, 2010). An tmltil SiRNA delivery method
is the magnetofection technique, which involves tdrgeting of sSIRNA associated
with magnetic nanoparticles to the cell surfaceoulgh application of a gradient
magnetic field (Mykhaylyk et al., 2008). Magnetdfen has been found to yield
high transfection efficiencies with low cytotoxidfects (Ensenauer et al., 2010).
Alternatively, experiments could be conducted ote@sasts obtained from mice in
which the gene of interest has been knocked owugir either introduction of a
targeted mutation or transfection with a dominasgative construct. These latter
techniques have the potential to yield cells tmat@mpletely deficient in functional
gene product, as opposed to gene knockdown teammiqu which some of the
functional gene product remains. However, the miaoitation here is that the cells
are not from human origin.

7.5.2 Bone resorption assays

There were two major limitations to the bone reorpassays performed in this
thesis. Firstly, the level of gene knockdown aclgwas poor, as already alluded to.
Secondly, there was a large amount of variatiom $eg¢he resorption pit volumes
observed within each treatment group. The latteulted in large standard deviations
within each treatment group and made it difficoltititerpret the data. The problem
could be due to inaccuracies in the three-dimemsiquantification of the osteoclast
resorption pits. This process is made difficultthg unevenness of the bone slice
surface (caused by the cutting of the bone) andetheneous contribution to the
resorption pit volumes made by pre-existing expossig@ocyte lacunae and blood
vessel spaces. To avoid this problem, an altematiethod of assessing the bone
resorptive capabilities of osteoclasts could be leygul. Foged et al. developed an
enzyme-linked immunosorbent assay (ELISA) for gitatihg the bone resorption of
osteoclasts culturenh vitro by quantifying the amount of type 1 collagen redehs
into the culture medium during the resorptive psscéFoged et al., 1996). This
technique has the advantage of not relying on vetdm resorption pit

measurements (Foged et al., 1996).
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7.6 Future studies

7.6.1 Polymorphism at rs7646054 and expressionf001128616

Since rs7646054 is located within the 5 UTR of tN&_ 001128616 transcript
variant of ARHGEF3 the allele present at rs7646054 is carried on the
NM_ 001128616 mRNA. A real-time PCR approach couidréfore be used to
guantitate the amount of NM_001128616 mRNA trapsccarrying each allele to

examine the influence of polymorphism at rs76460&%% expression of this
transcript. This technique was considered for usethis project when the
associations between variation at rs7646054 and Bpfienotypes were first
identified and ann silico bioinformatics analysis suggested that polymonphat
this SNP site alters the folding and stability okt5 UTR of this transcript
(discussed irChapter 3. However, at that stage of the project the NM_IXB616
transcript variant had only been recently describad real-time PCR could not
detect this transcript in either the Saos-2 oststhike cell line or the BE(2)-M17
neuroblastoma cell line, hence its existence caoldbe confirmed. It was not until
much later in the project that this transcript wiasected using real-time PCR in the

osteoclast-like cells (discussedGhapter §.

To perform this technique, blood samples wouldt fireed to be collected from a
number of individuals that are heterozygous atr1®46054 SNP site. Since they
are heterozygous at this polymorphic site, thedevituals will express one copy of
the NM_001128616 transcript variant carrying eadlelea for rs7646054. The
peripheral blood mononuclear cells (PBMCs) candoéated from the whole blood
using the Ficoll-Paque centrifugal separation tegpinn described iChapter 6 The
PBMCs can then be cultured for 4 days with phytategglutinin (PHA), which is a
lectin that has been shown to stimulate proliferatas well as mRNA and protein
expression in lymphocytes (Jagus-Smith and Kay,619This PHA treatment is
important as it will up-regulate the expression tbé NM_001128616 mRNA
transcript variant, allowing greater quantitiedbtavailable for subsequent analysis.
Alternatively, the PBMCs could be stimulated tofeliéntiate into osteoclast-like
cells as described @hapter 6 since expression of the transcript has been road

in this cell type. After culture, total RNA can bgtracted from the cells and reverse
transcribed. The resulting cDNA could then be sciieg to quantitative real-time
PCR utilising two allele-specific TagMan probes the rs7646054 SNP site. If the
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expression of one allele is higher than the oftihevill be reflected in the quantity of
template carrying each allele that is detected Hy real-time PCR assay. These
results can be compared against results obtairiad thee same real-time PCR assay
on genomic DNA samples obtained from individualsittlare heterozygous at
rs7646054, as these samples would be expected/éoah80/50 ratio of each allele.
A standard curve can also be created using selugioths of two DNA samples, one
homozygous for thé\ allele at rs7646054 and one homozygous forGhallele,
mixed together in different proportions. This canused to accurately calculate the
expression ratio of each allele. Differences indbantity of transcript carrying one
allele compared to the other could indicate diffiees in the transcription rate of the
two alleles or, as previously suggested, differenineghe mRNA stability of the two

transcripts.

7.6.2 Polymorphism at rs17595772 and rs17080528 exmpdession of th&RHOA

gene

A similar principal to that described above coule ised to investigate whether
polymorphism at rs17595772 or rs17080528, whichbath located in th&RHOA
gene and were found to be significantly associatéd BMD parameters in this

thesis (se€hapter 4, influences expression BHOAMRNA. Blood samples would
first be collected from a number of individuals ttleme homozygous for the major
and minor alleles at these polymorphic sites. PBM&sthen be isolated from these
samples and cultured with PHA before total RNA istracted and reverse
transcribed. Gene expression ratios representmgatiio of expression of tHRHOA
gene relative to an internal reference (such agd&8%ribosomal RNA gene) can then
be calculated for each sample using quantitatiaétheme PCR in conjunction with
the comparative €statistical method described by Schmittgen an@dk.i{discussed
in Chapter § (Schmittgen and Livak, 2008). An unpairetest can then be used to
determine whether there is a significant differefiegween the gene expression

ratios from each homozygote group.

7.6.3 Investigation of how polymorphism at rs11782%92s11130605 and rs9809315
requlates expression of tkReNB gene
The three=LNB SNPs rs11720285, rs11130605 and rs9809315 haweidestified

as significantly associated witALNB mRNA expression (Wilson et al., 2009) and
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BMD parameters in women (s€&hapter 5. The exact mechanism by which these
SNPs regulate expression of tAeNB gene remains to be determined. It is possible
that polymorphism tagged by one or more of thes®sSMfluences the binding of
transcription factors to regulatory sequences ptedito lie within a 650 bp region
surrounding the 5 UTR and first exon of tAENB gene (discussed @hapter 5. It
would be interesting to sequence this 650 bp regims the 2 Kb of sequence
immediately 5 of theFLNB transcription start site for polymorphisms in sgo
linkage disequilibrium with the rs11720285, rs116@9 and rs9809315 SNPs. If
such polymorphisms were discovered, any potentiahges to transcription factor
binding sites (TFBS) could be analysiedsilico using the bioinformatics software
packages F-SNP (Lee and Shatkay, 2008) and PROM&3g@dguer et al., 2002).
Any potential changes to TFBS identified by thislgsis could then be verifiei
vitro using an electrophoretic mobility shift assay (EMSThis is performed by
generating oligonucleotide probes containing thedigted TFBS sequence with
either the wild-type or polymorphic allele presehlhese probes are then incubated
with nuclear extract from a human cell line knowneixpress th&LNB gene. The
reaction mixtures are electrophoresed on eithexgamnose or polyacrylamide gel and
the banding patterns examined to determine wheéthescription factor binding has
occurred. An oligonucleotide probe that has boumdattranscription factor will

migrate through the gel more slowly than unbourabpr

7.6.4 Further investigation into the role of tARHGEF3and RHOA genes in the

osteoblast

The findings published by Wang and Stern (Wang$tedn, 2010), coupled with the
evidence presented in this thesis, suggests ta#&RMGEF3andRHOAgenes may
have a role in regulating the osteoclastogenic lmépas of the osteoblast.
Therefore, the influence of knockdown of tR&RHGEF3 and RHOA genes on
expression of RANKL and OPG in human osteoblas-lgells in response to
treatment with PTH could be examined. Out of thee¢hosteoblast-like cell lines
used in this thesis, the Saos-2 was the only catevths found to express the PTH1R
receptor. Hence, this cell line would be a gooddatate for use in this work. It
would also be interesting to examine the effect$l0NB gene knockdown in the
Saos-2 cells under these conditions, as this cprdsiide clues as to whether the

FLNB gene is also involved in this mechanism.
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7.6.5 Investigation of the effects ARHGEF3 RHOA andFLNB gene knockdown

on the osteoclast cytoskeleton

It would be interesting to attempt one of the alédive knockdown techniques
described above (section 7.5.1) in actively reswmybiosteoclast-like cells
differentiated from human PBMCs. The effects of gpgne knockdown on the
intracellular actin structures of the cells couletrt be analysed by staining with
fluorescent phalloidin (Wulf et al., 1979) followdxy visualisation using confocal
microscopy (Small et al., 1999). Phalloidin, a memobf the phallotoxin family of
poisonous bicyclic heptapeptides derived from thésgnous mushroommanita
phalloides(Wieland and Faulstich, 1978), binds tightly t@afilentous actin (Estes et
al., 1981) and is commonly used to visualise afttiments in both living and fixed
cells (Small et al., 1999). This technique couldead whether the actin cytoskeleton
of resorbing human osteoclast-like cells is sigaifitly disrupted by knockdown of
the ARHGEF3 RHOAandFLNB genes.

7.7 Conclusion

This thesis has identified common variation witthe ARHGEF3andRHOA genes
as significantly associated with BMD in Caucasiaonven. Polymorphism within
these genes has not been previously implicatedD Begulation or osteoporosis.
In addition to these results, this thesis has predusupporting evidence for a
previous publication that reported significant @&ssions between polymorphism in
the FLNB gene and BMD in Caucasian women (Wilson et alQ9200ut of five
SNPs previously identified as associated WitiNB mRNA levels, three were found
to be significantly associated with BMD in Caucasi@omen in this thesis. The
ARHGEF3 RHOA and FLNB genes are all thought to have a role in cytoséklet
reorganisation (Arthur et al., 2002, Hall, 199&8)sSkl et al., 2001), a mechanism that
has been implicated in osteoblast differentiatidcBeath et al., 2004, Meyers et al.,
2005) and osteoclast function (Chellaiah et alQ®0 These three genes are all
located within the 3pl14-p22 region of the humanoges, a region that has been
linked with BMD in multiple studies (Duncan et al999, Wilson et al., 2003,
Wynne et al.,, 2003, Xiao et al., 2006, Lee et 2006). Therefore, the unifying

hypothesis that one or more genes in the humanngen8pl4-p22 region are
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significantly associated with bone mineral densityCaucasian women has been
supported by the data.

One of the polymorphisms found to influence BMDtims thesis, rs7646054, is
located within the 5° UTR of a transcript variant the ARHGEF3 gene termed
NM_001128616. In the functional studies performedhis thesis, expression of this
transcript variant was detected in osteoclast-tikls but not osteoblast-like cells.
This suggests that if polymorphism at rs7654603Wamces BMD through effects
on the NM_001128616 transcript variant, it seerkalyi that this effect is mediated
through the osteoclast. Expression of mRNA encodipfa 2 actin, smooth muscle
(ACTA2) was found to be consistently down-regulabtgdRHOA gene knockdown
in osteoblast-like cells, supporting evidence ire thterature suggesting that
expression of theACTA2 gene is regulated by the RHOA signalling pathway.
Expression of OPG mRNA was found to be significantlown-regulated by
knockdown of theARHGEF3 gene in two out of three osteoblast-like cell $ine
examined, whereas parathyroid hormone 1 receptoNARvas found to be
significantly up-regulated bRHOAgene knockdown in Saos-2 osteoblast-like cells.
These results could suggest a role for ARHGEF3 and RHOA genes in PTH-
mediated signalling in the osteoblast. Succesgifiockdown of theARHGEF3and
RHOA genes was found to be difficult in osteoclast-ldedls, although there was
some evidence to suggest that knockdowRDA reduces the expression of Rho
GDP dissociation inhibitor alpha and ACTA2. Knocludo of the ARHGEF3and
RHOAgenes was not found to significantly influence lo@e-resorptive capabilities
of osteoclast-like cells. However, the lack of effeould be due to insufficient gene

knockdown in this cell type.

7.8 Significance of findings

The findings presented in this thesis are signitidaecause whilARHGEF3and
RHOAwere considered to be candidate genes for borstgdeagulation, this is the
first demonstration that variation within these geims significantly associated with
BMD in Caucasian women and therefore may have & iol osteoporosis.
Cytoskeletal dynamics has a well established nolesteoblast differentiation and
osteoclast function, however it had not been preshipconsidered a major factor in

the development of osteoporosis. This thesis alsuvigles supporting evidence of a
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role for another gene involved with the cytoskeleteLNB, and BMD regulation.
These results not only contribute to the medicatl atientific community’s
understanding of osteoporosis and the genetic taathre behind the heritable
component of the disease, but they also provideb#tses for further studies in the
area. They could also assist in the future devedorof a panel of genetic marker
tests to identify individuals at increased riskdefveloping osteoporosis. This panel
could take the form of a diagnostic array whichudes other genetic loci that have
been identified as contributing to variance in BMDnce individuals have been
identified as susceptible to osteoporosis due teir tlyenetic makeup, early
intervention strategies can be applied to redue# tisk of developing the disease.
The cell culture work performed in this thesishe first to examine the effects of
ARHGEF3and RHOA gene knockdown in bone cells using siRNA. The ifigd
from this work highlight the NM_001128616 transtrifariant of ARHGEF3 the
influence of RHOA signalling on expression of tA€TA2 gene, and the PTH-

induced signalling pathway in osteoblasts as pkateas for further research.
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Appendix |

Buffers

1X Tris EDTA (TE) buffer

Item Quantity
1M Tris-HCI (pH 8.0) 10 mi
0.25 M EDTA 400 pl
Distilled-deionised water 990 ml

Sterilise by autoclaving

1X phosphate buffered saline (PBS)

Item Quantity
Sodium Chloride (NaCl) 8¢9

Potassium Chloride (KCI) 0.2¢g

Sodium Phosphate Dibasic (M#POy) 144 ¢
Potassium Phosphate (KIPOy) 0.24¢g
Distilled-deionised water Make upto 1L

AdjustpHto 7.4

Sterilise by autoclaving

TRAP stain buffer (500 ml)

Item Quantity

Sodium Acetate 6.8 0

Sodium Tartrate Dihydrate 580

Glacial Acetic Acid 1.1 mi
Distilled-deionised water Make up to 500 ml

Adjust pH to 5.0

TRAP stain solution (500 ml)

Item Quantity

Naphthol AS-MX Phosphate Disodium Salt 50 mg
2-Ethoxyethanol 2.5 ml

Fast Red Violet LB Salt 300 mg

TRAP Stain Buffer Make up to 500 ml

Mix well and remove precipitate using 0.8 um filter
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Appendix Il
Primers

Oligonucleotide primer sequences used in MALDI-Tofass spectrometry SNP

genotyping

SNP Primer sequences

rs7646054 Forward: 5'-GCCAGAAACGATTCCATGAT-3’
Reverse: 5-GCATTGTCACCTGAAGCAGA-3
Genotyping: 5’-TGAATCTCCCAAGATGA-3
rs1566487 Forward: 5'-GCCTCATGCCACTCTGAAAT-3’
Reverse: 5-GGTACAGATGCTTGGCCACT-3’
Genotyping: 5-TTTGGGGCCCATAACTCAGGAAA-3’
rs6803697 Forward: 5-TGGCTCAATGACCATAACCA-3’
Reverse: 5-CCTCGGGCTGTACTTCTTGA-3’
Genotyping: 5’-AAATTACAGGATTCTAACT-3
rs12632941 Forward: 5'-TCCTTTCCCAGCCAGTAGAA-3’
Reverse: 5-CCACTCCAGTCTGAGCAACA-3’
Genotyping: 5-AGAGAGACTGTGTCACA-3’
rs4681928 Forward: 5'-TGATGGCTAACAAGCAGCAG-3
Reverse: 5-ATTTGGCAGCCCTCTATCCT-3
Genotyping: 5-ACTCTGTCATTCAACAAAC-3’
rs1344142 Forward: 5-TCCATCTTGTCATGGTCCAG-3’
Reverse: 5’-CTTGATTCTGGGAGCCAGTC-3'
Genotyping: 5-TTGTCATGGTCCAGCCAGGCA-3’
rs17080528 Forward: 5'-GGGAGACAGGTTGGAGTGAG-3’
Reverse: 5-GCCACACTCTCTGGTTAGGC-3’
Genotyping: 5-TTCTCCAGCCAGGATCAGG-3
rs17595772 Forward: 5-GGGCCCTGTGTCCATATAAA-3'
Reverse: 5-GAGCCACGATGATTGCTCTT-3'
Genotyping: 5-CAGAGGGTGTTAATTCAGCCT-3’
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Custom designed oligonucleotide primer sequences us quantitative real-time
PCR

Target Primer sequences

NM_001128616 Forward: 5-CGTGAATTTGGAATCCTGCT-3
Reverse: 5-AATGCTGGAAAGCTTGGAGA-3’

ACTA2 Forward: 5-GCAACACGAAGCTCATTGTAGA-3’
Reverse: 5-CTGACCCTGAAGTACCCGATAG-3’
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Appendix 11l

Microarray candidate gene lists

Osteoblast-specific

Osteoclast-specific

AHSG
ALPL
AMBN
AMELY
BGLAP
BMP1
BMP2
BMP3
BMP4
BMP5
BMP6
CDH11
COL10A1
COL11A1
COL12A1
COL1Al1
COL1A2
COL2A1
COMP
DMP1
DSPP
ENAM
ESR1
FGFR1
GDF10
GNL3
IBSP
MINPP1
MSX1
PDGFRB
PHEX
PTHLH
PTHR1
RUNX2
SOST
SOX9
SP7
SPP1
STATH
TFIP11
TNFRSF11B
TNFSF11
TPS3
TUFT1
TWIST1

ACP5
ADORA1
AKAP5S
ARG1
ATP5C1
ATP6VOD1
ATP6V1E1l
BIRC3
CALCR
CALM1
CASP10
CCL5
CCR2
CD44
CD70
CDH5
CDK7
CLCNY
CSF2RA
CSF3R
CTSK
DLG1
DNAJB14
DTX1
EGR1
EMILINZ
ERO1L
ERP29
FMNL3
FUBP1
GABPA
GBF1
GSR
HLA-C
IL5
ILF3
KCNA2
LHX1
LTA
MEFV
MMP9
MYL6
NFATC1
OAZ1
OSCAR
PCTK1

PRMT3
RAC2
RELB
RPL17
RPS20
SNCA
TCIRG1
THBS1
THBS2
TM7SF4
TNF
TNFRSF11A
TRAF6
TSC2
XRCC1
ZNF33A
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RHOA signalling pathway

ACTAl
ACTA2
ACTB
ACTC1
ACTG1
ACTG2
ACTR2
ACTR3
ANGPTL2
ARHGAP1
ARHGAP22
ARHGAP4
ARHGAPS
ARHGDIA
ARHGDIB
ARHGEF1
ARHGEF10
ARHGEF11
ARHGEF12
ARHGEF15
ARHGEF16
ARHGEF2
ARHGEF3
ARHGEF4
ARHGEF5
ARHGEF6
ARHGEF7
ARHGEF9
ARPC2
ARPC3
BAIAP2
CDC42EP1
CDC42EP2
CDC42EP3
CDC42EP4
CDC42EP5
CFL1
CFL2
CHN1
CHN2

CIT

EDG4
EDG7
EPHA1
GDI1
GNA11l

GNA12
GNAI1
GNAI2
GNAI3
IGF1
IGF1R
IGF2
ITGAL
ITGA10
ITGAl1l
ITGAZ2
ITGAZ2B
ITGA3
ITGA4
ITGAS
ITGAG
ITGAY
ITGA8
ITGA9
ITGAD
ITGAE
ITGAL
ITGAM
ITGAV
ITGAX
ITGB1
ITGB2
ITGB3
ITGB4
ITGB5
ITGB6
ITGB7
ITGB8
KTN1
LIMK1
LIMK2
LPAR1
MCF2L
MGRN1
MRLC2
MSN
MYBPH
MYH1
MYH10
MYH11
MYH13

MYH14
MYH?2
MYH3
MYH4
MYHG6
MYH7
MYH7B
MYHS8
MYH9
MYL1
MYL2
MYL3
MYL4
MYLS5
MYL7
MYL9
MYLK
MYO10

MYO15A

MYO18B
MYO1A
MYO1B
MYO1C
MYO1D
MYO1E
MYO1F
MYO3A
MYOS5A
MYO5B
MYOS5C
MYOG6
MYOT7A
MYO7B
MYQO9A
MYQO9B
NET1
NGEF
PFN1
PFEN2
PIP4K2B
PIP4K2C
PIPSK1A
PIP5K1B
PIP5K1C
PIP5K2A
PIP5K2B

PKN1
PLD1
PPAP2B
PPP1R12A
PPP1R12B
PTK2
PTK2B
RDX
RHOA
RHOB
RHPN1
RHPN2
ROCK1
ROCK?2
RTKN
SLCY9A1
TLN1
VIL2
WASF1
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